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Undriven periodic plasma oscillation in electron cyclotron resonance
Ar plasma

Pyung-Woo Lee,a) Sang-Won Lee, and Hong-Young Chang
Department of Physics, Korea Advanced Institute of Science and Technology, Yusung-ku, Taejon 305-701,
Korea

~Received 23 May 1996; accepted for publication 22 July 1996!

We report experimental observation of periodic oscillation in a steady state electron cyclotron
resonance argon plasma that is not driven by extra periodic forces. We interpret the oscillation
according to the predator-prey model, which is a nonlinear plasma-neutral coupling in the plasma
production region. The oscillation is observed in a narrow plasma parameter window and is
evidence for neutral density depletion in a high density plasma system. ©1996 American Institute
of Physics.@S0003-6951~96!02440-0#
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In recent years, there has been a growing interest in
investigation and quantitative characterization of determis
chaos in plasma. A plasma is a typical nonlinear dynam
system with a large number of degrees of freedom. The c
otic behavior in a DC discharge plasma is always associa
with the occurrence of hysteresis and negative different
resistance in the current-voltage characteristics of the D
discharge.1 Chaotic behavior in a high density plasma sy
tem, such an electron cyclotron resonance~ECR! plasma has
not been reported, but the intense ionization of the syst
results in depleted gas density.2,3 The plasma condition is
often unstable because of the nonlinear coupling among n
tral density, wave propagation, power absorption, and cha
density profile.4 Therefore, it is very important to study the
neutral depletion and chaotic phenomena in the high dens
plasma system.

The purpose of this letter is to describe a theoretical a
experimental investigation of self-driven plasma parame
oscillation in an Ar ECR plasma. Theoretically, we study th
plasma and neutral density oscillation that is self-driven
neutral density depletion through nonlinear plasma-neut
coupling in the plasma production region. Experimentall
the floating potential measurement and the plasma emiss
measurement method are used.

Experiments are performed by using an ECR reactor~see
Fig. 1!.5 This apparatus has three parts: a microwave pow
source and transmission section~circular TE11 mode!, a
plasma discharge vessel~quartz bell jar! 15 cm in diameter
and a stainless steel reaction chamber 32 cm in diameter,
magnetic coils for static magnetic configuration~divergent
type!. A gas ring 15 cm in diameter is placed at the extra
tion window located midpoint of the plasma discharge vess
and the reaction chamber. A stainless steel substrate ho
14 cm in diameter without a wafer is placed at the reacti
chamber. The distance between the substrate holder and
extraction window is 5 cm. The floating potential of a Lang
muir probe and the plasma emission are monitored by us
a digital oscilloscope and a photon-multiplier tube. The ele
tron temperature and electron density are obtained throu
analysis of the Langmuir probe current-voltage curve.

The continuity equations of ions and neutrals in th
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plasma discharge vessel can be approximately written as f
lows:

]nn
]t

1¹•Gn52hnnni , ~1!

]ni
]t

1¹•G i5hnnni , ~2!

where Gn52Dn¹nn is the neutral diffusion flux,
G i52Da¹ni the ion diffusion flux,h the ionization rate
coefficient,nn the neutral density, andni the plasma density.
Dn andDa are the neutral and ambipolar diffusion coeffi
cients, respectively. The ionization rate coefficient h is give
by6

h52.531028ATee2
Eo
Te, ~3!

whereTe is the electron temperature, andEo is the ionization
threshold energy. If we replace the neutral and plasma de
sity gradients with the characteristic system lengthL, then
the continuity equations are written as

dnn
dt

2
Dn

L2
nn52hninn , ~4!

dni
dt

1
Da

L2
ni5hninn . ~5!

We rewrite the plasma and neutral continuity equations as

FIG. 1. A schematic diagram of an electron cyclotron resonance plas
machine. 1: magnetron, 2: directional coupler, 3: three-stub tuner, 4, 5,
waveguide, 7, 8: magnetic coil, 9: plasma discharge vessel~quartz bell jar!,
10: stainless steel reaction chamber, 11: substrate holder, 12: turbomolec
pump, 13: gas ring, 14: Langmuir probe, 15: optical fiber, 16: monochrom
eter, 17: photo-multiplier~PM! tube. The pressure gauge is a capacitanc
manometer and is located at the reaction chamber.
1/96/69(14)/2024/3/$10.00 © 1996 American Institute of Physics
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dH

dt
5aH2aHP5H~a2aP!, ~6!

dP

dt
52cP1gHP5P~2c1gH !, ~7!

where H5nn , P5ni , a5Dn /L
2,a5h,c5Da /L

2, and
g5h. The above equations are well-known as the preda
prey (P–H) ~Lotka-Volterra7! equations.P andH are the
populations of predator and prey in ecology~electron and
neutral in plasma!, respectively;a is the birthrate of prey
H; c is the deathrate of predatorP; anda andg are inter-
action rate coefficients of predator-prey, respectively. T
critical points of the Lotka-Volterra equations are

H~a2aP!50, P~2c1gH !50. ~8!

The solutions are

H50, P50,

and

H5c/g, P5a/a. ~9!

The critical point (H50, P50) is an unstable saddle poin
To study the critical point (H5c/g,P5a/a), we use the
linear perturbation theory. The solutions are then given b

TABLE I. The data for calculation of plasma oscillation and critical poin

Gas Ar
Mass~amu! 40
Ionization threshold energy~eV! 15.8
Operating gas pressurep ~mTorr! 1.2
Measured electron temperature~eV! 6
Measured plasma densityni (10

11 cm23) 2.2
Ionization rate constanth for Te56 eV (1029 cm23) 4.3
Ion temperature~eV! 0.3
Gas temperature~eV! 0.025
Neutral densitynn(10

13 cm23) 3.3p
Characteristic lengthL ~cm! 10
Neutral diffusion coefficientDn(10

5 cm2/sec! 7.8ATn/p
Ambipolar diffusion coefficient
Da(10

6 cm2/sec! 1.3
Te

ATip
Predicted critical plasma densityni

c(1011 cm23) 2.4
Predicted critical neutral densitynn

c(1013 cm23) 2.9
Predicted oscillation frequency~kHz! 1.7
Measured oscillating frequency~kHz! 1.1

FIG. 2. An oscillating floating potential for 1.2 mTorr of Ar pressure an
200 W of microwave input power. The oscillation frequency is 1.1 kHz.
Appl. Phys. Lett., Vol. 69, No. 14, 30 September 1996
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H~ t !5
c

g
1
c

g
K cos~Aact!, ~10!

P~ t !5
a

a
1
a

a
Ac

a
K sin~Aact1f!, ~11!

where the constantsK andf are determined by the initial
conditions. These equations are valid for the elliptical traje
tories close to the critical point (H5c/g,P5a/a). The os-
cillation frequency is independent of the initial conditions
and the amplitude of the oscillation depends on the initi
conditions as well as on the parameters of the plasma.

Table I shows the predicted critical point and the osci
lation frequency of the Ar discharge for the specific plasm
parameters. The neutral diffusion coefficientDn is given by
kTn/mnnn,

8 whereTn is the neutral temperature,m the neu-
tral mass, andnnn the neutral–neutral collision frequency.8

The ambipolar diffusion coefficientDa is given by
Da'D uu iTe /Ti ,

8 whereD i i is the diffusion coefficient along
the magnetic field,Ti the ion temperature, andTe the elec-
tron temperature.D i i is given bykTi /mn in, wheren in is the
ion-neutral collision frequency.8 The critical point
(Hc5c/g, Pc5a/a) is given by (Da /(L

2h), Dn /(L
2h)).

The critical neutral densitynn
c (Hc) and the plasma density

ne
c (Pc) for Ar 1.2 mTorr, 6.5 eV ofTe , 0.3 eV ofTi ,

9 and
0.025 eV ofTn are 2.431011 cm23 and 2.931013 cm23,
respectively. The predicted oscillation frequency for th
above conditions is given byADaDn/L

2 ~1.7 kHz!.
Figure 2 shows the floating potential oscillation at 1.

mTorr and 200 W power. The observed frequency is 1
kHz. Figure 3 shows the oscillating plasma emission Fouri
transformation frequency spectrum at 1.2 mTorr and 200
power. The plasma density oscillation is nearly in phase wi
the plasma emission oscillation. If we assume that the ele
tron temperature does not vary in time, the plasma emissi
intensity ~I! is given by

I5Aninn

5A
ca

ga F11Ac

a
K sin~Aact1f!1K cos~Aact1f!

1Ac

a
K2 sin~Aact1f!cos~Aact1f!G , ~12!

t.

d

FIG. 3. The Fourier transformed frequency spectrum of the oscillatin
plasma emission for Fig. 2 conditions. The observed spectral line is 763
nm.
2025Lee, Lee, and Chang
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whereA is a constant. Since the second term isAc/a (' 10!
times larger than the third term, the plasma emission is
phase with the plasma density. We obtain K~0.025! from the
oscillation amplitude of the negative biased Langmuir prob

The hollow radial emission profile was reported b
Rhoades and Gorbatkin in an ECR Ar plasma, and it w
interpreted as the neutral depletion.10 Hardrich et al. mea-
sured the hollow neutral density profile by using anti-stok
Raman spectroscopy method.3 The plasma parameter win-
dow for the periodic oscillation is very narrow because th
periodic oscillation is only valid near the critical point in
P–H phase space. This oscillation is also evidence for t
neutral density depletion.

In conclusion, we observe the oscillating floating pote
tial not driven by extra periodic forces in the Ar ECR dis
charge. We interpret the oscillation according to th
predator–prey model. The predicted oscillation frequen
and critical point are in accord with the experimental resul
This oscillation gives evidence for the neutral depletion
the high density plasma source.
2026 Appl. Phys. Lett., Vol. 69, No. 14, 30 September 1996
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