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Time resolved optical emission spectroscopy of an inductively coupled plasma
in argon and oxygen
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We present the space-time resolved excitation data for a single coil inductively coupled plasma~ICP! reactor
operating in collision dominated regime in argon and oxygen at 13.56 MHz. Robot assisted scanning was used
in order to obtain Abel inverted radial profiles of emission and subsequently of the net excitation rate as well
as the number density of excited states. The net excitation rate in argon has modulation close to the walls due
to the azimuthal field time dependence and a large bulk value independent of the time presumably due to low
energy electron-metastable atom collisions. The time resolved profile in oxygen shows a much more pro-
nounced modulation due to the azimuthal field and a much lower degree of excitation for the center of the tube.
At low pressures a structure is observed in the temporal dependence of the net excitation rate that is consistent
with two different mechanisms of electron acceleration with phase shift ofp/4: ~I! by azimuthal field and~II !
due to the drift motion in crossed electric and magnetic fields that leads to a motion in the azimuthal or radial
direction and consequently to energy gain.@S1063-651X~98!50201-2#

PACS number~s!: 52.70.Gw, 52.70.Kz, 52.25.Rv, 52.25.Sw
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It is 50 years since the invention of the point-contact tra
sistor@1#. During these 50 years, the progress and the sys
integration of semiconductor devices have been tremend
Inductively coupled plasmas@2# ~ICP! are one of the candi
dates for ULSI~ultra-large-scale integrated! microelectronic
device fabrications in the next generation of the plasma
very reliable, high density sources that produce unifo
treatment over large areas. The basic mechanisms of ex
tion in ICP have been studied by numerous theoretical@3–5#
and experimental@6–11# procedures. It seems to have be
established that in ICP the induced azimuthal electric fi
Eu gives to electrons the energy that is required to sustain
discharge@12#. The temporal profile of the field may be a
sociated with the temporal profile of the current in the co
while the radial profile is determined mostly by the sk
depth of the plasma, i.e., the induced field is shielded by
plasma.

In this paper, we make an experimental prediction t
there is an additional mechanism operating in ICP that m
provide energy to electrons. The new mechanism is cau
by theE3B drift motion under the radial static fieldEr and
the time varying axial magnetic fieldBz(t), which will result
in an electron acceleration in the azimuthal direction,$Er
3Bz(t)%•Eu . It is physically equivalent to the energy gain
the radial direction by2$Eu3Bz(t)%•Er , and indistinguish-
able from it. The new mechanism will result in a differe
space-time dependence of the emission with a phase di
ence ofp/4, as compared to the excitation due to the ba
mechanism of electron acceleration purely by the azimu
field @12#.

The spatially resolved–time averaged experimental s
ies have contributed greatly towards understanding of so
of the basic mechanisms of excitation kinetics, namely,

*Also at Institute of Physics, University of Belgrade, P.O. B
57, 11001 Belgrade, Yugoslavia.
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prove the importance of stepwise excitation@13,14#, to show
the azimuthal anisotropy of excitation through application
computer assisted tomography@15# and to indicate the spa
tial dependence of excitation~radical production! as a func-
tion of operating parameters such as power, pressure, and
composition. Yet this technique cannot provide us with t
results required to prove the proposed mechanism for en
coupling into ICP, so we had to use the much more diffic
time resolved spectroscopy.

In this paper we apply time resolved spectroscopy to I
in argon and in oxygen operating at low pressures~in a col-
lision dominated regime!. We are not aware of any othe
experimental studies of the time resolved spectra of lo
pressure nonequilibrium ICP operating under conditions
quired for plasma processing applications. The basic exp
ment and procedure are the same as used before in
studies of ICP@13–15#. The ICP is produced in a quart
cylinder 10 cm in diameter and 20 cm in height. It is mai
tained by a single turn current coil with a waveform
I osinvt, attached closely to the quartz tube on the outs
and supplied by 13.56 MHz rf power through a matchi
box. A gas flow of 100 sccm of pure argon or oxygen
maintained by a system of leak valves and pumps use
evacuate the system. Power to the ICP including the ma
ing network is measured by an in-line wattmeter. Peak-
peak values of the radiofrequency~rf! voltage to the coil,
Vp 2p and currents close to the powered and the groun
terminalsI p 2p are measured by a voltage probe connec
between the coil and the matching box, and a pair of c
brated current probes. The effective dissipated power to
ICP is estimated by the current measurement of the coi
the reactor with and without plasmas under a same in
power at the in-line wattmeter@16#.

Optical emission profiles are obtained with the aid of
industrial four axis robot that can be controlled by compu
to scan very accurately along a number of positions and
rections. The optical detector is developed to have a de
tion efficiency independent of the position along the ent
R43 © 1998 The American Physical Society
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path of the line of sight through the plasma, and it consist
a set of slits, a lens, and an optical fiber. The wavelength
selected by a monochromator and the light was detected
photomultiplier. The system operates in a photon count
regime and it was absolutely calibrated by using a xenon
lamp @15,17#.

The important modification in the present work is that t
photon counting system is now connected to a time-to-pu
height converter that is connected to a very fast multichan
analyzer, thus enabling a time resolved detection of em
sion. The triggering of the system is at the zero point cro
ing of the coil current from the calibrated current probe, a
the system is reset when the photon is detected. The pr
dure to obtain and analyze the time resolved spectra is
same as used before in our studies of capacitively cou
plasmas~CCP! @17–19#.

In our previous studies of computer aided tomograp
we have employed both Abel inversion technique to an a
ally symmetric system@13,14# and Radon inversion to inves
tigate the azimuthal asymmetry in the system@15#. Applica-
tion of the radon inversion is forbiddingly difficult fo
obtaining the time resolved data; even the temporally av
aged data requires many hours of scanning in different di
tions. Thus we have used the Abel inversion technique
time resolved data obtained over 16 h of signal averaging
scanning along the axis perpendicular to that of the in
terminals, i.e., the axis that so far has given apparently s
metric profiles@15#. All measurements were performed atz5
5 mm from the coil in the axial direction.

Scanning of 419.8 nm line of Ar I provides informatio
on the short lived excited state Ar(3p5) with a radiative
lifetime of 90 ns and with an excitation threshold of 14.
eV. The effective lifetime is, however, reduced by collisio
to as low as 70 ns at the highest pressure covered in
paper ~i.e., 300 mTorr!. The oxygen atom 844.6 nm lin
provides information on the density of the excited 3p3P state
with an excitation threshold of 10.98 eV. The natural lifetim
of the upper state of the transition is 34 ns with a sm
reduction to around 30 ns at the highest pressure@20#.

The absolute number densities of the excited states
the net excitation rates are obtained as a function of time
radial position from the deconvolution procedure of the m
sured spatiotemporal emission characteristics by using
available data for excited state quenching@17,20#. In Figs. 1
and 2 we show the data for the spatially and tempora
resolved net excitation rates in argon at 400 W and in oxy
at 100 W in a wattmeter, respectively. The effective pow
dissipated to the ICP is estimated as 325 W, 330 W, and
W for 15 mTorr, 100 mTorr, and 300 mTorr in Ar, and 65 W
and 70 W for 15 mTorr and 100 mTorr in O2 by using the
method mentioned above@16#. The data for argon show
degree of temporal modulation close to the wall that dis
pears with increasing pressure, while the radial profile pe
ing close to the wall becomes more pronounced. The
tained net excitation rate close to the axis of the discha
shows a statistically large scatter, which is a fundame
characteristic of the Abel inversion technique@21#. The data
close to the walls are obtained from the signal collected o
the entire space. Thus one should regard modulations
occur belowr 525 mm as statistically insignificant thoug
some systematic trends may persist even in that reg
f
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Therefore, the data less thanr ,10 mm are deliberately re
moved in Figs. 1 and 2. Extending measurements to m
than 16 h of continuously running discharge was impracti
because the properties of the system may change due t
long term changes in the environment temperature. We

FIG. 1. Space-time resolved net excitation rate for excited s
Ar(3p5) ~400 W, 100 sccm!. ~a! 15 mTorr,~b! 100 mTorr,~c! 300
mTorr.
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however, satisfied that no such effects were significant o
the period of measurements used in the present paper.

The data for oxygen shown in Fig. 2 were obtained
pressures of 15 mTorr and 100 mTorr. Measurements co
be performed even at low powers of 100 W with still sat
factory statistics. The general characteristic of the result
oxygen is a much greater degree of modulation, which
consistent with our previous conclusions@13,14# that the ra-
dial profile of emission in argon is determined by electro
metastable collisions. In oxygen, however, the level of ex
tation close to thez axis is much lower than in argon~as
compared to the peak value! and the modulations due to th
time varying fields are much larger. In addition statistics
better, even at lower powers, to recognize the characteri
of temporal profiles.

A general characteristic of most profiles is the asymme
of the temporal modulation of the net excitation rate. T
more unexpected feature of the modulation is that the ris
edge of the profile is more gradual, often showing so
structure, while the trailing edge is much sharper. At

FIG. 2. Space-time resolved net excitation rate for excited s
O(3p 3P) ~100 W, 100 sccm!. ~a! 15 mTorr,~b! 100 mTorr.
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mTorr and 100 mTorr in Ar@Figs. 1~a! and 1~b!# two peaks
are clearly observed during each half-period in temporal pr
files at fixed radius, very close to the wall. This can be ob
served much better in Fig. 3, which shows an enlarged se
tion of the spatiotemporal profile from Fig. 1~a! at 15 mTorr.
The two ridges can be seen easily, the first one~I! extends
deeper into the plasma and makes a larger overall contrib
tion. The second ridge~II ! occurs at an earlier time,p/4 of
the period, ahead of the first~I! and it is located closer to the
coil. It is difficult to distinguish the two peaks at higher
pressure in Ar, since the net production rate has a strong
component very close to the glass wall@see Fig. 1~c!#. We
briefly discuss the two different excitation mechanisms. Th
first mechanism, shown in~I! in Fig. 3, is due to the accel-
eration of electrons purely in the azimuthal electric field
That is, the power deposition by electronsPu(t;I) shows the
time dependence corresponding to the azimuthal elect
field Eu(t),

Pu~ t;I!52ene~r !Vdu~ t,r !Eu~ t,r !}Eu~ t,r !2

}
11cos~2vt !

2
, ~1!

wheree is the electron charge, andne andVdu are the num-
ber density and the azimuthal drift velocity of electrons. Th
other mechanism occurs closer to the chamber walls and
associated with the static radial potential distribution base o
an ambipolar wall sheath@see~II ! in Fig. 3#. The ambipolar
field, caused by the radial potential decrease close to t
walls Er gives rise to the directed motion of electrons. Th
time dependent magnetic fieldBz(t) gives rise to an addi-
tional drift of electrons in the azimuthal direction due to the

te

FIG. 3. A section of the space-time resolved net excitation ra
for excited state Ar(3p5) ~400 W, 100 sccm; 15 mTorr!. The part
marked by~I! shows the excitation due to electrons gaining energ
from the azimuthal field, the region marked by~II ! shows the con-
tribution of the electrons that are accelerated by theE3B drift.
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Er 3 Bz(t) force. The drift in the azimuthal direction lead
to an energy gain from the azimuthal field, which is tim
modulated as

Pu~ t;II !52ene~r !VdEr3Bz
~ t,r !Eu~r ,t !}Bz~ t !Eu~ t !

}2sin~2vt !. ~2!

Here,VdEr3Bz
(t,r ) is theEr3Bz drift velocity of electrons.

That is, the first mechanism has a temporal dependence
portional to cos(2vt), while the second process is propo
tional to2sin(2vt). These temporal difference in modulatio
gives a phase difference ofp/4 between the two excitation
mechanisms. Note that, in the latter phase, when the
muthal field changes sign, the drift changes directi
whereby electrons begin to loose their ener
to the azimuthal field. It should be also noted in the seco
excitation mechanism that the mathematical relat
$Er3Bz(t)%•Eu(t)52$Eu(t)3Bz(t)%•Er means the pres
ence of the electron acceleration both in the azimuthal
the radial directions based on theE3B drift. They are physi-
cally indistinguishable from each other. In the case of O2, the
second peak in the net production rate is not detected. It
result from the lower electron density as compared with po
tive ions and from the reduction of the radial static elect
field due to the presence of negative ions in O2. Conse-
quently, the second heating mechanism of electrons wil
reduced in negative ion plasma in O2.

In this paper we present the first, time resolved spectr
ICP obtained for nonequilibrium conditions used in plas
processing. Argon discharges are of interest for plasma e
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ing, while oxygen discharges are of interest for plasma a
ing, which is usually performed at somewhat higher pr
sures. Thus the pressure and power dependence of the re
is of interest in designing the processes. It appears tha
oxygen a much stronger time modulation as well as the
dial dependence exists, making it more difficult to achie
uniform processing over large areas at higher pressures.
time modulation of the net excitation rate has a struct
consistent with the two distinct space and time depend
processes of providing energy to electrons. The first is
main mechanism and the acceleration of electrons in the
muthal electric field. The second is the electron heating
to the E3B drift. The latter peak leads the former byp/4.
Two factors work to reduce the effect of theE3B accelera-
tion mechanism at higher pressures. The first is that the s
radial field Er is smaller as the pressure increases@14# and
the second is that the collisions will reduce the width of t
region, where interaction can occur, so that the overlap of
three factors magnetic field profile, radial field profile, a
azimuthal field profile may be reduced. The low magne
field by a current coil in ICP has no influence on the tran
port of massive ions in plasmas.

No consideration of theE3B drift of electrons in ICP has
been given in the previous modeling, to our knowledge,
cept for ours@22#. Further modeling for the specific geom
etry and other conditions in our system could, however, p
vide a valid test of the models both for argon and oxyge
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