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Abstract. Trace rare gases–optical emission spectroscopy (TRG–OES) and Langmuir probe
analysis have been used to measure the electron temperature,Te, in a high-density inductively
(transformer) coupled (TCP) 10 mTorr oxygen plasma as a function of the 13.56 MHz radio
frequency (rf) power. The oxygen atomic densities were estimated by O-atom optical
emission (8446 Å), and rare gas actinometry (Ar, 7504 Å). In the H-(inductive)-mode,Te
increases from 2.6 to 3.4 eV for the low-energy electrons sampled by the Langmuir probe and
from∼3.5 to 6.0 eV for the high-energy electrons sensed by TRG–OES as the rf power is
increased from 120 to 1046 W. In the E-(capacitive)-mode, below 50 W,Te measured by
TRG–OES increases with rf power from∼4 eV at very low power (∼7 W) to∼6.1 eV at
45 W. Between the highest E-mode power (∼50 W) and lowest H-mode power (∼120 W),
theTe measured by TRG–OES drops from 6.1 to 3.5 eV, whileTe derived from Langmuir
probe measurements drops only slightly from 3.0 to 2.6 eV. In the H-mode, the electron
energy distribution function (EEDF) is bi-Maxwellian from∼120 to 1046 W. In the E-mode,
the EEDF changes from nearly Maxwellian (possibly Druyvesteyn) at low rf powers (∼7 W)
to bi-Maxwellian at the higher E-mode powers (∼45 W). O2 dissociation is low (∼2%) at the
maximum rf power density of 5.7 W cm−2 (1046 W), and this low value is attributed to the
high rate of O-atom recombination on the mostly stainless-steel walls. A detailed accounting
of the sources of O (8446 Å) emission revealed significant contributions from electron impact
excitation from O(1S) and dissociative excitation of O2.

1. Introduction

Oxygen-containing plasmas are widely used for photoresist
etching and stripping [1, 2]. In addition, O2 is a major
component in plasma processes that are being developed
for the etching of organic, low-dielectric-constant (so-called
low-κ) thin films [3, 4]. These materials are being explored as
candidates for future use as interlayer dielectrics in higher-
speed circuits [3, 5]. The etching mechanisms, rates, and
etched profile shapes in oxygen etching plasmas depend on
the relative fluxes of O, O2, O+ and O+

2. The determination of
the neutral species densities as a function of radio frequency
(rf) power and pressure is, thus, essential in the understanding
and optimization of the plasma etching processes for all
of these micro-electronic materials. Additionally, accurate
determination of the electron temperature is important for
understanding the rates of dissociation and ionization of
neutral species in these plasmas, and in assessing the
mechanisms for differential charging, which may contribute

to undesirable etched profile anomalies and electrical damage
due to charge build-up and current flow [6–8].

Oxygen plasmas have been extensively characterized to
determine densities of neutral and charged species, electron
energy distribution functions (EEDFs) and plasma potentials
[2, 9–21]. Most of these are studies of either parallel
plate reactors, or high-density electron cyclotron resonance
(ECR) plasmas. Less work has been reported for oxygen
inductively-coupled plasmas (ICPs) [19–21].

This paper reports measurements and calculations of the
densities of ground-state atomic and molecular oxygen and
of the principal metastable species of atomic oxygen (1D and
1S), as well as electron temperatures (Te), in an inductively-
coupled oxygen plasma (transformer-coupled plasma, TCP)
as a function of the applied rf power at a pressure of 10 mTorr.
Optical emission actinometry [22], modelling, and mass
balance were used to estimate the atomic and molecular
oxygen and the metastable species densities using the 8446 Å
O-atom emission lines from the 3p3P level. An extension of
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Figure 1. Schematic diagram of the TCP reactor, matching
network and Langmuir probe.

this optical actinometry technique, trace rare gases optical
emission spectroscopy (TRG–OES), was used to determine
electron temperatureTe [23–30]. The electron temperature
was also measured with a Langmuir probe, as were ion
densities.

2. Experimental procedure

The reactor used in these experiments has been described
previously and is shown in figure 1 [25, 30]. It consists of a
stainless-steel cylindrical chamber of 36 cm inside diameter
and 22 cm height. The chamber has a top port sealed by a
25 cm diameter quartz window. The TCP source includes a 6′′

diameter, six-loop coil antenna and matching network (LAM
Research) which are positioned above the top window. The
RF power is delivered to the antenna by a 3 kWPlasma-Therm
generator operating at 13.56 MHz. The He-gas-cooled chuck
held a 5′′ diameter silicon wafer that was rapidly oxidized
to a presumed self-limiting thickness, such that continued
exposure to the O2 plasma during the experiment did not
alter the composition of the substrate surface or in any way
change the operation of the plasma. The TCP operates in a
capacitively-coupled (dim or E) mode for powers below 60 W
and in an inductively-coupled (bright or H) mode for powers
above 100 W. The upper power limit of 1046 W corresponds
to 5.7 W cm−2, for the area defined by the antenna. For
this study, no rf power was delivered to the stage, which
was positioned 12 cm from the top quartz window. In all
experiments, the pressure in the reactor was 10 mTorr, and
the O2 flow rate was 95 sccm.

The absolute species concentrations were measured
by optical emission actinometry [22], with corrections for
electron temperature dependences [27, 28]. Line-integrated
plasma-induced emission from a region across the wafer and
∼2 cm above it was collected through a UV-grade quartz
window on one side of the reactor. The emission was imaged
through a long-pass coloured glass filter (to reduce signals

from unwanted diffraction orders in the monochromator) onto
the entrance slit of a 0.64 m focal length monochromator
(ISA Incorporated, model no M64), equipped with a GaAs
photomultiplier tube (PMT) (Hamamatsu model no R943-
02). The monochromator was scanned from 4200 to 8950 Å
at rates varying from 10 to 260 Å min−1 with a 0.80 Å
bandpass. The emission intensities were corrected for the
relative response of the monochromator and detector.

Electron temperatures (T OESe ) were also measured by
the TRG–OES technique that samples the high-energy tail of
the EEDF (electron energiesε > 10 eV) [23–30]. In this
measurement, a small amount (5 sccm= 5%) of a mixture
containing equal volumes of He, Ar, Ne, Kr and Xe was
added to the O2 feed gas (95 sccm). The number density of
each rare gas differed somewhat from the expected 1% of
the total number density, owing to differences in the relative
pumping speeds and transport efficiencies of the gases. These
effects were taken into account [25] in the derivation ofT OESe

from a kinetic model that computes relative optical emission
intensities and compares them to observed intensities, with
the electron temperature as an adjustable parameter. The
accuracy inT OESe was previously estimated to be about
±10% [25]. As shown below, the addition of rare gases
caused no measurable change in the EEDFs measured with
the Langmuir probe. In addition, the intensity of the O 8446 Å
emission line was unaffected by the addition of the rare gases
beyond simple dilution. Consequently, the addition of the
rare gas mixture does not significantly perturb the properties
of a pure oxygen discharge.

Positive ion densities (n+
i ) and electron temperatures

(T LPe ) were measured with a single, rf-compensated
Langmuir probe (Scientific Systems Smart Probe). Full
current–voltage (I–V ) curves were recorded, spanning the
range from ion saturation to electron saturation currents at
voltages above the plasma potential. Because of the large
area of grounded stainless-steel surfaces in contact with the
plasma, a reasonably well defined plasma potential,VPP ,
of 22 V could be determined, and, for bright-mode powers,
high electron currents could be drawn to heat and thus clean
the probe tip. Nonetheless, some fluctuations were observed
in the raw voltages, which were correlated with ‘micro-
discharges’ on the walls, presumably as a thin oxide layer
breaks down and allows current to flow. A reference electrode
supplied with the probe was used to correct for these probe-
induced changes in the plasma potential at positive voltages.

In deriving T OESe and T LPe from optical emission
measurements and Langmuir probe traces, a Maxwellian
EEDF is assumed:

dn

dε
= 2ne√

π

1

(kTe)3/2

√
ε exp

(−ε
kTe

)
. (1)

T LPe was determined fromI–V curves between∼5 and
20 V (relative to the grounded reactor walls) and therefore
represented the temperature of an assumed Maxwellian
distribution between∼2 and 17 eV (the plasma potential
subtracting the above voltages). In addition, qualitative
information on the EEDFs was derived from theI–V curves
recorded at high powers, where the signal-to-noise ratio was
sufficient to extend the electron energies to∼22 eV. Full
EEDFs were also obtained at the higher powers by finding
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Figure 2. Ratio of the oxygen atom emission intensity at 8446 Å
to that of argon at 7504 Å against rf power in a 10 mTorr O2 TCP
plasma with 5% of the trace rare gas mixture. The data have been
corrected for the wavelength-dependent response of the
spectrometer.

the second derivative of the current while dithering the probe
voltage±1 eV during data collection. The range of electron
energies represented byT OESe is a complicated function of
pressure and power. Typically,T OESe is the ‘temperature’
that best describes the electrons with energies higher than
∼10 eV. Therefore,T OESe describes a higher-energy portion
of the EEDF than doesT LPe .

3. Results and discussions

3.1. Emission intensities and positive ion densities

Atomic emission intensities of O, Ar, Kr and Xe, were
recorded from 7000 to 9000 Å as a function of rf power.
Oxygen atom emission intensities at 8446 Å, corresponding
to the 3p3P → 3s3So transition, were normalized by the
7504 Å emission intensity from the Paschen 2p1 level of
Ar. These actinometry ratios, corrected for changes in the
spectrometer response, are presented in figure 2. They are
used below to determine ground-state oxygen atom densities.
The error bars on the data represent an estimated±10%
scatter in measurements performed under nominally identical
conditions.

The Ar emission intensitiesI (Ar, 7504) used to derive
the emission ratios in figure 2 are shown in figure 3. The
mechanism for exciting the 2p1 level of Ar is one-step
electron impact excitation from the ground state. Cross
sections for this process were measured by Chiltonet al
[31]. The cross sections for excitation from the 1s3 and
1s5 Ar metastable levels to the 2p1 level are too small for
these pathways to be important, given the low metastable
number density [32]. Positive-ion densities measured with
the Langmuir probe in the centre of the plasma 2.5 cm above
the wafer are also included in figure 3. The positive-ion
density reaches 1.0× 1011 cm−3 at the highest power.I (Ar,
7504) in figure 3 is normalized to the positive-ion density at
1046 W. It increases more strongly with power than doesn+

i .
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Figure 3. Positive-ion density (measured with a Langmuir probe)
and the emission intensity of the Ar 7504 Å line against rf power
in a 10 mTorr O2 TCP plasma with 5% of the trace rare gas
mixture. I (Ar, 7504) is normalized ton+

i at 1046 W; the broken
line is the linear dependence.

This can be ascribed to an increase inT OESe with power (see
below) and, possibly, also to a smaller fraction of negative
ions relative to electrons at high power.

3.2. Electron temperature

Figure 4 shows a portion of a sample spectrum at 14 W rf
power that includes several of the rare gas emission lines:
Ar (7504, 7514 and 8115 Å), Kr (8104, 8113 and 8190 Å)
and Xe (8231 Å). The intensities of these and other rare gas
emission lines are used to determine electron temperature.
In this TRG–OES method, optical emission intensities of Ar,
Kr and Xe are computed from a model, and then compared to
the experimentally measured intensities such as those shown
in figure 4. The electron temperature is determined by the
best match of the model to the observed relative emission
intensities, withT OESe as the only adjustable parameter.

The electron temperatures measured by TRG–OES and
Langmuir probe analysis, are presented in figure 5 as a
function of discharge power. For the bright (inductive) mode
power regime,T LPe increases from 2.6 to 3.4 eV when the
power is increased from∼120 to 1046 W, whereasT OESe

increases from∼3.5 to 6.0 eV over this power range. The
primary cause of this difference can be attributed to the
deviation of the EEDF from a pure Maxwellian form (see
below) [20, 21, 33–42]. Further evidence for this behaviour
is obtained from a closer examination of theI–V curves
recorded in this power regime. Figure 6 presents a portion
of five such curves, plotted as the natural logarithm of the
electron current against voltage (V) for rf powers from 218
to 1046 W. From these typical curves, theT LPe obtained
from the slopes between∼5 and 20 V (relative to ground)
increases from 2.6 eV at 218 W to 3.4 eV at 1046 W. All
T LPe values plotted in figure 5 were obtained from this low-
voltage portion of these and otherI–V curves. The increase
in curvature in the plots in figure 6 as the rf power increases,
indicates that in this power range, the high-energy electrons
can be better described by aTe that is 0.8 (745 W) to 1.8 eV
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Figure 4. Optical emission spectrum from 7490 to 7516 Å and from 8090 to 8250 Å for a 10 mTorr O2 TCP plasma at 14 W rf power with
5% of the trace rare gas mixture. The labelled rare gas emission lines are: Ar, 7504, 7514 and 8115 Å; Kr, 8104, 8113 and 8190 Å; and Xe,
8231 Å.
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Figure 5. Te against rf power in a 10 mTorr O2 TCP plasma with
5% of the trace rare gas mixture measured by Langmuir probe and
the TRG–OES method. The error bars on theT OESe values
represent the estimated accuracy [25].

(1046 W) higher thanT LPe . This high-energy ‘temperature’,
obtained from the slopes between−10 and∼5 V, is very
close to theT OESe value of∼5.7 eV, measured in this power
range for the high-energy part of the EEDF. Thus, in the
H-mode (and in the E-mode as is discussed below), all of
the differences betweenT LPe and T OESe can be explained
by the deviation of the EEDF from a Maxwellian to a bi-
Maxwellian form and the preferential sampling of the low-
and high-energy regimes of the EEDF by the Langmuir probe
and TRG–OES, respectively.

To further confirm the non-Maxwellian distribution of
the electron energies, electron energy probability functions
(EEPFs) were recorded at the higher powers; measurements
at 980 W are presented in figure 7. The distributions have
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Figure 6. The ln (electron current) (that is, ln (total current
measured by the Langmuir probe− positive-ion current)) against
probe voltage at 218, 360, 580, 745 and 1046 W in a 10 mTorr O2

TCP with 5% of the trace rare gas mixture.

a noticeable bi-Maxwellian shape. Those at 980 W can be
described by aTe of 3.03 eV for the lower-energy electrons
and 4.90 eV for the higher-energy electrons. These values
are in good agreement with those in figure 6, derived from
I–V curves at nearly the same power. In addition, the nearly
identical EEPFs in figure 7, obtained with and without added
rare gases, is a strong confirmation that the rare gases do not
alter the electron energies and concentrations in an oxygen
plasma.

Deviation of the EEDFs from Maxwellian forms have
been reported for other inductively-coupled processing
plasmas [20, 21, 33–39]. Ar and O2 plasmas exhibit
a suppressed distribution of high-energy electrons at
higher pressures (>10 mTorr) [20, 21, 33–38], while at
lower pressures (<10 mTorr), different distribution shapes
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Figure 7. EEPF measured with the Langmuir probe for a
10 mTorr O2 plasma, with and without 5% added rare gases (1%
each He, Ne, Ar, Kr and Xe) at 980 W.

have been reported. These range from distributions
that can be reasonably well described by a singleTe
[20, 21], to non-Maxwellian EEDFs with a low-energy
peak (i.e. bi-Maxwellian) [37, 38], or with suppressed high-
energy electron populations, similar to the high-pressure
distributions [33, 35]. The suppression of high-energy
electrons at high pressures occurs because of inelastic
collisions between high-energy electrons and neutrals
between∼5 and ∼20 eV. Above ∼20 eV (≈plasma
potential), electrons are lost to the walls at all pressures. In
an O2 ICP at 10 mTorr, as the power increases the number
density (mostly O2) decreases by a factor of approximately
two, due to heating. This causes the electron temperature to
increase to maintain an ionization rate that balances the ion
loss rate.

The behaviour of the high-energy tail of the EEDF is
also reflected in the data presented in figure 8 (the ratio
of the neon emission intensity at 5852 Å,I (Ne, 5852), to
I (Ar, 7504) as a function of power). This 2p1 level of Ne is
18.26 eV above the ground state, while the energy of the 2p1

level of Ar is only 13.48 eV above its ground state. If the
population of electrons with energies>18.26 eV increases
more rapidly than the population of electrons with energies
>13.48 eV, the Ne emission will increase more rapidly than
the Ar emission. Therefore the Ne-to-Ar emission ratio is a
qualitative indicator of the relative population of high-energy
electrons. This ratio approximately tracksT OESe , especially
at higher powers, and therefore confirms the behaviour of
T OESe in figure 5.

The consistent evidence for bi-Maxwellian-like EEDFs
in oxygen ICPs is in contrast to the equally consistent
evidence in Cl2 plasmas for Maxwellian EEDFs at pressures
<5 mTorr (T OESe = T LPe , linear EEPF plots and very
weak Ne emission), and suppressed high-energy (10–20 eV)
distributions at pressures>5 mTorr (T OESe < T LPe ,
downward curving EEPF plots and very weak Ne emission)
that are found in the same reactor [25].

The variation of electron temperature in the dim
(capacitive) mode is also shown in figure 5.T OESe is∼4.0 eV
at very low power (∼7 W) and increases to∼6.1 eV at
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Figure 8. I (Ne, 5852)/I (Ar, 7504) against rf power in a
10 mTorr O2 TCP with 5% trace rare gases, normalized toT OESe at
1046 W. TheT DESe from figure 5 are also plotted.

∼45 W.T LPe , however, decreases from∼3.6 eV at∼10 W
to∼3.0 eV at∼45 W. The nearly equal values forT OESe and
T LPe at the lower E-mode powers signify a more Maxwellian-
like EEDF, as ohmic heating in the bulk of the discharge
is believed to be more important than stochastic heating
in the sheath regions [40]. As the rf power is increased
from ∼7 to 45 W,T OESe becomes increasingly larger than
T LPe , as stochastic heating by electron collisions with the
sheath dominates the heating in the low-field bulk regions
[40–43]. Under these conditions, only high-energy electrons
reach the intense electric field areas, while the low-energy
electrons are trapped by the ambipolar field and equilibrate
to a much lower temperature. This effect creates a bi-
Maxwellian EEDF for the majority of the power range in the
E-mode. Similar transitions from a Druyvesteyn distribution
at very low power to a bi-Maxwellian distribution at higher
powers were reported by Lieberman and Godyak [40] in a
capacitively-coupled Ar plasma.

As power is abruptly increased from∼45 W to 100 W
(the transition from dim (E) to bright (H) mode),T OESe

decreases from∼6.1 to ∼3.5 eV, an inverse dependence
also observed in TCP Cl2 plasmas [25].T LPe also decreases
with an increase in the rf power from∼3.0 eV at∼45 W to
2.7 eV at 100 W. This transition from capacitive to inductive
coupling is an abrupt function of power [44], so the abrupt
change observed in the EEDF is expected. Although the
EEDF remains bi-Maxwellian in the transition from the E-
to H-mode, it tends towards a more Maxwellian form as the
difference between the two ‘temperatures’ measured by the
two techniques decreases from∼3.0 at∼45 W to 0.8 eV at
∼120 W.

The electron temperatures characteristic of the high-
energy portion of the EEDF are higher than those recently
measured in chlorine plasmas [23–30]. These high-energy
electrons are not only important for sustaining the ionization
and dissociation processes in the plasma, they are also
those that are able to overcome the retarding fields and
impinge on the upper sidewalls of high aspect ratio features.
This causes differential charging of these high aspect ratio
features and can lead to electrical damage and some etching
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profile anomalies. In general, higher electron temperatures
exacerbate these problems, hence some advantage may be
gained by operating oxygen plasmas at lower powers, subject
to trade-offs in etching rates. High electron temperatures will
also increase the total emission of UV light in the plasma,
since the levels responsible for these emissions are at high
energies. Consequently, any damaging effects induced by
UV light, such as in high-density plasma deposition of SiO2

would also be reduced by operating the plasma at lower
powers and therefore at a lower electron temperature and
density.

3.3. Absolute species densities

3.3.1. Excitation of the emitting species. Oxygen atoms
are formed in an O2 plasma mainly by electron impact
dissociation

O2 + e− → O + O + e− (2)

or by dissociative attachment

O2 + e− → O + O−. (3)

Electron impact excitation of ground-state molecular and
atomic oxygen leading to emission at 8446 Å occurs by two
mechanisms, direct excitation

O + e− → O∗ + e− (4)

and dissociative excitation

O2 + e− → O∗ + O + e− (5)

where O∗ refers to the O(3p3P) state which emits at 8446 Å.
As the power decreases, reaction (5) eventually dominates
over reaction (4). This effect is obvious from the presence
of a non-zeroy-intercept (figure 2) in the limit of zero TCP
power, wherenO = 0.

Walkupet al [9] have shown that reaction (5) leads to a
Doppler-broadened emission lineshape, due to the∼1 eV
spread in the velocities of the O∗ produced, and because
O∗ spontaneous emission is faster than thermalization. We
could not observe such Doppler broadening due to the
limiting spectral resolution. They also reported that in an
oxygen plasma that is more than 5% dissociated, reaction (4)
dominates for the 8446 Å emission. Both routes (reactions (4)
and (5)) were taken into account for the analysis of the 8446 Å
emission line.

The O(3p3P) emitting species can also be produced by
electron impact of metastable species:

Om + e− → O∗ + e− (6)

O2(a
11g) + e− → O∗ + O + e− (7)

where Om is either the O(1D) or O(1S) metastable (see the
energy level diagram in figure 9). Om and O2(a11g) are
generated by

O2 + e− → Om + O + e− (8)

O + e− → Om + e− (9)

O2 + e− → O2(a
11g) + e− (10)
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Figure 9. Energy level diagram for atomic oxygen showing
optical emission at 8446 Å due to the electronic transition
3p3P→ 3s3So.

O2 + O(1D)→ O2(a
11g) + O. (11)

As will be shown below, O(1D) and O(1S) most likely
account for the small, but not negligible, fractions of the
observed emission at 8446 Å at the higher powers. The
contribution from O2(a11g) was found to be negligible, as
was the formation of the O-metastables from O2(a11g) [45],
and as such O2(a11g) will be ignored.

The optical emission intensityI (k, λij ) at wavelength
λij , excited by electron impact with speciesk is given by
[23, 25, 46]:

I (k, λij ) = 4πα(λij )Qibijnenk

∫ ∞
vth

σk,i(v)v
3fe(v) dv

= α(λij )QibijKk,i(Te)nenk = aknk (12)

wherenk is the density of the species (ground or metastable
state) in statek that undergo electron impact excitation to
yield the excited statei, that fluoresces to statej ; ne is
the electron density;α(λij ) is the overall light collection
efficiency and spectrometer and detector sensitivity at the
given wavelength;σk,i is the effective cross section from
statek to statei with threshold electron speedvth, including
electron impact excitation from statek to states abovei that
optically cascade to statei rapidly; andQij is the quantum
yield for optical emission fromi to j , and can be assumed
to be unity because the radiative lifetimes of the emitting
states are much shorter than the time constant for electronic
quenching at these low pressures. The branching ratiobij is
the ratio of the intensity for thei to j transition to the sum
of the intensities of all possible transitions from the level
i to any lower level. For the O 8446 Å and Ar 7504 Å
emissions,bij = 1.0. A Maxwellian electron distribution
for electron energies from∼2 to 17 eV, defined byT OESe in
figure 5, is assumed in using equation (12) to determine these
coefficients, as well as the rate coefficient,Kk,i(Te).

The overall proportionality coefficientak on the right-
hand side of (12) is represented by the coefficientsam in the
expression for O-atom emission at 8446 Å.

I (O, 8446) = aOnO + aO2nO2 + aO(1D)nO(1D)
+aO(1S)nO(1S). (13)
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Similarly, the argon emission intensity at 7504 Å is

I (Ar, 7504) = cnAr (14)

wherec representsak in (12) andnAr is the argon density
determined from the input flow rate, the plasma gas
temperature,Tg, and the pressure.

Excluding trace species, the oxygen mass balance is

noO2
=
(
nO2 +

1

2
(nO + nO(1D) + nO(1S))

)(
Tg

Tw

)
(15)

wherenoO2
is the concentration of O2 when the plasma is

off andTg is the gas temperature which is assumed to vary
linearly with rf power fromTw = 300 K (the reactor-wall
temperature) at 0 W to 500 K at1046 W. Equation (15) is
consistent with the unchanging pressure when the plasma is
turned on.

The steady-state solution for the number density of
metastables that are generated through reactions (7)–(10) is
given by

nOm =
Km,OnOne +Km,O2nO2ne

Kd,i +Kqene +KqOnO +KqO2nO2

(16)

where nOm represents the density O(1D) and O(1S) of
metastables, andKqe,KqO2 andKqO are the quenching rate
constants of the metastables by electrons, O2 molecules and
O atoms, respectively.Kd,i is the first-order diffusivity rate
constant [47] for plasma speciesi (O,O(1D) and O(1S)):

Kd,i = 2Deff γi/ l
2
eff (17)

whereDeff is the effective diffusion constant for each of O,
O(1D) and O(1S) [48], leff is the effective reactor dimension,
which is taken as the reactor volume to surface area ratio
(3.6 cm), andγi is the probability that each of O, O(1D) and
O(1S) will be lost at the walls (assumed to be unity for the
two metastables). The effective diffusion coefficient,Deff ,
(cm2 s−1) of O and each of the three metastables (A) in the
predominantly O2 background gas was estimated from

1

Deff

= 1

D(A,O2)

+
1

DKn,A

(18)

where

D(A,B) =
(
Tg

273

)5/6(
NO

nO2

)(
2.02

√
µ(A,B)

3
√
C6eff

)
(19)

DKn,A = vAleff

3
(20)

NO is 2.69× 1019 cm−3, µ(A,O2) is the reduced mass of A
and O2 (in amu),C6eff is the effective long-range interaction
(in eV Å6), andvA is the mean thermal velocity of A [49].
C6eff = 22.56, 23.01 and 40.97 for O, O(1S) and O2(a11g),
respectively [48].

As mentioned above and shown below O2(a11g) does
not contribute a significant amount to the 8446 Å emission
and can therefore be ignored. In addition, it is shown below
that most of the O(1D) and O(1S) are formed by electron
impact dissociation of O2. To eliminate some of the errors
associated with determining the contribution of O(1D) and

O(1S) to the emission intensity, their number densities are
computed relative to that of ground-state O, using (16), and
its analogue fornO :

nOm = nO
(K8 +K9nO/nO2)Kd,O

(2K2 +K8)(Kd,m +KqO2nO2)
(21)

where K2 is the rate coefficient for dissociation of O2

by electrons (essentially reaction (2), since dissociative
attachment, reaction (3), is much slower) [45],K8 is the
electron impact rate coefficient for reaction (8),Kd,O is the
first-order rate coefficient for the loss of O by diffusion to
and recombination at the walls andKd,m is the first-order
rate coefficients for the loss of O metastables by diffusion to
and quenching at the walls.

Initially, metastables are ignored and equations (12)–
(15) are used to derive an expression for the absolute ground-
state O-atom density,nO

nO =
(
Tw

Tg

)
×
(
nArKAr [I (O, 8446)/I (Ar, 7504)] −KO2n

o
O2

KO

)
.

(22)

The initial values ofnO andnO2 (from equation (15)) are
used to compute the O-metastable densities using (21). These
metastable densities are then used to re-calculatenO andnO2.
This iterative process is repeated until the densities of each
of the neutral species converge. The cross sections and rate
constants used in the model, and an assessment of the relative
importance of the various channels for excitation of optical
emission, are now presented.

3.3.2. Cross sections and rate constants.Ar electron
impact excitation cross section data by Chiltonet al
[31] were used for actinometry and to estimate relative
electron densities. These cross sections include contributions
from cascading from higher levels under the optically thin
conditions for each of the rare gases. The rate coefficients
computed from these cross sections are presented as a
function ofTe in figure 10(a). Other cross sections for TRG–
OES computations ofT OESe are reviewed elsewhere [49].

Cross sections for electron impact excitation of O were
reviewed by Laher and Gilmore [50], while those for O2

were compiled by Itikawaet al [51]. Unfortunately, no
measurements have been published of the cross section for
excitation of the 8446 Å emission that includes cascading
transitions from higher states that are also populated by
electron impact. A lower limit for the cross sections for
excitation of emission at 8446 Å can be obtained from the
cross section for direct excitation of the 3p3P state. These
data were used to compute the rate coefficients as a function
of Te, presented in figure 10(a). The rate coefficients divided
by those for excitation of the Ar 7504 Å emission are included
in figure 10(b).

To compute the total electron impact excitation rate for
the 3p3P state, cascade transitions from higher levels of
the triplet manifold—mainlyns (n > 4), np (n > 4), nd
(n > 3) and 3s′—must also be considered [9, 52, 53]. All
of these levels can undergo transitions to either the 3p3P
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Figure 10. (a) Rate coefficients for excitation of O(3p3P),
emitting at 8446 Å and for Ar(2p1), emitting at 7504 Å and
(b) rate constants for O(3p3P) divided by that for Ar(2p1).

level, accompanied by the emission of a visible–near infrared
photon, or to the ground state, resulting in emission of a
vacuum-UV photon. In the optically thin limit of extremely
low O-atom concentrations, these vacuum-UV transitions
dominate the lower energy transitions, with EinsteinA-
factors that are typically an order of magnitude higher, hence
cascading should contribute less than direct excitation of
the 3p3P level. At the O-atom number densities in the
present study, however, cascading is further complicated
at higher powers by trapping of the vacuum-UV radiation
from excited states above the 3p3P level under optically
dense conditions [52–55]†. Under these circumstances, the
vacuum-UV photons cannot escape the plasma and these
higher levels are repeatedly excited until they decay to the

† The absorption coefficient,k0, at the centre of a Doppler-broadened line
is given by [54]

k0 = 2

1νD

√
ln 2

π

πe2

mec
Nf

whereN is the number density of absorbing species (i.e. ground-state O-
atoms),f is the oscillator strength (e.g. 0.047 for the3P→ 3Do 988.777 Å
line [55]) and1νD is the doppler width

1νD = 2
√

2R ln 2

c
ν0

√
Tg

M

whereM is the mass of O andν0 is the frequency of the 988.777 Å transition
(3.031× 1015 s−1). For Tg = 500 K, k0N = 1.36× 10−13N (cm2).
For N = 2 × 1013 cm−3, 1/e of the light at ν0 will be absorbed in
l = 1/k0N = 0.37 cm. If light were re-emitted each time atν0, then
the distance before emission of a near-infra-red–visible photon (7990 Å
in this example) accompanying a transition to the 3p3P level would be
≈l√A988/A7990 = 0.37

√
2.3/0.290 = 1.0 cm, whereA988 andA7990

are EinsteinA-factors [55]. Since light will be re-emitted over the Doppler
width, assuming a uniform temperature, the distance before emission of a
8446 Å photon will be roughly twice this distance, but still much smaller
than the plasma dimensions (∼10 cm).

3p3P level. Therefore, the total cross section for excitation
of the 3p3P level and emission at 8446 Å is nearly equal to
the sum of the cross sections for direct excitation of the 3p3P
level and all of the cascade levels above it. The rate constant
computed from the sum of these cross sections (from Laher
and Gilmore’s compilation [50]) is presented in figure 10(a),
and relative to Ar emission rate coefficients in figure 10(b).
These latter values are used to compute the O-atom densities
in this study. As can be seen from figure 10(b), the total
excitation rate that includes cascade contributions to O-atom
emission at 8446 Å is about three times the direct excitation
rate.

Cross sections that include cascade contributions under
optically thin conditions have been reported for excitation
of the O 8446 Å emission by dissociative excitation of
O2 (reaction (5)) [56]. Because the O-atoms generated
by dissociative excitation are created with large amounts
of translational energy, trapping of the Doppler-broadened
radiation is much less important for reaction (5) than for
reaction (4). Consequently, radiation trapping was ignored
for reaction (5). In the limit of zero discharge power, all
of the O 8446 Å emission originates due to dissociative
excitation. To force the computed emission ratio to agree
with the observed ratio of 8.4 at zero power andTe = 4.0 eV
(see figures 1 and 4), the cross sections of Schulmanet al
[56] for reaction (5) were multiplied by 1.25. This factor is
within the reported uncertainties in the O and Ar data. The
cross section for reaction (5), adjusted in this manner, was
used to compute rate coefficients (figure 10(a)), and the rate
coefficients ratios relative to Ar emission (figure 10(b)).

The electron impact cross sections reviewed by Laher
and Gilmore [50] were used for excitation of O to its1D and
1S metastable levels (reaction (10)). Unfortunately, there
is some ambiguity in the literature on the rate of electron
impact dissociation of O2 and the branching ratio between
channels that generate the two ground-state O-atoms and
those that form O + O(1D) (i.e. reaction (8)). Cosby [57]
reported the total cross sections for the production of all of
the states of O. In addition, Cosby measured the translational
energy released into the recoiling O-atoms. From the
Franck–Condon principle, these energy spectra infer similar
partitioning into the O + O and O + O(1D) channels at
electron energies of∼30 eV. Below∼20 eV the so-called
6 eV states (c16−u , A 36+

u , and C31u), which adiabatically
dissociate into only ground-state O-atoms, are also excited.
Taking the 6 eV state cross sections recommended by Itikawa
et al [51] to be correct between the threshold (∼6 eV) and
its peak of 1.5 × 10−17 cm2 at 10 eV, assuming the cross
section then increases linearly to 2.2×10−17 cm2 at 13.5 eV
(the lowest energy measured by Cosby [57]), using Cosby’s
cross sections at 13.5 eV and higher energies, assuming
a 100% yield of ground-state O atoms below 18 eV and
equal yields of O + O and O + O(1D) above 18 eV, we have
generated cross sections for reactions (2) and (8), and the rate
constant expressionsK2 = 8.08×10−9 exp(−7.32/Te) and
K8(

1D) = 9.37× 10−9 exp(−10.03/Te) cm3 s−1.
At the highest power,Te = 6 eV and the rate

constant for the production of O(1D) by reaction (8)
(∼1.8 × 10−9 cm2 s−1) is nearly equal to that calculated
for reaction (9) (3.0× 10−9 cm2 s−1), using cross sections
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from Laher and Gilmore [50]. Consequently, reaction (8) is
the main source for the production of O(1D) at all powers,
sincenO/nO2 < 0.1 at 1000 W (see below).

No experimental cross sectional data are available for
the atomic metastable excitation to O(3p3P) (reaction (6)).
However,ab initiorate constants were computed by Gordillo-
Vazquez and Kunc [58] for this reaction,K6,direct (

1D) =
6.472×10−9 T −0.16701

e exp(−8.884/Te)andK6,direct (
1S) =

8.22×10−8 T −0.23905
e exp(−6.591/Te), where the subscript

direct indicates that no cascading from higher levels is
included. To estimate the accuracy of this rate coefficient
for the direct reaction, the rate coefficients computed by
Gordillo-Vazquez and Kunc [58] for reactions (4) and (9),
and the reaction forming O(3p5P) from ground-state O
were compared with those computed from measured cross
sections given for these reactions in the review by Laher and
Gilmore [50]. Throughout the range of electron temperature
of interest here (2–6 eV), the rate coefficients computed by
Gordillo-Vazquez and Kunc for reaction (9) are in excellent
agreement with the measured values, while those for the
other two reactions exceed the measured values by factors
of three and six (for reaction (3)). Consequently,K6,direct

could be high by similar factors, but it is probably not lower
than the measured values. To account for cascading in an
optically thick regime,K6,direct for O(1D) was multiplied
by a factor of 2.4 (independent ofTe), the same value as
that computed for the cascading contribution to excitation of
the 3p3P state from the ground state. For O(1S), the direct
excitation rate constant for the 3p3P state is so much larger
than any other rate constant computed by Gordillo-Vazquez
and Kunc for excitation of the1S state that we ignored any
added contribution from the cascade transitions from higher
excited states. Therefore, we usedK6(

1D) = 1.55× 10−8

T −0.16701
e exp(−8.884/Te) and K6(

1S) = 8.22 × 10−8

T −0.23905
e exp(−6.591/Te).

Loss of O(1D) is primarily due to diffusion to and loss
at the walls (Kd ∼ 2500 s−1 for γ = 1, andTg = 500 K)
and quenching by O2 (KqO2 = 3.7× 10−11 cm3 s−1) [59]
and by electrons. The total quenching rate by electrons is
the sum of rates of excitation of all of the states above†,
as well as ionization. To estimate the total quenching rate
constant by electrons, we included direct excitation to the1S,
3s5So, and 3s3So states, direct plus cascade (optically thick)
excitation to the 3p3P state (i.e.K6(

1D)) [59] and ionization
(kiz = 9.0× 10−9 T 0.7

e exp(−11.6/Te) cm2 s−1) [19]. For
ne = 3.7×1010 cm−3,nO2 = 1.8×1014 cm−3 andTe = 6 eV,
Kqe = 1.5× 10−8, quenching by O2 and electrons occur at
rates of 6620 s−1 and 560 s−1, respectively.

Khvorostovskaya and Yankovskii [60] reported esti-
mated rate constants for dissociative excitation from O2 to

† The total excitation rate coefficient was estimated from the sum of the rate
constants for electron impact excitation from O(1D) to 1S, 3s5So, 3s3So,
3p5P and 3p3P. The direct excitation rate constants for excitation to the
3p5P and 3p3P states were multiplied by 2.4 (the enhancement factor for
cascading in the optically thick limit—see text above). By including the
cascade transitions for an optically thick medium, excitation to all excited
states above 3p3,5P is included. The total excitation rate coefficient for the
1S state is treated in an analogous manner. As in Leeet al [19] for O(1D),
we estimatekiz = 9.0×10−9 T 0.7

e exp(−9.4/Te) cm2 s−1 for ionization of
O(1S) by using the same pre-exponential factors as for ionization of ground-
state O and an activation energy of 9.4 eV (the difference in the first ionization
potential of O (13.6 eV) and the energy of O(1S)), instead of 13.6 eV.

O + O(1S) (reaction (8)). An unpublished peak cross sec-
tion of<2× 10−17 cm2 was measured by Zipf, as reported
by Vialle et al [61]. This peak cross section falls in be-
tween the value of∼5 × 10−17 cm2 for the production of
O + O(1D) and 4× 10−18 cm2 for O + O(3p3P), as might
be expected. Apparently, no other measurements or calcu-
lations have been reported for the production of O + O(1S)
from reaction (8). AtTe = 6 eV, a reasonable assumption
for its rate coefficient would be between that for production
of O + O(1D) (1.8× 10−9) and O + O(3p3P) (3.2× 10−11),
i.e. ∼3 × 10−10 cm2 s−1, and by equivalent interpolation
∼1× 10−10 cm2 s−1 at Te = 4.5 eV. These rate constants
are about an order of magnitude larger than those reported by
Kvorostovskaya and Yankovskii [60]. The larger rate con-
stants estimated by interpolation were used in this study.
They are about the same as those for the production of
O(1S) from O. Given thatnO/nO2 < 0.1 at 1000 W, re-
action (8) therefore dominates over reaction (9) for O(1S)
production. The loss rate of O(1S) by diffusion to the walls
is Kd ∼ 2500 s−1. The quenching rate constants by O2 is
7×10−13 cm2 s−1 [62] and by electrons is∼4×10−8 cm3 s−1

(see the previous paragraph). Thus, forne = 3.7×1010 cm−3,
nO2 = 1.8× 1014 cm−3 andTe = 6 eV, the loss of O(1S)
from quenching by electrons (1480 s−1) is a factor of∼1.7
smaller than diffusion-controlled quenching at the walls,
while quenching by O2 (126 s−1) is much less.

The cross sections recommended by Itikawaet al [51]
were used for electron impact excitation of O2 to the a11g

state (reaction (10)). Forne of 3.7× 1010 cm−3 andnO(1D)
of 5.2 × 1011 cm−3 and Te and Tg of 6.0 eV and 500 K
respectively, the production rate of O2 (a11g) by reaction (10)
(K10 = 9.4 × 10−10 cm3 s−1) [51] is about twice that by
reaction (11) (K11 = 3.7× 10−11 cm2 s−1) [59]. Therefore,
reaction (10) is the dominant route for the production of
O2(a11g).

The quenching rate constants of O2 (a11g) by molecular
and atomic oxygen are both very small (KqO2 = 2.3 ×
10−18 cm2 s−1 andKqO = 2.0 × 10−16 cm3 s−1) [59];
consequently, it is lost mainly by diffusion to the walls
(Kd = 2.1 × 103 s−1). At Te = 6 eV andTg = 500 K
(1046 W), using the above production and quenching rate
constants of O2 (a11g), a value of 5× 10−3 is estimated for
nO2(a11g)/nO2 from equation (15). Neither the experimental
nor the calculated data are available for the dissociative
excitation from O2(a11g) to O(3p3P) (reaction (7)). Even
when likely overestimates of the rate constant on the order of
∼10−8 cm−3 s−1 are used in this calculation, the contribution
of this route to the 8446 Å emission line is negligible, and
therefore was ignored.

3.3.3. Resulting absolute number densities.The absolute
densities of O and O2 and of the metastables species(O(1D)
and O(1S)), determined using the iterative process described
above, are presented in figures 11 and 12, respectively, as
function of the applied rf power. The ground-state atomic
oxygen density increases with increasing rf power from
∼6.6× 1012 cm−3 (∼1% dissociation) at 400 W to 1.1×
1013 cm−3 (∼2% dissociation) for a maximum power density
of 1046 W (5.7 W cm−2). At the highest power density
of 5.7 W cm−2 (1046 W), the O(1D) and O(1S) densities
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Figure 11. The absolute densities of ground-state O and O2

against rf power in a 10 mTorr O2 TCP with 5% of the trace rare
gas mixture.

were 5 and 1% of the ground-state O density, respectively,
and O, O(1D), O(1S) and O2 are responsible for 56, 4, 16
and 24% of the total O emission intensity at 8446 Å. Based
mostly on the uncertainties in the cross section data, the O-
atom ground-state densities are probably accurate to within a
factor of two†. The error bars on the O-atom measurements
in figure 11 reflect this overall approximate uncertainty.

The degree of dissociation found in the present study
is much less than that predicted in the modelling studies
by Leeet al [19] for a 10 mTorr O2 plasma at comparable
power densities. In that study, heterogeneous recombination
of O-atoms was not considered in most of their predictions.
When wall recombination was included with a recombination
coefficient of 0.1, much lower degrees of dissociation were
predicted.

Lower degrees of dissociation than those predicted by
Leeet al [19] were also measured by Granieret al [15, 16] in
an oxygen high-density helicon plasma (e.g. 10% at 500 W).
They attribute this small amount of dissociation at high
plasma density to a very high rate of recombination of O-
atoms on the walls of the chamber. High wall recombination
rates and low degrees of dissociation were also reported by
Matsushitaet al [63] in an oxygen helicon plasma.

We can estimate the degree of dissociation from the zero-

† As mentioned above, we assume that the entire EEDF is described by
a Te equal toT OESe . Most processes that are important for measuring the
O-atom densities by actinometry, and for computing the dissociation of O2,
occur at high electron energies and therefore are induced by the same part
of the EEDF that is measured by TRG–OES. Consequently,T OESe is the
better temperature to use. The only exception is excitation of O(1D) and
O(1S). For these levels, an EEDF described by a combination ofT OESe and
T LPe (e.g. 5 and 3 eV, respectively, at 700 W) would perhaps be better. The
rate constant for excitation for O(1S) and (1D) decreases by factors of two
and three, respectively, whenTe decreases from 5 to 3 eV. The optimum,
effective electron temperature would be somewhere in between, so perhaps
we are overestimating the excitation rates of O(1S) and O(1D) by factors of
∼1.5 and∼2. If we decrease these excitation rates by these amounts, the O
ground-state density in figure 11 would increase by∼30%. Because other
factors are likely to contribute more uncertainty (the rate constants for O(1D)
and O(1S) are probably uncertain within a factor of two, for example), the
MaxwellianTe assumption is reasonable.
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Figure 12. O(1D) and O(1S) number densities against rf power in
a 10 mTorr O2 TCP with 5% of the trace rare gas mixture,
computed from the model and using the measured O and O2

number densities from the optical emission measurements.

D model steady-state expression:

nO =
[2K2 +K8(

1D)]nenoO2

Kd,O +Kizne

(
Tw

Tg

)
(23)

whereKiz is the ionization rate coefficient for O (Kiz =
9× 10−9T 0.7

e exp(−13.6/Te) cm−3 s−1) [19]. If we assume
that the negative ion density is much less than the positive
ion density so thatne = n+

i = 3.7× 1010 cm−3, and further
assume thatTg = 500 K andγO = 0.4 on the mostly
stainless-steel surfaces [64], thennO = 3.5 × 1013 cm3

from (20). This estimate is close to (about three times higher
than) that derived from the optical emission measurements—
reasonable agreement given the assumptions in measuring
and computingnO . (A lower electron density due the
presence of negative ions would move the computed value
closer to the observed O-atom density.) Therefore, the
low degrees of O2 dissociation measured in this study are
reasonable.

The etching rates of low-k organic films would be
expected to increase with increasing O-atom density until ion-
flux-limited conditions are obtained. This regime may not
be reached at the relatively low O-atom densities obtainable
with a system containing internal surfaces that exhibit a high
recombination rate for O, regenerating O2. Presumably,
higher O-atom concentrations would be present in systems
with anodized-aluminum-, quartz- or SiO2-coated walls.
This may not necessarily be desirable, since O-atoms will
also react spontaneously with organic materials, leading
to undercutting and the need for the addition of sidewall-
inhibitor species to the plasma. The control of the degree of
O2 dissociation by the choice of wall materials may thus offer
a method to optimize the O-atom concentration, and therefore
balance the etching rate and the degree of undercutting with
a minimum of added sidewall inhibitor. In addition, the
formation of passivating layers on the chamber walls, from
additives and from etching products, will be likely to decrease
the O-atom recombination rate and lead to an increase in the
O-atom densities.

125



N C M Fuller et al

4. Conclusions

Oxygen TCPs were investigated by optical emission and
Langmuir probe analysis. The absolute number densities of
ground-state oxygen atoms were derived from O-atom optical
emission at 8446 Å, combined with Ar emission actinome-
try and modelling. The roles of ground-state O and O2 and
metastable O(1D), O(1S) and O2(a11g) in exciting the O
emission were evaluated. All but O2(a11g) were found to
contribute significantly, with ground-state O being dominant
at high powers. In this mostly stainless-steel and quartz reac-
tor, O2 dissociation is minimal (∼2%), even at the maximum
inductively-coupled power of 1046 W (5.7 W cm−2), in good
qualitative agreement with global model predictions. At this
high power, O(1D) and O(1S) densities were 5 and 1% of
the ground-state O density, respectively. In the capacitively-
coupled, E-mode (<100 W), the gas is expected to be pri-
marily comprised of O2 with ground-state O and the three
metastable species having negligible concentrations.

Electron temperatures characteristic of the tail of
the EEDF were measured by TRG–OES. The electron
temperature increases with the applied rf power in the H-
mode (100–1046 W) from 2.7 to 3.4 eV for electrons sampled
by the Langmuir Probe and from∼3.5 to 6.0 eV for high-
energy electrons sampled by the TRG–OES technique. In
the E-(capacitive) mode, below 45 W,Te measured by TRG–
OES varies directly with rf power, increasing from a∼4.0 eV
for negligible rf power, to∼6.1 eV at 45 W. TheTe measured
by TRG–OES varies inversely with the rf power, from 6.1 eV
at∼45 W (highest E-mode power) to∼3.5 eV at∼100 W
(lowest H-mode power), andTe derived from Langmuir probe
measurements also varies inversely with the rf power, from
∼3.0 eV at ∼45 W to ∼2.6 eV at ∼100 W. In the H-
mode, the EEDF is bi-Maxwellian throughout the rf power
range investigated in this regime. In the E-mode, the EEDF
changes from nearly Maxwellian (possibly Druyvesteyn) at
low rf powers (∼7 W) to bi-Maxwellian at the higher E-mode
powers (∼50 W), seemingly due to the stochastic heating of
the high-energy electrons by the oscillating plasma sheath.
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