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Abstract. Trace rare gases—optical emission spectroscopy (TRG-OES) and Langmuir probe
analysis have been used to measure the electron tempefafurea 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 A), and rare gas actinometry (Ar, 7504 A). In the H-(inductive)-node,
increases from 2.6 to 3.4 eV for the low-energy electrons sampled by the Langmuir probe and
from ~3.5t0 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, \Wieasured by
TRG-OES increases with rf power frot¥ eV at very low power{7 W) to~6.1 eV at

45 W. Between the highest E-mode poweH0 W) and lowest H-mode power(20 W),

the T, measured by TRG—OES drops from 6.1 to 3.5 eV, whjlderived 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 from120 to 1046 W. In the E-mode,

the EEDF changes from nearly Maxwellian (possibly Druyvesteyn) at low rf powefd/)

to bi-Maxwellian at the higher E-mode powers45 W). O, dissociation is low{2%) at the
maximum rf power density of.3 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 A) emission revealed significant contributions from electron impact
excitation from @'S) and dissociative excitation of,O

1. Introduction to undesirable etched profile anomalies and electrical damage
due to charge build-up and current flow [6-8].
Oxygen-containing plasmas are widely used for photoresist Oxygen plasmas have been extensively characterized to
etching and stripping [1,2]. In addition, ;Gs a major determine densities of neutral and charged species, electron
component in plasma processes that are being develope@nergy distribution functions (EEDFs) and plasma potentials
for the etching of organic, low-dielectric-constant (so-called [2,9-21]. Most of these are studies of either parallel
low-«) thin films [3, 4]. These materials are being explored as plate reactors, or high-density electron cyclotron resonance
candidates for future use as interlayer dielectrics in higher- (ECR) plasmas. Less work has been reported for oxygen
speed circuits [3,5]. The etching mechanisms, rates, andinductively-coupled plasmas (ICPs) [19-21].
etched profile shapes in oxygen etching plasmas depend on  This paper reports measurements and calculations of the
the relative fluxes of O, § O" and G,. The determinationof  densities of ground-state atomic and molecular oxygen and
the neutral species densities as a function of radio frequencyof the principal metastable species of atomic oxyd@&ngnd
(rf) power and pressure is, thus, essential in the understanding'S), as well as electron temperatur&s)(in an inductively-
and optimization of the plasma etching processes for all coupled oxygen plasma (transformer-coupled plasma, TCP)
of these micro-electronic materials. Additionally, accurate as afunction of the applied rf power at a pressure of 10 mTorr.
determination of the electron temperature is important for Optical emission actinometry [22], modelling, and mass
understanding the rates of dissociation and ionization of balance were used to estimate the atomic and molecular
neutral species in these plasmas, and in assessing thexygenand the metastable species densities using the 8446 A
mechanisms for differential charging, which may contribute O-atom emission lines from the 3p level. An extension of
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I from unwanted diffraction orders in the monochromator) onto
@ Al f 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-

TCP 02). The monochromator was scanned from 4200 to 8950 A
1 ﬁ Gas

1L Ai“elnni at rates varying from 10 to 260 A min with a 0.80 A
bandpass. The emission intensities were corrected for the

? Quartz window relative response of the monochromator and detector.
Langmuir probe

Electron temperatures(£5) were also measured by
Light to

the TRG-OES technique that samples the high-energy tail of
spectrometer ’=‘
O [

| inlet
-—

the EEDF (electron energies> 10 eV) [23-30]. In this
measurement, a small amount (5 sceirb%) of a mixture
containing equal volumes of He, Ar, Ne, Kr and Xe was
added to the ©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
Pump effects were taken into account [25] in the derivatiod 8
_ from a kinetic model that computes relative optical emission
RF Bias . . . .. .
intensities and compares them to observed intensities, with
Figure 1. Schematic diagram of the TCP reactor, matching the electron temperature as an adjustable parameter. The
network and Langmuir probe. accuracy inT,°E5 was previously estimated to be about

+10% [25]. As shown below, the addition of rare gases
this optical actinometry technique, trace rare gases opticalCaused no measurable change in the EEDFs measured with
emission spectroscopy (TRG-OES), was used to determinethe_Lapgm_wrprobe. In addltlon,the|nter_1_5|ty ofthe 08446 A
electron temperaturg, [23-30]. The electron temperature €Mission line was unaffected by the addition of the rare gases

was also measured with a Langmuir probe, as were ion beyond simple dilution. Consequently, the addition of the
densities. rare gas mixture does not significantly perturb the properties

of a pure oxygen discharge.

Positive ion densitiesn{) and electron temperatures
(TLP) were measured with a single, rf-compensated
CL’angmuir probe (Scientific Systems Smart Probe). Full
current—voltage [~V) curves were recorded, spanning the

2. Experimental procedure

The reactor used in these experiments has been describe

previously and is shown in figure 1 [25, 30]. It consists of a . . ;
. I o . range from ion saturation to electron saturation currents at
stainless-steel cylindrical chamber of 36 cm inside diameter .
voltages above the plasma potential. Because of the large

and 22 cm height. The chamber has a top port sealed by a . - .
25 cm diameter quartz window. The TCP source includés a6 area of grounded stamless-stegl surfaces in contact with the
diameter, six-loop coil antenna and matching network (LAM p:‘azsgn\r;l, a rI(ejasorclja?%rr\:\i/ﬁ"ddEﬂ:;df T?)fim;wat-lrjnmznwahv,v r
Research) which are positioned above the top window. Theo. could be dete €d, and, 1o 9 0de pOWers,
RF power is delivered to the antenneei8 kWPlasma-Therm high electron currents could be drawn to heat and thus clean
generator operating at 13.56 MHz. The He-gas-cooled ChuckFhe probe tip. Nonetheless, some fluctuations were observed

held a 8 diameter silicon wafer that was rapidly oxidized Idnist:hh(;rraevl’\gor:t?r?ss\’/;/avl\llgIChrevgﬁ:r?aE?rrglsa;e?hivr\1/ 'tgxiég'?;o;r
to a presumed self-limiting thickness, such that continued 9 P y y
exposure to the Oplasma during the experiment did not breaks down and allows currentto flow. Areference electrode

alter the composition of the substrate surface or in any way supplied with the probe was used to correct for these probe-

change the operation of the plasma. The TCP operates in a{nduced ch_apges |(r)1Et?e pIasmLaPpotennaI atpositive vqltages.
In deriving 7, and 7,-© from optical emission

capacitively-coupled (dim or E) mode for powers below 60 W d ° b I

and in an inductively-coupled (bright or H) mode for powers gggsl‘:uif?;?;:‘dn_ Langmuir probe traces, a Maxwellian

above 100 W. The upper power limit of 1046 W corresponds )

to 5.7 W cm2, for the area defined by the antenna. For dn  2n, 1 —&

this study, no rf power was delivered to the stage, which P ﬁW\/‘E exp<ﬁ>. @)

was positioned 12 cm from the top quartz window. In all

experiments, the pressure in the reactor was 10 mTorr, andT./” was determined frond—V curves between-5 and

the G flow rate was 95 sccm. 20 V (relative to the grounded reactor walls) and therefore
The absolute species concentrations were measuredepresented the temperature of an assumed Maxwellian

by optical emission actinometry [22], with corrections for distribution between~2 and 17 eV (the plasma potential

electron temperature dependences [27, 28]. Line-integratedsubtracting the above voltages). In addition, qualitative

plasma-induced emission from a region across the wafer andinformation on the EEDFs was derived from theV’ curves

~2 cm above it was collected through a UV-grade quartz recorded at high powers, where the signal-to-noise ratio was

window on one side of the reactor. The emission was imagedsulfficient to extend the electron energies~@2 eV. Full

through a long-pass coloured glass filter (to reduce signalsEEDFs were also obtained at the higher powers by finding
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Figure 2. Ratio of the oxygen atom emission intensity at 8446 A
to that of argon at 7504 A against rf power in a 10 mTosrT@P
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 #y’£5 is a complicated function of
pressure and power. Typicallf,°Z5 is the ‘temperature’
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Figure 3. Positive-ion density (measured with a Langmuir probe)
and the emission intensity of the Ar 7504 A line against rf power
in a 10 mTorr Q@ TCP plasma with 5% of the trace rare gas
mixture. I(Ar, 7504) is normalized te; at 1046 W; the broken

line is the linear dependence.

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

3.2. Electron temperature

that best describes the electrons with energies higher than

~10 eV. ThereforeT, LS describes a higher-energy portion
of the EEDF than doeg/”.

3. Results and discussions

3.1. Emission intensities and positive ion densities

Atomic emission intensities of O, Ar, Kr and Xe, were

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 A), Kr (8104, 8113 and 8190 A)
and Xe (8231 A). 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,
Krand Xe are computed from a model, and then compared to
the experimentally measured intensities such as those shown

recorded from 7000 to 9000 A as a function of rf power. in figure 4. The electron temperature is determined by the
Oxygen atom emission intensities at 8446 A, corresponding best match of the model to the observed relative emission
to the 3pP — 3s3S’ transition, were normalized by the intensities, with7,°** as the only adjustable parameter.

7504 A emission intensity from the Paschen 2gvel of The electron temperatures measured by TRG—OES and
Ar. These actinometry ratios, corrected for changes in the Langmuir probe analysis, are presented in figure 5 as a
spectrometer response, are presented in figure 2. They aréunction of discharge power. For the bright (inductive) mode
used below to determine ground-state oxygen atom densitiespower regime,I,/” increases from 2.6 to 3.4 eV when the

The error bars on the data represent an estimai&d%

power is increased from120 to 1046 W, whereag s

scatter in measurements performed under nominally identicalincreases from-3.5 to 6.0 eV over this power range. The

conditions.

The Ar emission intensities(Ar, 7504) used to derive
the emission ratios in figure 2 are shown in figure 3. The
mechanism for exciting the 2plevel of Ar is one-step
electron impact excitation from the ground state. Cross
sections for this process were measured by Chitbral
[31]. The cross sections for excitation from the; Es1d
1s; Ar metastable levels to the 2pevel are too small for

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 tlieV 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, tiig¢” obtained

these pathways to be important, given the low metastablefrom the slopes betweenr5 and 20 V (relative to ground)
number density [32]. Positive-ion densities measured with increases from 2.6 eV at 218 W to 3.4 eV at 1046 W. All
the Langmuir probe in the centre of the plasma 2.5 cm above 72¥ values plotted in figure 5 were obtained from this low-
the wafer are also included in figure 3. The positive-ion voltage portion of these and otherV curves. The increase
density reaches.Q x 10" cm~3 at the highest powet. (Ar, in curvature in the plots in figure 6 as the rf power increases,
7504) in figure 3 is normalized to the positive-ion density at indicates that in this power range, the high-energy electrons
1046 W. It increases more strongly with power than ddies can be better described bylathat is 0.8 (745 W) to 1.8 eV
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Figure 4. Optical emission spectrum from 7490 to 7516 A and from 8090 to 8250 A for a 10 mJarE® 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 A; Kr, 8104, 8113 and 8190 A; and Xe,
8231 A.
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Figure 6. The In (electron current) (that is, In (total current

Figure 5. T, against rf power in a 10 mTorr rCP plasma with measured by the Langmuir probepositive-ion current)) against
5% of the trace rare gas mixture measured by Langmuir probe and probe voltage at 218, 360, 580, 745 and 1046 W in a 10 mTerr O
the TRG-OES method. The error bars on TH¥* values TCP with 5% of the trace rare gas mixture.

represent the estimated accuracy [25].

a noticeable bi-Maxwellian shape. Those at 980 W can be
(1046 W) higher tharT”. This high-energy ‘temperature’,  described by &, of 3.03 eV for the lower-energy electrons
obtained from the slopes betweerl0 and~5V, is very =~ and 4.90 eV for the higher-energy electrons. These values
close to theZ,**$ value of~5.7 eV, measured in this power  are in good agreement with those in figure 6, derived from
range for the high-energy part of the EEDF. Thus, in the j_v curves at nearly the same power. In addition, the nearly
H-mode (and in the E-mode as is discussed below), all of identical EEPFs in figure 7, obtained with and without added
the differences betweefi“” and 7°*® can be explained  rare gases, is a strong confirmation that the rare gases do not
by the deviation of the EEDF from a Maxwellian to a bi- alter the electron energies and concentrations in an oxygen
Maxwellian form and the preferential sampling of the low- plasma.
and high-energy regimes of the EEDF by the Langmuirprobe  Deviation of the EEDFs from Maxwellian forms have
and TRG-OES, respectively. been reported for other inductively-coupled processing

To further confirm the non-Maxwellian distribution of plasmas [20,21,33-39]. Ar and ;Oplasmas exhibit

the electron energies, electron energy probability functions a suppressed distribution of high-energy electrons at
(EEPFs) were recorded at the higher powers; measurement$igher pressures>10 mTorr) [20,21,33-38], while at
at 980 W are presented in figure 7. The distributions have lower pressures<10 mTorr), different distribution shapes
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Figure 7. EEPF measured with the Langmuir probe for a Figure 8. I(Ne, 5852 /1 (Ar, 7504 against rf power in a E
10 mTorr @ plasma, with and without 5% added rare gases (1% 10 mTorr G TCP with 5% trace rare gases, normalized f&°* at
each He, Ne, Ar, Kr and Xe) at 980 W. 1046 W. TheT,”£S from figure 5 are also plotted.

have been reported. These range from distributions ~45 W. 72", however, decreases fromB.6 eV at~10 W
that can be reasonably well described by a single to ~3.0 eV at~45 W. The nearly equal values fa° £S5 and
[20,21], to non-Maxwellian EEDFs with a low-energy T.” atthe lower E-mode powers signify a more Maxwellian-
peak (i.e. bi-Maxwellian) [37, 38], or with suppressed high- like EEDF, as ohmic heating in the bulk of the discharge
energy electron populations, similar to the high-pressure is believed to be more important than stochastic heating
distributions [33,35]. The suppression of high-energy in the sheath regions [40]. As the rf power is increased
electrons at high pressures occurs because of inelastidrom ~7 to 45 W, 7.5 becomes increasingly larger than
collisions between high-energy electrons and neutrals /7, as stochastic heating by electron collisions with the
between ~5 and ~20 eV. Above ~20 eV (rplasma sheath dominates the heating in the low-field bulk regions
potential), electrons are lost to the walls at all pressures. In[40—43]. Under these conditions, only high-energy electrons
an G ICP at 10 mTorr, as the power increases the number reach the intense electric field areas, while the low-energy
density (mostly Q) decreases by a factor of approximately electrons are trapped by the ambipolar field and equilibrate
two, due to heating. This causes the electron temperature tao a much lower temperature. This effect creates a bi-
increase to maintain an ionization rate that balances the ionMaxwellian EEDF for the majority of the power range in the
loss rate. E-mode. Similar transitions from a Druyvesteyn distribution
The behaviour of the high-energy tail of the EEDF is at very low power to a bi-Maxwellian distribution at higher
also reflected in the data presented in figure 8 (the ratio powers were reported by Lieberman and Godyak [40] in a
of the neon emission intensity at 5852 ANe, 5852), to capacitively-coupled Ar plasma.
I(Ar, 7504) as a function of power). This 2fevel of Ne is As power is abruptly increased from45 W to 100 W
18.26 eV above the ground state, while the energy of the 2p (the transition from dim (E) to bright (H) mode) °£S
level of Ar is only 13.48 eV above its ground state. If the decreases from-6.1 to ~3.5 eV, an inverse dependence
population of electrons with energiesl8.26 eV increases  also observed in TCP gplasmas [25]T " also decreases
more rapidly than the population of electrons with energies with an increase in the rf power from3.0 eV at~45 W to
>13.48 eV, the Ne emission will increase more rapidly than 2.7 eV at 100 W. This transition from capacitive to inductive
the Ar emission. Therefore the Ne-to-Ar emission ratio is a coupling is an abrupt function of power [44], so the abrupt
gualitative indicator of the relative population of high-energy change observed in the EEDF is expected. Although the
electrons. This ratio approximately trackR$ £S5, especially =~ EEDF remains bi-Maxwellian in the transition from the E-
at higher powers, and therefore confirms the behaviour of to H-mode, it tends towards a more Maxwellian form as the
TOES in figure 5. difference between the two ‘temperatures’ measured by the
The consistent evidence for bi-Maxwellian-like EEDFs two techniques decreases fron3.0 at~45 W to 0.8 eV at
in oxygen ICPs is in contrast to the equally consistent ~120 W.
evidence in Gl plasmas for Maxwellian EEDFs at pressures The electron temperatures characteristic of the high-
<5 mTorr (T°ES = TLP, linear EEPF plots and very energy portion of the EEDF are higher than those recently
weak Ne emission), and suppressed high-energy (10—20 eV)measured in chlorine plasmas [23-30]. These high-energy
distributions at pressuress5 mTorr (.25 < TLP, electrons are not only important for sustaining the ionization
downward curving EEPF plots and very weak Ne emission) and dissociation processes in the plasma, they are also
that are found in the same reactor [25]. those that are able to overcome the retarding fields and
The variation of electron temperature in the dim impinge on the upper sidewalls of high aspect ratio features.
(capacitive) mode is also shown in figureB£S is ~4.0 eV This causes differential charging of these high aspect ratio
at very low power £7 W) and increases te-6.1 eV at 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 t
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 higk__
energies. Consequently, any damaging effects induced byg 8
UV light, such as in high-density plasma deposition of SiO \5‘:

10

would also be reduced by operating the plasma at lower g ©

c
powers and therefore at a lower electron temperature andu
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3.3. Absolute species densities

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

O+ > 0+0+€ 2)
or by dissociative attachment
O, +e > 0+0. 3)

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

O+e — O +e” 4)
and dissociative excitation
O+ > 0"+0+e 5)

where O refers to the @p23P) state which emits at 8446 A.

As the power decreases, reaction (5) eventually dominates

over reaction (4). This effect is obvious from the presence
of a non-zerogy-intercept (figure 2) in the limit of zero TCP
power, wherei, = 0.

Walkupet al [9] have shown that reaction (5) leads to a
Doppler-broadened emission lineshape, due to~theeV
spread in the velocities of the*Qproduced, 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 A emission. Bothroutes (reactions (4)
and (5)) were taken into account for the analysis of the 8446 A
emission line.

The O3p3P) emitting species can also be produced by
electron impact of metastable species:

O,+e - 0" +e

(6)

)

where Q, is either the @'D) or O(*S) metastable (see the
energy level diagram in figure 9). ,Oand Q(a'A,) are
generated by

Oy@A,) +e - O +0+e

O,+e > 0,+0+e (8)
O+e >0, +e” 9)
Oy +e — Ox(@'A,) +e (10)

or —— 2p' °P (ground state)

Figure 9. Energy level diagram for atomic oxygen showing
optical emission at 8446 A due to the electronic transition
3p3P - 3s%3,

0, + O('D) — Oy(a'A,) +O. (11)

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

The optical emission intensity(k, 1;;) at wavelength
Aij,» excited by electron impact with specigss given by
[23, 25, 46]:

1k, ) = dma(hi)) Qibiyneny / 01 (V3£ (v) v

th

=a(rij) Qibij Kii(Te)n.n; = agny (12)

wheren; is the density of the species (ground or metastable
state) in staté that undergo electron impact excitation to
yield the excited state, that fluoresces to statg n. is

the electron densitys(4;;) is the overall light collection
efficiency and spectrometer and detector sensitivity at the
given wavelengthjoy ; is the effective cross section from
statek to state with threshold electron speeg,, including
electron impact excitation from staketo states abovethat
optically cascade to staterapidly; andQ;; is the quantum
yield for optical emission froni 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 bgtis

the ratio of the intensity for theto j transition to the sum

of the intensities of all possible transitions from the level

i to any lower level. For the O 8446 A and Ar 7504 A
emissionsp;; = 1.0. A Maxwellian electron distribution

for electron energies from2 to 17 eV, defined by,°£5 in
figure 5, is assumed in using equation (12) to determine these
coefficients, as well as the rate coefficiekit,; (7).

The overall proportionality coefficient, on the right-
hand side of (12) is represented by the coefficieptin the
expression for O-atom emission at 8446 A.

1(0,8446 = apnp + ao,no, * apapynoip)
(13)

+a0(15)n0(15).
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Similarly, the argon emission intensity at 7504 A is O('9) to the emission intensity, their number densities are
computed relative to that of ground-state O, using (16), and
I(Ar, 7504 = cny, (14) its analogue for:
wherec representsy, in (12) andn 4, is the argon density (Kg+ Kong/no,)Ka.o (21)
no, =

determined from the input flow rate, the plasma gas
temperatureT,, and the pressure.
Excluding trace species, the oxygen mass balance is where K> is the rate coefficient for dissociation of,O
L , by electrons (essentially reaction (2), since dissociative
o _ g attachment, reaction (3), is much slower) [4%]g is the
"o, = (noz ¥ E(HO *roen) +n0(15))> <TT}> (15) electron impact rate coefficient for reaction (&), ¢ is the
) . . first-order rate coefficient for the loss of O by diffusion to
wherenp, is the concentration of Owhen the plasma is  5nd recombination at the walls and, ,, is the first-order

off and 7, is the gas temperature which is assumed to Vary a6 coefficients for the loss of O metastables by diffusion to
linearly with rf power from7,, = 300 K (the reactor-wall 5.4 quenching at the walls.

temperature) 80 W to 500 K at1046 W. Equation (15) is Initially, metastables are ignored and equations (12)—

consistent with the unchanging pressure when the plasma i§15) are used to derive an expression for the absolute ground-

turned on. _ _ state O-atom density,,
The steady-state solution for the number density of

metastables that are generated through reactions (7)—(10) is, , — (ﬂ)
given by T,

(nA,KA,[I(O, 8446 /1 (Ar, 7504] — Kozn‘g,2>

Ko '

no
(2K + Kg)(Kam + Ky0,10,)

n Km,()”One + Km,Ozn()zne (16)
0 =
" Kgit+Kgen.+ Kyono + Kyo,n0,

(22)

where np, represents the density () and QS of The initial values ofnp andng, (from equation (15)) are
metastables, anll,., K, 0, andK,, are the quenching rate  used to compute the O-metastable densities using (21). These
constants of the metastables by electronsgr@lecules and  metastable densities are then used to re-calcalatdn o, .

O atoms, respectivelyK, ; is the first-order diffusivity rate  This iterative process is repeated until the densities of each

constant [47] for plasma specieg0, O(*D) and Q*S)): of the neutral species converge. The cross sections and rate
, constants used in the model, and an assessment of the relative
Kai=2Desrvi/ loss 17) importance of the various channels for excitation of optical

: O e emission, are now presented.
whereD,y is the effective diffusion constant for each of O, P

O(*D) and Q1) [48], /., is the effective reactor dimension, )
which is taken as the reactor volume to surface area ratio,3'3'2' Cross sections and rate constants.Ar electron

(3.6 cm), andy, is the probability that each of O,@D) and impact excitation cross section data by _Chilt@m al _
O(*S) will be lost at the walls (assumed to be unity for the [31] were used for actinometry and to estimate relative
two metastables). The effective diffusion coefficiebty; electron densities. These cross sections include contributions

(cm? s1) of O and each of the three metastables (A) in the from cascading from higher levels under the optically thin

predominantly @ background gas was estimated from conditions for each of the rare gases. The rate coefficients
computed from these cross sections are presented as a

1 1 . 1 18 function of T, in figure 10(a). Other cross sections for TRG—
(18) OES computations df S are reviewed elsewhere [49].
Cross sections for electron impact excitation of O were

Dot Dw.o, Dkna

where reviewed by Laher and Gilmore [50], while those fop O
T, \”®/ N, 2.02 were compiled by Itikaweet al [51]. Unfortunately, no
D.p) = <27gS) (E) <NW> (19) measurements have been published of the cross section for
2 Heamv EDers excitation of the 8446 A emission that includes cascading
Dina = Valess (20) transition.s from higher staFeg that are also popglated by
electron impact. ower limit for the cross sections for
3 lect t. Al limit for th tions f

No is 269 x 10" cm™3, 4.0, is the reduced mass of A excitation of emission at 8446 A can be obtained from the
and Q (inamu),C6,; is the effective long-range interaction  cross section for direct excitation of the ¥p state. These
(in eV A%, andv, is the mean thermal velocity of A [49].  data were used to compute the rate coefficients as a function
C6,fr = 22,56, 23.01 and 40.97 for 0,@s) and Q(alAg), of T,, presented in figure 10(a). The rate coefficients divided
respectively [48]. by those for excitation of the Ar 7504 A emission are included
As mentioned above and shown below(&A,) does in figure 10(b).
not contribute a significant amount to the 8446 A emission To compute the total electron impact excitation rate for
and can therefore be ignored. In addition, it is shown below the 3p°P state, cascade transitions from higher levels of
that most of the @D) and Q*S) are formed by electron  the triplet manifold—mainlyzs (2 > 4), np (n > 4), nd
impact dissociation of @ To eliminate some of the errors  (n > 3) and 35—must also be considered [9, 52,53]. All
associated with determining the contribution of-D) and of these levels can undergo transitions to either théP3p
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3p°3P level. Therefore, the total cross section for excitation
of the 3p°P level and emission at 8446 A is nearly equal to
the sum of the cross sections for direct excitation of th&R3p
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),

ElE—ll o(D) + e -> O(3p°P . .. . . —
S e ,r(f )fe and relative to Ar emission rate coefficients in figure 10(b).
® (dir. + cas.) g
x 1E-12 O+e->0@3p’P) + e (dir+cas) 3 These latter values are used to compute the O-atom densities
1E-13 O+e->0(3p™P) +e(dir) ] in this study. As can be seen from figure 10(b), the total
e~ 0,+e->0+0@p’P)+e Ar+e->Ar2p)+e 3 excitation rate that includes cascade contributions to O-atom
10000 S el emission at 8446 A is about three times the direct excitation
<—— 0('s) +e->0@3p’P) + e (dir) b) 3 rate. _ _ o
1000 . . . 3 Cross sections that include cascade contributions under
O(D)+e->0(3pP) +e(dir. +cas.) 7 . . .. . .
100 optically thin conditions have been reported for excitation
':? of the O 8446 A emission by dissociative excitation of
< 10 ~ O, (reaction (5)) [56]. Because the O-atoms generated
g e o000 50000 0-0-0-00o--0-oo o 00-as by dissociative excitation are created with large amounts
S lEoTe->0@pP) +edintcas) N0+ e->0@pP) + e (di) 3 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

0.1 3
ST~ 0,+e->0+0@3pP) +e

000 E e u oy v by v b for reaction (5). In the limit of zero discharge power, all
1 2 3 4 5 6 7 8 of the O 8446 A emission originates due to dissociative
T (eV) excitation. To force the computed emission ratio to agree

with the observed ratio of 8.4 at zero power &ic= 4.0 eV
(see figures 1 and 4), the cross sections of Schuletai
[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
level, accompanied by the emission of a visible—near infrared used to compute rate coefficients (figure 10(a)), and the rate
photon, or to the ground state, resulting in emission of a coefficients ratios relative to Ar emission (figure 10(b)).
vacuum-UV photon. In the optically thin limit of extremely The electron impact cross sections reviewed by Laher
low O-atom concentrations, these vacuum-UV transitions and Gilmore [50] were used for excitation of O to33 and
dominate the lower energy transitions, with Einstein 1S metastable levels (reaction (10)). Unfortunately, there
factors that are typically an order of magnitude higher, hence is some ambiguity in the literature on the rate of electron
cascading should contribute less than direct excitation of impact dissociation of @and the branching ratio between
the 3p°P level. At the O-atom number densities in the channels that generate the two ground-state O-atoms and
present study, however, cascading is further complicatedthose that form O + @D) (i.e. reaction (8)). Cosby [57]
at higher powers by trapping of the vacuum-UV radiation reported the total cross sections for the production of all of
from excited states above the 3 level under optically  the states of O. In addition, Cosby measured the translational
dense conditions [52-55]t. Under these circumstances, theenergy released into the recoiling O-atoms. From the
vacuum-UV photons cannot escape the plasma and thes&ranck—Condon principle, these energy spectra infer similar
higher levels are repeatedly excited until they decay to the partitioning into the O + O and O + @D) channels at
electron energies o+30 eV. Below~20 eV the so-called
6 eV states (¢x, A2, and CA,), which adiabatically
dissociate into only ground-state O-atoms, are also excited.
ko = AvpV 7 mec Taking the 6 eV state cross sections recommended by Itikawa
where N is the number density of absorbing species (i.e. ground-state O- et al [51] to be correct between the threshotdg(eV) and
atoms),f is the oscillator strength (e.g. 0.047 for ffe — 3D 988.777 A its peak of 15 x 10-%7 cn? at 10 eV, assuming the cross
line [55]) andA v, is the doppler width section then increases linearly t® 10~ cn? at 13.5 eV
Avp = 2V2RIn ZUO\/E (the lowest energy measured by Cosby [57]), using Cosby’s
c M cross sections at 13.5 eV and higher energies, assuming
whereM is the mass of O anh is the frequency of the 988.777 Atransition & 100% yield of ground-state O atoms below 18 eV and
(3.031x 10" s™). For T, = 500 K, koN = 1.36 x 107N (cn?). equal yields of O + O and O +@D) above 18 eV, we have
For N = 2 x 10 em™, 1/e of the light atvo will be absorbed in  gonarated cross sections for reactions (2) and (8), and the rate
| = 1/kgN = 0.37 cm. If light were re-emitted each time a3, then . 9
the distance before emission of a near-infra-red—visible photon (7990 A Constant expressiorks, = 8.08x 107~ exp(-7.32/T,) and
in this example) accompanying a transition to the’Bplevel would be Ks(*D) = 9.37 x 102 exp(—10.03/7,) cm3sL.
~l/Aggs/A7990 = 0.37,/2.3/0.290 = 1.0 cm, whereAggg and Azggo At the highest power,T, 6 eV and the rate

are EinsteimA-factors [55]. Since light will be re-emitted over the Doppler . .
width, assuming a uniform temperature, the distance before emission of aconStant for the production of (GD) by reaction (8)

Figure 10. (a) Rate coefficients for excitation of(@p°P),
emitting at 8446 A and for ARp,), emitting at 7504 A and
(b) rate constants for Gp°3P) divided by that for A(2p,).

1t The absorption coefficientg, at the centre of a Doppler-broadened line
is given by [54]

2 N2 7e?

8446 A photon will be roughly twice this distance, but still much smaller
than the plasma dimensions10 cm).

(~1.8 x 107° cn? s7Y) is nearly equal to that calculated
for reaction (9) (0 x 10~° cm? s™1), using cross sections
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from Laher and Gilmore [50]. Consequently, reaction (8) is O + O(1S) (reaction (8)). An unpublished peak cross sec-
the main source for the production of D) at all powers,  tion of <2 x 10~ cm? was measured by Zipf, as reported
sinceno/no, < 0.1 at 1000 W (see below). by Vialle et al [61]. This peak cross section falls in be-
No experimental cross sectional data are available for tween the value of5 x 10-17 cn for the production of
the atomic metastable excitation tq3p3P) (reaction (6)). O + O(*D) and 4x 10~ cnm? for O + O(3p°3P), as might
Howeverab initiorate constants were computed by Gordillo- be expected. Apparently, no other measurements or calcu-
Vazquez and Kunc [58] for this reactioks yiyec: (‘D) = lations have been reported for the production of O#p
6.472x 1079 T,701%7% exp(—8.884/ T,) andK,girecr (*S) = from reaction (8). AtI, = 6 eV, a reasonable assumption
8.22x 1078 T,70239%5 exp(—6.591/ T,), where the subscript  for its rate coefficient would be between that for production
direct indicates that no cascading from higher levels is of O + O(*D) (1.8 x 107°) and O + G3p3P) (3.2 x 1071},
included. To estimate the accuracy of this rate coefficient j.e. ~3 x 1071° cm? s71, and by equivalent interpolation
for the direct reaction, the rate coefficients computed by ~1 x 107° cm? s~ at 7, = 4.5 eV. These rate constants
Gordillo-Vazquez and Kunc [58] for reactions (4) and (9), are about an order of magnitude larger than those reported by
and the reaction forming @Gp°P) from ground-state O  Kvorostovskaya and Yankovskii [60]. The larger rate con-
were compared with those computed from measured crossstants estimated by interpolation were used in this study.
sections given for these reactions in the review by Laher andThey are about the same as those for the production of
Gilmore [50]. Throughout the range of electron temperature O(1S) from O. Given thatiy/no, < 0.1 at 1000 W, re-
of interest here (2—6 eV), the rate coefficients computed by action (8) therefore dominates over reaction (9) fait%)
Gordillo-Vazquez and Kunc for reaction (9) are in excellent production. The loss rate of@s) by diffusion to the walls
agreement with the measured values, while those for theis K, ~ 2500 s!. The quenching rate constants by i®
other two reactions exceed the measured values by factors7 x 10-13cm? s1[62] and by electronsis4x 108 cm3s ™t
of three and six (for reaction (3)). Consequent§ jirec: (see the previous paragraph). Thus/foe= 3.7x10°cm3,
could be high by similar factors, but it is probably not lower n,, = 1.8 x 10" cm™3 and7, = 6 eV, the loss of @'S)
than the measured values. To account for cascading in anfrom quenching by electrons (1480 is a factor of~1.7
optically thick regime,Ke 4ir.: for O(*D) was multiplied smaller than diffusion-controlled quenching at the walls,
by a factor of 2.4 (independent @t), the same value as  while quenching by @(126 s%) is much less.
that computed for the cascading contribution to excitation of The cross sections recommended by Itikaatval [51]
the 3pP state from the ground state. Fo(’S), the direct  were used for electron impact excitation of @ the dA,
excitation rate constant for the 3p state is so much larger  state (reaction (10)). Far, of 3.7 x 10'° cm=3 andnp,
than any other rate constant computed by Gordillo-Vazquez of 5.2 x 10'* cm=3 and 7, and 7, of 6.0 eV and 500 K
and Kunc for excitation of théS state that we ignored any respectively, the production rate of @' A,) by reaction (10)
added contribution from the cascade transitions from higher (K10 = 9.4 x 1071° cm® s71) [51] is about twice that by
excited states. Therefore, we us€g(!D) = 1.55 x 10°8 reaction (11) K11 = 3.7 x 10 cm? s71) [59]. Therefore,
7701670 exp(—8.884/T,) and Ke(*'S) = 822 x 1078 reaction (10) is the dominant route for the production of
77923905 exp(—6.591/T,). O2(alAy).
Loss of QD) is primarily due to diffusion to and loss The quenching rate constants of @A) by molecular
at the walls €, ~ 2500 s for y = 1, and7, = 500 K) and atomic oxygen are both very smaK p, = 2.3 x
and quenching by ©(K,0, = 3.7 x 1071 cm® s71) [59] 10 cn? st and K,0 = 2.0 x 10726 cm® s7%) [59];
and by electrons. The total quenching rate by electrons isconsequently, it is lost mainly by diffusion to the walls
the sum of rates of excitation of all of the states abovet, (K, = 2.1 x 10®* s!). At 7, = 6 eV and7, = 500 K
as well as ionization. To estimate the total quenching rate (1046 W), using the above production and quenching rate
constant by electrons, we included direct excitationtdie  constants of @(a'A,), a value of 5x 102 is estimated for
355, and 38’ states, direct plus cascade (optically thick) no,ata, /Mo, from equation (15). Neither the experimental
excitation to the 3pP state (i.eKg(*D)) [59] and ionization nor the calculated data are available for the dissociative
(ki; = 9.0 x 10° 727 exp(—116/T,) cm? s~1) [19]. For excitation from Q(alA,) to O(3p3P) (reaction (7)). Even

n, =3.7x10Ycm=3,np, = 1.8x10*cm~3and7, = 6eV, when likely overestimates of the rate constant on the order of
K, = 15 x 1078, quenching by @and electrons occur at  ~10-8 cm~3 s~* are used in this calculation, the contribution
rates of 6620 5! and 560 s?, respectively. of this route to the 8446 A emission line is negligible, and

Khvorostovskaya and Yankovskii [60] reported esti- therefore was ignored.
mated rate constants for dissociative excitation fropt®

t The total excitation rate coefficient was estimated from the sum of the rate 3-3-3_- _Resulting absolute number densities. The absolute
constants for electron impact excitation froni!D) to 1S, 38°S°, 3533, densities of O and ©and of the metastables speci€X'D)
3pSP and 3pP. The direct excitation rate constants for excitation to the gn(d als)), determined using the iterative process described

3p°P and 3pP states were multiplied by 2.4 (the enhancement factor for L .
cascading in the optically thick limit—see text above). By including the above, are presented in figures 11 and 12, respectively, as

cascade transitions for an optically thick medium, excitation to all excited function of the applied rf power. The ground-state atomic
states above 3p°P is included. The total excitation rate coefficient for the  oxygen density increases with increasing rf power from
1S state is treated in an analogous manner. As indte#[19] for O(*D), ~B.6 x 102 cm—3 (~1% dissociation) at 400 W to.1 x

we estimate;, = 9.0x 1072 797 exp(—9.4/T,) cm? s~* for ionization of 3 a3 (L 0s i . . .
0O(1S) by using the same pre-exponential factors as for ionization of ground- 10%%cm (~2% dissociation) for a maximum power density

state O and an activation energy of 9.4 eV (the difference in the firstionization Of 1046 W (57 W cm2). At the highest power density
potential of O (13.6 eV) and the energy of%)), instead of 13.6 eV. of 5.7 W cmi? (1046 W), the @'D) and Q'S) densities
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Figure 11. The absolute densities of ground-state O and O
against rf power in a 10 mTorr O CP with 5% of the trace rare
gas mixture.

Figure 12. O(*D) and Q*S) number densities against rf power in
a 10 mTorr Q TCP with 5% of the trace rare gas mixture,
computed from the model and using the measured O and O
number densities from the optical emission measurements.

were 5 and 1% of the ground-state O density, respectively, )
and O, @'D), O(*S) and G are responsible for 56, 4, 16 D Model steady-state expression:
and 24% of the total O emission intensity at 8446 A. Based

mostly on the uncertainties in the cross section data, the O- — [2K> + KB(lD)]n“”OOZ (ﬁ)
atom ground-state densities are probably accurate to within a Ka.o + Kizne T,
factor of twot. The error bars on the O-atom measurements
in figure 11 reflect this overall approximate uncertainty.

no

(23)

where K, is the ionization rate coefficient for OK(, =
9x 107°T27 exp(—13.6/T,) cm~3s1)[19]. If we assume

~ The degree of dissociation found in the present study y5; the negative ion density is much less than the positive
is much less than that predicted in the modelling studies ;5 density so that, = n* = 3.7 x 101 cm3, and further

by Leeet aI_[_19] for a 10 mTorr Q plasma at compara_ble_ assume thaf, = 500 K andy, = 0.4 on the mostly
power densities. In that study, heterogeneous recombinationgtinless-steel surfaces [64], thep = 3.5 x 101 cm®
of O-atoms was not considered in most of their predictions. from (20). This estimate is close to (about three times higher
When wall recombination was included with a recombination than) that derived from the 0ptica| emission measurements—
coefficient of 0.1, much lower degrees of dissociation were reasonable agreement given the assumptions in measuring
predicted. and computingny. (A lower electron density due the
Lower degrees of dissociation than those predicted by presence of negative ions would move the computed value
Leeet al[19] were also measured by Granétral [15, 16] in closer to the observed O-atom density.) Therefore, the
an oxygen high-density helicon plasma (e.g. 10% at 500 W). low degrees of @ dissociation measured in this study are
They attribute this small amount of dissociation at high reasonable.
plasma density to a very high rate of recombination of O- The etching rates of low- organic films would be
atoms on the walls of the chamber. High wall recombination expected to increase withincreasing O-atom density untilion-
rates and low degrees of dissociation were also reported byflux-limited conditions are obtained. This regime may not
Matsushitaet al [63] in an oxygen helicon plasma. be reached at the relatively low O-atom densities obtainable
We can estimate the degree of dissociation from the zero-Witha systgm containing internal surfa}ces that exhibit a high
recombination rate for O, regenerating.O Presumably,
Tt As mentioned above, we assume that the entire EEDF is described byhl,gher O-atom concgntratlons would be present In systems
aT, equal toT.ES. Most processes that are important for measuring the  With anodized-aluminum-, quartz- or Si@oated walls.
O-atom densities by actinometry, and for computing the dissociationof O This may not necessarily be desirable, since O-atoms will
occur at high electron energies and therefore are induced by the same parly|sg react spontaneously with organic materials, leading
of the EEDF that is measured by TRG-OES. Consequefifi’ is the d . d th d for the additi f ,'d I
better temperature to use. The only exception is excitation(®bpand FO un ercuttlr_1g and the need for the addition of sidewall-
O(19). For these levels, an EEDF described by a combinatigh®f® and inhibitor species to the plasma. The control of the degree of
T}7 (e.g.5and 3eV, feSpectngg, at 70(10 W) would perhaps be better. The O, dissociation by the choice of wall materials may thus offer
rate constant for excitation for(@©6) and (D) decreases by factors of two . ~ .
and three, respectively, whefy decreases from 5 to 3 eV. The optimum, amethodto Optlmlze the O-atom concentration, and therefqre
effective electron temperature would be somewhere in between, so perhapdd@lance the etching rate and the degree of undercutting with
we are overestimating the excitation rates ¢t®) and QD) by factors of a minimum of added sidewall inhibitor. In addition, the
~1.5and~2. If we'de_cre_ase these excitation rates by these amounts, the O¢qrmation of passivating layers on the chamber walls, from
ground-state density in figure 11 would increase~80%. Because other . . R .
factors are likely to contribute more uncertainty (the rate constantsfa)0 additives and from etching products, will be likely to decrease

and O1S) are probably uncertain within a factor of two, for example), the the O-atom recombination rate and lead to an increase in the
Maxwellian 7, assumption is reasonable. 0O-atom densities.
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4. Conclusions

Oxygen TCPs were investigated by optical emission and

(8]
(0]

Langmuir probe analysis. The absolute number densities of[10]

ground-state oxygen atoms were derived from O-atom optical (11
emission at 8446 A, combined with Ar emission actinome-

try and modelling. The roles of ground-state O andadd
metastable @D), O(*S) and Q(a'A,) in exciting the O
emission were evaluated. All butZQAlAg) were found to
contribute significantly, with ground-state O being dominant [14]

at high powers. In this mostly stainless-steel and quartz reac-[
tor, O, dissociation is minimal{2%), even at the maximum

inductively-coupled power of 1046 W (BW cm~2), in good

qualitative agreement with global model predictions. At this
high power, @'D) and Q'S) 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 @ with ground-state O and the three

metastable species having negligible concentrations.
Electron temperatures characteristic of the tail of [20]

the EEDF were measured by TRG-OES. The electron
temperature increases with the applied rf power in the H-

(12]

(3]

15]
[16]
[17]
(18]

(19]

(21]

mode (100-1046 W) from 2.7 to 3.4 eV for electrons sampled [22]
by the Langmuir Probe and from3.5 to 6.0 eV for high-

energy electrons sampled by the TRG—OES technique. In
the E-(capacitive) mode, below 45 i, measured by TRG—

OES varies directly with rf power, increasing from-4.0 eV
for negligible rf power, to~6.1 eV at 45 W. Th&, measured

by TRG—OES varies inversely with the rf power, from 6.1 eV

at ~45 W (highest E-mode power) t83.5 eV at~100 W

(lowest H-mode power), arif 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

(23]

(24]

(25]
(26]
(27]
(28]

range investigated in this regime. In the E-mode, the EEDF [29]

changes from nearly Maxwellian (possibly Druyvesteyn) at
low rf powers 7 W) to bi-Maxwellian at the higher E-mode

(30]

powers (-50 W), seemingly due to the stochastic heating of [31]

the high-energy electrons by the oscillating plasma sheath.
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