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The effect of minor additions of O2, Cl2, and CF4 on the argon metastable relative density and
spatial distribution in low-pressure, radio-frequency argon plasmas, generated within a parallel-plate
Gaseous Electronics Conference reference reactor, has been investigated using planar laser-induced
fluorescence imaging. For the conditions examined~33.3 Pa, 75–300 V,,10 W!, the addition of
only a few percent of these electron attaching gases was found to decrease the metastable density by
as much as an order of magnitude, despite the fact that the excited-state argon emission indicated an
increase in the metastable production rate. In the dilute O2/Ar discharges examined here, the spatial
distribution of metastables was similar to that of the electropositive, pure argon cases, exhibiting a
strong axial peak near the interface between the plasma bulk and the sheath at the powered
electrode. In contrast, the addition of either Cl2 or CF4 was found to significantly modify the spatial
distribution of the emission intensity and metastable density, resulting in a more symmetric and
uniform axial metastable distribution. This change in metastable distribution for these mixtures was
particularly apparent at lower powers and/or higher Cl2/CF4 concentrations, and suggests a
transition from an electropositive to a somewhat electronegative discharge.
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I. INTRODUCTION

Low-pressure radio-frequency~rf! plasmas are used ex
tensively in the deposition and etching of thin films duri
microelectronics device manufacturing. Consequently, in
cent years there has been a considerable effort aimed a
veloping models to improve the understanding, performa
and control of these processing plasmas.1 One of the impedi-
ments to model development, though, has been the ge
lack of experimental data needed for input to these mod
As Graves2 has recently noted, there is a significant need
fundamental cross section and rate coefficient data for
chemical species relevant to low-pressure, low-tempera
reactive plasma processing. Similarly, there is also a nee
plasma property measurements~e.g., species concentratio!
for the verification of these models.

To address the latter, we recently reported3 two-
dimensional ~2D! measurements of the argon metasta
density field as a function of pressure and applied voltag
pure argon rf discharges. Those measurements are of int
because~1! argon plasmas are simple enough and hav
sufficiently well-developed database to be amenable to m
tidimensional modeling and~2! they are one of the first com
plete 2D maps of species concentration of any kind i
low-pressure rf plasma. Here we extend those 2D meas
ments of metastable density to argon plasmas diluted w
small percentage of an attaching gas, namely O2, CF4, or
Cl2.

a!National Research Council NIST postdoctoral research associate, 1
1995; Current address: Lam Research Corp., 4650 Cushing Parkway
mont, CA 94538; Electronic mail: brian.mcmillin@lamrc.com
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The purpose of this study is to investigate what effect th
added attaching gas has upon the discharge structure by m
ping the spatial distribution of argon metastable density wit
planar laser-induced fluorescence~PLIF! imaging. Our moti-
vation for this work results from the fact that, while the
addition of even small amounts of an electronegative gas
an argon discharge is known to significantly quench th
metastable density4–8 and to make the discharge electron
egative in nature,9,10 the experimental data currently avail-
able for even these simple mixtures are limited. Furthe
these expected changes in the metastable density distri
tion, combined with the fact that these measurements we
obtained from a well-characterized reactor~the Gaseous
Electronics Conference or GEC reference cell!,11 make the
present results useful for validation of plasma models. In
deed, these particular attaching gases were chosen becaus
their relatively well-known cross sections and rate coeffi
cients~see, e.g., Refs. 12–14! as well as their importance for
plasma etching applications.15

In the following sections, we briefly describe the experi
mental setup and then discuss results of metastable meas
ments in dilute~,5%! O2/Ar, CF4/Ar, and Cl2/Ar mixtures.
In addition, excited-state optical emission measurements
the glow region, and voltage and current data measured
the powered electrode are presented and used to help in
pret changes in the metastable density field. The results d
cussed here were all obtained at 33.3 Pa~250 mTorr!, applied
voltages of 75–300 V, and powers of less than 10 W.

II. EXPERIMENTAL DETAILS

The GEC reference cell,11 the rf electrical
diagnostics,16,17and the PLIF imaging system3 used in these
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experiments have been described previously, but for c
pleteness, we will briefly review the salient details. T
stainless steel cell is configured as a capacitively coup
parallel-plate reactor with 10.2-cm-diam aluminum ele
trodes and a 2.25 cm interelectrode spacing. The lower e
trode is powered by a 13.56 MHz rf power supply a
matching network, coupled through a rf isolating filter. T
upper electrode and the remainder of the chambe
grounded. Voltage and current wave forms are measured
probes located at the base of the powered electrode~after the
matching network! and acquired with a digitizing oscillo
scope. An additional probe is used to measure the cur
wave form at the ground electrode. From these two cur
measurements we can determine what fraction of input
rent flows to the ground electrode and what fraction flo
radially out of the plasma to the chamber walls.17 To deter-
mine the actual voltage, current, and power supplied to
plasma, these measured wave forms were Fourier anal
and corrected for cell parasitics.16,17 The applied voltages
referred to below correspond to the peak-to-peak amplitu
of the measured~uncorrected! voltage wave forms.

The feed gas mixture~made with Ar 99.999%, Cl2
99.99%, CF4 99.9%, O2 99.98% purity gases! was delivered
to the chamber through mass flow controllers at a flow
of 25 sccm, and introduced through a showerhead arra
ment of holes in the upper electrode. The cell pressure
maintained at 33.3 Pa~250 mTorr! using a mechanica
vacuum pump in conjunction with a feedback-controlled
haust throttling valve. The cell pressure was monitored us
a capacitance manometer, which provided the input sign
the throttle-valve controller. Prior to each set of experime
the cell was typically evacuated to a base pressure
131025 Pa ~131027 Torr! using a turbomolecular pump.

The metastable density fields were measured using P
imaging; for more details on the PLIF technique, the rea
is referred to Refs. 15 and 18 regarding its application
glow discharges, and to Ref. 19 regarding general infor
tion. In particular, the argon 1s5 metastable density was me
sured by exciting the 1s5→3p2 transition near 395 nm an
detecting the resulting fluorescence at;418 and;433 nm
~i.e., the 3p2→1s3 and 3p2→1s2 transitions, respectively!.
A schematic diagram of the imaged region of the discharg
shown in Fig. 1. As indicated in Fig. 1, a thin laser be
~expanded and apertured to 2 mm thick by 25 mm tall! from
a Nd:YAG pumped dye laser~10 ns pulse width, 3 mJ puls
energy,;1 cm21 linewidth! was directed into the reactor t
excite fluorescence from the central vertical plane of the
charge. The fluorescence from the right-half of this illum
nated plane was then imaged through an f/4.5 camera
onto an intensifier-gated, cooled charge-coupled de
~CCD! camera. Plasma emission images were also obta
with this camera by exposing the detector with no laser
citation.

The laser sheet entering the reactor was expande
produce a fairly uniform energy distribution and was atte
ated to a fluence of less than;0.1 mJ/cm2 to reduce mea-
surement uncertainties due to fluorescence saturation
normalize the PLIF images for fluctuations in the laser
ergy and distribution, the laser sheet was monitored du
78 J. Appl. Phys., Vol. 79, No. 1, 1 January 1996
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the experiments by directing a 5% reflection of the she
onto a static dye cell and recording the resulting fluorescen
with a video CCD camera and framegrabber computer boa
These laser sheet normalizations were applied to the fin
PLIF images by software remapping the dye cell image
from the video CCD to the intensified CCD coordinates
based on registration images obtained with the laser sh
masked.

While imaging the plasma, a combination of 410 nm
long-pass and 450 nm short-pass filters was used to rej
laser scattering and reduce the plasma emission reaching
intensified camera. This commercially available filter comb
nation was chosen because its transmission function p
vided a good ratio of laser-induced fluorescence to plasm
emission signal, i.e., signal-to-noise ratio, while efficiently
rejecting laser scattering.~The raw PLIF images include an
emission background which is subtracted during data redu
tion.! The PLIF images were acquired by time averaging th
signal from 1000 laser shots, with the intensifier gate widt
set to;500 ns to temporally integrate the entire fluorescenc
decay, while suppressing excessive plasma emission~to im-
prove the signal-to-noise ratio!. A synchronization pulse gen-
erated by the laser just prior to the laser firing served as t
trigger to activate the intensifier for all image acquisitions
Time-averaged plasma emission images~an average of 1000
intensifier exposures triggered at 10 Hz with the lase
blocked! were acquired in the same fashion, immediatel
following the completion of each~time-averaged! PLIF im-
age acquisition. Since 1000 images were averaged for ea
case and the individual image acquisitions were not pha
locked to the rf power supply, both the final PLIF and
excited-state emission images should therefore represent t
time averages. In all cases, the images were spatially av
aged 232 pixels to improve the signal-to-noise ratio, result
ing in an axial and radial resolution of;200mm.

To relate the signal in the raw fluorescence images to t
metastable relative density, the plasma emission and t
camera’s dark background were first subtracted and then
images were corrected for fluorescence quenching and
spatial variations in the laser energy and detector respons3

FIG. 1. Schematic of the imaged region of the discharge.
B. K. McMillin and M. R. Zachariah
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As discussed previously,3 we applied a spatially uniform
fluorescence yield correction, which is valid assuming t
neutral argon dominates the fluorescence quenching.
glecting the fluorescence quenching by the molecular d
ents~and resulting radicals! is reasonable here because ne
tral argon has a relatively strong fluorescence quenching
and accounts for;95% of the composition of the plasma. I
addition, the next most significant species~the undissociated
molecular diluent! is expected to be~nearly! uniformly dis-
tributed throughout the discharge.

III. RESULTS

A. Metastable density measurements

Relative 2D measurements of the argon 1s5 metastables
were obtained in pure argon and in argon plasmas dilu
with ~,5%! of O2, CF4, or Cl2, to determine the effect o
electron attaching gases on the metastable density and d
bution. Metastable distributions were also measured a
function of applied voltage in pure argon, 0.4% Cl2/Ar, and
0.8% CF4/Ar mixtures to examine structural changes w
varying degrees of molecular dissociation. All of these m
surements were obtained at 33.3 Pa~250 mTorr! and at a
flow rate of 25 sccm. The absolute metastable density
not determined in these experiments, but previous meas
ments in a pure argon discharge at similar conditions8 have
indicated that the argon 1s5 metastable density is of the orde
of 1011 cm23. The estimated uncertainty in the relative num
ber of densities within a given data set is 10%–15%, ba
largely on the reproducibility of the measurements. Slig
differences in the fluorescence quenching for the vari
mixtures and in the laser energy/fluorescence saturation f
day to day also contribute to the estimated uncertainty.

Figure 2 shows a series of contour plots of the me
stable density distribution for pure argon and various O2/Ar
and CF4/Ar discharges at a 200 V applied rf voltage. In Fi
2 thez50 andz52.25 cm axial locations correspond to th
powered and grounded electrodes, respectively. In all c
the metastable density shows fairly significant variatio
both axially and radially. Because of the asymmetric co
figuration of the reactor, the metastable density peaks~axi-
ally! near the powered electrode, i.e., a higher voltage d
~and, hence, electric field! across the powered sheath12 leads
to increased electron impact excitation there. Similarly,
metastables peak~radially! near the edge of the powere
electrode, where previous measurements20 have indicated an
enhanced electric field.

Figures 2 and 3 show the addition of a molecular dilu
results in a significant decrease of the metastable densit
expected.4,6,7 The addition of 2% oxygen@Fig. 3~a!#, for ex-
ample, results in about an order of magnitude decrease in
metastable density, but the metastablespatial distributionfor
these dilute O2/Ar mixtures remains essentially the same
that of pure argon. On the other hand, the metastable que
ing resulting from adding CF4 is less significant than for O2,
but the spatial distribution of the metastables with added4
is, in some cases, substantially different from the pure ar
and O2/Ar cases. In particular, as the added CF4 concentra-
tion is increased, the peak in the metastable density nea
J. Appl. Phys., Vol. 79, No. 1, 1 January 1996
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FIG. 2. Contour plots of the argon 1s5 relative density distribution at 33.3
Pa and an applied rf voltage of 200 V in argon plasmas with~a! no molecu-
lar additive,~b! 0.4% added O2, ~c! 1.2% added O2, ~d! 0.4% added CF4,
~e! 1.2% added CF4, and ~e! 3.6% added CF4. In the plots,z50 and
z52.25 cm correspond to the powered and grounded electrodes, re
tively.
79B. K. McMillin and M. R. Zachariah
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powered sheath/bulk interface becomes less pronounced,
a peak near the ground sheath/bulk interface appears, re
ing in a somewhat more symmetric and uniform axial profil
These changes in metastable distribution may be seen m
clearly in Fig. 3, which shows the centerline~r50! axial
metastable density profiles for the O2/Ar and CF4/Ar mix-
tures examined here. Although not shown, the Cl2/Ar mix-
tures exhibited somewhat more significant quenching th
the O2/Ar mixtures, and a transition~similar to CF4/Ar! to a
more uniform metastable distribution with increasing co
centration of Cl2.

The effect of varying the applied voltage on pure argo
and 0.4% Cl2/Ar discharges is shown in the series of conto
plots of metastable density in Fig. 4. For the pure arg
cases, as the applied voltage is increased the spatial distr
tion remains generally similar, but the metastable density
creases and becomes more radially uniform. This increas
metastable density results from an increase in metasta
production, as indicated by the increase in argon 5p→4s
emission,3 and is consistent with an increase in power depo
ited in the plasma~see Table I!. Similarly, the metastable
density increases with applied voltage for the Cl2/Ar dis-
charges and, although not shown, for CF4/Ar discharges as
well. The increase in metastable density in these mixtu
results, in part, from increased power deposition, but p

FIG. 3. Axial centerline~r50! profiles of the argon 1s5 metastable density
taken from the images of~a! O2/Ar and ~b! CF4/Ar discharges in Fig. 2. The
powered electrode is located atz50 cm.
80 J. Appl. Phys., Vol. 79, No. 1, 1 January 1996
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sumably also from increased dissociation of the molecu
additive which reduces the metastable quenching. In t
Cl2/Ar mixtures, for example, the atomic chlorine is ex
pected to quench metastables less effectively than Cl2, be-

FIG. 4. Contour plots of the argon 1s5 relative density distribution in 33.3
Pa discharges as a function of applied voltage, for pure argon at~a! 75 V, ~b!
150 V, and~c! 300 V; and for 0.4% Cl2/Ar at ~d! 75 V, ~e! 150 V, and~f! 300
V, respectively. In the plots,z50 andz52.25 cm correspond to the powered
and grounded electrodes, respectively.
B. K. McMillin and M. R. Zachariah
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TABLE I. Amplitudes of the as-measured peak-to-peak voltage~Vrf!, the magnitude~half of peak-to-peak! of
the fundamental components of voltage~Vpe! and current~I pe! at the powered electrode, the phase difference~f!
between the voltage and current at the powered electrode, the dc self-bias potential~Vdc!, and the power at 33.3
Pa ~250 mTorr!.

Discharge
Vrf

~V!
Vpe

~V!
I pe

~mA!
f

~deg!
Vdc

~V!
Power
~W!

Ara 75 41 88 268.3 215.0 0.65
150 84 209 276.4 251.6 2.00
200 111 269 278.4 275.5 3.00
300 168 398 280.0 2129 5.82

0.2% O2/Ar
b 200 112 336 277.6 276.5 4.05

0.4% 200 111 324 276.4 269.9 4.23
0.8% 200 111 309 275.1 266.4 4.38
1.2% 200 112 303 274.3 267.8 4.61
2.0% 200 110 279 272.8 264.9 4.53

0.2% Cl2/Ar
a 200 110 261 270.5 272.2 4.78

0.4% 200 110 250 269.2 269.0 4.89
0.8% 200 109 244 267.3 263.2 5.18
1.2% 200 110 242 266.5 260.1 5.28
1.6% 200 110 238 266.3 259.1 5.32

0.4% CF4/Ar
a 200 110 236 273.2 263.9 3.75

0.8% 200 109 218 270.2 263.3 4.01
2.0% 200 108 195 266.3 247.4 4.26
3.6% 200 109 188 266.1 243.6 4.13
5.0% 200 107 186 265.2 241.1 4.21

0.4% Cl2/Ar
a 75 41 61 255.4 214.4 0.72

0.4% 150 82 178 265.7 243.8 2.99
0.4% 300 167 383 273.7 2122 8.93

0.8% CF4/Ar
a 75 40 50 257.2 214.0 0.55

0.8% 150 81 143 265.8 237.2 2.39
0.8% 300 165 333 272.4 2109 8.30

aSeasoned cell.
bClean cell.
r-
p-
he
in
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e

se
ed
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a

-

d

cause fewer Cl energy levels~relative to Cl2! are available to
absorb the energy transfer.7

In contrast to the pure argon cases, the spatial distr
tion of metastables in the Cl2/Ar ~and CF4/Ar! discharges
changes significantly with applied voltage. In particular,
the lower voltages in the Cl2/Ar discharges~and CF4/Ar!, the
axial metastable distribution is relatively symmetric and u
form. As the voltage is increased, however, the axial dis
bution becomes increasingly peaked near the powe
sheath/plasma bulk interface. In addition, the fractional
crease in the peak metastable density is larger for the ar
molecular mixtures than for the pure argon discharges. Th
trends can be seen more clearly in Fig. 5, which shows
centerline~r50! axial metastable profiles at three voltag
for the pure argon, 0.4% Cl2/Ar, and 0.8% CF4/Ar dis-
charges, respectively. No measurements were obtained
function of applied voltage for O2/Ar discharges.

B. Electrical measurements

Voltage and current wave forms were measured near
base of the powered electrode to characterize the disch
and permit comparisons to model calculations and other
perimental studies. Typical measurements of the current
l. 79, No. 1, 1 January 1996
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power input to pure argon and CF4/Ar plasmas are shown in
Fig. 6. In general, for all of the mixtures examined, the cu
rent and power flowing to the plasma increase with the a
plied peak-to-peak voltage. For a given applied voltage, t
addition of an attaching gas generally leads to a decrease
current and an increase in power. The increase in power
sults from a more resistive impedance. Interestingly, th
power increases more with applied voltage~75–300 V! for
the CF4/Ar ~and Cl2/Ar! mixtures than for pure argon. Table
I shows additional electrical measurement results from the
experiments. As noted above, these data were determin
from a Fourier analysis of the measured wave forms using
equivalent circuit model of the GEC cell and the externa
circuitry.16,17 Shown in Table I is a compilation of the fun-
damental components of the voltage and current wave for
and their relative phase, the magnitude of the dc self-bia
and the power dissipated in the plasma.

In these electrical measurements, note that we make
distinction between ‘‘clean’’ and ‘‘seasoned’’ cell data: the
data labeled with ‘‘clean cell’’ refer to experiments con
ducted prior to running plasmas containing CF4; and the data
labeled with ‘‘seasoned cell’’ refer to experiments conducte
after cell exposure to CF4-containing plasmas. It is well
81B. K. McMillin and M. R. Zachariah
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known that the electrical and chemical properties of the
actor can be modified by the deposition of fluorocarbon fil
on the inner wall and electrode surfaces~see, e.g., Ref. 21!.
With this in mind, prior to obtaining each seasoned cell d
set, the reactor was cleaned with an oxygen plasma in
attempt to ensure a well-defined initial state for each exp
ment. Nevertheless, the baseline current and power cha
teristics for pure argon plasmas were noticeably and rep
ducibly lower ~;10%–20% lower current! in the seasoned
cell, even after a number of oxygen plasma cleans.

IV. DISCUSSION

A. Metastable formation and destruction

The local time-averaged argon metastable density res
from a balance between metastable production and des

FIG. 5. Axial centerline~r50! profiles of the argon metastable densi
taken from 2D laser-induced fluorescence images of 33.3 Pa discha
acquired as a function of applied voltage in~a! pure argon,~b! 0.4% Cl2/Ar,
and ~c! 0.8% CF4/Ar. The powered electrode is located atz50 cm.
82 J. Appl. Phys., Vol. 79, No. 1, 1 January 1996
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tion processes. In these discharges, the metastables are
marily produced by direct electron-impact excitation, a
though cascading from more highly excited states can a
contribute at some conditions.14,22 In the pure argon dis-
charges considered here, the primary collisional loss mech
nisms for the metastables are electron quenching~to nearby
resonant and higher electronic states! and diffusion to the
walls,7,23 while other loss mechanisms of lesser importanc
include stepwise ionization, metastable pooling, two- an
three-body quenching, and superelastic electron quenching23

In argon/molecular discharges, however, molecular quenc
ing can dominate the metastable destruction rate, even wh
the molecular additives are present in low concentration
This can be inferred, at least qualitatively, by comparing th
estimated metastable destruction rates for typical conditio
of interest here, shown in Table II. It should be noted
though, that the actual quenching rates in the plasma w
differ from these estimates because of molecular dissociat
and a reduction of electron concentration~and, thus, electron
quenching! due to attachment.

In general, a decrease in the metastable density can
sult from either a decrease in the production rate, an increa
in the destruction rate, or a combination of both. In th
present results, however, the decrease in the metastable d
sity cannot be attributed to a decrease in production, beca
emission measurements, which~qualitatively! reflect the
metastable excitation rate,3 show an increase in intensity
with minor ~,5%! additions of these molecular additives

y
rges

FIG. 6. Current~a! and power~b! at the fundamental frequency~13.56
MHz! vs corrected applied voltage for Ar and CF4/Ar discharges.
B. K. McMillin and M. R. Zachariah
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~see Fig. 7!. It should be emphasized that the increase
emission observed here is not likely to be due to a decre
in self-absorption~see Ref. 5 for a discussion of sel
absorption!, based on the results of absorption calculatio
for the 5p→4s transitions at our conditions.

This observed increase in emission~of <23!, and there-
fore in metastable production, with the addition of an atta
ing gas may seem counterintuitive, because the metasta
are produced through electron impact collisions and the e
tron density decreases due to attachment. The metas
production rate, however, also depends on its rate coeffic
as well as the electron and neutral argon densities. Co
quently, the metastable production can increase here, as
as the increase in its rate coefficient is larger than the
crease in electron density through attachment. Indeed, re
modeling results14 have shown an increase in high ener
excitation ~and, hence, rate coefficient! in argon/attaching
gas mixtures~compared to pure argon at similar conditions!,
because of an increase in the electric field to neutral den
ratio ~E/N! necessary to sustain the plasma. Hence, the

TABLE II. Estimated loss rates for argon metastables in discharges at
Pa ~250 mTorr!.

Mechanism Rate expressiona

Relative rate per unit
metastable densityb

~s21! Ref.

Three-body quenching k3B ~NAr!
2 NArm

1 24
Two-body quenching k2B NAr NArm

3 24
Electronic quenching ke Ne NArm

30 24
Axial diffusion DArm

NArm
/L2P 50 25

CF4 quenching kCF4 NCF4
NArm

460 4
O2 quenching kO2 NO2

NArm
2400 4

Cl2 quenching kCl2 NCl2
NArm

5400 4

ak is the appropriate rate coefficient,N is the number density for the specie
denoted by subscript,DArm

is the metastable diffusion coefficient
L'~interelectrode spacing!/p is the characteristic diffusion length,P is
pressure, and the subscriptse, Ar, and Arm refer to the electrons, neutra
argon, and metastable argon, respectively.
bEstimated using the rate coefficients from the noted references and as
ing NAr5831015 cm23, Ne5109 cm23, and a 1% mole fraction of the
respective molecular diluents.

FIG. 7. Centerline~r50! line-of-sight integrated 5p→4s argon emission
profiles ~410–450 nm! taken from the corresponding 2D images of plasm
emission obtained for Ar, 1.2% O2/Ar, 1.2% Cl2/Ar, and 1.2% CF4/Ar dis-
charges at 200 V and 33.3 Pa. The powered electrode is located atz50 cm.
J. Appl. Phys., Vol. 79, No. 1, 1 January 1996

Downloaded¬04¬Dec¬2002¬to¬128.101.142.157.¬Redistribution¬subje
in
ase
-
ns

h-
bles
ec-
able
ent
se-
ong
e-
ent
y

ity
in-

crease in emission observed here may result, in part, from
increased rate coefficient for metastable production, ass
ated with an increased E/N ratio in these argon/attaching
discharges. In addition, the observed increase in emiss
~metastable production! may be due, in part, to an increase
power deposition for these argon/molecular mixtures at c
stant applied voltage.

Because the increase in emission indicates an increas
metastable production, the decrease in metastable density
served in Fig. 3 can therefore only be attributed to a larg
~.23! increase in the metastable destruction rate. Furth
more, since the electron density is expected to decrease
the addition of these attaching gases, we can assume tha
decrease in metastable density is not due to an increas
electron quenching. In light of the estimated quenching ra
in Table II, we therefore conclude that the decrease in me
stable density results from an increase in quenching by
respective molecular additives and their dissociated fr
ments.

The reactions which lead to molecular quenching of
gon metastables for the mixtures of interest here have b
discussed previously.4–6 Of these, Cl2 exhibits the highest
metastable quenching rate with several possible pathw
including:6,14

Arm1Cl2→ArCl*1Cl→Ar12Cl1hn ~1!

→Ar1Cl2*→Ar12Cl1hn ~2!

→Ar1Cl2
11e, ~3!

where Arm indicates an argon metastable, ArCl* is an argon–
chloride excited state dimer, Cl2* is an electronically excited
chlorine molecule, andhn is the energy of an emitted pho
ton.

Molecular oxygen also exhibits a moderately hig
quenching rate for argon metastables.4 This quenching by
oxygen has previously been attributed to a near-resonant
ergy transfer between the metastable and a repulsive exc
state of neutral O2, leading to a dissociative transfe
reaction.5 The ultimate products of this reaction are believe5

to be a neutral ground-state argon atom and two oxygen
oms:

Arm1O2→Ar1O2*→Ar1O1O* ~4!

→Ar1O1O** ~5!

→Ar1O*1O* , ~6!

where O2* is an excited, repulsive state of the oxygen mo
ecule, and O is the~2p 3P! ground, O* is the ~2p 1D2!
excited, and O** is the~2p 1S0! excited state of atomic oxy-
gen. CF4, in contrast, exhibits a relatively low quenchin
rate for argon metastables,4,6 that presumably results in the
dissociation of CF4 by cleavage of the C—F bond. It has
been argued6 that the relatively low quenching rate for CF4
arises because the energy of its first excited state~.12 eV! is
higher than that of the argon metastable~;11.5 eV!. Hence,
the metastable quenching by CF4 is limited by a finite~albeit
small! energy barrier.

At least qualitatively, the changes in the metastable d
sity we observe are consistent with the quenching rates~and

3.3
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mechanisms! summarized above, and with measurements r
ported by other investigators.7,24With regard to additive con-
centration, for example, we found that the addition of C2
produced the largest decrease in metastable density, follow
by O2, and CF4, consistent with the estimates in Table II. We
see no evidence, however, of aninitial increasein metastable
density at the plasma center previously observed for dilu
attaching-gas/argon mixtures.7 We have no explanation for
this, unless this discrepancy is due to the more symmet
nature of their discharge compared to ours.

B. Electron attachment and discharge
electronegativity

The overall character of the low-pressure rf discharg
of interest here depends to a large extent on their degree
electronegativity. In electropositive discharges~e.g., argon!,
the only charged particles present are electrons and posi
ions. Electronegative discharges~e.g., Cl2, CF4, O2!, how-
ever, contain negative ions as well and, in strongly electron
gative discharges, the negative ion density can be com
rable to the positive ion density.12 The formation of these
negative ions can significantly reduce the electron dens
~by as much as one or more orders of magnitude! and change
the electron energy distribution, thereby having a profoun
influence on the properties of the discharge. In electropo
tive discharges, for example, electrons are lost primar
through ambipolar diffusion; the electric field within the bulk
is relatively small; the discharge impedance is essentia
capacitive; and at the conditions of interest here, the ioniz
tion ~and high energy excitation! primarily occurs near the
powered sheath/bulk interface. On the other hand, in ele
tronegative discharges, electrons are lost primarily throu
attachment; the lower electron density results in a more
sistive~or, in some cases, inductive! discharge, with stronger
bulk electric fields; and, generally, there is enhanced ioniz
tion ~and high energy excitation! within the plasma bulk.25,26

By adding even a few percent of an attaching gas
argon, one can change the nature of the discharge from e
tropositive to electronegative, as indicated by previous mo
eling results9 and experimental electrical and optical emis
sion measurements.10 In the present Cl2/Ar, CF4/Ar, and, to a
lesser extent, O2/Ar discharges, we see evidence of a reduce
electron number density, which is consistent with a transitio
from electropositive toward electronegative character. F
example, although the effect is minor, the addition of O2,
CF4, and Cl2 is found to shift the phase of the plasma im
pedance toward 0°, which is indicative of a more resistiv
plasma bulk. For a given mixture fraction in Table I, th
addition of Cl2 shows the largest phase change, while O2
shows the weakest, suggesting that Cl2/Ar and O2/Ar dis-
charges are the most and least electronegative mixtures c
sidered here, respectively. We have also observed that
fraction of input current which flows~axially! to the ground
electrode, as opposed to flowing radially out to the chamb
walls, increases with the concentration of attaching gas
33.3 Pa and 200 V.27 In addition, we have found that, for a
given mixture~at 33.3 Pa!, the fraction of current flowing to
the ground electrode increases with decreasing appl
voltage.27 These relative increases in the current to th
84 J. Appl. Phys., Vol. 79, No. 1, 1 January 1996
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ground electrode indicate a more confined discharge, and
consistent with a reduced electron density, resulting fr
attachment reactions~see below!.

The change in the discharge character for these exp
ments is perhaps more evident in the optical measureme
As illustrated in Figs. 2–5, besides reducing the metasta
density, the addition of an attaching gas to an argon d
charge can alter the metastable spatial distribution as w
especially at lower powers and/or higher attaching gas c
centrations.~For a given mixture, a lower power will resul
in less dissociation, which effectively increases the attach
gas concentration.! For example, in the CF4/Ar and Cl2/Ar
measurements the axial distribution of metastables beco
more uniform at higher additive concentrations and low
powers, respectively, because of a relative enhancemen
metastable density near the ground sheath/bulk interfa
These observed changes in the metastable distribu
largely result from changes in the spatially dependent me
stable excitation rather than the destruction rate. This can
inferred by the similarity of the centerline~r50!, line-of-
sight-averaged excited-state argon emission profiles~Fig. 7!,
which reflect only the production rate~see, e.g., Ref. 3!, to
the corresponding metastable profiles~Fig. 3!, which reflect
the balance between the spatially dependent production
destruction rates.

We attribute these spatial changes in the excited-s
emission profiles in the CF4/Ar and Cl2/Ar discharges, in
part, to the reduced electron number density and a disch
transition from electropositive toward electronegative ch
acter. Indeed, experiments with a much larger attaching
concentration~e.g., 25% CF4!, which should ensure a pre
dominantly electronegative character, showed simi
changes in the emission profiles. The reduction in elect
number density in the Cl2/Ar and CF4/Ar discharges occurs
because of electron attachment reactions such as:29

e1Cl2→Cl21Cl, ~7!

e1CF4→CF31F2. ~8!

Based on a comparison of the electron attachment cr
sections~see Refs. 28 and 29!, one might expect the O2/Ar
discharges to exhibit a similar~electronegative! behavior to
that observed for CF4/Ar, because O2 and CF4 have similar
cross sections. However, this was not observed in the pre
study. The O2/Ar discharges examined here~all at 33.3 Pa,
200 V, and,4% O2! were found to be essentially electro
positive in nature, based on the similarity of the pure arg
and O2/Ar optical emission profiles. Presumably, th
electropositive nature of these O2/Ar discharges is due to a
complex competition between various electron–impact d
sociation and attachment, associative attachment, and i
ion recombination reactions within the discharge, includin
for example,

e1O2→O1O1e, ~9!

e1O2→O1O2, ~10!
B. K. McMillin and M. R. Zachariah
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O1O2→O21e, ~11!

O21O2
1→O1O2, ~12!

which leads to only a modest reduction in the electron nu
ber density at these conditions.

Although the complete reaction set necessary to descr
the O2/Ar discharge chemistry is obviously far more com
plex than this, a simple comparison of the rates for t
former three reactions illustrates this competition. Assumi
a Maxwellian distribution with an average electron energy
;4 eV, for example, the rate coefficient for reaction~9! is
more than an order of magnitude larger than that of Eq.~10!,
131029 compared to 3310211 cm3/s.12 Hence, neutral dis-
sociation is favored and thus reduces potential electr
losses~and the formation of O2! through attachment. In ad-
dition, the rate coefficient for Eq.~11! is relatively large
~;3310210 cm3/s!;12 consequently, associative attachme
can act to replenish the electron number density at the
pense of negative oxygen ions, thereby making the discha
more electropositive in nature. In a 1% O2/Ar discharge at
33.3 Pa with 10% dissociation, for example, the rates
Eqs. ~10! and ~11! are comparable and on the order of 1012

cm23 s21, based on estimated electron, O2, O, and O
2 num-

ber densities of 109, 1014, 1013, and 109 cm23, respectively.
It should be noted, though, that while the O2/Ar dis-

charges examined here were essentially electropositive,
might expect that some O2/Ar discharges would show a more
electronegative nature, perhaps at lower power or at hig
oxygen concentrations. Recent modeling results by So
merer and Kushner,30 for example, show that pure oxygen r
discharges at similar conditions~33.3 Pa, 200 V! are elec-
tronegative in nature, with a relatively large negative io
density and substantially reduced electron density.

V. SUMMARY AND CONCLUDING REMARKS

In this experimental study, we examined the effect
minor ~,5%! additions of attaching gases on the relativ
density and spatial distribution of the argon metastables
low-pressure, parallel-plate, rf argon plasmas. The diagn
tics applied to the discharge included planar laser-induc
fluorescence imaging to map the 2D metastable density d
tribution; optical emission measurements of excited-state
gon to profile the metastable formation rate; and rf electric
measurements of voltage and current to determine the po
deposition.

The addition of only a few percent of O2, Cl2, or CF4
was found to decrease the metastable density by as muc
an order of magnitude, despite the fact that the emiss
indicated an increase in the metastable production rate. T
net decrease in metastable density was attributed to que
ing by the respective molecular additives and their dissoc
tion products. The largest decrease in metastable density
observed for Cl2, followed by O2, and CF4, which is consis-
tent with the molecular quenching rates available in the
erature.

The addition of Cl2 and CF4 was also found to signifi-
cantly affect the spatial distribution of the emission intensi
and metastable density as well, indicating a transition fro
an electropositive to an electronegative discharge. In the p
J. Appl. Phys., Vol. 79, No. 1, 1 January 1996
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argon~electropositive! and O2/Ar discharges, the axial meta-
stable density was strongly peaked near the powered shea
plasma bulk interface, whereas, particularly at lower powe
and/or higher attaching gas concentrations, the Cl2/Ar and
CF4/Ar discharges showed a more uniform axial metastab
profile. Given that these metastable measurements were
tained in a well-characterized reactor and that rather substa
tial changes in both the metastable densities and spatial d
tributions were observed, these data should provide
stringent test for future model validations.
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