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The effect of minor additions of  Cl,, and CK 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 examif@®l3 Pa, 75—300 \&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 dilyt&iQlischarges 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 eithep G CF, 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 highep/CH, concentrations, and suggests a
transition from an electropositive to a somewhat electronegative discharge.

[S0021-897€06)08401-4

I. INTRODUCTION The purpose of this study is to investigate what effect the
added attaching gas has upon the discharge structure by map-
Low-pressure radio-frequendyf) plasmas are used ex- ping the spatial distribution of argon metastable density with
tensively in the deposition and etching of thin films during planar laser-induced fluorescen@d.IF) imaging. Our moti-
microelectronics device manufacturing. Consequently, in revation for this work results from the fact that, while the
cent years there has been a considerable effort aimed at daddition of even small amounts of an electronegative gas to
veloping models to improve the understanding, performancean argon discharge is known to significantly quench the
and control of these processing plasrh&@ne of the impedi- Metastable density® and to make the discharge electron-
ments to model development, though, has been the gener@@ative in naturé;" the experimental data currently avail-
lack of experimental data needed for input to these modeldble for even these simple mixtures are limited. Further,
As Grave$ has recently noted, there is a significant need fothese expected changes in the metastable density distribu-
fundamental cross section and rate coefficient data for thHON, combined with the fact that these measurements were
chemical species relevant to low-pressure, low-temperaturgPt@ined from a well-characterized reactthe Gaseous
reactive plasma processing. Similarly, there is also a need fdglectromcs Conference or GEC reference c€limake the

plasma property measuremeriésg., species concentratjon present results useful for validation of plasma models. In-
for the verification of these mo del.é deed, these particular attaching gases were chosen because of

heir relatively well-known cr ions and r ffi-
To address the latter, we recently repoftetivo- their refatively we own Cross sections and rate coe

. . cients(see, e.g., Refs. 12—14s well as their importance for
dimensional (2D) measurements of the argon metastable ( 9 L P

L ) ) _Iﬁ)lasma etching applicatiors.
density field as a function of pressure and applied voltage i In the following sections, we briefly describe the experi-

pure argon rf discharges. Those measurements are of interggbnta| setup and then discuss results of metastable measure-
because(1) argon plasmas are simple enough and have &yents in dilute(<5%) O,/Ar, CF,/Ar, and CL/Ar mixtures.
sufficiently well-developed database to be amenable to muly, aqgition, excited-state optical emission measurements of
tidimensional modeling an) they are one of the first com-  the glow region, and voltage and current data measured at
plete 2D maps of species concentration of any kind in ahe powered electrode are presented and used to help inter-
low-pressure rf plasma. Here we extend those 2D measurgret changes in the metastable density field. The results dis-
ments of metastable density to argon plasmas diluted with aussed here were all obtained at 33.32%0 mTor), applied

small percentage of an attaching gas, namejy OF,, or  voltages of 75—300 V, and powers of less than 10 W.

Cl,.

Il. EXPERIMENTAL DETAILS

dNational Research Council NIST postdoctoral research associate, 1993— e1|,r .
1995; Current address: Lam Research Corp., 4650 Cushing Parkway, Fre- The ) G6|E7C reference ) c b the rf eI_ECtr'CaI
mont, CA 94538; Electronic mail: brian.mcmillin@lamrc.com diagnostics®!” and the PLIF imaging systehused in these
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experiments have been described previously, but for com- GEG Reference Cell pulsed
pleteness, we will briefly review the salient details. The - dye-laser beam
stainless steel cell is configured as a capacitively coupled,
parallel-plate reactor with 10.2-cm-diam aluminum elec-
trodes and a 2.25 cm interelectrode spacing. The lower elec-
trode is powered by a 13.56 MHz rf power supply and
matching network, coupled through a rf isolating filter. The
upper electrode and the remainder of the chamber is
grounded. Voltage and current wave forms are measured with
probes located at the base of the powered electtaftier the
matching network and acquired with a digitizing oscillo-
scope. An additional probe is used to measure the current
wave form at the ground electrode. From these two current
measurements we can determine what fraction of input cur- o
rent flows to the ground electrode and what fraction flows 907 flerescores imaging
radially out of the plasma to the chamber walislo deter-
mine the actual voltage, current, and power supplied to the FIG. 1. Schematic of the imaged region of the discharge.
plasma, these measured wave forms were Fourier analyzed
and corrected for cell parasiti¢!’ The applied voltages
referred to below correspond to the peak-to-peak amplitudege experiments by directing a 5% reflection of the sheet
of the measureduncorrectedlvoltage wave forms. onto a static dye cell and recording the resulting fluorescence
The feed gas mixiurdmade with Ar 99.999%, Gl  with a video CCD camera and framegrabber computer board.
99.99%, Clg 99.9%, Q 99.98% purity gasgswas delivered  These laser sheet normalizations were applied to the final
to the chamber through mass flow controllers at a flow ratgo| |F images by software remapping the dye cell images
of 25 sccm, and introduced through a showerhead arranggrom the video CCD to the intensified CCD coordinates,
ment of holes in the upper electrode. The cell pressure Wagased on registration images obtained with the laser sheet
maintained at 33.3 P&250 mTory using a mechanical masked.
vacuum pump in conjunction with a feedback-controlled ex-  while imaging the plasma, a combination of 410 nm
haust throttling valve. The cell pressure was monitored usingong-pass and 450 nm short-pass filters was used to reject
a capacitance manometer, which provided the input signal tyser scattering and reduce the plasma emission reaching the
the throttle-valve controller. Prior to each set of eXperimeﬂtSintensiﬁed camera. This Commercia”y available filter combi-
the cell was typically evacuated to a base pressure Ofation was chosen because its transmission function pro-
1x107° Pa(1x10™" Torr) using a turbomolecular pump.  vided a good ratio of laser-induced fluorescence to plasma
The metastable density fields were measured using PLIEmission signal, i.e., signal-to-noise ratio, while efficiently
imaging; for more details on the PLIF technique, the readefejecting laser scatteringThe raw PLIF images include an
is referred to Refs. 15 and 18 regarding its application taemission background which is subtracted during data reduc-
glow discharges, and to Ref. 19 regarding general information.) The PLIF images were acquired by time averaging the
tion. In particular, the argonsk metastable density was mea- signal from 1000 laser shots, with the intensifier gate width
sured by exciting the 5— 3p, transition near 395 nm and set to~500 ns to temporally integrate the entire fluorescence
detecting the resulting fluorescence-a#18 and~433 nm  decay, while suppressing excessive plasma emigsioim-
(i.e., the 3,—1s; and J,— 1s, transitions, respectively  prove the signal-to-noise rajioA synchronization pulse gen-
A schematic diagram of the imaged region of the discharge igrated by the laser just prior to the laser firing served as the
shown in Fig. 1. As indicated in Fig. 1, a thin laser beamtrigger to activate the intensifier for all image acquisitions.
(expanded and apertured to 2 mm thick by 25 mm fatim  Time-averaged plasma emission ima¢as average of 1000
a Nd:YAG pumped dye laséi0 ns pulse width, 3 mJ pulse intensifier exposures triggered at 10 Hz with the laser
energy,~1 cm * linewidth) was directed into the reactor to blocked were acquired in the same fashion, immediately
excite fluorescence from the central vertical plane of the disfollowing the completion of eacktime-averagedPLIF im-
charge. The fluorescence from the right-half of this illumi- age acquisition. Since 1000 images were averaged for each
nated plane was then imaged through an /4.5 camera lertase and the individual image acquisitions were not phase
onto an intensifier-gated, cooled charge-coupled devicéocked to the rf power supply, both the final PLIF and
(CCD) camera. Plasma emission images were also obtainegkcited-state emission images should therefore represent true
with this camera by exposing the detector with no laser extime averages. In all cases, the images were spatially aver-
citation. aged X2 pixels to improve the signal-to-noise ratio, result-
The laser sheet entering the reactor was expanded fag in an axial and radial resolution 6f200 um.
produce a fairly uniform energy distribution and was attenu-  To relate the signal in the raw fluorescence images to the
ated to a fluence of less thar0.1 mJ/cm to reduce mea- metastable relative density, the plasma emission and the
surement uncertainties due to fluorescence saturation. Teamera’s dark background were first subtracted and then the
normalize the PLIF images for fluctuations in the laser enimages were corrected for fluorescence quenching and for
ergy and distribution, the laser sheet was monitored duringpatial variations in the laser energy and detector respbnse.

imaged region

laser-sheet excitation
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As discussed previousfywe applied a spatially uniform v
fluorescence yield correction, which is valid assuming that 20— 30— _
neutral argon dominates the fluorescence quenching. Ne- 15 83

glecting the fluorescence quenching by the molecular dilu- M (a)
ents(and resulting radicalds reasonable here because neu- 10 18

tral argon has a relatively strong fluorescence quenching rate 0.5 R 343
and accounts for-95% of the composition of the plasma. In 0.0
addition, the next most significant speci@ise undissociated

molecular diluentis expected to bénearly uniformly dis-
tributed throughout the discharge.

Ill. RESULTS

z (cm)

A. Metastable density measurements

Relative 2D measurements of the argms inetastables
were obtained in pure argon and in argon plasmas diluted
with (<5%) of O,, CF,, or Cl,, to determine the effect of
electron attaching gases on the metastable density and distri-
bution. Metastable distributions were also measured as a
function of applied voltage in pure argon, 0.4%/@F, and
0.8% CR/Ar mixtures to examine structural changes with
varying degrees of molecular dissociation. All of these mea-
surements were obtained at 33.3 80 mTor) and at a
flow rate of 25 sccm. The absolute metastable density was
not determined in these experiments, but previous measure-
ments in a pure argon discharge at similar condifldreve
indicated that the argons} metastable density is of the order
of 10'* cm™3. The estimated uncertainty in the relative num-
ber of densities within a given data set is 10%—-15%, based
largely on the reproducibility of the measurements. Slight
differences in the fluorescence quenching for the various
mixtures and in the laser energy/fluorescence saturation from
day to day also contribute to the estimated uncertainty.

Figure 2 shows a series of contour plots of the meta-
stable density distribution for pure argon and varioytA®
and CR/Ar discharges at a 200 V applied rf voltage. In Fig.

2 thez=0 andz=2.25 cm axial locations correspond to the
powered and grounded electrodes, respectively. In all cases
the metastable density shows fairly significant variations E
both axially and radially. Because of the asymmetric con-
figuration of the reactor, the metastable density pgaks
ally) near the powered electrode, i.e., a higher voltage drop
(and, hence, electric fieldicross the powered shettteads

to increased electron impact excitation there. Similarly, the
metastables peakradially) near the edge of the powered
electrode, where previous measurem&htave indicated an
enhanced electric field.

Figures 2 and 3 show the addition of a molecular diluent
results in a significant decrease of the metastable density, as
expected:®’ The addition of 2% oxygefFig. 3a)], for ex-
ample, results in about an order of magnitude decrease in the
metastable density, but the metastatpatial distributionfor
these dilute @Ar mixtures remains essentially the same as
that of pure argon. On the other hand, the metastable quench-
ing resulting from adding CHs less significant than for£  FIG. 2. Contour plots of the argonsg relative density distribution at 33.3
but the spatial distribution of the metastables with addegl CFPa and an applied rf voltage of 200 V in argon plasmas (@tmo molecu-

s . . r additive,(b) 0.4% added @, (c) 1.2% added @, (d) 0.4% added CF,
is, in some cases, substantially different from the pure argo L) 1.9 added CF and () 3.6% added CF In the plots,z—0 and

a_md _Q/_Ar cases. In particul_ar, as the add9d4®5nqentra' z=2.25 cm correspond to the powered and grounded electrodes, respec-
tion is increased, the peak in the metastable density near thigely.

O
S
N

r (cm)
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FIG. 3. Axial centerlingr =0) profiles of the argon 45 metastable density
taken from the images @&) O,/Ar and (b) CF,/Ar discharges in Fig. 2. The
powered electrode is located 0 cm.

powered sheath/bulk interface becomes less pronounced, and

a peak near the ground sheath/bulk interface appears, result-

ing in a somewhat more symmetric and uniform axial profile. ~_
These changes in metastable distribution may be seen more £
clearly in Fig. 3, which shows the centerlife=0) axial 2
metastable density profiles for the,/8r and CFR/Ar mix-
tures examined here. Although not shown, thg/&l mix-
tures exhibited somewhat more significant quenching than
the O,/Ar mixtures, and a transitiotsimilar to CR/Ar) to a
more uniform metastable distribution with increasing con-
centration of CJ.

The effect of varying the applied voltage on pure argon
and 0.4% CJ/Ar discharges is shown in the series of contour
plots of metastable density in Fig. 4. For the pure argon - )
cases, as the applied voltage is increased the spatial distribu- 0 1 2 3 4 5 6
tion remains generally similar, but the metastable density in- r (cm)
creases and becomes more radially uniform. This increase in
metastable density results from an increase in metastab G.'4. Contour plots of_the argors_g, relative density distribution in 33.3

. 7 . . a discharges as a function of applied voltage, for pure arg@ @b V, (b)
production, as indicated by the increase in arggn-5s 150V, and(c) 300 V: and for 0.4% GIAr at (d) 75 V, (e) 150 V, and(f) 300
emissiort and is consistent with an increase in power deposY, respectively. In the plotg=0 andz=2.25 cm correspond to the powered
ited in the plasmasee Table ) Similarly, the metastable 2"d grounded electrodes, respectively.
density increases with applied voltage for the/&t dis-  symably also from increased dissociation of the molecular
charges and, although not shown, for /2% discharges as additive which reduces the metastable quenching. In the
well. The increase in metastable density in these mixturegl,/Ar mixtures, for example, the atomic chlorine is ex-
results, in part, from increased power deposition, but prepected to quench metastables less effectively than l6a-

N

—_—
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TABLE I. Amplitudes of the as-measured peak-to-peak voltagg, the magnituddhalf of peak-to-peakof
the fundamental components of voltag,) and currentl ) at the powered electrode, the phase differgge
between the voltage and current at the powered electrode, the dc self-bias pfteptiand the power at 33.3
Pa(250 mTory.

Vi Vie e ¢ Ve Power
Discharge (V) V) (mA) (deg (V) (W)
Ar? 75 41 88 —68.3 —15.0 0.65
150 84 209 —76.4 —51.6 2.00
200 111 269 —78.4 —75.5 3.00
300 168 398 —80.0 —129 5.82
0.2% Q/Ar® 200 112 336 —77.6 —76.5 4.05
0.4% 200 111 324 —-76.4 —69.9 4.23
0.8% 200 111 309 —-75.1 —66.4 4.38
1.2% 200 112 303 —74.3 —67.8 4.61
2.0% 200 110 279 —72.8 —64.9 4.53
0.2% CL/Ar? 200 110 261 —-70.5 -72.2 4.78
0.4% 200 110 250 —69.2 —69.0 4.89
0.8% 200 109 244 —67.3 —63.2 5.18
1.2% 200 110 242 —66.5 —60.1 5.28
1.6% 200 110 238 —66.3 —59.1 5.32
0.4% CR/Ar® 200 110 236 -73.2 —63.9 3.75
0.8% 200 109 218 —-70.2 —63.3 4.01
2.0% 200 108 195 —66.3 —47.4 4.26
3.6% 200 109 188 —66.1 —43.6 4.13
5.0% 200 107 186 —65.2 —41.1 4.21
0.4% CL/Ar? 75 41 61 —55.4 —14.4 0.72
0.4% 150 82 178 —65.7 —43.8 2.99
0.4% 300 167 383 —73.7 —-122 8.93
0.8% CR/Ar? 75 40 50 —-57.2 —14.0 0.55
0.8% 150 81 143 —65.8 —37.2 2.39
0.8% 300 165 333 —-72.4 —109 8.30

aSeasoned cell.
bClean cell.

cause fewer Cl energy leve(eelative to C}) are available to  power input to pure argon and @Rr plasmas are shown in
absorb the energy transfer. Fig. 6. In general, for all of the mixtures examined, the cur-
In contrast to the pure argon cases, the spatial distriburent and power flowing to the plasma increase with the ap-
tion of metastables in the @Ar (and CR/Ar) discharges plied peak-to-peak voltage. For a given applied voltage, the
changes significantly with applied voltage. In particular, ataddition of an attaching gas generally leads to a decrease in
the lower voltages in the gAr dischargesand CR/Ar), the  cyrrent and an increase in power. The increase in power re-
axial metastable distribution is relatively symmetric and uni-gits from a more resistive impedance. Interestingly, the
form. As the voltage is ingreased, however, the axial distri—power increases more with applied voltag&—300 \j for
bution becomes increasingly peaked near the poweref,e cp/ar (and CL/Ar) mixtures than for pure argon. Table
sheath/plasma bulk interface. In addition, the fractional iny g6 additional electrical measurement results from these
crease In th? peak metastable density is Iarger for the ar90@4<periments. As noted above, these data were determined
molecular mixtures than for the pure argon discharges. Thesf?om a Fourier analysis of the measured wave forms using an

ggr?t(l sr"cr:]aer(lrtieor)se;?aTs]rei;SIf;g:g Inrcl)zl‘li?éSS:altV\lt?rcehes\?oolgs ;2%quivalent circuit model of the GEC cell and the external
N P 9€S Gircuitry: 217 Shown in Table | is a compilation of the fun-

for the pure argon, 0.4% @Ar, and 0.8% CEFAr dis-
. : damental components of the voltage and current wave forms
charges, respectively. No measurements were obtained as a

functi f lied volt f disch _ and their relativg p_hase, t.he magnitude of the dc self-bias,
unction of applied voltage for PAr discharges and the power dissipated in the plasma.

In these electrical measurements, note that we make a
distinction between “clean” and “seasoned” cell data: the

\oltage and current wave forms were measured near thdata labeled with “clean cell” refer to experiments con-
base of the powered electrode to characterize the dischargkicted prior to running plasmas containing,C&nd the data
and permit comparisons to model calculations and other exabeled with “seasoned cell” refer to experiments conducted
perimental studies. Typical measurements of the current anaffter cell exposure to GFcontaining plasmas. It is well

B. Electrical measurements
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04 FIG. 6. Current(a) and power(b) at the fundamental frequendil3.56

MHz) vs corrected applied voltage for Ar and A& discharges.

tion processes. In these discharges, the metastables are pri-
marily produced by direct electron-impact excitation, al-
though cascading from more highly excited states can also
contribute at some conditiot$?? In the pure argon dis-
charges considered here, the primary collisional loss mecha-
nisms for the metastables are electron quencltioghearby
resonant and higher electronic statesid diffusion to the

z (cm) walls,”?® while other loss mechanisms of lesser importance
FIG. 5. Axial centerline(r=0) profiles of the argon metastable density include stepwise I_Omzatlon’ metastal_)le pooling, two- .and
taken from 2D laser-induced fluorescence images of 33.3 Pa dischargd@re€-body quenching, and superelastic electron quenéhing.
acquired as a function of applied voltage(@ pure argon(b) 0.4% CL/Ar, In argon/molecular discharges, however, molecular quench-
and(c) 0.8% CR/Ar. The powered electrode is locatedzat0 cm. ing can dominate the metastable destruction rate, even when
the molecular additives are present in low concentrations.

known that the electrical and chemical properties of the r<his can be inferred, at least qualitatively, by comparing the

actor can be modified by the deposition of fluorocarbon fllmsestimated metastable destruction rates for typical conditions
on the inner wall and electrode surfadsse, e.g., Ref. 31

. ST ) g of interest here, shown in Table Il. It should be noted,
With this in mind, prior to obtaining each seasoned cell datqhough that the actual quenching rates in the plasma will
set, the reactor was cleaned with an oxygen plasma in '

. " a,‘&iffer from these estimates because of molecular dissociation
attempt to ensure a well-defined initial state for each exXperiz 4 o reduction of electron concentratiamd, thus, electron

ment. Nevertheless, the baseline current and power Charaﬁaenching due to attachment

terigtics for pure a[)gon p[!asmas were nqticeably and repro- In general, a decrease in the metastable density can re-
ducibly lower (~10%-20% lower currejtin the seasoned sult from either a decrease in the production rate, an increase
cell, even after a number of oxygen plasma cleans. in the destruction rate, or a combination of both. In the
IV. DISCUSSION present results, however, the decrease in the metastable den-
sity cannot be attributed to a decrease in production, because
emission measurements, whidlgualitatively) reflect the
The local time-averaged argon metastable density resulimetastable excitation rafeshow an increase in intensity

from a balance between metastable production and destruwedth minor (<5%) additions of these molecular additives

Ar 1sg density (a.u.)

A. Metastable formation and destruction
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TABLE II. Estimated loss rates for argon metastables in discharges at 33.8rease in emission observed here may result, in part, from an
Pa(250 mTorj. increased rate coefficient for metastable production, associ-
: : ated with an increased E/N ratio in these argon/attaching gas
Relative rate per unit discharges. In addition, the observed increase in emission

metastable denstty scharges. In addition, the observed increase in emissio

Mechanism Rate expressfon ) Ref. (metastable productigrmay be due, in part, to an increased
power deposition for these argon/molecular mixtures at con-

i 2
oo hody auenching. ko Ny N 3 2 ~ Stntappledvotage. | |
Electronic quenching k. N, Ny " 30 o4 Because the increase in emission indicates an increase in
Axial diffusion Dar, Nar,/ A2p 50 25 metastable production, the decrease in metastable density ob-
CF, quenching ker, Ner, Nar, 460 4 served in Fig. 3 can therefore only be attributed to a larger
O, quenching kKo, No, Nar, 2400 4 (>2X) increase in the metastable destruction rate. Further-
€l quenching Kei, Noi, Na,, 5400 4 more, since the electron density is expected to decrease with

% is the appropriate rate coefficield,is the number density for the species the addition of these attaching gases, we can assume that the
denoted by subscriptD,, is the metastable diffusion coefficient, decrease in metastable density is not due to an increase in
A~(interelectrode spacingr is the characteristic diffusion lengti® is  electron quenching. In light of the estimated quenching rates

pressure, and the subscrigsAr, and Arm refer to the electrons, neutral in Table 11, we therefore conclude that the decrease in meta-
argon, and metastable argon, respectively.

bEstimated using the rate coefficients from the noted references and assuritable qlen5|ty results from an increase In QPenChmg by the
ing Na=8X10' cm™3, N,=10° cm™3, and a 1% mole fraction of the respective molecular additives and their dissociated frag-
respective molecular diluents. ments.

The reactions which lead to molecular quenching of ar-

gon metastables for the mixtures of interest here have been

(see Fig. 7. It should be emphasized that the increase in3. ; 6 o .
emission observed here is not likely to be due to a decreas%scussed previousfyz® Of these, CJ exhibits the highest

in self-absorption(see Ref. 5 for a discussion of self- ir:::altti'jsitsbfls’emquenchlng rate with several possible pathways
absorption, based on the results of absorption calculations 9
for the 5p—4s transitions at our conditions. Ar,+ClL— ArCl* + Cl—=Ar+2Cl+hv (1)

This observed increase in emissi@i <2x), and there- .
fore in metastable production, with the addition of an attach- —Ar+Cl; —Ar+2Cl+hy @
ing gas may seem counterintuitive, because the metastables —Ar+Cl; +e, 3

are produced through electron impact collisions and the elec- o
tron density decreases due to attachment. The metastadiiere A, indicates an argon metastable, Af@ an argon—

production rate, however, also depends on its rate coefficiefhloride excited state dimer, Llis an electronically excited

as well as the electron and neutral argon densities. Cons&hlorine molecule, andiv is the energy of an emitted pho-
quently, the metastable production can increase here, as lofg"- L )

as the increase in its rate coefficient is larger than the de- Molecular oxygen also exhibits a moderately high
crease in electron density through attachment. Indeed, recefienching rate for argon metastateShis quenching by
modeling result$ have shown an increase in high energy©Xygen has previously been attributed to a near-resonant en-
excitation (and, hence, rate coefficiénin argon/attaching €ray transfer between the metastable gnd a re_pulswe excited
gas mixturegcompared to pure argon at similar conditipns State of neutral @ leading to a dissociative transfer
because of an increase in the electric field to neutral densitjgaction” The ultimate products of this reaction are believed
ratio (E/N) necessary to sustain the plasma. Hence, the int® be a neutral ground-state argon atom and two oxygen at-

oms:
20 Arp,+0,—Ar+ 05 —Ar+0+0O* (4)
a 1:2%CRy/Ar 33.3Pa, 200V A+ O+ O ®)
16 [1\\1.2%Clo/A
3 T Sl LA OO, ©)
= I "y =72 . . .
s 12t [ e 3K Ar where G is an excited, repulsive state of the oxygen mol-
@ P g ecule, and O is thé2p 3P) ground, O is the (2p 1D,)
E o8 s e excited, and ®" is the(2p *S,) excited state of atomic oxy-
. NREIUAATE \\ gen. CR, in contrast, exhibits a relatively low quenching
< 04 rate for argon metastablé&$ that presumably results in the
______ dissociation of Ck by cleavage of the &F bond. It has
0.0 ‘ , ‘ e . been arguetithat the relatively low quenching rate for ¢F
0.0 0.4 0.8 1.2 1.6 2.0 arises because the energy of its first excited $tate? eV) is
z (cm) higher than that of the argon metastablell.5 e\j. Hence,

the metastable quenching by £B limited by a finite(albeit
FIG. 7. Centerlingr=0) line-of-sight integrated p—4s argon emission

profiles (410—450 nmtaken from the corresponding 2D images of plasma smal) energy ba.me.r' .
emission obtained for Ar, 1.2% fAr, 1.2% Ch/Ar, and 1.2% CR/Ar dis- At least qualitatively, the changes in the metastable den-

charges at 200 V and 33.3 Pa. The powered electrode is locatedlatm.  Sity we observe are consistent with the quenching raed
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mechanismssummarized above, and with measurements reground electrode indicate a more confined discharge, and are
ported by other investigatof$*With regard to additive con- consistent with a reduced electron density, resulting from

centration, for example, we found that the addition of Cl attachment reactionsee below

produced the largest decrease in metastable density, followed The change in the discharge character for these experi-
by O,, and CR, consistent with the estimates in Table Il. We ments is perhaps more evident in the optical measurements.
see no evidence, however, of mitial increasein metastable As illustrated in Figs. 2—-5, besides reducing the metastable
density at the plasma center previously observed for dilutelensity, the addition of an attaching gas to an argon dis-

attaching-gas/argon mixturésiVe have no explanation for charge can alter the metastable spatial distribution as well,
this, unless this discrepancy is due to the more symmetriespecially at lower powers and/or higher attaching gas con-

nature of their discharge compared to ours. centrations(For a given mixture, a lower power will result

in less dissociation, which effectively increases the attaching
B. Electron attachment and discharge gas concentrationFor example, in the GFAr and CL/Ar
electronegativity measurements the axial distribution of metastables becomes

The overall character of the low-pressure rf discharge§nore uniform at. higher additive concen'trations and lower
of interest here depends to a large extent on their degree gpv;/erf,bzes%ectlytely, becaiﬁse of a ;ela::vetﬁ/r;h?lzlqe:nefnt of
electronegativity. In electropositive dischargesg., argoi metastable density near tne ground sheath/bulk interface.

the only charged patrticles present are electrons and positiv-ghese abserved changes n the m_etastable distribution
ions. Electronegative dischargés.g., Ch, CF,, O,), how- largely result from changes in the spatially dependent meta-
ever, contain negative ions as well a{nd ,in stré)ngly; electrone§table excitation rather than the destruction rate. This can be
gative discharges, the negative ion density can be compéqfirtred by ths smlla(;ltyt cif the centerlanr:O), "F‘e'Of'
rable to the positive ion density. The formation of these sight-averaged excited-state argon emission profiés 7),

negative ions can significantly reduce the electron densit)\(Nh'Ch reflect only the production ratgee, e.g., Ref.)310

(by as much as one or more orders of magnijue change he corresponding metastable profil@sg. 3), which reflect

the electron energy distribution, thereby having a profounothe balance between the spatially dependent production and

influence on the properties of the discharge. In eIectroposiges’[ructIon _rates. . : .
We attribute these spatial changes in the excited-state

tive discharges, for example, electrons are lost primarily

through ambipolar diffusion; the electric field within the bulk emitsstio?h prof(ijles 'g tlhetqmr ankc)i Cg/Ar _ctiischzrgeds_, i?]
is relatively small; the discharge impedance is essentiall art, 1o the reduced electron number density and a discharge

capacitive: and at the conditions of interest here, the icmiza_ransmon from electropositive toward electronegative char-

tion (and high energy excitatiorprimarily occurs near the acter. Indeed, experiments with a much larger attaching gas

powered sheath/bulk interface. On the other hand, in elecgoncentration(e.g., 25% Cpp, which should ensure a pre-

tronegative discharges, electrons are lost primarily througr(lk)rmm"mIy electronegative character, showed  similar

attachment; the lower electron density results in a more rec_:hanges in the emission profiles. The reduction in electron

sistive(or, in some cases, inductivdischarge, with stronger nhumber density in the GIAr and CR/Ar discharges occurs

bulk electric fields; and, generally, there is enhanced ionizabecause of electron attachment reactions sucH as:

tion (and high energy excitatigwithin the plasma bulk>2®

By adding even a few percent of an attaching gas to €+ Clb—CI™+Cl, (7)
argon, one can change the nature of the discharge from elec-
tropositive to electronegative, as indicated by previous mod- e+ CF,—CFy+F". (8)

eling resultd and experimental electrical and optical emis-
sion measuremenfg_.ln the present GIAr, CF4/Ar, and, to a Based on a comparison of the electron attachment cross
lesser extent, Ar discharges, we see evidence of a reduce%ections(see Refs. 28 and 29ne might expect the LAr
electron number density, which is consistent with a tranSitiorHischarges to exhibit a simildelectronegativebehavior to
from electropositive toward electronegative character. Fofhat observed for CFAr, because @and CK, have similar

. . " ] 4
example, although the effe_ct is minor, the addition of, ,O cross sections. However, this was not observed in the present
CF,, and C} is found to Sh'ft t.he_phz.ase of the plasma_ Im- study. The Q/Ar discharges examined he(all at 33.3 Pa,
pedance toward 0°, which is indicative of a more resistive, V, and<4% O,) were found to be essentially electro-

pl(?;ma bl:tlkc': Forr] a givr(]an Imixture fr:actionhin Tablehll,l thoe positive in nature, based on the similarity of the pure argon
addition of Ch shows the largest phase change, whilg and QJ/Ar optical emission profiles. Presumably, the

shows the weakest, suggesting thaj/@i and G/Ar dis- electropositive nature of these,/r discharges is due to a

charges are the most and least electronegative mixtures COP5mplex competition between various electron—impact dis-

fs'defed hfe_re, respectwel;;;_vr\]/eﬂ have _aIITO obsherved thgt tr%%ciation and attachment, associative attachment, and ion—
raction of input current which owéa?qa y) to the groun ion recombination reactions within the discharge, including,
electrode, as opposed to flowing radially out to the chambelxrOr example

walls, increases with the concentration of attaching gas at
33.3 Pa and 200 ¥ In addition, we have found that, for a

given mixture(at 33.3 P3 the fraction of current flowing to e+0,—~0+0+e, ©
the ground electrode increases with decreasing applied

voltage?” These relative increases in the current to the e+0,—0+0", (10)
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O+0 —0,+e, (11 argon(electropositive and Q/Ar discharges, the axial meta-
stable density was strongly peaked near the powered sheath/

— + . .
O +0, »0+0;, 12 plasma bulk interface, whereas, particularly at lower powers
which leads to only a modest reduction in the electron numand/or higher attaching gas concentrations, thgA€land
ber density at these conditions. CF/Ar discharges showed a more uniform axial metastable

Although the complete reaction set necessary to describgrofile. Given that these metastable measurements were ob-
the OJ/Ar discharge chemistry is obviously far more com- tained in a well-characterized reactor and that rather substan-
plex than this, a simple comparison of the rates for thetial changes in both the metastable densities and spatial dis-
former three reactions illustrates this competition. Assumingributions were observed, these data should provide a
a Maxwellian distribution with an average electron energy ofstringent test for future model validations.
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