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Fluorinated gas discharges are widely used by the semiconductor industry in etching and chamber
cleaning applications, but the performance of these discharges varies in unpredictable ways, for
unknown reasons believed to be electrical in origin. To investigate possible mechanisms for this
behavior, we have measured the electrical characteristics pIAFCF,/O,/Ar, and GFg/O,/Ar
chamber cleaning plasmas at 6.7-267 Pa in a 13.56 MHz, capacitively coupled, parallel-plate
reactor, using radio-frequency current and voltage probes and optical emission spectroscopy. From
the measurements, power losses in the external circuitry surrounding the discharge were determined.
Furthermore, using the measurements and equivalent circuit models, the mechanisms by which
power was absorbed within the discharge itself were investigated. Power was absorbed most
efficiently at particular values of the discharge impedance. These optimal impedances occur in the
middle of a transition from capacitive impedances at low pressures to resistive impedances at high
pressures. These results illustrate that the plasma impedance is a useful parameter for monitoring
and optimizing plasma processes in highly electronegative gasesl998 American Vacuum
Society [S0734-211X98)00101-2

[. INTRODUCTION In this article we investigate the hypothesis that electrical

Fluorinated gas discharges are widely used in the semRhenomena are responsible for the local optima in etch rate.
conductor industry to etch silicon, silicon oxide, and silicon!n Particular, the optimization of NffAr, CF,/O,/Ar, and
nitride films, and to clean the plasma-enhanced chemical vd=2Fe/O2/Ar chamber cleaning plasmas was studied with op-
por depositionfPECVD) reactors that deposit these films. In tical emission spectroscopy and radio-frequency electrical
PECVD processes, films are deposited not only on the semfnéasurements. These measurements enabled a complete de-
conductor substrates—where they are desired—but on all tH€"Mination of power losses in the external circuitry that
interior surfaces of the reactor. Deposits on the reactor suRoOWers the discharge. Furthermore, using these measure-
faces must be periodically removed; if the deposits becom&€nts and simple equivalent circuit models, the mechanisms
too thick, they will generate particles that can contaminate?y Which power is dissipated within the discharge itself were
the substrates. Fluorinated gas plasmas offer a means of etdAvestigated. Power losses in the external circuitry were

ing the reactor. etch rate were instead explained by the efficiency with which

To be commercially successful, any chamber cleaning?oWer is uged v.vithi.n the discharge itgelif. This conclusion has
process must be extremely rapid. Also, there is an increasinfjPortant implications for the optimization of chamber
desire to minimize the emission of perfluorinated proces§l€aning processes and equipment, to be discussed briefly
gases, because they strongly absorb infrared radiation whdigre.
released to the atmosphere, resulting in an increased green-
house effect. Unfortuqately, optimizing chgmber cIe.qnm.g”. EXPERIMENT
processes to assure high etch rates and high gas utilization
efficiencies can be complicated and time-consuming task. Experiments were performed in a gaseous electronics
Chamber cleaning performance often varies in unpredictableonferencgGEC) reference ceff, shown in Fig. 1a). It is a
ways. Since the etching process relies on the reaction gfarallel-plate rf system, with an electrode diameter of 10 cm
fluorine with silicon, one might expect that the most rapidand an electrode separation of 2.3 cm. Both electrodes are
chamber cleaning would occur at the highest partial pressurrounded by ground shields. The cell was operated with
sures of the fluorine-containing feed gas. Previous studies, the top electrode grounded and the bottom electrode powered
however, have shown that lowering the total pressure or diby a 13.56 MHz generator, coupled throughr-éype match-
luting the fluorine-containing species in fluorine-rich plas-ing network. Gas entered through a showerhead in the upper
mas results in faster etch rates. Consequently, local optima ielectrode. For NE/Ar and pure argon discharges, the total
etch rate are observed at intermediate pressures and diliew was maintained at 25 sccm, while the Nfow was

tions. varied (0, 2.5, 4.5, 6.25, 9.5, 12.5, and 18.75 sgciFor
C,Fs/O,/Ar and CF,/O,/Ar discharges the total flow was 28
dElectronic mail: sobo@enh.nist.gov sccm, the argon flow was 3 sccm, and the oxygen flow was
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obtained with an alternative technique, unterminating and
de-embedding) The characterization allows, andV,, to be
converted td ,c andV,, the fundamental components of the
current and voltage at the surface of the powered electrode.
To improve the precision of this conversion, an inductive
shunt circuit was installed in the cell and adjusted to cancel
the stray capacitive impedance of the powered electrode as-

Optical Emission Spectrometer

“voltageprobe

wire Vi "
sembly at 13.56 MHz. Frorh,. andV,., we calculated the
impedanceZ .= Vpe/l pe, Which is the combined impedance
of everything downstream from the powered electrode, and
the power flowing from the powered electrode into the
plasma,
7 Ppe= 0.5V e | e COS hpe. 2

scope | current probe

Here, ¢, is the phase oF, i.e., the phase difference be-
tweenV,e andl ye.

E& o type VDo > A second current probe measured the current at the
rf power matching] YV Yzg ground connection of the grounded electroti¢t), and a
supply network = second voltage probe measured the voltage on a wire probe
I inserted into the plasm&/,(t). These signals were digitized
b v n by the oscilloscope and their complex Fourier components at
® Pin | oo fummyload : the fundamental frequency, andV,, were obtained. Using

m
+f power| ] wate- [ YPe 1-6> Ltype L — ' E procedures described previouslye determined ge@ndVge
matching| "7 | matching g from I, andV, from V,. |4 and Vg are the fundamental

supply | Imeter| [ o 0o network
E : components of current and voltage on the grounded elec-

trode. Vg is not zero, because the connections that
Fic. 1. (a) Diagram of the GEC reference cell showing the placement of the ‘ground” that electrode have a non-negligible impedance at
current and voltage probes and the definitions of electrical paraméters. radio frequenciesVy, is the fundamental component of the
Qonﬁgurat_io_n of the power cirguitry and the dummy load used to charactertime_dependem plasma potential in the Vicinity of the wire
ize the efficiency of the matching network. probe. The wire probe consisted of three intertwined wire
loops of 0.38 mm diameter steel wire, mounted on a straight
support wire. The support wire was attached to an electrical
varied(2 and 4 sccm for CHO,/Ar; 12.5 and 18.8 sccm for  feedthrough mounted on a manipulator attached to a 2.75 in.
C,Fs/0O,/Ar). For each mixture, discharges were operated atlange.V, can be considered a spatial average over a region
eight different pressures in the range 67 to 267(®@85—  (roughly 10 cm across and 5 mm thjcttefined by the wire
2.00 Torp, and five different generator powers, from 10 to loops.
50 W. Light emitted from the plasma was collected by an optical
Probes were mounted at the output of the matching netemission spectrometer mounted on a 2.75 in. flange. Emis-
work to measure the current and voltage waveforms theregion intensity measurements were time averaged and also
I o(t) andV(t). The waveforms were digitized by an oscil- spatially averaged, since the spectrometer accepted light over
loscope and transferred to a computer, which determined wide range of incident angles. Using a monochrometer, the
their complex Fourier components at the fundamental freemission at the fluorine peak at 703.7 nm, as well as other
quency(13.56 MH2, |, andV,,. Together,,, andV,, de- peaks, was monitored. No processing of the optical data was
fine a complex impedanc&,,,=V,,/l,, which is the com- performed, other than a measurement of the peak intensity
bined impedance of everything downstream from theand a background subtraction.
matching network. The phase df,,, that is, the phase dif-
ference betweeW,, andl,, called¢,,, was calibrated using Ill. RESULTS
loads of known impedance phase and techniques describepid
previously? FromV,,, |,, and¢,, we calculated the power
flowing at the output of the matching network, Optical emission measurements were performed in this
study because a correlation between fluorine optical emission
Pn=0.5V |, coS¢,. @ ; . X o .
intensity and the etch rate of silicon oxide and silicon nitride
Fourier components at harmonic frequencies were also rdilms was previously observed in NRAr dischargeg. Ex-
corded, but they are not reported here. No significant poweamples of this correlation are shown in Fig. 2. The behavior
was carried by the harmonic components. of the oxide etch rate in Fig.(2) closely resembles the be-
Stray impedances between the matching network and thieavior of the fluorine optical emission intensity in Figbp
powered electrode were characterized using open-circuit anthis correlation suggests that the optical emission signal can
short-circuit measuremerts(Nearly identical results were be used as a predictor of etch rates, and it will be treated as

Optical emission data
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Fic. 2. (a) Measurements of the etch rate of silicon oxide films at varying 0 100 200
pressures and concentrations of Nifr argon.(b) Intensity of optical emis- pressure (Pa)

sion of the fluorine line at 703.7 nm, in arbitrary units, measured during the
oxide etches. The data were not measured in the GEC cell but in anothegic. 3. Optical emission intensity of the fluorine line at 703.7 nm, in arbi-
parallel-plate reactor described previougBef. 1). Etch rates were mea- trary units, measured in the GEC reference cell, as a function of pressure for
suredin situ using laser interferometry, for substrates placed on the powereda) mixtures of 10%, 25%, and 50% N argon, andb) a mixture of 7%
electrode. 0,, 82% CF, and 11% Ar, and a mixture of 45%,045% GFg, and 11%

Ar, all at a generator power of 50 W.

such in this article. Etch rate measurements are not included
here, but are reserved for future studies of particular rang
identified by the emission measurements as the most pro
ising or interesting.

Figure 3 shows fluorine optical emission intensities meaz :
L : “from Eq.(2), is further reduced, due to power losses between
sured in this study, in the GEC cell. The results were quali a.(2) P

tativelv similar to the data in Fia. 2. obtained f it t'the matching network and the powered electrode. Overall,
atively similar to the data in 1g. =, obtained from a ditierent y, o, efficiency in Fig. &) ranges from 46% to 81%. Thus,

_reacto_r. Eor either re_actor, at low pressures, the EMISSI%Rsses in the external circuitry are significant, but they are
intensity increased with pressure or NEoncentration. In not large enough to explain the optical emission data. Al-

contrast, at high pressures, emission decreased with.press ﬁ%ugh local maxima are observed in Fig. 4, they are much
or NF; concentration. Together, these trends result in Ioc_ ess sharp than the peaks in emission intensity in Fig. 3.

maxima in emission at _|nt¢rmed|ate pressures. Argon erT1"°1furthermore, they do not always occur at the same pressures
sion signals exhibited similar local maxima. as the emission maxima
It is doubtful that a chemical effect could explain the op- Presumably, the pressure dependence observed in Fig. 4

'El)cal data._bllzlectrlt;,al etxplar?atloln_s setﬁm much morei_ I'keI?!Tesults from changes in the efficiency of the matching net-
Ne possible explanation, Nvolving the power coupling €t~ 5 jis |0ad impedancé,,=V,,/l,, changes with pres-

ficiency of the external circuitry, is investigated in the nexty e To verify this, we measured the efficiency of our

section. matching network over a wide range of load impedances.
The generator, matching network, and probes were discon-
nected from the cell and attached to a variable, dummy load
Although the power measured at the generator is kepivhich consisted of a secoriti-type) matching network and
constant in Figs. 2 and 3, not all of that power is delivered taan inductive load, as shown in Fig(h). A wattmeter placed
the plasma. Part of it is dissipated in external circuitry. Suctbetween the rf generator and the matching network measured
power losses can be large and variable; reported power cothe net power flowing into the matching netwokk;,. The
pling efficiencies vary in the range 10%—98%, depending orpower coupling efficiency of the matching netwonk,,,, is
plasma conditions®~° Results describing the efficiency of therefore given by the rati®,,/Pj, .
our system are shown in Fig. 4. In Figia4 the power at the To study the dependence gf,, on Z,,, the two variable
output of the matching networl®,,,, from Eq. (1), differs  capacitors in thé -type matching network were varied. After
from the power at the generat@0 W) because of losses in each change in either capacitor, theype matching network

She matching network and further upstreées well as errors
"h the generator setpointin Fig. 4b) the power that flows
from the powered electrode into the plasniq,, obtained

B. Power losses in external circuitry

JVST B - Microelectronics and Nanometer Structures
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Fic. 5. Complex-plane plots of the impedance at the output of the matching
network,Z,,. (a) Values ofZ,, measured while operating with the dummy
load. The dummy load points fall on circular curves, along which the mea-
sured efficiency of the matching network was nearly constant, varying by
less than 1% from the values indicated next to each curvéo)inc), and

(d), values ofZ,, measured while operating plasmas are compared to the
was tuned to minimize the reflected power measured by thefficiency contours(Data from all mixtures, pressures, and generator pow-

wattmeter. Changes in one capacitor moved the load impeds are plotted.
anceZ,, along circular paths on the complex plane, shown in

Fig. 5(a). The other moved,, between the paths. Along the
circular pathsy,,, was found to be constant, within 1%, at
the values printed beside each path.

In Figs. §b)—5(d) values ofZ,, measured with the plasma
ignited are plotted. By comparing the position of these point
with the circular contours ofyp,,,, one sees that the effi-
ciency of the matching network varied from about 59% to
89% during plasma operation. In general, as the pressure w
increased the imaginary part 8f, became more positive. At
low pressures, this trend improves the efficiency, but at hig
pressures it lowers the efficiency. Thus, the efficiency i he|Zpe| and ¢, data in Figs. 7 and 8.

maﬁg'iizr?tégt.en”?hid!;teepgsr‘?;ur?nS'F‘."ls 'g;'g A:O duced Local maxima in optical emission intensity are observed
ges | Imp f N F19. produ at the data points circled in Figs. 7 and 8. The emission

e e e I o i shiays occr st or ear pressures g
9 P P b inimized and ¢, is —45°. These correlations strongly

:2stshes w||th|rrrl]thid|scr\1/arrg? |ts$rl1f. Ttkilne pO\;FQ,@ is d|53|2a:ed” uggest that electrical phenomena are responsible for the
€ plasma by several competing processes, ot all Of,4yin4 in emission intensity. Apparently, the electrical phe-

;VS;;? F;:)Ordcuhcaem%g'rcgleglﬂ]ss'?r%Ssr t’?hee ri;acé'gznizegf'etﬁengicﬁ_omena are quite general, since the correlations were ob-
charg)é and the mechanisrgn.s by \;vhich tr?e discharge dis %_erved for every gas mixture and power we investigated.
pates ;;ower are important subjects, to be examined in trs]ll:urthermore, similaZp, data havc_a been predpt’é’dan_d Olb'
remainder of’ this article ' Served in other eIectron-fa\ttachlng gases, including 1€l
' Sk, "81INF,,7 CF,,8 and mixtures of Ar with Cl; 2 C,Fg, 12

Sk, >3 and CRCI.** (Even pure argon discharges exhibit a
minimum in|Z,,{ at pressures near 270 Pa, the upper limit of

The impedanc&,,, shown in Fig. 5, includes the stray this study but well within the pressure range of previous
impedance of the powered electrode assembly, but the instudies'?'® Explanations for this very general behavior are
pedanceZ,=V,/l . does not. ThereforeZ,, provides a provided by wire probe measurements, discussed in the next
better description of the electrical behavior of the dischargesection, and equivalent circuit models of the discharge, pre-

itself. In Fig. 6,Z is plotted on the complex plane. In all sented in subsequent sections.

FiG. 4. (8) Power at the matching network outp@,,, and(b) power flow-
ing from the surface of the powered electrode into the dischdgs, as a
function of pressure, at a generator power of 50 W.

cases, as the pressure increaggg,moves in the direction
indicated by the arrows. At the lowest pressures, the imagi-
Shary part is large and negatiee., capacitivg but it be-
comes less negative as the pressure is increased. Then the
real (resistive part of Z. increases, producing a bend in the
%?ot. At the bend, the magnitude &, is minimized, and
ﬁ;ﬁpe, the phase o, is near—45°. The bend occurs at
ressures of 13—110 Pa, depending on mixture, as shown by

C. Discharge impedance
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D. Wire probe measurements
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Fic. 8. The phaseg,., of the discharge impedancg,., as a function of
pressure, measured at the same time under the same conditions as the optical
emission data in Fig. 3. Circled points coincide with local maxima in the
optical emission intensity.

positions corresponding to the ground electré@denm) and

the powered electrod@3 mm), the voltages on these elec-
trodes,Vgy and V,, determined from external current and
voltage measurements, are shown. Differences between ad-
jacent voltages in Fig. (8), including their phasegnot
shown were used to estimate the electric field in theli-
rection, E,= —dV/dx. The magnitude and phase Bf, are

Wire probe measurements determine the local rf potentiadhown in Figs. ) and 9c).

in the plasma in the vicinity of the wirg*® The magnitude of
the fundamental component of this potentMy,, is plotted
in Fig. 9a) as a function ok, the axial position. Also, at the

magnitude of Zpe (Q)
o
w

-

(=]
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Fic. 7. The magnitude of the discharge impedarg, as a function of
pressure, measured at the same time under the same conditions as the opti
emission data in Fig. 3. Circled points coincide with local maxima in the

pressure (Pa)

The strong gradients in voltage and high fields near either
electrode in Figs. @ and 9b) indicate the presence of
sheaths—regions of relatively low electron density, high
space charge density, and high electric field. When the rf
frequency is high, a sheath will have a mostly capacitive
impedanceé’=?° This is demonstrated by Fig.(®, which
shows that the phase &, in the sheaths approaches the
capacitive value;-90°. Figure %a) shows that the powered
electrode sheath has a much larger voltage drop than the
ground electrode sheath. Thus, for the conditions shown, the
powered electrode sheath has a major influence on the
plasma impedance and other electrical properties of the dis-
charge, while the ground electrode sheath makes relatively
minor contributions.

For pure argon, in Fig. (®), voltage gradients are only
seen near the electrodes; none were detected in the middle of
the gap. This result agrees with previous studies of argon
discharges;*?in which evidence for a bulk electric field in
argon has been detected only at presser&83 Pa. For the
fluorinated gases, however, a gradient in voltage is seen
throughout the gap. In the middle of the gap the electric field
has a magnitude of roughly 20 V/cm. Figur@&Rshows that
this bulk field is roughly in phase with the current. Therefore
fi% bulk plasma has an impedance that is primarily resistive.

optical emission intensity. Dotted lines show the power law dependences d¥l0dels of this resistance, and of the capacitive impedance of
|Z,d on pressurep, predicted by circuit models.

JVST B - Microelectronics and Nanometer Structures
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200" ' ' ' e For the weakly ionized plasmas studied here, we expect
L [——25% NFa/Ar that electrons collide primarily with neutral gas molecules.
S 150 +4§Z§° 82;&2:':6;/\” = Therefore,y,=u,No,, whereu, is the mean electron veloc-
% 100k :purg aéon i 7] ity, N is th_e number density of neutrz_ils, andg is the total
= cross section for electron-neutral collisions. For electrons at
- velocities typical for weakly ionized plasmas, on the order of
_ 1% cm/s, values ofs, are on the order of 10 cn? for
0 Ar,?! CF,,?2 and GFs.2?* Using these estimates, one ob-
T tains, at a pressure of 133 Pa,=3.5x10° s %, which is
g 300 much higher than 8810’ s %, the value ofw that corre-
% 200 sponds to 13.56 MHz. Thus, at 133 Pa, and indeed over all
= r but the lowest pressures studied her@wz, and Eq.(3)
'% 100k reduces to
E j=[neX(ve—iw)/(Mevl)+iweg]E. (4

[oNe]

The impedance of a finite volume of plasma can be ob-
tained by integrating this equation. For a uniform volume of
plasma of length. and cross-sectional ar@g the current is
I=jA, the voltage drop i¥,=EL, and the impedancg, is

phase (degrees)
8

} given by
-60
[ ] Z ' =1IVy=Ry ' +iwCp—iw/(Ryvy), ©)
-80p 4 ' L (©)7
o 5 10 15 20 where
x (mm) Rp= veMeL/(N€%A) (6)

Fic. 9. (8) Capacitive wire probe measurements of the amplitude of thelS @ resistance arising from the electron conduction current,
fundamental component of the local rf plasma potential, as a function of th&C,, = €,A/L is a capacitance arising from the displacement
position of the wire probex, for several gas mixtures at 73 Pa and a current, and the final, inductive term in E@) arises from

generator power of 50 W. Also plotted are voltages on the ground electrod . . .
(x=0) and on the powered electrode={23 mm), determined from exter- %IeCtron inertia. The magnitude and phasegfare

nal current and voltage probes. The phase of the voltages shot@nvirere Z |=R.J1+ / 2_ /)21~ 12 7
also measured but are not showhn) Magnitude andc) phase of the fun- | b| b[ (wve We™ @ Ve) ] ( )
damental component of the electric field obtained fromxhderivative of and

the voltages ina). The phase irc) is referenced td e, the current at the

ground electrode. = —atar( wve/wg_ wlvy), (8)
where w, is the electron plasma frequency,

tion. The models explain why these impedances change with .= (n.e?/meey) 2 9
pressure, an_d hpw these changes are responsible for tlﬁe power dissipation in the bulk plasma is
trends seen in Figs. 6-8.

P,=0.51[|Vy,|cos ¢y,

IV. ANALYSIS =0.91|Vp|[1+ (0vel 02— wlve)?] Y2 (10)
A. Simple model of bulk plasma If 0?v? wi<1, w?wi<1, andw?/v:i<1, Egs.(7) and(10)
In a small volume element of plasma, the amplitudes Oireduce to
the current densityj, and the electric fieldE, at a given |Zp|~Rp=vemeL/(N€2A) (12)
angular frequencyw, are related by and
- 2 . .
j={ne[(vetiw)me]+iweg}E, (3 Py~0.51||Vy. (12

wheree, me, ve, andne are the charge, mass, collision The validity of these approximations can be verified using

frequency, and number density of electrons, agds the . . -
o : N ., the phase data from the bulk region of Figc)9 Substituting
permittivity of vacuum. The first term on the right-hand S|dethe observed phases into E8) yieIdSwve/wé— w0l v, ~1/5,

e e Ol that e ror n Eqs1 and(12) ' oy 2%
g ' In Ref. 25, Godyalet al. state that the voltage across the

displacement current, which represents the dielectric propet- . .
ties of the bulk plasma. The ion conduction current has beeir?ulk plasma Vp) should be relatively independent of the

current () because of ionization balance.\lf, is indepen-

omitted. Because they are so much heavier than electronaént of current, thei, and R, will obey the scaling laws
motion of the ions can often be neglected at radio frequen- ' b b '

cies. Pyl 1R, . (13

J. Vac. Sci. Technol. B, Vol. 16, No. 1, Jan/Feb 1998
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B. Model of the powered electrode sheath strongly attaching gases redung, thus increasindr,, and

The electrical characteristics of radio-frequency plasm hifting the transition from capacitive to resistive behavior to

sheaths have been widely studied both experimenrtaik? ow:r fhressures. _ e and the |
and theoretically/~?° especially at high frequencies, where S _;pressurel mcre??ﬁs, el' gcreﬁséslatn b Z in- g
the sheath impedance is primarily capacitive. Lieberman hal'€ase I, cause Iess of the applied voitage 1o be droppe

modeled capacitive sheaths, both at low pressures where iGFrOSS EEe EO\lezer:ad electrodebsheatcrj\ gnd more t% be dropped
collisions are negligibfe and at higher pressures where ion across tne bulk plasma, as ObServed by wiré probe measure-

collisions are significan In the high-pressure regime appli- ments. The rf voltage drop across the shet,is partially

cable here, the Lieberman model predicts that the complef?CtiﬁEd Iby the;heart]h, %snere’:\jting_godc vc?lt?ge dvigg, For
impedance of the sheath, arge values of,, sheath modeté~?° predic

Veo~Vs. 1
Z=V,ll, (14) 0T o
Therefore V4 should also decline with pressure.
can be expressed3<° Power is dissipated in the sheath predominantly by ions
bombarding the powered electrode. The power dissipated b
Zs=—0.80 (e/ w®edA3my) YV IV 525, (19 the ions isg P P P d
whereVy is the fundamental amplitude of the voltage drop  P;=1,V¢, (18

across the sheathm; and \; are the mass and diffusivity
mean free path of ions; anid) is the dc ion current. This
model, Eq.(15), has been verified for the sheath at the pow-
ered electrode of the GEC cell, in argon discharés We
expect Eq.(15) to be valid in electronegative discharges as
well. Negative ions generated in the glow are repelled by the P;=0.9§ w®e3A%m; /e) ¥4 522, (19
electric field in the sheath. Since they do not enter the sheat
they do not upset Eq15).

From Egs.(14) and(15) one obtains

which will also decline with pressure, provided that the de-
crease iV is not counteracted by an increasd in Using
Egs. (14 —-(18) P; may be expressed in terms of the rf cur-
rent.

l;]"he dependence on the dc ion currdgt, drops out.

C. Power absorbed in the plasma and in the sheath

Zs=—0.96 (wegA%m; /e) Y232\ 17 . (16) Using Egs.(13) and (19) (or equivalent equations pre-
sented elsewhet®® the total powerP ., can be consid-

All the factors in this equation are constant, except fox; , ered the sum of two power laws of the curreiny,

andl,. Furthermore, thé®? and |, factors tend to cancel .
each other. For example, measurementslgfin argon Ppe=Kal pet Kol ges (20

H 27 1.35
d|schar.ge%5 follow a power law dependenceoI™™  \here the factordk, and k, depend on pressure, but not
nearly independent of pressure. Therefore, the strongest dgrent. The first term represents the powdgradsorbed by
pendence O is on\;. Since); is inversely proportional to g jactrons in the bulk plasma; the second is the poRer

H -1/2
pressurep, Eq. (16) predictsZsp™ 7. Measurements of pqqrheq by ions in the sheatfihe stochastic power dissi-
the impedance of the powered electrode sheath in argogaiion mechanism associated with the boundary between the
discharges?® follow this inverse square root dependence.

plasma and the sheath has not been included explicitly, but it

square root dependence on presstirghe Oé;%‘ of the  grad to be included in the first terff). The size of each term
p~~“ dependence is revealed by sheath motels.The in- ., e getermined by fitting E420) to Ppe VS | e data,

crease in the rate of ion collisions at higher pressures hindeﬁeasured at fixed presstfeEquivalent procedures that fit
the acceleration of ions in the sheath, producing an increasr%sistances rather than the pow®r, have also been
pe

in the ion charge density in the sheath, which, in turn, re{used®2529Here. we use a different procedure, based on the
duces the sheath width aiZ . log—log derivative ’

In contrast, the impedance of the bulk plasma should in-

crease with pressure, because of thdactor in Eq.(11). In {=31n Ppeld In 1 56= 1 5edPpel Ppedl pe. (21)
the bulk, higher pressure induces more frequent electron cols power is dissipated entirely by ions in the sheath,
lisions and hence produces a higher resistaftg, To-  —2 5 |f power is dissipated entirely by electrons in the bulk

gether, the decrease iy and the increase iR, with in-  p1asma =1.0. If power is dissipated by both mechanisms,
creasing pressure explain the two major trends observed iy, intermediate value af will be observed. The fraction of
Fig. 7. At low pressures, where the capacitive impedance ofe power dissipated by each mechanism can be obtained by

the powered electrode sheath dominat&, decreases golying Eq.(20) simultaneously with its derivative
roughly as the inverse square root of pressure. At high pres-

sures, where the bulk plasma resistance dominagsin- TP pel 9l pe= Ky +2.5,1 52 (22)
creases roughly linearly with pressure. Because ofrthe Tne fraction of the power dissipated by ions is

factor in Eq.(11), the bulk plasma resistance also depends 25

strongly on gas mixture and generator power. Low powers or Kzl e/ Ppe=2(£—1)/3. (23
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Fic. 10. Plot of , the log—log derivative of discharge power, with » [ °°%e x CF4/ 02/ Ar 1
respect to discharge currenj,, defined by Eq(21). A linear transform of 8 Lg% o pure argon
¢, given in Eq.(23), yields the fraction of the discharge power dissipated by 300 Lo x ]
ion bombardmentP; /P, plotted on the right-hand scale. Theaxis is tm™ . . 1
¢pe, the phase of the discharge impedadgg. Since the phase generally :u increasing pressure (b) 1
becomes more resistive at higher pressures, data points at low pressures E L R U E R R
appear towards the left, at negative phases; data points at high pressures -80 -60 -40 -20 0
appear on the right. dpe (degrees)

By taking differences between values Bf, and | ,, mea- Fic. 11. (a) Ratio of the amplitudes of the fundamental components of

d at varvin enerator powers. with all other ex erimencurrent at the ground electrodgy and the current at the powered electrode
Sured a ying g p > p (1,9 and(b) the dc self-bias on the powered electrode, as a functiapy,ef
tal parameters held constant, estimates{fovere obtained. the phase of the discharge impedaifg. Since the phase generally be-
They are plotted in Fig. 10. At low pressures, when the phaseomes more resistive at higher pressures, the arrow indicates the direction of
¢pe is capacitive and the sheath voltage is lagjis, close to :r(;res?]s(,)i\?v% pressure. Data from all mixtures, pressures, and generator powers
2.5. As the pressure increases afyl becomes more resis- ’
tive, £ decreases, indicating a decrease in the fraction of the

power absorbed by ions in the sheath and an increase in the ) )
fraction absorbed by electrons in the bulk. Presumably, it iPressures the glow may be observed far into remote regions

the power absorbed in the bulk plasma that accelerates tH§¢ar the chamber walls, but as the pressure increases the
energetic electrons that are needed to excite states that willoW becomes more confined within the interelectrode gap.
emit light. The energy gained by ions in the sheath does not €N the glow appears to contract towards the powered
produce emission: it is dissipated as heat when they strik§lectrode—a bright glow is observed in its vicinity, and only
the electrode. Thus the change in the power absorptioﬂ,m”‘:h famte.r glow is observed near the ground electrode.
mechanisms with pressure in Fig. 10 explains the rise in thEinally, the bright glow collapses to a thin ririgr a double
optical emission intensity with increasing pressure, observelind O @ broken ringbetween the powered electrode and its
at low pressures in Figs. 2 and 3. Since energetic electrorf§©und shield. The rest of the gap glows very dimly or not at
are also needed to generate chemically reactive species, Al i o
etch rate for etching processes that are purely chemical in. Wire probe measurements show that the electric field in

nature should also increase with pressure at low pressures, 3€nly glowing regions has a phase that is predominantly
observed in Fig. @). At higher pressures, however, the capacitive but the field in the bright glow is predominantly

emission intensity and etch rate fall with pressure. This refesistive. Therefore, from Eqe8) and (9), the bright glow
versal is apparently related to a “collapse” of the dischargel@S @ higher value abe, and hence a higher electron den-

observed at high pressures, described in the next section. SIty, than the dimly glowing region. Thus, as the pressure
increases, a contraction of the electron density accompanies

the contraction of the glow. In contrast, the dim, low-density,
V. COLLAPSE OF THE DISCHARGE capacitive region near the ground electrode expands; this ex-
The models used above assume that the discharge is uggansion is responsible for the trend towards capacitive
form, but at high pressures the discharge becomes extremebhases observed for some data points at high pressures in
nonuniform. This nonuniformity is evidenced by a dramaticFigs. 6 and 8.
contraction in the glow which is visible to the eye and has The current density, too, becomes confined to a smaller
also been studied in detail with spatially resolved planarand smaller volume as the pressure increases. This is illus-
laser-induced fluorescence and optical emis3foAt low  trated in Fig. 11a), which plotsl 4¢/l e, the fraction of the
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current flowing to the ground electrode. At low pressuresdischarge, its emission is less efficiently coupled into the
when the bright glow extends far outside the interelectrodespectrometer. Thus the collapse contributes to the decline in
gap, l4¢/lpe is small because a large fraction of the currentoptical emission intensity at high pressures in Figs. 2 and 3.
flows out to the chamber walls. Under these circumstance$resumably, the ionization rate and the production of reac-
the “effective” grounded area of the cell is large, the currenttive species are also higher in the bright region, so these
density at the grounded surfaces is small, and the rf and derocesses also become more localized to the edge of the
voltage drops across the sheath at the grounded surfaces @@wered electrode as the pressure increases. In the collapsed
much smaller than the drops across the powered electrodéischarges, a large fraction of the feed gas may exit the re-
sheath. Therefore, a large, negative dc self-bias is measur@gtor without ever having entered the small, intensely glow-
on the powered electrodsee Fig. 1(b)]. As the pressure is ing region, so it could well be that collapsed, high-pressure
increased, the glow recedes from the chamber wall, the waflischarges are inherently less efficient at generating reactive
current decreases, amgh/| , increases. Whehge~1 e, the species than discharges at intermediate pressures, which oc-
powered electrode and ground electrode sheaths have neafyPy larger volumes. Indeed, a mass spectrometer recently
equal current densities and sheath voltages, so the dc biffstalled in the exhaust line of the cell has demonstrated that
approaches zero. In contrast, at higher pressures, as the gid¢ decomposition of feed gases is largest at intermediate
starts to recede from the ground electrode and collapse toR€SSUres wherege/ |, is maximized™ Also, species that
fing, | 5o/ | e decreases, presumably because a greater fractigHe generated in high-pressure collapsed discharges are not
of I, is flowing directly from the powered electrode to its efficiently transported to the center of the electrdtighus,
ground shield. This, apparently, is also a rather symmetri€h€ collapse of the discharge explains the decline in etch rate
situation, as the dc bias remains close to zero. at high pressures in Fig. 2. o

Thus, as the pressure increases, we observe that a region Other mechanisms may also reduce the efficiency of the
of high optical emission intensity, electron density, and cur-Jeneration of reactive species at high pressures. First, for
rent density becomes increasingly confined to the neighbof2ign-Pressure, highly electronegative conditions, absorption

hood of the powered electrode. One explanation for this col®f POWer by ions in theplasma—ignored here—may be sig-
lapse is provided by Paranjpet al.3! who note that, in nificant. Indeed, impedances with inductive phases, observed
: : . ’ &)r some data points at high pressures in Fig. 6, may be an
the attachment rate only if the electric field is above a critical!mj;]C.a::on of ionic crc])nd#]ctlon. Second, it |sdc;or1_ce|t\_/able thart],
value. As the pressure increases, the critical field increasell] NYN-pressure sneamns, a new power dissipation mecha-

and, in remote parts of the chamber where the fields argism operates, with the observed power law expongnt,

- ' o . : ~1.0, rather than the valug= 2.5 predicted in Sec. IV B. In
below the critical field, ionization should be increasingly ; : . .
. particular, in collapsed discharges, the current density in the
dominated by attachment.

The collapse can also be explained by impedance arg bowered electrode sheath should vary widely from the edge

ments. At high pressures, the resistance of the bulk plasma |% the center of the electrode. Under these conditions, the
the dominant impedance, and H33) predicts that this re- sheath area, in Eq. (19 should perhaps not be considered

ist d th . qdi as the total electrode area but as an “effective area,” i.e., the
sistance decreases as the curren mprgéise.sause add  5rea of the region of high current density near the rim of the
tional current will produce additional ionization and hence

. : . , electrode. A linear dependence of the effective sheath area
increase the plasma dengitifherefore, if the current taking n sheath current, inserted into EGL9), would yield ¢
one path through the plasma increases, the resistance of thls1 0. For such a ,sheath the conclusi(,)n made above. that

path will decrease, causing it to draw additional current akheath power can be neglected at high pressures, would not
the expense of other current paths. Thus the plasma reSiﬁ'ecessarily apply.

tance provides a positive feedback mechanism that eventu-
ally results in the collapse of the discharge. In contrast, the
impedance of the sheath in E@Q6) increaseswith current.  VI. CONCLUSIONS

An increase in the current density through any small area of |n this article, a detailed study of the power dissipation
the electrode will result in an increase in the local Sheath'nechanisms in fluorinated gas discharges was presented_
impedance, which will oppose any additional increase in thepower losses in the cell parasitics and the external circuitry
local current density. Thus the sheath provides a negativ@ere found to be rather constant and relatively unimportant.
feedback mechanism that acts to prevent the collapse of the contrast, the efficiency with which power is absorbed
discharge, especially at low pressures where the sheath inyithin the discharge itself was identified as a critical con-
pedance dominates. Because these arguments are basedcem.
general principles, we believe the collapse of the discharge to Two different regimes of discharge electrical behavior
be a general phenomenon, not limited to the particular celvere observed. First, there is a capacitive regime at low pres-
geometry studied here. Indeed, even in cells that do not havsures in which the discharge impedance is dominated by the
ground shields, we have observed glows collapsing at higkheath at the powered electrode. In the capacitive regime,
pressures, towards closely spaced points on the backside iwfcreasing the pressure produces a decrease in the width and
the powered electrode or on the power feedthrough. capacitive impedance of the sheath at the powered electrode,
As the brightly glowing plasma collapses and forms a ringand in the dc and rf voltages across it. The power absorbed
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by ions in the sheath, which is dissipated at the poweredhere may serve to assist future studies of such issues, by
electrode, also decreases with increasing pressure. Thisstricting the parameter space that needs to be evaluated.
makes more power available to be absorbed by electrons iAlso, by allowing electrical effects to be distinguished more
the plasma, producing more ionization, more emission, aneéasily from purely chemical effects, this work also provides a
more production of the reactive species necessary for chanfirmer foundation and a better-defined basis of comparison
ber cleaning. for future studies of plasma chemistry.
In the second regime, at higher pressures, the discharge
impedance is dominated by the bulk plasma resistance,
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