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A one-dimensional fluid model coupled with solution tracking algorithms was applied fdr=af mm
CF, (radio frequencyrf discharge aP=2 Torr (low PL value of PL=1). The discharge exhibited a rich
behavior of solution multiplicity as a function of applied rf current dengitlyvoltage. The most prominent
characteristic was the development of dc self-bias and asymmetry under completely symmetric discharge
conditions, in agreement with experimental data by J. Butterb&g!D. dissertation, Massachusetts Institute
of Technology, 199D The plasma can exist in three states of positive, negative, and zero self-bias, of which
the first two are asymmetric and stable, while the third is symmetric and unstable. The two asymmetric
solutions collapse again into one symmetric solution with zero self-bias at a higher voltage, a transition which
depends on the value of the secondary electron emission coefficient. At lower applied darenteages the
hysterisis loop of this electronegative plasma is presented between breakdown and extinction, and an unstable
plasma is found between the two points. The observed phenomena are related to the transition of the discharge
from diffusion-controlled to electron-oscillation-amplitude-controlled breakdowns. The sustaining mechanisms
of the plasma and the electron dynamics are discu$Sd@63-651X%96)10806-(

PACS numbgs): 52.80.Pi, 52.65.Kj

I. INTRODUCTION observed phenomena are two dimensional in nature, al-
though ionization-attachment-detachment-induced effects
Multiple solutions, both stable and unstable, at a particucan be one dimensional.
lar value of a plasma parametée.g., current through the The similarities between dc and rf discharges in the
discharge are a consequence of the nonlinear nature of theegime have been presented by Raizer and Shngi@rbut
plasma. A lot of work has been done with instabilities in dcsuch analogies are not as obvious in theegime. However,
discharges of electropositifaonattaching or weakly attach- for rf electronegative gases the time-averaging procedure of
ing) gases. For example, as the current through a dc disaganovich[14] has many analogies with the dc work of
charge increases, the transition from subnormal to normdaRefs.[7] and[8]: Two main plasma regions are identified,
and then to abnormal regimes occurs. The transition is ad-e., ion-ion and electron-ion regions; depending on the value
companied by discharge constrictii?], and spot formation of the product(attachment frequency times ion drift time
[2,3]; in addition, at certain values of the circuit parametersthrough an electrode boundary layehe boundary layer can
oscillations can occui2,4-6. contain only electron-ion or electron-ion and ion-ion plas-
Electronegative gases, on the other hand, are much moreas. Limited work has been done on the multiplicity and
interesting for processing of materials. Daniels, Franklin, andtability analysis of rf discharges, yet rf plasmas show even
Snell [7] and Franklin, Daniels, and Sndl8] presented a richer phenomena such as constriction and formation of plas-
detailed study of the positive column in discharges of elecmoids[15], period doublind16], and ionization-attachment-
tronegative gases, and studied the radial profiles of electrordetachment-induced instabiliti¢s7]. Some of these effects
and ions for various degrees of attachment, detachment, arade two dimensional and others one dimensional in nature.
recombination. They showed that electronegative gas disBoth, however, are important as they cause nonuniformity,
charges form an inner ion-ion plasma, surrounded by awmlamage, and irreproducibility during processing of materials.
outer electron-ion plasma. Coulter and Emeld@$ de-  Simulation of the observed effects can been done using fluid
scribed the subnormal to abnormal transition of the elecmodels coupled with solution tracking algorithris8,19.
tronegative discharges, revealing phenomena analogous Euid models have proved successful for the study of mul-
electropositive plasmas, such as constricti@f], and the tiple solutions and solution branches, such as the ignition-
moving or standing striations also studied by Woolséwl.  extinction characteristics of an Ar plasmié8-20, and the
[11]. Nigham and Wieganfl2] presented a detailed analysis onset of ionization-attachment-detachment instabilities due
of the electron ionization-attachment-detachment-inducetb electron detachment from GFRadicals in CFR plasmas
changes in the discharge, and the development of striatiof47].
as a consequence of such volume processes. All of the above In a geometrically symmetric capacitively coupled rf dis-
mentioned studies were conducted in dc discharges, and tlebarge, the applied potential is divided symmetrically be-
tween the electrodes, the discharge is symmetric with respect
to the two electrodes, and the dc bias is Z&t]. However,
“Author to whom all correspondence should be address. ElecButterbaugh[1] has recently shown that, in a narrow-gap
tronic address: evgog@cyclades.nrcps.ariadne-t.gr symmetric plasma in CF, the symmetric discharge loses
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stability, yielding an asymmetric discharge with a dc self- 800

bias. Analogous dc bias formation was noticed forgBF,

[22,23 at lower frequency and larger electrode gap. 7
Thus the purpose of this work is to examine narrow-gap

discharges in Cf, and to study and clarify the discharge

sustaining mechanisms, the stability, and the solution multi- -

plicity. This is accomplished using a one-dimensional fluid

model[17-20. In Sec. Il we briefly discuss the mathemati-

cal methods employed. In Sec. Ill we present and discuss our i

results for a Clz plasma as a function of the magnitude of

the applied sinusoidal rf current density. For convenience we 200

divide our study into three areas: low, medium, and high SA TR

current density. For low currents the hysterisis loop of break- D TD

down extinction of the plasma is shown; for medium currents 0-faf  —eer . | ;

the development of dc bias under symmetric conditions is 0 100 200 300

discussed; finally for high currents the disappearance of the I(Am3?)

dc bias is demonstrated. All along, a comparison with experi-

mental datgd1] is performed. FIG. 1. Voltage-current densityV(l) characteristics of a CF
discharge at 5-mm spacing, 2 Torr, and 13.56 MHz. The maximum
voltage Vma=Viit+ V4o is shown as a function of current density
amplitude. Lines denote model resulfsll line for y=0.1, dashed
line for y=0.01), and symbols experimental d@ij. F andB are

The one-dimensional fluid model uses mass, momentundU™ming points, whileA, D, andG are bifurcation pointsDe,y and
and energy balances for electrons, mass, and momentum bgexpt_ refer to_ the analogous experimental points. The symmetric
ances for the ions and the Poisson equation for the electrR2Ution DG is unstable betweed and G, and becomes stable
field, and is described in detail in Ref4.8] and[20]. The after G, while experimental data have the same behavior after
differential equations are discretized in space with second- "

order-accurate finite differences using a uniform mesh, and , 5
the resulting differential-algebraic equations are integrate harplyat' Iowgr fields(140 m Torr/V_s at 800 V/m Tory.
he functionality ofuP (and all reaction constants as well

using a second-order-accurate time-implicit algorithm. A . ) : .
9 b g vs E/P is converted to a functionality with respect to the

shooting algorithm is used to find directly the oscillatory A ; .
steady state to the applied sinusoidal rf current derigiey, ~ 2V€rage electron energy and as such itis input in the fluid
model, in order to avoid assumptions of local equilibrium

and is coupled with solution tracking algorithms to find so-""" o S .
I upred wi Ut g algon ! with the electric field'18]. This implies that electron mobil-

lutions as a function of external paramet¢d®,2(q. The ' ) i
model has already been applied for Céiischarges in com- ity in CF, will be high when electrons have low energy, e.g.,
by cooling when diffusing against the electric field. For the

bination with physics and chemistry models to study the e : . ) .
plasma physic§17] and chemistryfi24] (see also Refd17] electron diffusivity, an Einstein relation was considered

and[24] for detailed presentation of the parameters used fokD/#=2¢/3), as well as a constant diffusivity. Since the
CF,). electron diffusion flux(due to both density and temperature

In this work solution tracking is done with arclength con- 9radient$ is multiplied by the ratioD/e =2u/3, [18] the
tinuation [25], either with an augmented Jacobian or with diffusive flux is expected to be greatly enhanced in regions
Keller's bordering algorithnf26]. At bifurcation points the of the sheath where electrons are cool. The above remarks

tangent vector is used to move the solution from the old®hould be keptin mind when trying to explain some of the
branch to a new one resulting from the bifurcat[@7]. The obs-er\./ed. phenomena In the foIIowmg_ sections. Secondary
stability of the solutions is determined from the Floquet mul-€Mission is included by adding a flux-(yj ,) to the electron
tipliers [28,29, i.e., the eigenvalues of the Jacobian matrix/lUX; Wherej . is the ion flux on the electrode, andis the
of the shooting algorithm. The stability is also confirmed by S€condary electron emission coefficient. The energy of emit-
applying a small perturbation in the solution, and integratingted electrons is arbitrarily taken to be 1 eV at the electrode.
in time; stable solutions are attracted back into the branch,
and unstable ones move to a more stable branch. Ill. RESULTS

The input parameters used for the model are listed in
Table | of Gogolides, Stathakopoulos, and BoudoUig].
Electron detachment from negative ions occurs via collisions An overview of the current-voltage characteristics of a
with CF, radicals, their fractional density determining the 5-mm CF, discharge at 2 Torr is presented in Fig. 1, which
extent of electronegativity predicted for GFL7,24. Aratio  shows the maximum voltage as a function of current density
CF, to CF, of 10~ 3 was used in this work. Higher fractional amplitude. For a system with no dc bias the maximum volt-
values will result in lower negative ion densitigk/], show- age is simply the amplitude of the rf voltage; for a
ing the large effect of plasma chemistry on plasma physicsystem with dc bias the maximum voltageVisi+ V.. In
for this gas[24]. Electron mobility (times pressupeuP in  the same figure, the experimental results of Butterbddgh
CF, has a constant value of 20%iTorr/V s at reduced elec- are shown for a first comparison. It is thus clear that the
tric fields (E/P) higher than 6000 V/m Torr, anithcreases narrow gap(or low PL=1) discharge exhibits a pitchfork

Vmax V)
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S
|

Il. MATHEMATICAL METHODS
AND INPUT PARAMETERS

A. Overview
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FIG. 2. V-I characteristics of the GFdischarge, at low-medium FIG. 3. Electron and ion densities vs current density for the

currents. Contrary to Fig. 1, the RF voltage amplitudlg)(vs the  brancheDF, FB’, andB’A. F is the extinction of the plasma, and

amplitude of the current density is shown. Thus the two branche8’ the breakdown. Densities become zero at pgéint

with positive-negative dc bia®n the right-hand side of poirid)

fall on top of each other and above the symmetric solu¥oh  charge length and electron densities drop much faster than

curve.B and B’ are the breakdown points foy=0.1 and 0.01, o densities. Sheath widths are defined as the distance from

respectively DFBE or DFB'E define a hystensis loop. the electrode, where carrier densisglectrons or ionshas

bifurcation at poinD on theV-I curve, resulting in branches incregsed up o a fixed, smal percentage of the bUIK carrigr
' density. Because electrons oscillate, we refer to their maxi-

with positive or negative dc self-bias in a symmetric system.mum sheath width, which corresponds to the maximum os-

The phenomenon takes place at medium currents, and %:Slllation of the electron front. In contrast, the ion sheath

studied in Sec. Il C. At high currents the secondary electro_nWidth is constant.

emission coefficient plays a significant role, as discussed in , .
Sec. Il D. At low currents two turning points F and B define obt-;?r?eZBe (O(rarl':rﬁe)rnglljlrveT;}S ar|1 u?_sta:ole;] plastmg ?_tate,f Tf?'t
the hysterisis loop of the extinction breakdown of the dis- xpenmentally. The electrical characternistics of this
charge, as described in Sec. Il B. plasma are essentially the same, with t_hfa capacitor formed
' between the two electrodes. The densities of the charged
species are shown in Figs. 3 antby® Notice that although
electron densities drop quickly, the ion sheath is still present,
We now focus on the low current density region of Fig. 1, and positive-negative ion densities are still of the same order
shown also in Fig. 2, and examine the discharged behavior inf magnitude. The observed voltage and density behavior, as
regionsDF, FB, or FB’, andBA or B’A, whereB and  a function of current density, is very similar to the extinction
B’ are the breakdown points fop=0.1 and 0.01, respec- behavior observed for Ar discharggk9,2Q.
tively. Figure 2 shows the rf voltage amplitude versus rf At point B (or B’ depending ony), which we denote as
current density amplitude in the lower current regime; inthe breakdown point, the ion sheath collap§es, becomes
contrast with Fig. 1, onlyV,s is plotted, and thus the two greater than half the discharge lengthnd positive-negative
branches with dc bias starting frof fall on top of each ion densities drop quickly and are of unequal magnitude. The
other. Figure 3 shows the charged species densities in thpodel predicts thaBA (or B'A) is a stable series of states,
center of the plasma as a function of current density. The pawhere a collection of positive and negative ions, and elec-
of the curveDF is the usual symmetric discharge, without dc trons, can exist at small densities; see Figs. 3 daf After
bias[17,18. In this region electron densities are lower thanextinction the discharge moves to this stable regiB®
ion densities, while positive and negative ion densities are ofB'A). Both the Floquet multipliers and time integration
almost equal magnitude. This is illustrated in Figa4 show that states fronFB (FB’) collapse onto states on
which shows the time-averaged densities of the charged sp&A (B'A), but the densities oBA (B’'A) do not become
cies versus interelectrode position, also revealing the presero with time. This happens only below po#ht It appears
ence of an inner positive-negative ion plasma, and an outdhat pointA is a prebreakdown point, leading not to the for-
electron-positive ion plasm{&,8]. The presence and form of mation of a discharge but to a collection of carriers. It is not
those two plasma regions is also confirmed by the value oflear to us whether this behavior is real, an artifact of the
the product (attachment frequency times ion drift time boundary condition$§18,20, or an effect of the narrow gap
through the electrode boundary layewhich equals (low PL value, which suppresses diffusion controlled
0.04<1 [14]. Observe in Figs. 2 and 3 that as the currentbreakdown, as discussed in the following paragraph.
density forced through the discharge decreases, the densities Figure 2 shows that breakdown depends on the value of
decrease and, at poifit, where theV-l andn./n, /n_-I| v (curvesAB andAB'), hinting that breakdown is mobility
curves turn, the plasma extinguishes. At this point the eleceontrolled[30]. This can indeed be verified comparing the
tron sheath collapsdse., becomes greater than half the dis-reduced field strength€£(P) predicted from the model, and

B. Low current density regime
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c 2 O RPN E/P in the diffusion-controlled breakdown can be computed
2 2004 i % [31] balancing electron diffusion plus attachment losses to
é;b i\* L . ionization [De/A2=(Ki(E,p)-Ka(E,p))N], while the critical
& 1. i | '\ E/P (where the electron oscillation amplitude becomes equal
° - \_ to half the discharge gap) can also be calculateB0]

! [E/P=mfL/(2°%P)]; in the aboveN denotes the neutral
0.0 0.5 1.0 . s T -
. density,K are the ionization and attachment coefficiels,
Distance (5mm) . . g . . .
is the diffusivity, L is the discharge gapl=L/7 is the
10° = diffusion length, andf is the rf frequency. FoP=2 Torr,
< i) ] L=5 mm,DP=110 n? Torr/s, u.P=20 m? Torr/V/s, and
—;rE 10-1 - * the ionization/attachment coefficients given by Gogolides,
g Stathakopoulos, and Boudouv[47], the calculated rms
2 8 1024 E/P for a diffusion-controlled breakdown equals 80
= V/cm Torr (average electron energy 9.2 eWhile the criti-
88 .51 - J_ cal E/P for mobility-controlled breakdown equals 75
iy © 10 EREal T~ V/cm Torr (average electron energy 8.9 eWence the elec-
g5 \ ] '/ ‘\ tron oscillation amplitude limit is reached before diffusion
= § 10+ breakdown, and the electric field strength required to create
° ] n] . the discharge increases sharply, and depends on electrode
%’ 10~~~ TTTTemmeemTTT T - processes and thus on the valueyof
< 3 To summarize, there exists a hysterisis loop, where the
10-6 . , . discharge starts & (B’) (breakdown, moves to pointE
0.0 0.5 1.0 (sustainment or operating point see Fig, &nd then extin-
Distance (5mm) guishes af. Figure 5 shows the transitions more clearly, as

a function of the rf current density amplitude. The maximum

FIG. 4. Electron and ion densities vs the interelectrode positiorflectt)rqn s:f]?tatgé(l'g'!tmaxmu”l O.SCIIIatlon of t.h(lileleftrOQ ¢

for the three branches, and the same current denkiy37 A / Frorl; IS p_o ed, a? Ih ITf sr:ae_n 0 |rllcreaze quickly _a pgln
m?): (a) BranchDF stable state, plasma ofb) Branch FB or , becoming equal to half the interelectrode separation. Con-

FB’, unstable state, plasma of€) BranchBA or B'A, stable state, Versely, the ion sheaths1 increases slowly aF, and be-
plasma off. comes equal to half the interelectrode separatioB &B’).

The time-averaged electron energy and E/P, are also
calculated for diffusion-[31] or oscillation-amplitude- shown, revealing the dramatic increase of both after extinc-
controlled [30] breakdown. The model predicts that the tion, since electric fields are not shielded enough after point
E/P amplitude equals 450 V/cm Tor(rms 320 for F, due to the collapse of the electron sheath. On top of the
vy=0.01, while for y=0.1 the E/P is reduced to 250 E/P vsI curve of the discharge, the/P vs | curve of the
V/cm Torr (rms 180, for pointsB’ andB, respectively. The capacitor defined by the two electrodésP=1,/wCLP) is
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FIG. 6. DC-bias voltage vs current density fgr= 0.1 (full line) FIG. 7. Potential distribution between the electrodes, for the
and y=0.01 (dashed ling Dots are experimental results]. case of symmetric(0-V dc biag and asymmetric(+73 and

—73-V dc biag solutions.

lotted, showing its similarity to the plasma characteristics N
gfter extinction 9 y P Results for two values o¥ are plotted in Figs. 1 and 6.

Since we stated that electron oscillation determines th(gIOte _that t?eblplasrga states to_n the d?tted curr]yeh(Q.Oll) f
breakdown field in this narrow-gap discharge, it is instructive ain unstable and asymmetric even for very high vajues o

to calculate the sustainment electric field, by balancing am'Ehe current density. However, the states on the full curve

bipolar diffusion and attachment losses to ionization(yzo.'l) bfclo(rjnet stabr:(a ﬁfter: poi(g\‘], itn a;gree(zamenir\]/vit? the
[Da/A?=(Ki(/p)-Kacepy)N]. The calculation will permita  SXPENMeNtal data, Which snow that at po Lypt the two

comparison of the sustainmeBtP predicted by the model, Eranches with dctpias ab.rupt_ll};]dis?pt;))lear,t atnd the (tjrischarge
and the one required for a discharge in the diffusion- ecomes symmetric agamn. ihe stable states on the curve

controlled regime. The value of the ambipolar diffusivity mth 7:.&1Pg%el now dower impedancecompared with
varies depending on the ratio of electron to ion temperature, 0_?;? withry="1. t ith . tal data i tisfact
and the ratio of negative ion to electron densifigs,32; for _'he agreement with experimental ‘data 1S salistactory,
the minimum value[attained for very few negative ions given the experimental error and the fact that our values of
D,=Do/(1+ pe/p.)=1/264 the minimum sustaining' the dc bias are accurate within 10%. This is so because we
electric field is 47 V/cm Torr(average electron energy grrgtigﬁ:ggthlg %i?eizzt%?lgiugggnz u_Péfc;rergurgee S,[E’evé?g: Scl)f
=7 eV). Our model(which includes detachm . '
c V). Our (which includes ent, and a the dc bias to below 1%, we needed between 300 and 400

large number of negative iohgredicts E/P equal to 50 mesh points; however, the computational cost increased pro-
V/em Torr (e=7.5 eV) for the center of the plasniaee Fig. 1esh p ’ ' P ; P
hibitively, and only a few selected points were calculated

5). The two values are not very different, showing that the . : :
discharge can in principle exist with the usual structure of aW'th higher accuracy. The form of the-l curve did not

diffusion-controlled discharge, after its ignition, despite thechange T points; however,_ paint
high E/P required for breakdown. moved to lower values as the mesh points were increased.

Our model could not follow the solutions with dc bias above
pointsZ andH (see Fig. § due to numerical problems with
the time integrator, which could not be circumvented by de-
creasing its time step.

In this section we study the regidgtD G shown in Fig. 1, Having presented th¥-I characteristics of the branches
in which the dc bias develops. Figure 6 shows the dc selfresulting from the pitchfork bifurcation, we now attempt to
bias versus the rf current density amplitude. The data fronexplain the discharge structure. Figures 7 and 8 show the
ButterbaugH 1] are also plotted for comparison. Up to point time-average potential and electric field distributions for the
D only one branch of solutions exists with zero dc bias. Atpositive, zero, and negative dc-bias cases respectiifeisc-
higher currents two additional branches develop with a sutric fields were shifted up and down for the solutions with dc
percritical pitchfork type bifurcation, having positive and bias to be put in the same plot as the one without dc bias.
negative dc-bias voltages, respectively. The additionalhe electrode at positiox=1 (5 mm) is grounded. Note that
branches are stable, while the middle branch becomes uin comparison with the zero bias case, the thickness of the
stable. Finally, at even higher currents the branches collapdaulk of the plasma has been reduced, and the sheath adjacent
back into the symmetric solution. Notice from Fig. 2, that theto the more negative electrode became larger; the plasma is
branches with dc bias, for the same current density, show aow asymmetric. The time-averaged electron densities are
higher rf voltage than the middle symmetric branch. This shown in Fig. 9, for the three cases of positive, zero, and
suggests that the stable discharge state is here the one witkgative dc bias. Electrons are pushed away from the larger
higher impedance sheath(i.e., the more negative electrodeand toward the

C. Medium current density region. Development of dc bias
in a symmetric discharge
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FIG. 8. Electric field vs interelectrode position, for the cases of
symmetric (without dc biag and asymmetrigwith dc biag solu-
tions. The curves with dc bias were shifted up and down from the
zero axis in order to be clearly visible; their flat part is at 0 V/cm.

more positive electrode, while the density profiles become
asymmetric, resulting in dc-bias formation.

An understanding of the sustainment mechanism of the
discharge can be gained from Figs.(d6-10(c) and 11a)—
11(c). Figure 10 shows contour lines of the absolute value of
the electric field, versus position and rf tinehase of the
applied sinusoidal current density. Note that in addition to
the high electric field values on the electrodes, local maxima
which correspond to the double layg¢&2,23,33 are present
at the bulk-sheath interface. Double layers are created by the
oscillating electrons, as they change the space charge and
potential distribution set up by the positive-negative ions,
which hardly respond to the field at this frequency. The sym-
metric plasma has two such double layffiy. 11(b)], while
in the asymmetric plasmas the double layer close to the more
negative electrode disappedFigs. 1da) and 1qc)].

In the bulk of the plasma electron energy shows analo-
gous behavior with the absolute electric field, and local
maxima in the double layers. Thus the ionization rate con-
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FIG. 10. Contour lines of the absolute value of the electric field
position and rf time. Darker colors signify higher electric fields.

(a) Solution with positive dc biagb) Solution with zero bias(c)
Solution with negative dc bias. The darker islands in the plasma
bulk (x=0.3-0.4%,t=20-40% andx=0.6—0.7 %,t=70-90%

for contour(b) are the double layer regions. Contoas and (c)
show only one such double layer.

stantK;(e), which depends exponentially on energy, will

0.0 0.5 1.0 have larger values in the double layers, compared to the
Distance (5mm) bulk. Figure 11 shows as a function of position and time the
ionization rateR; defined asR;=K;(¢)Nn,, whereN and
FIG. 9. Electron density time averaged over the rf cycle vs then, are the neutral and electron densities, respectively. The
interelectrode position for the three cases of dc bias. first observation is that the ionization peaks coincide with the
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double layer in the sheath close to the more negative elec-
(a) trode disappearetsee Fig. 1}, the electric fields, and elec-
tron energies became smaller, the ionization rate constant
was reduced, and the ionization rate dropped significantly
there. Since ionization and light emission are analogous pro-
cesses, this suggests that emission from one sheath disap-
pears, very much in agreement with the observations of But-
terbaugh[1]. Butterbaugh attributed the phenomenon to the
disappearance of one sheath, while in reality it is the one
double layer which disappears. Finally, notice that, contrary
to the usual behavior, where the ionization peak appears
close to the electrode with the negative dc Hiag., in dis-
charges with unequal size of electrofjdsere the ionization
peak disappears from the side of the electrode with the nega-
tive bias. This is also due to the disappearance of the double
layer there.

The asymmetry induced in the discharge from the dc bias
inevitably has consequences on the electrical characteristics
of the discharge. In symmetric discharges the two equal
sheaths oscillate with a phase difference of 180°. As a result,
if one applies a sinusoidal voltager currenj, the current

[onization rate
(10'7s-lcm-3)
n

Ionization rate
(10'7s"tem3)

o
43:!3:!3?&3\\‘}* ) waveform(or voltage, respectivejyhas only odd harmonics.

- When this symmetry was broken, the waveform contained
even harmonics as welll]. In the model a current was
forced in the discharge, and the voltage waveform was found
to contain all harmonics, the second harmonic being twice as
3.0 A large as the third one, and about 3% of the first harmonic.

In an effort to explain the observed phenomena we varied
the electrode spacing, the pressure, and the electron mobility.
We observed that the dc bias drops with increasing pressure
or increasing spacé.e., increasing”L) in agreement with
experimentg 1], and for the spacing of 5 mm, disappears
when a constant instead of a variable electron mobility is
used(see Sec. )l We changed the electron mobility function
to a constant, with values ranging fromP=20 to 100
m? Torr/V/s. Starting from any asymmetric solution, ob-

. 0.5 2 m) tained with the variable mobility function, changing to a con-
Cj’o 0 0.0 . nee (5 . . . LT . .
%, Y pis@ stant_moblllty and integrating in time res_ulted ina sy_mm_etrlc
solution for uP<60 m? Torr/V/s, or to discharge extinction
for higher mobility values. We thus concluded that it is the

FIG. 11. Three-dimensional view of the ionization rate vs pOSi-functiona"ty Of,LLP with electron energy, which is prob-
tion and rf time.(a) Solution with a positive dc biagb) Solution  aply responsible for the observed phenomena. This function-
with zero dc bias.(.c) Solutior! with a pegatiye dc bias. The d(; bigs ality yields high mobilities at lows (or E/P), and traces
de_vel_ops at_ position 0, while position 1 is grounded. Ionlzatlonback to the momentum transfer cross section dependence
coincides with the double layers. with &, which for CF, shows a minimum. Close to the elec-

trodes we observed very low electron energies during parts
position and phase of the local electric field maxima due taf the rf cycle, when electrons diffused in the she&tb—
the double layers. Hence this narrow-gdpw PL valug 3.5 eV); the resulting mobilities were as high as 140
electronegative plasma is sustained mostly by double layem? Torr/V/s, resulting in high diffusivities, and hence in-
ionization: Electrons from the bulk are accelerated towarctreased diffusion fluxes and enhanced losses of electrons on
the sheath and accumulated in the double layer, causing irthe electrodegsee Sec. )| Consequently electrons could be
creased local ionization. Conversely, in electropositive distandomly lost on the powered or grounded electrode, de-
charges, ionization takes place due to electrons, which haveending on the phase of the cycle. If electrons were to be
diffused in the sheath, and are accelerated back into the bullandomly lost on the powered electrode, they would cause
of the plasma. Compare Fig. () with Figs. 6 and 7 from the appearance of a negative dc bias, the increase of the
Gogolides and Sawifi8]. powered sheath, the shrinking of the bulk region, and the

The second observation from Figs.(&t11(c) is that the  accumulation of the electrons in the double layer adjacent to
asymmetric plasma with dc bias shows only one ionizatiorthe grounded electrode. Should our hypothesis be true that
peak close to the smallest sheétb., the sheath close to the the observed phenomena are due to the minimum in the mo-
more positive electrode The ionization peak close to the mentum transfer cross section in combination with the elec-
more negative electrode has disappeared. Indeed, as thenegativity of the plasma, other gases or gas mixtures with

Ionization rate
(10"7s-1cm-3)

1.0
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similar mobility functions and electronegativity should show These two points define a hysterisis loop. Breakdown at such
analogous behavior. The electronegativity is thought to bdow PL values is mobility controlled, and depends on the
important for the results discussed in this work, since thevalue of the secondary emission coefficignt

formation of double layers and relevant phenomena are a For medium currents th&-l1 characteristic exhibited a
characteristic of electronegative plasmas. pitchfork bifurcation leading to the appearance of two stable
asymmetric branches with dc bias, under symmetric reactor
configuration. The asymmetry was also shown by asymmet-

. . . , __ric ionization and emission profiles, and by the disappear-
As discussed previously, the high current density regiony,ce of one of the two double layers. These results are in

depends on the value of the secondary emission coefficient,eement with experimental ddta]. The value of the dc
If the secondary emission is not enough to balance the loss fi, o depended o, electrode spacing, pressure, the forma-
electrons on the electrodes due to their oscillation, then thg ' of double Iayérs(i.e. electronegaiivity and the func-
discharge is unstable. If there are enough electrons, then tlsfonality of the electron mobility with electron energy result-

symmetric discharge becomes stable, and the plasma buigy from the dependence of the momentum transfer cross
can expand again. For the case of higtwe observed in- ¢ tion with energy.

creased ionization in the sheaths and in the bulk. Although Finally, at high currents secondary electron emission be-
our model can handle theto y transition, its accuracy must ., nes again important, and fop=0.1 the asymmetric

be checked since we are using one energy to characterize gllanches collapses again on a symmetric solution. It is in-
electrons, and underestimate the highly energetic beam eleggeq important to note that a one-dimensional fluid model
trons which cause the transition. can capture discharge nonlinearities, and phenomena which
one would intuitively tend to consider as two dimensional,
such as the appearance of solutions with dc bias in symmet-
ric systems.

D. High current density region

IV. CONCLUSIONS

Using a fluid model, the behavior of the ¢Hischarge in
a narrow-gaglow PL value equal to Lreactor of 5 mm was
investigated as a function of applied rf current density at 2
Torr. For low current densities two turning points exist in the  We thank Professor H. H. Sawin and J. Butterbaugh for
V-I curve, one corresponding to the extinction of the plasmaroviding a copy of Dr. Butterbaugh'’s thesis, and the Super-
and the expansion of the electron sheath to the whole dissomputing Centers of NCSR Demokritos and of the National
charge region, and the other corresponding to breakdowrTechnical University.
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