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Experimental test of models of high-plasma-density, radio-frequency sheaths
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Measurements of the rf-bias current and voltage applied to the substrate electrode of a high-density plasma
reactor, combined with dc measurements of the ion current at the electrode and capacitive probe measurements
of the plasma potential, enabled a rigorous, quantitative test of models of the electrical properties of the sheath
adjacent to the electrode. The measurements were performed for argon discharges a1 Parp, ion
current densities of 1.3—13 mA/érf-bias frequencies of 0.1-10 MHz, and rf-bias voltages from less than 1
to more than 100 V. From the measurements, the current, voltage, impedance, and power of the sheath adjacent
to the electrode were determined and were compared to model predictions. The properties of the opposing
sheath, adjacent to grounded surfaces, were also determined. The behavior of the two sheaths ranged from
nearly symmetric to very asymmetric. Changes in the symmetry are explained by models of the sheath
impedance[S1063-651X99)03501-1

PACS numbds): 52.40.Hf, 52.70.Gw, 52.70.Ds

I. INTRODUCTION nates the conduction curref9,31-39. Finally, there is an
intermediate region, where ions are wholly or partly able to
In capacitively coupled, low-density plasma reactors,follow the rf fields, and the conduction current and the dis-
electrical discharges are generated by passing radiglacement current are comparapl®,40—44. Some models
frequency(rf) current between two electrodes. The rf currentcover the low-pressure regime, in which collisions of ions in
flows through the space-charge sheath adjacent to each elehe sheath can be neglect¢d,8,12,31,33,34,40,42—-%4
trode, resulting in a radio-frequency modulation in the sheatlother models, designed for higher pressures, include ion col-
voltage and sheath width. Such rf modulated sheaths hav&ions[29,30,32,33,35—39,41Low-density plasma reactors
important, nonlinear electrical properties that are not comare often operated in the high-frequency, high-pressure re-
pletely understood. Usually, rf sheaths make dominant congime. High-density plasma reactors are typically operated
tributions to the electrical properties of the discharge andyith higher w;, thinner sheaths, and lower pressures, so
they play an important role in the mechanisms by which theyigh-density sheaths are believed to fall instead in the low-

rf power is absorbedl-3]. Models of the impedance of rf ressyre regime and the low- or intermediate-frequency re-
sheaths can be used to predict ion bombardment energi

[4-10|. Models of the nonlinear electrical properties of rf

sheaths predict how the plasma is affected by the CIrCUtNyots of sheath models are only rarely reported. Many experi-

that surrounds if11,12. Sheath models can also be used to : o .
) . : mental studies of the current-voltage characteristics of rf dis-
interpret electrical measurements, allowing these measure;

ments to monitor changes in ion energjiés, 14, ion current Charges have been performed, but these studies usually do
[15-17, or plasma density18] — not provide enough information to rigorously test the mod-

In high-density plasma reactors, plasmas are generated &5 Usually, only a single voltage is measured, the voltage
inductive source§19], electron cyclotron resonance sourcesO" the powered electrode, which is the sum of the voltage
[20], helical resonatorf21], or helicon sourcef22], but the drops across t_wo_ opposing sheaths. To test sheath models,
substrate electrode is also usually powered by a separatdowever, the individual sheath voltages need to be deter-
Capacitive|y Coup|ed “rf-bias” power Supp|y, to control the mined. This can be accompliShed if one also measures the rf
kinetic energy of ions bombarding the substrate. The intervoltage on a wire probe inserted into the plag245]. Mea-
action of the rf-bias power with the plasma depends stronglpurements of the total ion current at a powered electféép
on sheath properties. Models of the electrical properties oprovide additional information. In a previous study in a low-
the sheaths in high-density plasmas are needed to predidensity reactor, wire probe and ion current measurements,
sheath voltages, ion energies and etch rf28s-26, and to  combined with measurements of the rf current and voltage at
develop new types of electrical sensors for monitoring highthe powered electrode, enabled a rigorous test of rf sheath
density plasmag27,28|. models[39,47. In this paper, the same methods are applied

Many models of the electrical properties of rf plasmato test models under very different conditions in a high-
sheaths have been proposed, covering a variety of differemtensity reactor. The measurements provide a complete,
regimes of frequency and pressure. First, at frequenesies quantitative test for the sheath at the rf-biased electrode.
<w;j, Wherew; is the ion plasma frequency, there is a low- They also provide a detailed analysis of the opposing sheath
frequency regime where ions are in equilibrium with the rfat grounded surfaces. The two sheaths behave rather sym-
field and only conduction current need be considered—thenetrically at low rf-bias frequencies, but less symmetrically
displacement current is negligibl&,8,29,30. Second, there at higher frequencies. The asymmetry at high frequencies,
is a high-frequency regimey> w;, where ions only follow which strongly affects the kinetic energy of ions bombarding
the time-averaged field, and the displacement current domieactor surfaces, is explained by sheath models.

Despite this abundance of modeling work, experimental
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that powers the lower electrode. Another PP0O02 voltage
probe was attached to a wire prob2| inserted into the
plasma. Signals acquired by the probes were digitized by a
LeCroy 9354A oscilloscopg51] capable of real-time sam-
pling at a rate of X10® s L. Digitized wave forms were
transferred to a computer, which used a curve fitting algo-
rithm [52] to determine the magnitude and phase of their
Fourier components at the rf-bias frequency, at the inductive
source frequency, and at harmonic frequencies, as well as
their dc components. Using techniques described previously
[53], phase errors caused by propagation delays in the lines
connecting the probes to the oscilloscope were measured and
accounted for, within an error of 1°. Magnitude errors were
estimated by comparing probe amplitudes to amplitudes
measured directly by the oscilloscope. Below 20 MHz, ex-
cellent agreement was obtained. In that range, the accuracy
of the measurements is mostly limited by the oscilloscope,
supply which is estimated to be:3%. Above 30 MHz, however, the
accuracy of the probes degrades rapidly.

high-density,
inductive

plasma source
Q000000000 |

voltage probe

computer

tf signal | | rf power
generator| | amplifier

dc power

FIG. 1. Diagram of the discharge cell showing the polarity of lll. RESULTS

the current ,(t) and voltageV,,(t) measured on the rf-bias feed to A. Current and voltage at the rf-bias electrode

the lower electrode, the currehj(t) and the voltagé/,(t) at the

electrode, and the voltagé,(t) measured on a wire inserted into The current P,e(t) flowing from the surface of the pow-
the plasma. ered electrode into the plasma, and the voltaggt) be-

tween the powered electrode and its ground shield, differ
Il. EXPERIMENT from | ,(t) and V(t), the current and voltage measured
some distance awafFig. 1), because of parasitic stray im-

Experiments were performed in a Gaseous Electronic ;
) : . edances located between the measurement point and the
Conferencg GEC) reference cel[48] (Fig. 1), in which the Electrode. Using techniques described previo?,[sﬂﬁs’],

standard upper electrode was replaced by an inductive, h'gtfﬁese parasitics were characterized, allowing us to determine

density plasma source. The soufdé] consisted of a five- IJ

. t) andVt) from I ,(t) andV,(t). Values for the para-
tL:Ln’ pIaréar tcglglg, Sggo“ljlrhdedAat olneten? ?nd E.O\ggred at th itics are similar to values previously reported from the origi-
other end at 13. z. An electrostatic shi¢ED] was nal, low-density GEC cell2,48,53.

placed below the coil, insulated from it by a quartz disk. .
Another quartz disk beneath the shield was sealed to thg fEIr?(;irSnz jfh?fﬁgé(tz, gvcgyp;(: )Z\év;aoverffct))ri;nss rsssggﬁ,d gs_

vacuum chamber. Gaargon at 5 scciflowed into the cell serves rf components at the driving frequency of the induc-

through a 2.75 inch side port. The gas outleswat |nqh tive source(13.56 MH2 and at its harmonics. The inductive
polrlt on which a”tlérbo FlJU:;gppwaOS m_?untet:i. Pres_surehm th ource injects rf current into the plasma, and some of this
?(?tat\ilc\;?lssggggoofetheaiurbo @0 mTorp by varying the current flows to the electrode, contributing _It&(t): Fr_om
The standard. lower eléctrode assembly consisted of there, the current flows through the rf-bias circuitry or
! rough cell parasitics to ground, generating an rf voltage

10.2-cm-diam aluminum electrode and a stainless ste% at contributes td/pe(t). Due to blocking capacitors, the

ground shield, separated by an alumina insulator. In prewoualectrode draws no dc current from the plasma. Therefore

e 0 e Pl of ey 165 7 3% P2CeMhe clecod “foas’ at a sml, positve o ol
. : —Visible in Fig. 2 and given in Table |, at which the time-

plate, however, may introduce edge effects and back-side :
averaged electron and ion currents to the electrode are equal.

effects that would make the electrical analysis of the elec- When rf bias is applied, one observes voltage and current

trode and its sheath more complicated. Therefore, in thl%omponents at the ri-bias frequency and its harmonics, as

study the steel plate was removed, . . well as the inductive source frequency and its harmonics. At
The lower electrode was powered at variable frequenmeF ; X :
ow rf-bias voltages],(t) resembles a sinusoid. As the rf-

(100 kHz, 1.00 MHz, and 10.17 Mhaising a signal gen- bias amplitude increasek,{t) becomes less sinusoidal and
erator and a power amplifi¢Amplifier Research 150A100 P & . ;
the dc component oW (t), Ve, becomes increasingly

[51]. Capacitors inside the amplifier acted as blocking ca; egative, because of nonlinear properties of the sheaths to be
pacitors, allowing a dc self-bias voltage to be generated Oﬁiscusse’d below. At high rf-bias amplitudag(t) also be-

the lower electrode. No external blocking capacitors were . .
used. Also, no matching network was used, because satisfacomes honsinusoidal. Although the voltage generated by the

tory power delivery was obtained without one. Power Wasamph{;eri Va(t), 'j pr(tasumably sinusoidal,{t) differs
applied to the electrode for only a few seconds for eac FoM V,(t), according to
experimental condition, to minimize sputtering of aluminum Va(t)=Vodt) +1 Ry, 1)
from the electrode surface.

A Pearson model 2877 current profgl] and a LeCroy whereR, is the 50£€) series output resistance of the rf am-

model PP002 voltage proj&1] were mounted on the lead plifier.
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TABLE |. Electrical properties measured with no rf bias ap- '
plied, as a function of inductive source powé?, ], including the
dc voltages on the powered electrodé,{), on the wire probe
(Vy4), at the center of the plasm&,;, obtained from measure-
ments in Refs[49,50), from the center of the plasma to the pow-
ered electrode\(,s), and across the sheath surrounding the wire
probe (V,41); and the ion currentlg) and ion current densityJg) \
| i 4 VA W
at the powered electrode. 0051 7 X i :

Tpe (A)
v

P Vpet Vit Vot —Vpst Vixs lo Jo ‘.,/ L “’
w v NV V) V) (A (mAlcn?) y T Vo

60 7.0 64 210 140 146 0.105 13 05— * t I ) —
120 6.2 55 21.0 148 155 0.320 4.0 A e
350 59 47 210 151 16.3 1.05 13.0 Mo / /

e _ e -

Y N 1
o0 b

B. Plasma potential %
Q
=

To determine the time-dependent potential in the plasma,
a wire probe[2] was inserted into the plasma. As shown in ! / | /
Fig. 1, a voltage probe was mounted on the wire, outside Voo / ]
vacuum, to measur¥,(t), the voltage difference between -40F .
the wire and the flange on which it was mounted. The poten- (b)

tial in the plasma surrounding the wiré(t), is given by 00 05 10 15 >0
time (iLs)

V(1) = V(1) +Vpi(1), 2
FIG. 2. Wave forms of(a) current at the powered electrode,

whereVy,(t) is the voltage drop across the sheath that sepa,(t), and (b) voltage between the powered electrode and its
rates the wire from the plasma. Procedures have been devejround shieldV,(t), at an inductive source power of 120 W and
oped [45] to determine the rf components &f,,(t) and  rf-bias powers g of 0.0, 0.5, and 8.0 W. The rf-bias frequency is
V(1) from V,(t) measurements. Using these procedures, ad MHz.
initial survey was performed, which showed that, as long as
the source was operated in the bright, high-density, inductive V(1) =V, (1) + Vpys - 4
mode, rf components of,,(t) were always<0.1 V, small

enough to be neglected in all subsequent measuremenig.should be noted that,(t), like theV,(t) waveform from

These_ components are smaller than those mea;ured PréWnich it is derived, is referenced to the middle of the cham-
ously in lower-density plasmag] because the width and per wall.

impeQance of the wire sheath are smaller at higher plasma Figure 3 shows/,(t) wave forms as a function of rf-bias
density. power. At zero rf bias, in Fig. @), rf components are only

In contrast, the dc component ,,(t) cannot be ne- pgerved at the inductive source frequency and its harmon-
glected. The dc components (), Vi(t), andVi(t),  jcs. These components are smaitl V, as noted previously
when no rf bias is appligdare denotedy,s, Vyi, andVipe.  [49]. For low rf-bias amplitudes, as in Fig(l8, V,(t) re-
Wire probe measurements W ranged from 4.7 t0 6.4 V, sembles a sinusoid at the rf-bias frequency added to the
but Langmuir probe measuremef,50 indicate thatV,s  higher-frequency oscillation produced by the inductive

is 21 V (see Table)l Thus source. At higher rf-bias amplitudes, as in Figc)3compo-
nents at harmonics of the rf-bias frequency become more
Vixt= Vb= Vs, ) significant,V,(t) becomes less sinusoidal, and an increase is

observed in its dc component. The change¥|i(t) are ex-
is 15-16 V, certainly not negligible. The dc volta¥g,s acts  plained by the nonlinear current-voltage relations of the
to repel plasma electrons from the wire probe, thus maintainsheath adjacent to grounded cell surfaces. The rf current
ing a balance between the flow of electrons and ions from thqowing from the electroddor from the inductive sourge
plasma to the wire. These currents must balance; because tﬂﬁough the p|asma to grounded cell surfaces produces rf and
wire probe has a high dc impedance to grouadM()) it  dc voltages across this sheath, which contribute to the
draws negligible dc current from the plasma. To repelplasma potentiaV/,(t). Indeed,Vy,(t) is nearly equal to the

enough electrons to satisfy the zero net current conditionground sheath voltage, as described in the next section.
Vpxi Must be several times the mean kinetic energy of elec-

trons in the vicinity of the wire.

When rf bias is applied, the dc plasma potential and the dc
voltage on the wire probe may change, but the difference The measurements described in the previous sections pro-
between them will not chandenless the rf bias perturbs the vide sufficient information to characterize two different re-
local electron energies in the vicinity of the wire probe gions of the discharge. As shown in Fig. 4, one region ex-
Thus, the plasma potentisl,(t) can be determined from tends from the powered electrode to the wire prghet

C. Sheath voltages
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T T T T ' ground electrode
40t (C) 8.0W i (metal flange surrounding
| the inductive source)
1 ground
351 ] sheath L;
1 region
s llge
£30¢ 1 bulk IgeT X,
plasma T O wall
I
25 ] i 4ipe
powered
sheath Zgl Vps L,
region
20+ 7 +
R : H O+ Vpe -
o5} e powered powered electrode
< (b) 05W 1 electrode ground shield
= ]
> ool 1 FIG. 4. Electrical representation of the discharge. The discharge
L . . . n is divided into two regions: the region below the wire probe, called
o5 T ] the powered sheath region, with voltage didp, and impedance
S (@ 0.0W Z,s, and the region above the wire probe, called the ground sheath
;.f i /\/\/\/\/\/\AN\N\/\/\N\/\N\N\MM/\N\I region, with voltage drop/qs and impedancé&y. The portion of
ool ] the chamber above the wire probe has a self-inductapc@nd the
[ L L ) ) portion of the chamber below the wire probe has a self-inductance
0.0 0.5 1.0 1.5 2.0 L,. The valuet ;=12 nH andL,=20 nH were obtained from geo-
time (us) metrical estimates in which the chamber and ground shields were

approximated as a set of coaxial cylinders and chamber flanges
FIG. 3. Wave forms of the plasma potential at the center of tth%F;e neglected y g

discharge V,(t), at an inductive source power of 120 W, rf-bias
frequency 1 MHz, and ri-bias powerB ) of (a) 0.0 W, (b) 0.5 W,
and(c) 8.0 W. harmonics cannot be calculated. Consequently, components
at those frequencies are not included in the calculation of
including the wire sheajhthe other extends from the wire V,{t) andVg(t) wave forms.
(not including the wire sheathto the grounded flange that For simplicity, V,(t) is called the powered electrode
surrounds the inductive source. Because the plasma densigheath voltage an®/(t) the ground sheath voltage, al-
falls off rapidly in the radial directiofi49,50, it is assumed though, strictly speaking, they contain contributions from the
in Fig. 4 that the rf current injected at the powered electrodeplasma as well as the sheaths. The rf voltage drop across the
flows out of the plasma at the upper flange, returning alonglasma, measured by mounting the wire probe on a manipu-
the surface of the chamber wall, rather than flowing out oflator and moving it through the plasma in the axial direction,
the plasma at the chamber wall or the lower electrode groundias typically only 0.1 V, and at most 2 V, even at hundreds
shield. Computer simulation&4] support this assumption. of volts of rf bias. Langmuir probes measure a dc voltage
The current through the top region is thereforg(t) drop of ~5 V, in the axial direction, from the center of the
=1pdt) —I4(t), wherel,(t) is the small(~1 mA) current plasma to the powered electrode or to the quartz window
drawn by the wire probe. The voltage across the two regiong49,50. This drop is included in both/(t) and Vy{t).

Vp(t) andV(t), are given by Langmuir probes also measure a radial dc voltage dfop
~6 V across the plasn49,50, which is included iV y(t),
Vgdt) =Vp(t) —Lidlgt)/dt, () since the grounded flange of the inductive source that acts as
the ground electrode extends only to the outer edge of the
Vpd1) =Vpdt) = V(1) — Lodl o t)/dt. (6) quartz window, not to the radial center of the discharge.

Plots of V(t) andV(t) are shown in Fig. 5. At low rf

Values ofL; andL,, the self-inductances of the upper and bias, in Fig. %a), V{(t) andVy{(t) are roughly sinusoidal.
lower sections of the chamber, are given in Fig. 4. The in-At higher rf-bias amplitude, components at harmonics of the
ductance terms account for the electromotive fotemf)  rf-bias frequency become more significant, avig(t) and
generated by the rf current. The emfs are negligible at 0.1-Yy(t) take the shape of clipped sinusoids: they are roughly
MHz, but they are significant at 10 MHz. The emfs dependsinusoidal for part of the rf cycle and clipped at a roughly
on the path taken by the current. If the current takes a pathonstant baseline for the remainder of the cycle. The baseline
other than that shown in Fig. 4, Eq®) and (6) will be in  voltages do not vary much as the rf-bias power is increased;
error. The largest errors arise if all df(t) flows to the rather, they remain within a few volts ¥, andV g, the dc
ground shield of the powered electrode. In tlfanlikely) amplitudes ofV,(t) and Vy{t) measured at zero rf bias,
case, no emf terms should be included in E&$.and (6). given in Table I.

The current injected into the plasma by the coil may also The sheath voltage wave forms are not symmetric. The
produce emf’s, but the magnitude of this current is unknownrelative amplitudes of/,(t) and Vy(t) vary with condi-
Therefore, emf's at the inductive source frequency and itdions, as illustrated by Fig. 5 and by Fig. 6, which pldtg;
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' T ' potential[49,50 discussed above. Consequently, the dc volt-

20t Vos(t) Vst _ age on the powered electrodé,, is positive at low or zero
2 rf bias, as seen in Figs.(l® and §a). For Vs or Vg
g of >3V in Fig. 7, rectification is observed:—V s and Ve
increase as one increasés; andVys,. Eventually, at high
201 voltages, —V s5~Vps1 and Vggg=Vge1.  Although both
a0F sheaths provide rectification, the larger rf drop across the
powered sheattevident in Fig. 6 generates a larger dc volt-
20f age than the ground sheath, so tMgf, is driven negative as
the rf-bias voltageV ., is increased, as seen in FiggbR
ot and 5.
2
Qo
=201 D. Sheath impedance
40t From the complex Fourier coefficients of the wave forms
V1), Vgdt), 1pdt), andlg(t), at the rf-bias frequency—
60} denotedV s, Vg1, Ipe1, andlger—one obtains the imped-
L (b) NV M , ances
0.0 0.5 1.0 1.5 2.0
time (us) Zps=Vpsillpe1, and (7)
FIG. 5. Wave forms of the voltage across the ground sheath Zg4s=Vgsi/l gei- (8

region, Vg(t), the voltage across the powered sheath region,
V,{1), and, for comparison, the voltage on the rf-powered elecLike Vp{t) andV(t), Z,sandZy contain small contribu-
trode, V(t), at an inductive source power of 120 W, rf-bias fre- tions from the plasma. Nevertheless, the dominant contribu-
quency 1 MHz, and rf-bias power®(g) of (a) 0.5 W, and(b) 8.0  tions toZ,sandZ,s are made by the sheaths, so they will be
W. Also plotted areV g and Vs, values of the dc components of referred to as sheath impedances.
Vedt) and V, {t) measured with no applied rf-bias poweP The magnitude|Z,{ and phase¢,s of Z,s are plotted
=0.0W). against the powered sheath voltaiyg,;, in Figs. §a) and
9(a). Two regimes are observed. In the first regime, at low
and Vg, the amplitude of their components at the rf-biassheath voltaggZ,{ and¢,sare independent of voltage. This
frequency. At an rf-bias frequency of 10 MHz, shown in Fig. regime corresponds to the range of rf-bias voltages where
6(a), the sheath voltages are very asymmetric, With; | ,(t) andV,{t) are approximately sinusoidal, as in Fig. 2
>Vgs1 and Vps1~Vye1, WhereV,, is the amplitude, at the (0.5 W) and Fig. %a). An impedance that is independent of
rf-bias frequency, of the voltage on the powered electrodevoltage and a sinusoidal response to a sinusoidal excitation
As rf frequency, voltage, or source power are reduced, howare indications of linear behavior. Therefore the low-voltage
ever, the division of voltage becomes more symmetric, agegime could be called the linear regime. Although the
Vps1 and Vgg; approach each other and each approachesheath is in general nonlinear, any nonlinear device will ap-
Vpet/2. pear to act linearly if the excitation is sufficiently small. In
Rectifying properties of the sheaths, evident in Fig. 5, arehe second regime, at higher rf-bias voltages, the nonlinearity
better illustrated by Fig. 7, wheié,so andV e, the dc am-  of the sheath is evidenced by change$Zp and ¢ps with
plitudes of the sheath voltages, are plotted agaifist and  voltage, and by the nonsinusoidal wave forms and rectifica-
Vgs1- At low sheath voltages, little or no rectification is ob- tion observed in Fig. 28.0 W) and Fig. 8b). In the high-
served:V s andVyeo remain nearly equal to the values mea- voltage, nonlinear regim¢Zp5| increases with voltage, and it
sured at zero rf bias/pg;andVge. The magnitude o¥/ 4 is  decreases as the rf-bias frequency increases. In both regimes,
larger tharV s, probably due to the radial drop in dc plasma |Z{ falls with increasing inductive source power. The phase

T L T T T T M T T T T
(a) 10 MHz Vpsm1< © {b} 1.0 MHz Vpst Dﬂé( I (€) 0.1 MHz Vpst o
o 350 W ] D 350 W E:;x D 350 W o
S 100 | o 120W * T+ lo 120w oy T |o 120w o o3
- X B60W o X 60W o= X BOW °
& ® ® ok
z I3 T n'?épd o oo?< ]
7 5| of 1 A T 58 e
> v, Fox  x X0 ©
gs1 %x%é 00
[ X
Vgs1 XX X 0<m;>< o oo o O o
ol 3R o 0k 0% 0 ] goom 0 0O O ] ooy O ]
1 1 1 1 1 1 1 | 1 1
0 50 100 0 50 100 0 50 100 150
Vpe1 ™ Vpe1 V) Vpe1 V)

FIG. 6. Amplitudes of sheath voltages for rf-bias frequencie@p10 MHz, (b) 1.0 MHz, and(c) 0.1 MHz, for inductive source powers
of 60, 120, and 350 W, and varying rf-bias amplitudes, indicated o tisds byV,;, the amplitude of the fundamental componérs.,
the component at the rf-bias frequehoy the voltage on the powered electrodig (t). On they axis, Vps; and Vg, are the amplitudes of
the fundamental components Wf,(t), the voltage across the powered sheath region,\4jt), the voltage across the ground sheath
region. Vo andVge do not necessarily add 4., because of phase differences and because of the emf terms i(GEgad (6).
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ol ¢ ]
10 + Vgso VS Vst oﬁj
o -Vpso VS Vpst F
S °§ @ o0t B 9 i
E 7 3 Faa v, %, i20W]
5 z}éf = Yoo+ 60 W
= E o + g ]
% ,ﬁ*f 2 +4 + *# ]
2 5 < a0l s ¥ Tee e 3so W
= w*"/f O Taoammz] ™% ™
— g o 1.0 MHz v T 1
+ 10 MHz + 120 W
PR 5 I s 4
’Q,a:%o% ° 60} (a) i+_'_I"‘+ 60 W
ol [T WET | " Lraaanl Lol
10Tk, | RN T 100 101 102
100 101 102 Vpst (V)
Vps1 of Vgs1 (V)
0 C T T T ]

FIG. 7. The dc amplituded/,spandV e, of the powered sheath
voltage and the ground sheath voltage plotted agaipstandV;,
the amplitude of their components at the rf-bias frequency. Data

o
(=]
—

from all rf-bias frequencies and all inductive source powers are =
plotted. 8

5]

B-40[ 1
¢ps is resistive(near 0y at low voltages, low frequencies, 5

and high inductive source powers, but it starts to approach

capacitive phases-90°) as the rf-bias frequency or voltage -60 f ++ 5. 350 W 1
is increased, or as the source power is decreased. N Y0 w o ?:(1) mg; ]
Similar behavior is observed in Figs(t and 9b), which i M‘w‘fsow + 10 MHz| |
plot the magnitud¢Z,{ and phasepg of the ground sheath B0k ® L
impedance, as a function of ground sheath voltslgg. A 100 101 102
linear regime at low sheath voltage and a nonlinear regime at Vgs1 (V)
high sheath voltage are both observed, with one exception: at _ )
10 MHz, when the discharge is quite asymmefsee Fig. FIG. 9. Phase of the impedanta the rf-bias frequengyof (a)

6(3)], Vg, remains so small that only the linear regime is i€ Powered electrode sheafs and(b) the ground sheatlbgs as a
observed. Compared T¢ps ¢gs is in general more capaci- function of V5 and Vg, the amplitudegat the rf-bias frequengy

tive (closer to—90°) and the transition Off’gs to capacitive of the respective sheath voltages, for rf-bias frequencies of 0.1, 1.0,

B . . A and 10 MHz, and inductive source powers of 60, 120, and 350 W.
phases starts at lower frequencies, higher inductive source

powers, and lower voltages. At 10 MHa is capacitive  even in the linear, low-voltage regime, whik,s is largely
resistive. It will be shown in Sec. V that the trend to capaci-

' ' ' ' ; ' tive impedances at the ground sheath is the cause of the

asymmetry of the discharge at high frequencies evident in

Fig. 6.

1102 E. Power

The total power flowing at the powered electrody,
was obtained from the Fourier componentsIgf(t) and
V1), the current and voltage at the powered electrode. The
power associated with each Fourier frequency was calculated
separately, and then the contributions from all frequencies
were summed,

Zps (Q)
®) 5z

® {100 Ppez%z |Vpalll ol COS e » 9

100 101 102 100 101 102

Vour (V) Voot ) whereV 4 andl 4 are the components &f,(t) andl(t)

at theith frequency, andp,4 is the phase o¥/,4 relative to
FIG. 8. Magnitude of the impedancat the rf-bias frequengyf  Ipa - Up to eight harmonics of the rf-bias frequency were
(a) the powered electrode sheatf and(b) the ground sheatl included in the sums. Up to three harmonics of the |nduct|ve_
as a function olV,s; and Vg, the amplitudegat the rf-bias fre- ~ source frequency were also included, but they made negli-
quency of the respective sheath voltages, for rf-bias frequencies ofjible contributiong<<10 mW). Many terms in the sum were
0.1, 1.0, and 10 MHz, and inductive source powerstop to bot-  negative, which indicates that signals generated by the
tom) 60, 120, and 350 W. sheathgor the inductive sourgewvere propagating out of the
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plasma, past the electrode, to be dissipated in the rf amplifier @
or in parasitic resistances. The contributionuatthe rf-bias 120_— +
frequency, was always positive, with a magnitude 1.00 to 1001
1.14 timeslarger than the total power. The contribution at I
2w had a magnitude of 0—13 % of the total power, and was 80+
always negative or zero. Harmonics at frequencies higher .
than 2v each contributed less than 3% of the total power.
These results differ from previous work with lower-density
plasmas, in which no significant power was dissipated at 40
harmonic frequenciel2,53).

Similarly, Pps, the power dissipated in the powered elec- |
trode sheath, an®ys, the power dissipated in the ground 0
electrode sheath, were obtained from N S Y R

Pps (W)
D
o
T

Pps:%Ei: |Vps'|||pej|cos ¢ps’ ) (10

and

Pgs=3 2 |Vgsl|l gal coS s (1

where V4, Vg4, andlyg are the components of p(t),
V1), andly(t) at theith frequency,¢,g is the phase of
Vs relative tol g, and ¢yq is the phase oV relative to
l4¢ - Values forP ranged from 51% to 98% of the total
power, P,.. Thus, the division of power between the two
sheaths ranged from nearly symmetrie (~P,) to ex-
tremely asymmetricR,Pgy). Greater symmetry was ob-
tained at lower rf-bias frequency and lower inductive source

power.
In Fig. 10, P.. andP. are plotted agains¥..., and V., powered electrode sheafy,s and (b) the ground sheatPy as a
g ps g b g pso gso nction of Vg and Ve, the dc amplitudes of the respective

the d voltage draps across the respective sheaths. The furfs%eath voltages, for rf-bias frequencies of 0.1, 1.0, and 10 MHz, and

}l\(/)réalbdlepe)nde(;\ge d?p\s/on Viso (1O bte d.ISC.:JSS(Ia’\Id n tShec. inductive source powers of 60, 120, and 350 W. The solid lines in
elow) andFgs 0N Vgso, Were quite similar. Neverthe- (a) are model predictions obtained from E§3).

less, for most conditionsygs;<Vyso and thusPpe<P.
Thus the asymmetric division of voltage observed in Fig. 6 iSpjectrons, which are counted as ions. The resulting system-

FIG. 10. Total powefsummed over all frequenciesf (a) the

the cause of the asymmetric division of power. atic error inl, is estimated to be<9%, based on measure-
ments of the secondary electron yields of Aons at alumi-
F. lon current num surface$55,56|.

To measure the total current of positive ions at the pow- Values ofl, are reported in Table I. They are mean val-
ered electrode, the rf amplifier was replaced by a dc powel€S: averages of measurements repeated periodically during
supply and a dc ammeter, as shown in Fig. 1. If a negative gthe experiments. No system.atllc variations | gfwith t|me' '
voltage is applied to the electrode, electrons from the plasm¥€'e observed. Random variations had a standard deviation
that would have reached the electrode begin to be repelleéP.f 1%.
At sufficiently negative dc voltages, no plasma electrons are

collected by the electrode, so the dc current measured by the r
in Ei i 1.0F .

ammeter saturates, as shown in Fig. 11. The saturation cur- !
rent is taken to be the total ion current at the electrdge, < 08f q
Data in Fig. 11 show thalt, is roughly proportional to the 8 o6l &\\ ’ gggw ]
inductive source power. 3t H%S\( —a—250 W| |
In previous measurements performed at electrodes that go4r T +$ggw 1
were simultaneously powered by rf and dc power supplies, in 0.2 °eoe TSy, |—o—100W|
low-density, parallel-plate cells, the flat ion saturation cur- F e _ [ 60W] .
rent region shown by Fig. 11 was not obser{88,46,47. 00
. -20 -10 0 10 20

Instead, the dc current-voltage curve had a nonzero slope in de voltage (V)

the ion saturation region, and an extrapolation of the curve
was required. Here, no extrapolation is required, and errors FIG. 11. The dc current at the lower electrode as a function of
inherent in the extrapolation are avoided. The accuracy ofhe dc voltage imposed on the lower electrode for inductive source
the ion current measurement is limited instead by secondanyowers of 60-350 W, with no rf-bias applied.
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In the remainder of this paper, the measurements of |(t)=—1,+1., exd —Vs(t)/Te]+[keoA/W(t)]dV,/dt,

sheath electrical properties described above are compared to (14
models. The powered electrode sheath is treated first. Then,
in Sec. V, the ground sheath is discussed. wherek is a constantyV/(t) is the sheath width obtained from
the Child-Langmuir lawf57],
IV. ANALYSIS OF THE POWERED ELECTRODE
SHEATH W(t)= %(Ze/mi)lm(SOA/I 0)1/2[\/5(':)]3/4, (15
A. Current wave forms ande/m,; is the charge to mass ratio of the positive ions. The

Predictions for current and voltage wave forms are pro-value ofk varies from model to model. In the im(t)

; " .>T,, the current-voltage relations of Refl2, 43 are
vided by several sheath models. Low-frequency, “quasi-_ ¢ . ~
static” sheath model$7,8,29,3Q predict that the current equivalent to Eqs(14) and (15 with k=1/3. In Ref.[12],

. - : _ the value ofk is not completely specified. If the Debye
I:g\r/]vmg through a sheatti(t), is given by the diode equa length used in that paper is taken to be the Debye length at

the boundary between the plasma and the sheath, and if the
()= 1o+ 1o exd — Ve(t)/Te]. (12)  ion velocity at that boundary is equal to the Bohm velocity,
then a value ok=2*is obtained.

The first term,— I, is the ion current. It is negative, corre- 10 compare model predictions with experiment, model

sponding to a flow of positive ions from the plasma to thecurrent wave fprmsl (t) were calculated by substituting
electrode. Negative ions in the plasma are not collected at thés(t) = — V1) into Egs.(14) and(15). The parameterk,
electrode: they are reflected back into the plasma by the eleteos Te, @and k were adjusted to fit the measured current
tric field in the sheath. Most of the plasma electrons are als¥/@veform I (t). Figure 12 shows a comparison between
reflected. To be transmitted across the sheath, plasma eld®odel and measured current wave forms. Also plotted are
trons must have sufficient kinetic energy to surmount thghe experimentaV (t) wave form used in the calculation
potential barrier presented hi(t), the time-varying sheath and separate calculated wave forms for the conduction cur-
voltage(defined here as the voltage in the plasma relative tg€nt terms,
the voltage on the electrogd-or a Maxwell-Boltzmann dis-
tribution of plasma electrons at temperatiige(in volts), the
current carried by transmitted electrons is given by the se
ond term in Eq(12). The prefactot . depends on the elec-
tron temperature and density. Usually, and T, are as- | 4() =[ ke AIW(t)]d Vs /dt. (17)
sumed to be time independent, ad js
At the point where electrons are reflected, there is a steep the figure, the conduction currehi(t) consists of a con-
drop in the electron density. In the sheath, that is, in thestant baselinéwhich is the ion current-1,) and a pulse of
region between this steep drop and the electrode, the electreflectron current. When the magnitude of sheath voltage is
density is much lower than the positive ion density. Consetarge, the electron current is negligible, thugt)=—1,.
quently, the sheath contains a net positive cha@e),  When the magnitude of the sheath voltage is small, the elec-
which is compensated by a negative charg®(t) on the  tron current is large and very sensitive to the sheath voltage.
electrode surface. As the sheath voltagét) varies over an  This sensitivity arises from the exponential dependence in
rf cycle, the sheath charge and surface charge both vary, $8q. (16). The exponential dependence produces the “clip-
that a charging currerdQ/dt flows in the electrode’s elec- ping” of the sheath voltage wave form, as in a diode.
trical connections and through the plasma, and a displace- In contrast, over the portion of the cycle where the sheath
ment current flows across the sheath. At low frequencies, thgoltage is clipped, the displacement currépgt) is small,
displacement current can be neglected, and(E2).is valid.  becauselV,¢/dt is small. Over the remainder of the cycle,
At high frequencies, when ions cannot respond to the rf\/ps(t) is roughly parabolic, s@V,s/dt and I 4(t) are both
fields, the total current, including the displacement current, isoughly linear. The resulting shape of the displacement cur-
(2] rent wave form is similar to previous calculatiof®2,43.
When the rf-bias frequency is lowered from 1.0 Mtiz Fig.
[(t)=—lg+ g eXHd — Vs(t)/ Tl +[ecA/W(L)]d Vs /dt, 12) to 100 kHz, shown in Fig. 13, the shape of the displace-
(13)  ment current 4(t) does not change, but it becomes a much
smaller fraction of the total current. Therefore, the conduc-
where g, is the permittivity of vacuumA is the electrode tion currentl ((t) is nearly equal to the total currehft). At
area, andV(t) is the time-varying width of the sheath, which 10 MHz, as shown in Fig. 14l4(t) is much larger. The
can be obtained from numeridd5,39, or analytica[31,32  shape of 4(t) in Fig. 14 is similar to Fig. 12, except that the
solutions. fraction of the rf cycle over whichy(t)~0 [and over which
Models have also been proposed for the intermediate fre¥p(t) is clipped is shorter.
qguency regime, in which the displacement current cannot be The fitting procedure was performed on wave forms dis-
neglected, but the ions are still wholly or partly able to fol- tributed throughout the experimental space. Excellent fits
low the rf fields[12,42,43. Under certain conditions, dis- were obtained for most conditions, although at 10 MHz, fits
cussed below, the total current predicted by these models caybtained at high sheath voltagésg., Fig. 14 were not as
be expressed as good. Values of ; obtained from the fits agreed with the dc

lo(t)=—1lo+leo €XH —V(1)/Tel, (16)

Cand the displacement current term,
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0.0 0.5 1.0 1.5 2.0 FIG. 13. Comparison of experimental and model wave forms at
time (us) the powered electrode sheath, measured at 100 kHz rf-bias fre-

guency and an inductive source power of 120 W. The wave forms
FIG. 12. Analysis of wave forms at the powered electrodeare defined in Fig. 12. Model wave forms were obtained from Egs.
sheath, measured at 1.0 MHz rf-bias frequency and an inductivél4)—(17) with Vy(t)=—Vp{t), 15=0.31 A, lo/1;=114,k=1.3,
source power of 120 Wa) Experimental wave form for the sheath andT.,=3.2 V.
voltage, V(t). (b) Experimental current wave forrhp{(t) com-
pared to model wave formigt), 1¢(t), andlq(t), wherel(t) isthe  condition that the model current, averaged over one rf cycle,
total current,|(t) is the conduction current, ang(t) is the dis- 5 zero.
placement _current. Model wave forms were obtained from Eds. v/gjues ofk obtained from the fitting procedure varied
(14—(17) with Vy(t) ==V {(t), 10=0.34 A, leg/10=148,k=1.0,  gystematically with rf-bias frequency, ranging from 1.0 to
andTe=3.1V. 1.3 at 100 kHz, 0.9 to 1.2 at 1 MHz, and 0.5 to 1.0 at 10
) ) MHz (excepting some wave forms at 100 kHz, where the
measurements in Table I: they differed by less than 10%jisplacement current component was so small that values of
(usually by <3%). Values ofT, ranged from 2.6 to 3.4 V could not be reliably determingdThese results are not in
(usually 2.8—3.0 V. Comparison with previously reported agreement with Refs[42,43, which predictk=1/3. The
electron temperatureggt9,50 is complicated because mea- \gjue of k=2 obtained from Ref[12], as described
sured electron energy distribution functiofSEDF's) are  gpove, is in better agreement with experimental values. The
non-Maxwellian[50]. The low-energy portion of the EEDF gisagreement with Ref§42,43 may be attributed to failures
is not relevant, because Iov_v-energy elgctrons do not contriby those models. Indeed, those models do not appear to be
ute to the electron conduction current in E¢B4) and(16);  gelf-consistent; in them, the ion continuity equation is vio-
they are instead reflected back into the plasma. Only eleqyte in the sheath. Also, the models use the Child-Langmuir
trons with energies near eV (~15 eV, see Table)lor |5y, Eq.(15), which assumes that the ions are in equilibrium
higher contribute to the electron conduction current. At thesgith the rf field. At high rf frequencies the ions will not be in
high energies, the slope of electron energy probability funcequilibrium. Finally, Refs[42,43 assume that the ion cur-

tions measured in argon at 1.0-2.6 Pa6-20 mTory  rentis constant in time, but this assumption is not valid at all
[50,58 is consistent with an electron temperature of 2.9 V.frequencieg59].

Therefore, one can conclude that, if the non-Maxwellian
EEDF is accounted for, values ®f obtained from the fitting
procedure agree with Langmuir probe measurements.
Values ofl ¢ /1o obtained from the fits ranged from 70 to ~ Because the conduction current and displacement current
190. These values differ from predicted values, because dfow in parallel through the sheath, it is helpful to represent
the non-Maxwellian EEDF. It should be noted thgj is not  the sheath impedance as a conductaBggn parallel with a
an independent parameter. Once trial valueTfoandl, are  capacitanceCy. In terms of|Z,J and ¢, the magnitude
selected by the fitting procedure, the fadtgyis fixed by the  and phase of the sheath impedance,

B. Impedance
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r R S/ S K sheath, 16,.=|Z,d/cos ¢, as a function ok, the amplitude at
/ the rf-bias frequency of the voltage across the powered electrode
sheath, for rf-bias frequencies of 0.1-10 MHz and inductive source
(b) powers @) of 60—350 W. Solid lines show the equivalent parallel
0.5 . . : L resistance B obtained from model predictions, Eq&R5)—(28).
0 50 100 150 200 The model calculations used valueslgffrom Table I.
time (us)
FIG. 14. Comparison of experimental and model wave forms at Vi=Te In(lgo/10). (23

the powered electrode sheath, measured at 10 MHz rf-bias fre-

quency and an inductive source power of 60 W. The wave formdpproximatingl (t) as a Taylor series expansion about the
are defined in Fig. 12. Model wave forms were obtained from EgsvoltageV;, and keeping only the first nonzero term:
(149-(17) with V()= —V,dt), 1p=0.105A, Ie/1o=100, Kk

=0.5, andT,=3.1V. dl, w10 (ot
|c(t)~d—v Vsle =T— Vsle . (24)
= = -1 SIve=V; €
Gps=Re(1/Z,)=|Z,d *cos ¢,s, and (18
©Cps=IM(1/Zp9) = —IZpslflsin s (19) Using Eq.(20), one obtains
If the sheath were linear, it would, when excited by a voltage 1IG=Tello. (25)

Vg€'®!, pass a conduction currehg;e'“! and a displace- . o o )
ment currentl 4,e'“! (whereVy, |, andly, are real. Its This equation is plotted in Fig. 15, using valueslgffrom
conductance, Table I, and a single value of the electron temperailye

=2.9V. As discussed above, this value is consistent with
G=1./Vq, (200  measurements of the slope of the EEDF at electron energies

=15 eV. The prediction, Eq(25), agrees with the experi-
would depend on the amplitude of the conduction curreninental data at sheath voltage® V.

lc1, but not on the displacement currelg, while its ca- Values of 16 s at higher voltages depend on the shape of
pacitance would depend dg;, but notl;: the I.(t) wave form. If 1.(t) consists of a short pulse of
electron current riding on a constant baselnag,, thenl
wC:Id]./VSl' (21)

can be shown?2] to obeyl.;~2l,. Thus, using Eq(20),

For a nonlinear device, EqR0) and(21) are not necessarily
valid [39,60, but G and wC, as well as the equivalent par-
allel resistance G and the equivalent parallel reactance
1/(wC) are still useful parameters.

In Fig. 15, experimental values of the equivalent parallel
resistance 13, are plotted and compared with model pre-
dictions. The prediction at low sheath voltages was obtained
by noting that, at low voltages,

l/G:VSl/IC].%(]'/z)VSl/IO' (26)

If 1.(t) is a half-wave rectified wave form with a baseline
equal toly, then

UG=Vg /l = (2lm)\Ne /l,. 27)

Finally, if 1.(t) is a symmetric square wave with a baseline
V(t)~=V+Vge'“t, (22)  equal tolg, then

whereV; is the voltage at which(t) in Eq. (16) is zero, 1IG=Vg !l = (4N /ly. (28
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the powered sheath, 1C,d=—|Z,d/sin ¢ys,

as a function ol ,, the amplitude at the rf-bias
frequency of the voltage across the powered elec-
trode sheath, for rf-bias frequencies @) 10
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Plots of these equations appear as parallel lines on the log- U wC)=k\p/(weA), (31)
log axes of Fig. 15. Data from 0.1 MHz agree best with Eq.

(28), since at 0.1 MH4 (t) resembles a square wayeig.  wherek; is a dimensionless constant, is the Debye length
13). At 1.0 MHz, 1 .(t) resembles a half-wave rectified wave 1

form (Fig. 12, hence Eq(27) is in best agreement with the Ap=(NgelegTe) ™%, (32)
data. At 10 MHz,| .(t) resembles a sharp pulse at high volt-
ages(Fig. 14 but a half-wave rectified wave form at inter-
mediate voltages. Thus 10-MHz data agree best with E
(26) at high voltages and Ed27) at intermediate voltages.
Deviations between the model predictions and the data al

observed because(t) deviates from the ideal wave form . .
shapes assumedg?rf I)E((26)—(28). =2.3 is obtained from the low-voltageV{;—0,V—Vs)

The equivalent parallel reactance of the powered eIec:I—imit of Egs. (29) and (30). Thus, at low sheath voltages,

; ; ; the models of Refs.[42,43 predict higher values of
trode sheath, 14CJ, obtained from Eq(19), is plotted in e
Fig. 16. Error bars show the uncertainty in @,y pro- 1/(wC)—and hence greater deviations from the data—than

o Lot - the model curves shown in Fig. 16.
duced by a+0.5° uncertainty ing,. At conditions where . . .
ps=~0 (gee Fig. 9 the uncer)t/aint;Sin 14C,J is large. At The disagreement of the models with experiment partly

these conditions, the displacement current is small comparerc?smttS froT acn a:jssum[[)jnon,lnrade ?%’ ﬂ:f n|10de|s tTat the
to the conduction current, so it is difficult to determine reactance #C) depends so ely on he displacement cur-
1/(wCyo precisely rent, as in Eq(21). For a nonlinear device, however, Eq.
Figﬂre 16 also .shows predictions from RE40]. There (21) is not necessarily valif39,60. The electron conduction
: ' '’ current given in Eq(12) may have a component that is out
he sheath llel I . . X
the sheath parallel reactance Is set equal to of phase with the voltage, so that it contributes towlZ)

rather than X&. If the ion conduction current varies with
time, it too may have components that contribute t@Qj.
Because the displacement current decreases as frequency be-
&omes lower, one might expect the conduction current to
have a larger effect on 1(C) at low frequencies, causing
the disagreement to become worse at low frequencies, as
observed. A complimentary situation has been noted in
lower-density plasmal89]. There, the displacement current,
W= 4(2e/my) Y24 130) YAV (300 which is much larger than the conduction current, has a com-
ponent that is in phase with the sheath voltage, which makes
There are some similarities in the behavior of the data anthe sheath parallel resistanceGlsmaller than one would
the model, but there are also significant differences, espepredict if one only considered the conduction current
cially at 0.1 MHz. Predictions from other models do not It should also be noted that Eq20) and(21) neglect the
agree any better with the data. For example, at high sheatdectrons reflected by the sheath. Although a static sheath
voltages, the high-frequency model of Liebermi8l] is  reflects electrons elastically, a net transfer of energy to elec-
equivalent to Eq(29) and(30), if the factor$ is replaced by  trons reflected from an rf-biased sheath may oddysi].
0.88. Changing the prefactor to 0.88 does not, however, corfFhis energy dissipation mechanism, known as stochastic
sistently improve the agreement with experiment. In the low-heating, can be represented by a resistance in series with the
voltage V5, —0) limit, V4o approaches a constant vale  sheath capacitive reactance. In low-density cells, at low ap-
given in Eq.(23), and model§42,43 predict that plied voltages, this stochastic resistance is significant,{100

andng is the electron density at the positidhetween the
lasma and the sheatht which the ion velocity equals the
ohm velocity. The value ok; depends orV;, which in

IIéJm depends on the ion mass. For argon, mo@és43

yield V;{=5.2T,, and k;=5.0. In contrast, a value Ok

U wC)=W/(wecA), (29

which is the reactance of a parallel plate capacitor of th
same area as the electrog®) and a plate separatiow,
whereW is obtained by inserting the dc sheath voltagg
into the Child-Langmuir law, i.e.,
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or more[1,2,61. In this study, however, due to the higher
plasma densities, values of the stochastic resistance obtaine
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el

using equations from Ref$1,31] are less than 1), small
enough to be neglected in all of the analyses presented
above.

C. Power % 30 - i
Referencd40] gives an expression for the powerdissi-
pated by a sheath:
P=1y(Vgo—V
o(Vso— Vi), (33 ool ]
whereVg, is the dc voltage across the sheath ahds the I (a) |

value ofV¢, when no rf bias is applieor, more precisely, L S B S B S S
when no rf current flows across the sheatl is the time- I
averaged flux of iongor electrong collected at the electrode.
The first term is the power gained by ions, which are accel- 0-5[
erated as they cross the sheath; the second is the power los
by the electrons, which are decelerated as they cross thea
sheath. If no rf bias is applied, the two terms cancel, and theg
sheath dissipates no net power. When rf bias is applied, it isél |
rectified by the sheath, producing an increasé/gnand in © O'O_
the power absorbed by the ions. Electrons, however, are only
transmitted when the sheath voltage is near its minimum
value, and this minimum remains approximately equaVto L
(see Fig. 5. Therefore the power lost by electrons should g5l ¥
remain more or less unchanged, at the vajyg . At high rf S S E PP T
bias the second term is small compared to the first, and mod- 0.0 0.5 1.0 1.5
els often neglect it. time (us)
Inserting values of, andV ¢ from Table I into Eq.(33),

2.0

dicti for th dissipation in th d el FIG. 17. Analysis of wave forms at the ground sheath, measured
predictions for the power dissipation in the powere €I€C4t the same conditions as Fig. 12) Experimental wave form for

tr_od_e sheath_ were obtained. Flgure(d)_(‘ahows that the pre- e sheqth voltageYy(t). (b) Experimental current wave form
dictions are in excellent agreement with the data at 0.1 MHnge(t) and model wave form(t), 1.(t), andl4(t) wherel (t) is the

At higher frequenciesPy, still shows a linear dependence total current,l (t) is the conduction current, arig(t) is the dis-
and anx intercept ofV ¢, but it falls above the predicted placement current. Model wave forms were obtained from Egs.
line. This deviation suggests that an additional power dissit14)—(17) with V(1) =Ved) = V,, V,=6V, 1,=0.38 A, I/l
pation mechanism is present at higher frequencies. Possible2.10x10*, k=6.2, andT,=1.5 V.

mechanisms include the stochastic heating associated with

electrons reflected by the shed®i] or the launching of a €red sheath voltagé,(t) is large, the ground sheath voltage
plasma wave. The deviation in Fig. () could also be ex- Vg{t) is small, and vice versgsee Fig. 3. To investigate
plained by the ion current varying with time over an rf cycle, current flow in the ground sheatN,g{(t) [or Vg{t)—V,,

as is predicted at high frequenciés®]. If 1, is not constant, WhereV, is the radial dc voltage drop across the plasma,
Eq. (33) is not valid. discussed in Sec. Il Pwas inserted into Eq$14) and(15),

which were then fit to théy(t) wave form. Wave forms for
the conduction current, displacement current, and total cur-
rent obtained from this fitting procedure are shown in Fig.
In this section, the current flow through the ground sheatH7. As in Fig. 12, the conduction current consists of a con-
and the ground sheath impedance are analyzed. A complet@tant baselinéwhich is now positivgand a pulse of electron
guantitative comparison with models is not possible herepurrent(now negatl_vé_ The shape of the displacement cur-
because the dc ion current through the ground sheath was nf@nt wave form is similar to that of Fig. 12, except for a time
measured. Nevertheless, the electrical properties of thenift and a change in polarity. As in Fig. 12, the electron

ground sheath are important. They must be understood if on rrtlent only IIOWS W?enlthﬁ sheat;\ VO:LageHS st?all,ltand the
is to explain observed variations in the asymmetry of the” >P:ac€ment current only fiows when the sheath vollage
discharge. more precisely, its time derivatiyés large.

The values of ; andk obtained from the fit shown in Fig.
17 are larger than the values from Fig. 12, indicating that the
effective area of the ground sheath is larger than the area of

The current flowing through the ground shedt})(t), is  the powered electrode. In contrast, the valu& ois smaller.
nearly equal to the current flowing through the powered elecPresumably, electron currents collected at relatively remote
trode sheath],(t). At any particular time, however, the grounded surfaces account for the lower valud of Lang-
mechanism of current flow in the sheaths is not the samenuir probe measurements indicate that the electron tempera-
because the sheath voltages differ in phase. When the powure falls off rapidly in the radial directiop49,50. There are

V. ANALYSIS OF THE GROUND SHEATH

A. Ground sheath current wave forms
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no grounded surfaces near the radial center of the dischargeapacitive, with the impedance given in Eg29) and (30),

only the quartz window. its impedance will approach zero as its radius goes to infin-
ity, making the discharge more and more asymmetric. In
B. Ground sheath impedance contrast, the impedance of a resistive sheath, given by Eq.

(25), will remain constant as its radius goes to infinity, so the
discharge remains symmetric.

Changes in the symmetry of the discharge have important
‘effects on the kinetic energies of ions bombarding the
grounded surfaces. These ions are accelerated by the ground
: - : sheath voltage. Recent measurem¢68 of ion energies at
d’PS.' Even at very low vo!tage¢§g§|s capacitive, “’?"kef’ps' grounded surfaces confirm these predictions, and show that
Wh'Ch hz_;\s a phase that is resstﬁm_ear .07' This _d!ff_erence the change in the symmetry of the discharge with frequency
is explained by the p_Iasma density in the vicinity of theis a dominant factor in controlling ion energies.
grounded surfaces being, on average, lower than the plasma
density adjacent to the powered electrode. According to Egs.

(18), (19), (25), and (31), a small area element of a sheath VI. CONCLUSIONS

will have an impedance phasgggiven by Measurements of the rf current and voltage applied to the
_ . substrate electrode of a high-density plasma reactor, com-
tan ¢=(Lkp)(w/w), (34) bined with dc measurements of the ion current at the elec-

At 100 kHz and 1 MHz the behavior of the ground sheath
impedance in Figs.(®) and 9b) is quite similar to the be-
havior of the powered sheath impedance. At 10 MHz, how
ever,Zy is, at any given sheath voltage, smaller thgg.
Also, the phasepys is more capacitivécloser to—90°) than

wherew; is the ion plasma frequency, trode and wire probe measurements of the plasma potential,
enabled a rigorous, quantitative test of models of the electri-
w;=(eng/miey)Y?, (35)  cal properties of the sheath adjacent to the electrode. An

_ o _ _ equation describing the current-voltage relations of the
andn, is the positive ion density at the sheath edge, i.e., asheath was presented. The equation includes a conduction
the point between the plasma and the sheath where the ifiyrrent component given by the diode equation, as well as a
velocity is equal to the Bohm velocitye(T,/m;) " displacement current component, the magnitude of which is

Becauseg,s~0° at low voltages in Fig. @), the ion  not correctly predicted by existing models. The equivalent
plasma frequency at the edge of the powered electrodgarallel conductance of the sheath agrees with simple ap-
sheathwps, must obeyw,>w/k¢, even at 10 MHz. In con-  proximate forms, but the equivalent parallel capacitance of
trast, the behavior o in Fig. Ab) suggests thabys, the  the sheath does not agree with any existing models. At low
ion plasma frequency at the edge of the ground sheath, obeysbias frequency(100 kH2 the power dissipated in the
wgs<w/K¢ at 10 MHz. As the rf frequency approachegs  sheath is in agreement with simple expressions for the power
from below, the impedance of the ground sheath decreaseghsorbed by ions crossing the sheath, but this agreement was
rapidly, relative to the powered sheath impedance. Conserot obtained at higher frequencies.
quently, a greater fraction of the fundamental rf-bias voltage, The sheath at grounded surfaces was also studied in de-
Vpe1, Will be dropped across the powered sheath, resulting ifail. The current-voltage relation and the impedance of the
an increasing asymmetry My, andV; as the frequency is  ground sheath generally behaved in a manner similar to the
increased. The asymmetry Is further increased by the nonlirsheath at the rf-biased electrode. An exception occurs at the
earity of the powered sheath impedance. As the voltage dropighest rf-bias frequency, 10 MHz. There, because of the
across the powered sheath increases, the sheath impeda@gering plasma densities in the vicinity of the two sheaths,
Z,s increases, causing the powered sheath to draw an evehe ground sheath has a predominantly capacitive impedance
larger fraction ofV ;. This feedback mechanism drives the while the powered electrode sheath has a predominantly re-
discharge to a very asymmetric state. Thus at 10 Mz  sistive impedance. This results in a very asymmetric sharing
remains small, never leaving the low-voltage, linear region.of voltage by the two sheaths, as predicted by spherical shell

At 0.1-1 MHz,w<wgs, so the ground sheath is resistive models of the discharge.
rather than capacitive at low sheath voltages. The observa-

f[ion that the resistive ground sheath al!ows greater. symmetry ACKNOWLEDGMENTS
in Vps1 and Vg, can be explained using a spherical shell
model(similar to those used by Lieberm§®i) in which ions | would like to thank Eric Benck and Axel Schwabedissen

and electrons diffuse freely in three dimensions, without losfor their work assembling and maintaining the high-density
ing energy, between a powered inner sphere and a groundegglasma cell, and Christian Kendrick for valuable comments
concentric outer sphere. If the sheath at the outer sphere @ the manuscript.
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