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Experimental test of models of high-plasma-density, radio-frequency sheaths

Mark A. Sobolewski
National Institute of Standards and Technology, Gaithersburg, Maryland 20899-8362

~Received 22 July 1998!

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 at 1.33 Pa~10 mTorr!, ion
current densities of 1.3–13 mA/cm2, rf-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.@S1063-651X~99!03501-1#

PACS number~s!: 52.40.Hf, 52.70.Gw, 52.70.Ds
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I. INTRODUCTION

In capacitively coupled, low-density plasma reacto
electrical discharges are generated by passing ra
frequency~rf! current between two electrodes. The rf curre
flows through the space-charge sheath adjacent to each
trode, resulting in a radio-frequency modulation in the she
voltage and sheath width. Such rf modulated sheaths h
important, nonlinear electrical properties that are not co
pletely understood. Usually, rf sheaths make dominant c
tributions to the electrical properties of the discharge a
they play an important role in the mechanisms by which
rf power is absorbed@1–3#. Models of the impedance of r
sheaths can be used to predict ion bombardment ene
@4–10#. Models of the nonlinear electrical properties of
sheaths predict how the plasma is affected by the circu
that surrounds it@11,12#. Sheath models can also be used
interpret electrical measurements, allowing these meas
ments to monitor changes in ion energies@13,14#, ion current
@15–17#, or plasma density@18#.

In high-density plasma reactors, plasmas are generate
inductive sources@19#, electron cyclotron resonance sourc
@20#, helical resonators@21#, or helicon sources@22#, but the
substrate electrode is also usually powered by a sepa
capacitively coupled ‘‘rf-bias’’ power supply, to control th
kinetic energy of ions bombarding the substrate. The in
action of the rf-bias power with the plasma depends stron
on sheath properties. Models of the electrical properties
the sheaths in high-density plasmas are needed to pr
sheath voltages, ion energies and etch rates@23–26#, and to
develop new types of electrical sensors for monitoring hi
density plasmas@27,28#.

Many models of the electrical properties of rf plasm
sheaths have been proposed, covering a variety of diffe
regimes of frequency and pressure. First, at frequenciev
!v i , wherev i is the ion plasma frequency, there is a low
frequency regime where ions are in equilibrium with the
field and only conduction current need be considered—
displacement current is negligible@7,8,29,30#. Second, there
is a high-frequency regime,v@v i , where ions only follow
the time-averaged field, and the displacement current do
PRE 591063-651X/99/59~1!/1059~14!/$15.00
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nates the conduction current@29,31–39#. Finally, there is an
intermediate region, where ions are wholly or partly able
follow the rf fields, and the conduction current and the d
placement current are comparable@12,40–44#. Some models
cover the low-pressure regime, in which collisions of ions
the sheath can be neglected@7,8,12,31,33,34,40,42–44#;
other models, designed for higher pressures, include ion
lisions @29,30,32,33,35–39,41#. Low-density plasma reactor
are often operated in the high-frequency, high-pressure
gime. High-density plasma reactors are typically opera
with higher v i , thinner sheaths, and lower pressures,
high-density sheaths are believed to fall instead in the lo
pressure regime and the low- or intermediate-frequency
gime.

Despite this abundance of modeling work, experimen
tests of sheath models are only rarely reported. Many exp
mental studies of the current-voltage characteristics of rf d
charges have been performed, but these studies usuall
not provide enough information to rigorously test the mo
els. Usually, only a single voltage is measured, the volta
on the powered electrode, which is the sum of the volta
drops across two opposing sheaths. To test sheath mo
however, the individual sheath voltages need to be de
mined. This can be accomplished if one also measures th
voltage on a wire probe inserted into the plasma@2,45#. Mea-
surements of the total ion current at a powered electrode@46#
provide additional information. In a previous study in a low
density reactor, wire probe and ion current measureme
combined with measurements of the rf current and voltag
the powered electrode, enabled a rigorous test of rf she
models@39,47#. In this paper, the same methods are appl
to test models under very different conditions in a hig
density reactor. The measurements provide a comp
quantitative test for the sheath at the rf-biased electro
They also provide a detailed analysis of the opposing she
at grounded surfaces. The two sheaths behave rather
metrically at low rf-bias frequencies, but less symmetrica
at higher frequencies. The asymmetry at high frequenc
which strongly affects the kinetic energy of ions bombardi
reactor surfaces, is explained by sheath models.
1059 ©1999 The American Physical Society
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II. EXPERIMENT

Experiments were performed in a Gaseous Electron
Conference~GEC! reference cell@48# ~Fig. 1!, in which the
standard upper electrode was replaced by an inductive, h
density plasma source. The source@49# consisted of a five-
turn, planar coil, grounded at one end and powered at
other end at 13.56 MHz. An electrostatic shield@50# was
placed below the coil, insulated from it by a quartz dis
Another quartz disk beneath the shield was sealed to
vacuum chamber. Gas~argon at 5 sccm! flowed into the cell
through a 2.75 inch side port. The gas outlet was a 6 inch
port on which a turbo pump was mounted. Pressure in
cell was controlled at 1.33 Pa~10 mTorr! by varying the
rotation speed of the turbo.

The standard, lower electrode assembly consisted o
10.2-cm-diam aluminum electrode and a stainless s
ground shield, separated by an alumina insulator. In prev
studies@49,50#, a steel plate of diameter 16.5 cm was plac
on the lower electrode to increase its effective area. The s
plate, however, may introduce edge effects and back-
effects that would make the electrical analysis of the el
trode and its sheath more complicated. Therefore, in
study the steel plate was removed.

The lower electrode was powered at variable frequen
~100 kHz, 1.00 MHz, and 10.17 MHz! using a signal gen-
erator and a power amplifier~Amplifier Research 150A100!
@51#. Capacitors inside the amplifier acted as blocking
pacitors, allowing a dc self-bias voltage to be generated
the lower electrode. No external blocking capacitors w
used. Also, no matching network was used, because sati
tory power delivery was obtained without one. Power w
applied to the electrode for only a few seconds for ea
experimental condition, to minimize sputtering of aluminu
from the electrode surface.

A Pearson model 2877 current probe@51# and a LeCroy
model PP002 voltage probe@51# were mounted on the lea

FIG. 1. Diagram of the discharge cell showing the polarity
the currentI m(t) and voltageVm(t) measured on the rf-bias feed t
the lower electrode, the currentI pe(t) and the voltageVpe(t) at the
electrode, and the voltageVx(t) measured on a wire inserted int
the plasma.
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that powers the lower electrode. Another PP002 volta
probe was attached to a wire probe@2# inserted into the
plasma. Signals acquired by the probes were digitized b
LeCroy 9354A oscilloscope@51# capable of real-time sam
pling at a rate of 53108 s21. Digitized wave forms were
transferred to a computer, which used a curve fitting al
rithm @52# to determine the magnitude and phase of th
Fourier components at the rf-bias frequency, at the induc
source frequency, and at harmonic frequencies, as we
their dc components. Using techniques described previo
@53#, phase errors caused by propagation delays in the l
connecting the probes to the oscilloscope were measured
accounted for, within an error of61°. Magnitude errors were
estimated by comparing probe amplitudes to amplitu
measured directly by the oscilloscope. Below 20 MHz, e
cellent agreement was obtained. In that range, the accu
of the measurements is mostly limited by the oscillosco
which is estimated to be63%. Above 30 MHz, however, the
accuracy of the probes degrades rapidly.

III. RESULTS

A. Current and voltage at the rf-bias electrode

The currentI pe(t) flowing from the surface of the pow
ered electrode into the plasma, and the voltageVpe(t) be-
tween the powered electrode and its ground shield, di
from I m(t) and Vm(t), the current and voltage measure
some distance away~Fig. 1!, because of parasitic stray im
pedances located between the measurement point and
electrode. Using techniques described previously@2,53#,
these parasitics were characterized, allowing us to determ
I pe(t) andVpe(t) from I m(t) andVm(t). Values for the para-
sitics are similar to values previously reported from the ori
nal, low-density GEC cells@2,48,53#.

Figure 2 showsI pe(t) andVpe(t) wave forms measured a
a function of rf-bias power. At zero rf bias, one only o
serves rf components at the driving frequency of the ind
tive source~13.56 MHz! and at its harmonics. The inductiv
source injects rf current into the plasma, and some of
current flows to the electrode, contributing toI pe(t). From
there, the current flows through the rf-bias circuitry
through cell parasitics to ground, generating an rf volta
that contributes toVpe(t). Due to blocking capacitors, th
electrode draws no dc current from the plasma. Theref
the electrode ‘‘floats’’ at a small, positive dc voltageVpef,
visible in Fig. 2 and given in Table I, at which the time
averaged electron and ion currents to the electrode are e

When rf bias is applied, one observes voltage and cur
components at the rf-bias frequency and its harmonics
well as the inductive source frequency and its harmonics
low rf-bias voltages,I pe(t) resembles a sinusoid. As the r
bias amplitude increases,I pe(t) becomes less sinusoidal an
the dc component ofVpe(t), Vpe0, becomes increasingly
negative, because of nonlinear properties of the sheaths t
discussed below. At high rf-bias amplitudes,Vpe(t) also be-
comes nonsinusoidal. Although the voltage generated by
amplifier, Va(t), is presumably sinusoidal,Vpe(t) differs
from Va(t), according to

Va~ t !5Vpe~ t !1I pe~ t !Ra , ~1!

whereRa is the 50-V series output resistance of the rf am
plifier.

f
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PRE 59 1061EXPERIMENTAL TEST OF MODELS OF HIGH-PLASMA- . . .
B. Plasma potential

To determine the time-dependent potential in the plas
a wire probe@2# was inserted into the plasma. As shown
Fig. 1, a voltage probe was mounted on the wire, outs
vacuum, to measureVx(t), the voltage difference betwee
the wire and the flange on which it was mounted. The pot
tial in the plasma surrounding the wire,Vb(t), is given by

Vb~ t !5Vx~ t !1Vbx~ t !, ~2!

whereVbx(t) is the voltage drop across the sheath that se
rates the wire from the plasma. Procedures have been d
oped @45# to determine the rf components ofVbx(t) and
Vb(t) from Vx(t) measurements. Using these procedures
initial survey was performed, which showed that, as long
the source was operated in the bright, high-density, induc
mode, rf components ofVbx(t) were always<0.1 V, small
enough to be neglected in all subsequent measurem
These components are smaller than those measured p
ously in lower-density plasmas@2# because the width an
impedance of the wire sheath are smaller at higher pla
density.

In contrast, the dc component ofVbx(t) cannot be ne-
glected. The dc components ofVbx(t), Vx(t), and Vb(t),
when no rf bias is applied, are denotedVbx f , Vx f , andVb f .
Wire probe measurements ofVx f ranged from 4.7 to 6.4 V,
but Langmuir probe measurements@49,50# indicate thatVb f
is 21 V ~see Table I!. Thus

Vbx f5Vb f2Vx f , ~3!

is 15–16 V, certainly not negligible. The dc voltageVbx f acts
to repel plasma electrons from the wire probe, thus maint
ing a balance between the flow of electrons and ions from
plasma to the wire. These currents must balance; becaus
wire probe has a high dc impedance to ground~1 MV! it
draws negligible dc current from the plasma. To rep
enough electrons to satisfy the zero net current condit
Vbx f must be several times the mean kinetic energy of e
trons in the vicinity of the wire.

When rf bias is applied, the dc plasma potential and the
voltage on the wire probe may change, but the differe
between them will not change~unless the rf bias perturbs th
local electron energies in the vicinity of the wire probe!.
Thus, the plasma potentialVb(t) can be determined from

TABLE I. Electrical properties measured with no rf bias a
plied, as a function of inductive source power (PL), including the
dc voltages on the powered electrode (Vpef), on the wire probe
(Vx f), at the center of the plasma~Vb f , obtained from measure
ments in Refs.@49,50#!, from the center of the plasma to the pow
ered electrode (Vpsf), and across the sheath surrounding the w
probe (Vbx f); and the ion current (I 0) and ion current density (J0)
at the powered electrode.

PL

~W!
Vpef

~V!
Vx f

~V!
Vb f

~V!
2Vpsf

~V!
Vbx f

~V!
I 0

~A!
J0

~mA/cm2!

60 7.0 6.4 21.0 14.0 14.6 0.105 1.3
120 6.2 5.5 21.0 14.8 15.5 0.320 4.0
350 5.9 4.7 21.0 15.1 16.3 1.05 13.0
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Vb~ t !5Vx~ t !1Vbx f . ~4!

It should be noted thatVb(t), like theVx(t) waveform from
which it is derived, is referenced to the middle of the cha
ber wall.

Figure 3 showsVb(t) wave forms as a function of rf-bia
power. At zero rf bias, in Fig. 3~a!, rf components are only
observed at the inductive source frequency and its harm
ics. These components are small,;1 V, as noted previously
@49#. For low rf-bias amplitudes, as in Fig. 3~b!, Vb(t) re-
sembles a sinusoid at the rf-bias frequency added to
higher-frequency oscillation produced by the inducti
source. At higher rf-bias amplitudes, as in Fig. 3~c!, compo-
nents at harmonics of the rf-bias frequency become m
significant,Vb(t) becomes less sinusoidal, and an increas
observed in its dc component. The changes inVb(t) are ex-
plained by the nonlinear current-voltage relations of t
sheath adjacent to grounded cell surfaces. The rf cur
flowing from the electrode~or from the inductive source!
through the plasma to grounded cell surfaces produces rf
dc voltages across this sheath, which contribute to
plasma potentialVb(t). Indeed,Vb(t) is nearly equal to the
ground sheath voltage, as described in the next section.

C. Sheath voltages

The measurements described in the previous sections
vide sufficient information to characterize two different r
gions of the discharge. As shown in Fig. 4, one region
tends from the powered electrode to the wire probe~not

FIG. 2. Wave forms of~a! current at the powered electrode
I pe(t), and ~b! voltage between the powered electrode and
ground shield,Vpe(t), at an inductive source power of 120 W an
rf-bias powers (Ppe) of 0.0, 0.5, and 8.0 W. The rf-bias frequency
1 MHz.
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1062 PRE 59MARK A. SOBOLEWSKI
including the wire sheath!; the other extends from the wir
~not including the wire sheath! to the grounded flange tha
surrounds the inductive source. Because the plasma de
falls off rapidly in the radial direction@49,50#, it is assumed
in Fig. 4 that the rf current injected at the powered electro
flows out of the plasma at the upper flange, returning alo
the surface of the chamber wall, rather than flowing out
the plasma at the chamber wall or the lower electrode gro
shield. Computer simulations@54# support this assumption
The current through the top region is thereforeI ge(t)
5I pe(t)2I x(t), where I x(t) is the small~;1 mA! current
drawn by the wire probe. The voltage across the two regio
Vps(t) andVgs(t), are given by

Vgs~ t !5Vb~ t !2L1dIge~ t !/dt, ~5!

Vps~ t !5Vpe~ t !2Vb~ t !2L2dIpe~ t !/dt. ~6!

Values ofL1 andL2 , the self-inductances of the upper an
lower sections of the chamber, are given in Fig. 4. The
ductance terms account for the electromotive force~emf!
generated by the rf current. The emfs are negligible at 0.
MHz, but they are significant at 10 MHz. The emfs depe
on the path taken by the current. If the current takes a p
other than that shown in Fig. 4, Eqs.~5! and ~6! will be in
error. The largest errors arise if all ofI pe(t) flows to the
ground shield of the powered electrode. In that~unlikely!
case, no emf terms should be included in Eqs.~5! and ~6!.

The current injected into the plasma by the coil may a
produce emf’s, but the magnitude of this current is unknow
Therefore, emf’s at the inductive source frequency and

FIG. 3. Wave forms of the plasma potential at the center of
discharge,Vb(t), at an inductive source power of 120 W, rf-bia
frequency 1 MHz, and rf-bias powers (Ppe) of ~a! 0.0 W,~b! 0.5 W,
and ~c! 8.0 W.
ity
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harmonics cannot be calculated. Consequently, compon
at those frequencies are not included in the calculation
Vps(t) andVgs(t) wave forms.

For simplicity, Vps(t) is called the powered electrod
sheath voltage andVgs(t) the ground sheath voltage, a
though, strictly speaking, they contain contributions from t
plasma as well as the sheaths. The rf voltage drop acros
plasma, measured by mounting the wire probe on a man
lator and moving it through the plasma in the axial directio
was typically only 0.1 V, and at most 2 V, even at hundre
of volts of rf bias. Langmuir probes measure a dc volta
drop of ;5 V, in the axial direction, from the center of th
plasma to the powered electrode or to the quartz wind
@49,50#. This drop is included in bothVps(t) and Vgs(t).
Langmuir probes also measure a radial dc voltage dropVr
'6 V across the plasma@49,50#, which is included inVgs(t),
since the grounded flange of the inductive source that act
the ground electrode extends only to the outer edge of
quartz window, not to the radial center of the discharge.

Plots ofVps(t) andVgs(t) are shown in Fig. 5. At low rf
bias, in Fig. 5~a!, Vps(t) and Vgs(t) are roughly sinusoidal.
At higher rf-bias amplitude, components at harmonics of
rf-bias frequency become more significant, andVps(t) and
Vgs(t) take the shape of clipped sinusoids: they are roug
sinusoidal for part of the rf cycle and clipped at a rough
constant baseline for the remainder of the cycle. The base
voltages do not vary much as the rf-bias power is increas
rather, they remain within a few volts ofVpsf andVgsf, the dc
amplitudes ofVps(t) and Vgs(t) measured at zero rf bias
given in Table I.

The sheath voltage wave forms are not symmetric. T
relative amplitudes ofVps(t) and Vgs(t) vary with condi-
tions, as illustrated by Fig. 5 and by Fig. 6, which plotsVps1

e

FIG. 4. Electrical representation of the discharge. The discha
is divided into two regions: the region below the wire probe, cal
the powered sheath region, with voltage dropVps and impedance
Zps, and the region above the wire probe, called the ground sh
region, with voltage dropVgs and impedanceZgs. The portion of
the chamber above the wire probe has a self-inductanceL1 , and the
portion of the chamber below the wire probe has a self-inducta
L2 . The valuesL1512 nH andL2520 nH were obtained from geo
metrical estimates in which the chamber and ground shields w
approximated as a set of coaxial cylinders and chamber flan
were neglected.
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PRE 59 1063EXPERIMENTAL TEST OF MODELS OF HIGH-PLASMA- . . .
and Vgs1, the amplitude of their components at the rf-bi
frequency. At an rf-bias frequency of 10 MHz, shown in F
6~a!, the sheath voltages are very asymmetric, withVps1
@Vgs1 and Vps1'Vpe1, whereVpe1 is the amplitude, at the
rf-bias frequency, of the voltage on the powered electro
As rf frequency, voltage, or source power are reduced, h
ever, the division of voltage becomes more symmetric,
Vps1 and Vgs1 approach each other and each approac
Vpe1/2.

Rectifying properties of the sheaths, evident in Fig. 5,
better illustrated by Fig. 7, whereVps0 andVgs0, the dc am-
plitudes of the sheath voltages, are plotted againstVps1 and
Vgs1. At low sheath voltages, little or no rectification is o
served:Vps0 andVgs0 remain nearly equal to the values me
sured at zero rf bias,Vpsf andVgsf. The magnitude ofVgsf is
larger thanVpsf, probably due to the radial drop in dc plasm

FIG. 5. Wave forms of the voltage across the ground she
region, Vgs(t), the voltage across the powered sheath reg
Vps(t), and, for comparison, the voltage on the rf-powered el
trode,Vpe(t), at an inductive source power of 120 W, rf-bias fr
quency 1 MHz, and rf-bias powers (Ppe) of ~a! 0.5 W, and~b! 8.0
W. Also plotted areVgsf andVpsf , values of the dc components o
Vgs(t) and Vps(t) measured with no applied rf-bias power (Ppe

50.0 W).
.

e.
-
s
s

e

potential@49,50# discussed above. Consequently, the dc vo
age on the powered electrode,Vpe0, is positive at low or zero
rf bias, as seen in Figs. 2~b! and 5~a!. For Vps1 or Vgs1
.3 V in Fig. 7, rectification is observed:2Vps0 and Vgs0
increase as one increasesVps1 andVgs1. Eventually, at high
voltages, 2Vps0'Vps1 and Vgs0'Vgs1. Although both
sheaths provide rectification, the larger rf drop across
powered sheath~evident in Fig. 6! generates a larger dc volt
age than the ground sheath, so thatVpe0 is driven negative as
the rf-bias voltage,Vpe1, is increased, as seen in Figs. 2~b!
and 5.

D. Sheath impedance

From the complex Fourier coefficients of the wave form
Vps(t), Vgs(t), I pe(t), and I ge(t), at the rf-bias frequency—
denotedVps1, Vgs1, I pe1, and I ge1—one obtains the imped
ances

Zps5Vps1/I pe1, and ~7!

Zgs5Vgs1/I ge1. ~8!

Like Vps(t) andVgs(t), Zps andZgs contain small contribu-
tions from the plasma. Nevertheless, the dominant contr
tions toZps andZgs are made by the sheaths, so they will
referred to as sheath impedances.

The magnitudeuZpsu and phasefps of Zps are plotted
against the powered sheath voltage,Vps1, in Figs. 8~a! and
9~a!. Two regimes are observed. In the first regime, at l
sheath voltage,uZpsu andfps are independent of voltage. Thi
regime corresponds to the range of rf-bias voltages wh
I pe(t) and Vps(t) are approximately sinusoidal, as in Fig.
~0.5 W! and Fig. 5~a!. An impedance that is independent
voltage and a sinusoidal response to a sinusoidal excita
are indications of linear behavior. Therefore the low-volta
regime could be called the linear regime. Although t
sheath is in general nonlinear, any nonlinear device will
pear to act linearly if the excitation is sufficiently small. I
the second regime, at higher rf-bias voltages, the nonlinea
of the sheath is evidenced by changes inuZpsu andfps with
voltage, and by the nonsinusoidal wave forms and rectifi
tion observed in Fig. 2~8.0 W! and Fig. 5~b!. In the high-
voltage, nonlinear regime,uZpsu increases with voltage, and
decreases as the rf-bias frequency increases. In both reg
uZpsu falls with increasing inductive source power. The pha

th
,
-

s

th
FIG. 6. Amplitudes of sheath voltages for rf-bias frequencies of~a! 10 MHz, ~b! 1.0 MHz, and~c! 0.1 MHz, for inductive source power
of 60, 120, and 350 W, and varying rf-bias amplitudes, indicated on thex axis byVpe1, the amplitude of the fundamental component~i.e.,
the component at the rf-bias frequency! of the voltage on the powered electrode,Vpe(t). On they axis,Vps1 andVgs1 are the amplitudes of
the fundamental components ofVps(t), the voltage across the powered sheath region, andVgs(t), the voltage across the ground shea
region. Vps1 andVgs1 do not necessarily add toVpe1 because of phase differences and because of the emf terms in Eqs.~5! and ~6!.
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1064 PRE 59MARK A. SOBOLEWSKI
fps is resistive~near 0°! at low voltages, low frequencies
and high inductive source powers, but it starts to appro
capacitive phases~290°! as the rf-bias frequency or voltag
is increased, or as the source power is decreased.

Similar behavior is observed in Figs. 8~b! and 9~b!, which
plot the magnitudeuZgsu and phasefgs of the ground sheath
impedance, as a function of ground sheath voltageVgs1. A
linear regime at low sheath voltage and a nonlinear regim
high sheath voltage are both observed, with one exceptio
10 MHz, when the discharge is quite asymmetric@see Fig.
6~a!#, Vgs1 remains so small that only the linear regime
observed. Compared tofps, fgs is in general more capaci
tive ~closer to290°! and the transition offgs to capacitive
phases starts at lower frequencies, higher inductive so
powers, and lower voltages. At 10 MHz,fgs is capacitive

FIG. 7. The dc amplitudes,Vps0andVgs0, of the powered sheath
voltage and the ground sheath voltage plotted againstVps1andVgs1,
the amplitude of their components at the rf-bias frequency. D
from all rf-bias frequencies and all inductive source powers
plotted.

FIG. 8. Magnitude of the impedance~at the rf-bias frequency! of
~a! the powered electrode sheathZps and ~b! the ground sheathZgs

as a function ofVps1 and Vgs1, the amplitudes~at the rf-bias fre-
quency! of the respective sheath voltages, for rf-bias frequencie
0.1, 1.0, and 10 MHz, and inductive source powers of~top to bot-
tom! 60, 120, and 350 W.
h

at
at

ce
even in the linear, low-voltage regime, whilefps is largely
resistive. It will be shown in Sec. V that the trend to capa
tive impedances at the ground sheath is the cause of
asymmetry of the discharge at high frequencies eviden
Fig. 6.

E. Power

The total power flowing at the powered electrode,Ppe,
was obtained from the Fourier components ofI pe(t) and
Vpe(t), the current and voltage at the powered electrode.
power associated with each Fourier frequency was calcul
separately, and then the contributions from all frequenc
were summed,

Ppe5
1
2 (

i
uVpei uuI pei ucosfpei , ~9!

whereVpei and I pei are the components ofVpe(t) and I pe(t)
at thei th frequency, andfpei is the phase ofVpei relative to
I pei . Up to eight harmonics of the rf-bias frequency we
included in the sums. Up to three harmonics of the induct
source frequency were also included, but they made ne
gible contributions~,10 mW!. Many terms in the sum were
negative, which indicates that signals generated by
sheaths~or the inductive source! were propagating out of the

ta
e

f

FIG. 9. Phase of the impedance~at the rf-bias frequency! of ~a!
the powered electrode sheathfps and~b! the ground sheathfgs as a
function of Vps1 andVgs1, the amplitudes~at the rf-bias frequency!
of the respective sheath voltages, for rf-bias frequencies of 0.1,
and 10 MHz, and inductive source powers of 60, 120, and 350
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plasma, past the electrode, to be dissipated in the rf amp
or in parasitic resistances. The contribution atv, the rf-bias
frequency, was always positive, with a magnitude 1.00
1.14 timeslarger than the total power. The contribution a
2v had a magnitude of 0–13 % of the total power, and w
always negative or zero. Harmonics at frequencies hig
than 2v each contributed less than 3% of the total pow
These results differ from previous work with lower-dens
plasmas, in which no significant power was dissipated
harmonic frequencies@2,53#.

Similarly, Pps, the power dissipated in the powered ele
trode sheath, andPgs, the power dissipated in the groun
electrode sheath, were obtained from

Pps5
1
2 (

i
uVpsi uuI pei ucosfpsi , ~10!

and

Pgs5
1
2 (

i
uVgsi uuI gei ucosfgsi , ~11!

where Vpsi , Vgsi , and I gei are the components ofVps(t),
Vgs(t), and I ge(t) at the i th frequency,fpsi is the phase of
Vpsi relative toI pei , andfgsi is the phase ofVgsi relative to
I gei . Values forPps ranged from 51% to 98% of the tota
power, Ppe. Thus, the division of power between the tw
sheaths ranged from nearly symmetric (Pps'Pgs) to ex-
tremely asymmetric (Pps@Pgs). Greater symmetry was ob
tained at lower rf-bias frequency and lower inductive sou
power.

In Fig. 10,Pps andPgs are plotted againstVps0 andVgs0,
the dc voltage drops across the respective sheaths. The
tional dependence ofPps on Vps0 ~to be discussed in Sec
IV C below! andPgs on Vgs0, were quite similar. Neverthe
less, for most conditions,Vgs0!Vps0 and thusPps!Pgs.
Thus the asymmetric division of voltage observed in Fig. 6
the cause of the asymmetric division of power.

F. Ion current

To measure the total current of positive ions at the po
ered electrode, the rf amplifier was replaced by a dc po
supply and a dc ammeter, as shown in Fig. 1. If a negative
voltage is applied to the electrode, electrons from the plas
that would have reached the electrode begin to be repe
At sufficiently negative dc voltages, no plasma electrons
collected by the electrode, so the dc current measured by
ammeter saturates, as shown in Fig. 11. The saturation
rent is taken to be the total ion current at the electrode,I 0 .
Data in Fig. 11 show thatI 0 is roughly proportional to the
inductive source power.

In previous measurements performed at electrodes
were simultaneously powered by rf and dc power supplies
low-density, parallel-plate cells, the flat ion saturation c
rent region shown by Fig. 11 was not observed@39,46,47#.
Instead, the dc current-voltage curve had a nonzero slop
the ion saturation region, and an extrapolation of the cu
was required. Here, no extrapolation is required, and er
inherent in the extrapolation are avoided. The accuracy
the ion current measurement is limited instead by second
er
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electrons, which are counted as ions. The resulting syst
atic error in I 0 is estimated to be<9%, based on measure
ments of the secondary electron yields of Ar1 ions at alumi-
num surfaces@55,56#.

Values ofI 0 are reported in Table I. They are mean va
ues, averages of measurements repeated periodically du
the experiments. No systematic variations ofI 0 with time
were observed. Random variations had a standard devia
of 1%.

FIG. 10. Total power~summed over all frequencies! of ~a! the
powered electrode sheathPps and ~b! the ground sheathPgs as a
function of Vps0 and Vgs0, the dc amplitudes of the respectiv
sheath voltages, for rf-bias frequencies of 0.1, 1.0, and 10 MHz,
inductive source powers of 60, 120, and 350 W. The solid lines
~a! are model predictions obtained from Eq.~33!.

FIG. 11. The dc current at the lower electrode as a function
the dc voltage imposed on the lower electrode for inductive sou
powers of 60–350 W, with no rf-bias applied.
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1066 PRE 59MARK A. SOBOLEWSKI
In the remainder of this paper, the measurements
sheath electrical properties described above are compar
models. The powered electrode sheath is treated first. T
in Sec. V, the ground sheath is discussed.

IV. ANALYSIS OF THE POWERED ELECTRODE
SHEATH

A. Current wave forms

Predictions for current and voltage wave forms are p
vided by several sheath models. Low-frequency, ‘‘qua
static’’ sheath models@7,8,29,30# predict that the curren
flowing through a sheath,I (t), is given by the diode equa
tion

I ~ t !52I 01I e0 exp@2Vs~ t !/Te#. ~12!

The first term,2I 0 , is the ion current. It is negative, corre
sponding to a flow of positive ions from the plasma to t
electrode. Negative ions in the plasma are not collected a
electrode; they are reflected back into the plasma by the e
tric field in the sheath. Most of the plasma electrons are a
reflected. To be transmitted across the sheath, plasma
trons must have sufficient kinetic energy to surmount
potential barrier presented byVs(t), the time-varying sheath
voltage~defined here as the voltage in the plasma relative
the voltage on the electrode!. For a Maxwell-Boltzmann dis-
tribution of plasma electrons at temperatureTe ~in volts!, the
current carried by transmitted electrons is given by the s
ond term in Eq.~12!. The prefactorI e0 depends on the elec
tron temperature and density. UsuallyI e0 and Te are as-
sumed to be time independent, as isI 0 .

At the point where electrons are reflected, there is a st
drop in the electron density. In the sheath, that is, in
region between this steep drop and the electrode, the elec
density is much lower than the positive ion density. Con
quently, the sheath contains a net positive chargeQ(t),
which is compensated by a negative charge2Q(t) on the
electrode surface. As the sheath voltageVs(t) varies over an
rf cycle, the sheath charge and surface charge both vary
that a charging currentdQ/dt flows in the electrode’s elec
trical connections and through the plasma, and a displa
ment current flows across the sheath. At low frequencies,
displacement current can be neglected, and Eq.~12! is valid.
At high frequencies, when ions cannot respond to the
fields, the total current, including the displacement curren
@2#

I ~ t !52I 01I e0 exp@2Vs~ t !/Te#1@«0A/W~ t !#dVs /dt,
~13!

where«0 is the permittivity of vacuum,A is the electrode
area, andW(t) is the time-varying width of the sheath, whic
can be obtained from numerical@35,39#, or analytical@31,32#
solutions.

Models have also been proposed for the intermediate
quency regime, in which the displacement current canno
neglected, but the ions are still wholly or partly able to fo
low the rf fields @12,42,43#. Under certain conditions, dis
cussed below, the total current predicted by these models
be expressed as
of
to
n,
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e-
e
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e-
e

an

I ~ t !52I 01I e0 exp@2Vs~ t !/Te#1@k«0A/W~ t !#dVs /dt,
~14!

wherek is a constant,W(t) is the sheath width obtained from
the Child-Langmuir law@57#,

W~ t !5 2
3 ~2e/mi !

1/4~«0A/I 0!1/2@Vs~ t !#3/4, ~15!

ande/mi is the charge to mass ratio of the positive ions. T
value of k varies from model to model. In the limitVs(t)
@Te , the current-voltage relations of Refs.@42, 43# are
equivalent to Eqs.~14! and ~15! with k51/3. In Ref. @12#,
the value ofk is not completely specified. If the Deby
length used in that paper is taken to be the Debye lengt
the boundary between the plasma and the sheath, and i
ion velocity at that boundary is equal to the Bohm veloci
then a value ofk521/4 is obtained.

To compare model predictions with experiment, mod
current wave formsI (t) were calculated by substitutin
Vs(t)52Vps(t) into Eqs.~14! and~15!. The parametersI 0 ,
I e0 , Te , and k were adjusted to fit the measured curre
waveform I pe(t). Figure 12 shows a comparison betwe
model and measured current wave forms. Also plotted
the experimentalVps(t) wave form used in the calculatio
and separate calculated wave forms for the conduction
rent terms,

I c~ t !52I 01I e0 exp@2Vs~ t !/Te#, ~16!

and the displacement current term,

I d~ t !5@k«0A/W~ t !#dVs /dt. ~17!

In the figure, the conduction currentI c(t) consists of a con-
stant baseline~which is the ion current,2I 0! and a pulse of
electron current. When the magnitude of sheath voltag
large, the electron current is negligible, thusI c(t)52I 0 .
When the magnitude of the sheath voltage is small, the e
tron current is large and very sensitive to the sheath volta
This sensitivity arises from the exponential dependence
Eq. ~16!. The exponential dependence produces the ‘‘cl
ping’’ of the sheath voltage wave form, as in a diode.

In contrast, over the portion of the cycle where the she
voltage is clipped, the displacement currentI d(t) is small,
becausedVps/dt is small. Over the remainder of the cycl
Vps(t) is roughly parabolic, sodVps/dt and I d(t) are both
roughly linear. The resulting shape of the displacement c
rent wave form is similar to previous calculations@42,43#.
When the rf-bias frequency is lowered from 1.0 MHz~in Fig.
12! to 100 kHz, shown in Fig. 13, the shape of the displa
ment currentI d(t) does not change, but it becomes a mu
smaller fraction of the total current. Therefore, the cond
tion currentI c(t) is nearly equal to the total currentI (t). At
10 MHz, as shown in Fig. 14,I d(t) is much larger. The
shape ofI d(t) in Fig. 14 is similar to Fig. 12, except that th
fraction of the rf cycle over whichI d(t)'0 @and over which
Vps(t) is clipped# is shorter.

The fitting procedure was performed on wave forms d
tributed throughout the experimental space. Excellent
were obtained for most conditions, although at 10 MHz,
obtained at high sheath voltages~e.g., Fig. 14! were not as
good. Values ofI 0 obtained from the fits agreed with the d
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PRE 59 1067EXPERIMENTAL TEST OF MODELS OF HIGH-PLASMA- . . .
measurements in Table I: they differed by less than 1
~usually by,3%!. Values ofTe ranged from 2.6 to 3.4 V
~usually 2.8–3.0 V!. Comparison with previously reporte
electron temperatures@49,50# is complicated because me
sured electron energy distribution functions~EEDF’s! are
non-Maxwellian@50#. The low-energy portion of the EEDF
is not relevant, because low-energy electrons do not con
ute to the electron conduction current in Eqs.~14! and ~16!;
they are instead reflected back into the plasma. Only e
trons with energies near2eVpsf ~;15 eV, see Table I! or
higher contribute to the electron conduction current. At th
high energies, the slope of electron energy probability fu
tions measured in argon at 1.0–2.6 Pa~7.6–20 mTorr!
@50,58# is consistent with an electron temperature of 2.9
Therefore, one can conclude that, if the non-Maxwell
EEDF is accounted for, values ofTe obtained from the fitting
procedure agree with Langmuir probe measurements.

Values ofI e0 /I 0 obtained from the fits ranged from 70 t
190. These values differ from predicted values, becaus
the non-Maxwellian EEDF. It should be noted thatI e0 is not
an independent parameter. Once trial values forTe andI 0 are
selected by the fitting procedure, the factorI e0 is fixed by the

FIG. 12. Analysis of wave forms at the powered electro
sheath, measured at 1.0 MHz rf-bias frequency and an induc
source power of 120 W.~a! Experimental wave form for the sheat
voltage,Vps(t). ~b! Experimental current wave formI pe(t) com-
pared to model wave formsI (t), I c(t), andI d(t), whereI (t) is the
total current,I c(t) is the conduction current, andI d(t) is the dis-
placement current. Model wave forms were obtained from E
~14!–~17! with Vs(t)52Vps(t), I 050.34 A, I e0 /I 05148, k51.0,
andTe53.1 V.
b-

c-

e
-

.

of

condition that the model current, averaged over one rf cy
is zero.

Values of k obtained from the fitting procedure varie
systematically with rf-bias frequency, ranging from 1.0
1.3 at 100 kHz, 0.9 to 1.2 at 1 MHz, and 0.5 to 1.0 at
MHz ~excepting some wave forms at 100 kHz, where t
displacement current component was so small that value
k could not be reliably determined!. These results are not in
agreement with Refs.@42,43#, which predict k51/3. The
value of k521/4, obtained from Ref.@12#, as described
above, is in better agreement with experimental values.
disagreement with Refs.@42,43# may be attributed to failures
in those models. Indeed, those models do not appear t
self-consistent; in them, the ion continuity equation is v
lated in the sheath. Also, the models use the Child-Langm
law, Eq.~15!, which assumes that the ions are in equilibriu
with the rf field. At high rf frequencies the ions will not be i
equilibrium. Finally, Refs.@42,43# assume that the ion cur
rent is constant in time, but this assumption is not valid at
frequencies@59#.

B. Impedance

Because the conduction current and displacement cur
flow in parallel through the sheath, it is helpful to represe
the sheath impedance as a conductanceGps in parallel with a
capacitanceCps. In terms of uZpsu and fps, the magnitude
and phase of the sheath impedance,

ve

s.

FIG. 13. Comparison of experimental and model wave forms
the powered electrode sheath, measured at 100 kHz rf-bias
quency and an inductive source power of 120 W. The wave fo
are defined in Fig. 12. Model wave forms were obtained from E
~14!–~17! with Vs(t)52Vps(t), I 050.31 A, I e0 /I 05114, k51.3,
andTe53.2 V.
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1068 PRE 59MARK A. SOBOLEWSKI
Gps5Re~1/Zps!5uZpsu21cosfps, and ~18!

vCps5Im~1/Zps!52uZpsu21sin fps. ~19!

If the sheath were linear, it would, when excited by a volta
Vs1eivt, pass a conduction currentI c1eivt and a displace-
ment currenti I d1eivt ~whereVs1 , I c1 , and I d1 are real!. Its
conductance,

G5I c1 /Vs1 , ~20!

would depend on the amplitude of the conduction curr
I c1 , but not on the displacement currentI d1 , while its ca-
pacitance would depend onI d1 , but notI c1 :

vC5I d1 /Vs1 . ~21!

For a nonlinear device, Eqs.~20! and~21! are not necessarily
valid @39,60#, but G andvC, as well as the equivalent pa
allel resistance 1/G and the equivalent parallel reactan
1/(vC) are still useful parameters.

In Fig. 15, experimental values of the equivalent para
resistance 1/Gps are plotted and compared with model pr
dictions. The prediction at low sheath voltages was obtai
by noting that, at low voltages,

Vs~ t !'Vf1Vs1eivt, ~22!

whereVf is the voltage at whichI c(t) in Eq. ~16! is zero,

FIG. 14. Comparison of experimental and model wave forms
the powered electrode sheath, measured at 10 MHz rf-bias
quency and an inductive source power of 60 W. The wave fo
are defined in Fig. 12. Model wave forms were obtained from E
~14!–~17! with Vs(t)52Vps(t), I 050.105 A, I e0 /I 05100, k
50.5, andTe53.1 V.
e

t

l

d

Vf5Te ln~ I e0 /I 0!. ~23!

ApproximatingI c(t) as a Taylor series expansion about t
voltageVf , and keeping only the first nonzero term:

I c~ t !'
dIc

dVs
U

Vs5Vf

Vs1eivt5
I 0

Te
Vs1eivt. ~24!

Using Eq.~20!, one obtains

1/G5Te /I 0 . ~25!

This equation is plotted in Fig. 15, using values ofI 0 from
Table I, and a single value of the electron temperatureTe
52.9 V. As discussed above, this value is consistent w
measurements of the slope of the EEDF at electron ener
>15 eV. The prediction, Eq.~25!, agrees with the experi
mental data at sheath voltages,2 V.

Values of 1/Gps at higher voltages depend on the shape
the I c(t) wave form. If I c(t) consists of a short pulse o
electron current riding on a constant baseline'I 0 , then I c1
can be shown@2# to obeyI c1'2I 0 . Thus, using Eq.~20!,

1/G5Vs1 /I c1'~1/2!Vs1 /I 0 . ~26!

If I c(t) is a half-wave rectified wave form with a baselin
equal toI 0 , then

1/G5Vs1 /I c15~2/p!Vs1 /I 0 . ~27!

Finally, if I c(t) is a symmetric square wave with a baseli
equal toI 0 , then

1/G5Vs1 /I c15~p/4!Vs1 /I 0 . ~28!

t
e-
s

s.

FIG. 15. The equivalent parallel resistance of the powe
sheath, 1/Gps5uZpsu/cosfps, as a function ofVps1, the amplitude at
the rf-bias frequency of the voltage across the powered elect
sheath, for rf-bias frequencies of 0.1–10 MHz and inductive sou
powers (PL) of 60–350 W. Solid lines show the equivalent paral
resistance 1/G obtained from model predictions, Eqs.~25!–~28!.
The model calculations used values ofI 0 from Table I.
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FIG. 16. The equivalent parallel reactance
the powered sheath, 1/(vCps)52uZpsu/sinfps,
as a function ofVps1, the amplitude at the rf-bias
frequency of the voltage across the powered el
trode sheath, for rf-bias frequencies of~a! 10
MHz, ~b! 1 MHz, and~c! 0.1 MHz and inductive
source powers (PL) of 60–350 W. Solid lines
show model predictions@obtained by substituting
Eq. ~30! into Eq. ~29!# plotted for each value of
PL , using values ofI 0 from Table I.
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Plots of these equations appear as parallel lines on the
log axes of Fig. 15. Data from 0.1 MHz agree best with E
~28!, since at 0.1 MHzI c(t) resembles a square wave~Fig.
13!. At 1.0 MHz, I c(t) resembles a half-wave rectified wav
form ~Fig. 12!, hence Eq.~27! is in best agreement with th
data. At 10 MHz,I c(t) resembles a sharp pulse at high vo
ages~Fig. 14! but a half-wave rectified wave form at inte
mediate voltages. Thus 10-MHz data agree best with
~26! at high voltages and Eq.~27! at intermediate voltages
Deviations between the model predictions and the data
observed becauseI c(t) deviates from the ideal wave form
shapes assumed in Eq.~26!–~28!.

The equivalent parallel reactance of the powered e
trode sheath, 1/(vCps), obtained from Eq.~19!, is plotted in
Fig. 16. Error bars show the uncertainty in 1/(vCps) pro-
duced by a60.5° uncertainty infps. At conditions where
fps'0 ~see Fig. 9! the uncertainty in 1/(vCps) is large. At
these conditions, the displacement current is small comp
to the conduction current, so it is difficult to determin
1/(vCps) precisely.

Figure 16 also shows predictions from Ref.@40#. There,
the sheath parallel reactance is set equal to

1/~vC!5W/~v«0A!, ~29!

which is the reactance of a parallel plate capacitor of
same area as the electrode~A! and a plate separationW,
whereW is obtained by inserting the dc sheath voltageVs0
into the Child-Langmuir law, i.e.,

W5 2
3 ~2e/mi !

1/4~«0 /J0!1/2Vs0
3/4. ~30!

There are some similarities in the behavior of the data
the model, but there are also significant differences, es
cially at 0.1 MHz. Predictions from other models do n
agree any better with the data. For example, at high sh
voltages, the high-frequency model of Lieberman@31# is
equivalent to Eqs.~29! and~30!, if the factor2

3 is replaced by
0.88. Changing the prefactor to 0.88 does not, however, c
sistently improve the agreement with experiment. In the lo
voltage (Vs1→0) limit, Vs0 approaches a constant valueVf
given in Eq.~23!, and models@42,43# predict that
g-
.

q.

re
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ed

e
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th
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-

1/~vC!5kflD /~v«0A!, ~31!

wherekf is a dimensionless constant,lD is the Debye length

lD5~n0e/«0Te!
21/2, ~32!

and n0 is the electron density at the position~between the
plasma and the sheath! at which the ion velocity equals th
Bohm velocity. The value ofkf depends onVf , which in
turn depends on the ion mass. For argon, models@42,43#
yield Vf55.2Te , and kf55.0. In contrast, a value ofkf
52.3 is obtained from the low-voltage (Vs1→0,Vs0→Vf)
limit of Eqs. ~29! and ~30!. Thus, at low sheath voltages
the models of Refs.@42,43# predict higher values of
1/(vC)—and hence greater deviations from the data—th
the model curves shown in Fig. 16.

The disagreement of the models with experiment pa
results from an assumption, made by the models that
reactance 1/(vC) depends solely on the displacement cu
rent, as in Eq.~21!. For a nonlinear device, however, E
~21! is not necessarily valid@39,60#. The electron conduction
current given in Eq.~12! may have a component that is o
of phase with the voltage, so that it contributes to 1/(vC)
rather than 1/G. If the ion conduction current varies with
time, it too may have components that contribute to 1/(vC).
Because the displacement current decreases as frequenc
comes lower, one might expect the conduction current
have a larger effect on 1/(vC) at low frequencies, causing
the disagreement to become worse at low frequencies
observed. A complimentary situation has been noted
lower-density plasmas@39#. There, the displacement curren
which is much larger than the conduction current, has a co
ponent that is in phase with the sheath voltage, which ma
the sheath parallel resistance 1/G smaller than one would
predict if one only considered the conduction current

It should also be noted that Eqs.~20! and~21! neglect the
electrons reflected by the sheath. Although a static she
reflects electrons elastically, a net transfer of energy to e
trons reflected from an rf-biased sheath may occur@1,31#.
This energy dissipation mechanism, known as stocha
heating, can be represented by a resistance in series wit
sheath capacitive reactance. In low-density cells, at low
plied voltages, this stochastic resistance is significant, 10V
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1070 PRE 59MARK A. SOBOLEWSKI
or more @1,2,61#. In this study, however, due to the high
plasma densities, values of the stochastic resistance obta
using equations from Refs.@1,31# are less than 1V, small
enough to be neglected in all of the analyses prese
above.

C. Power

Reference@40# gives an expression for the powerP dissi-
pated by a sheath:

P5I 0~Vs02Vf !, ~33!

whereVs0 is the dc voltage across the sheath andVf is the
value ofVs0 when no rf bias is applied~or, more precisely,
when no rf current flows across the sheath!. I 0 is the time-
averaged flux of ions~or electrons! collected at the electrode
The first term is the power gained by ions, which are acc
erated as they cross the sheath; the second is the powe
by the electrons, which are decelerated as they cross
sheath. If no rf bias is applied, the two terms cancel, and
sheath dissipates no net power. When rf bias is applied,
rectified by the sheath, producing an increase inV0 and in
the power absorbed by the ions. Electrons, however, are
transmitted when the sheath voltage is near its minim
value, and this minimum remains approximately equal toVf
~see Fig. 5!. Therefore the power lost by electrons shou
remain more or less unchanged, at the valueI 0Vf . At high rf
bias the second term is small compared to the first, and m
els often neglect it.

Inserting values ofI 0 andVpsf from Table I into Eq.~33!,
predictions for the power dissipation in the powered el
trode sheath were obtained. Figure 10~a! shows that the pre
dictions are in excellent agreement with the data at 0.1 M
At higher frequencies,Pps still shows a linear dependenc
and anx intercept ofVpsf, but it falls above the predicted
line. This deviation suggests that an additional power di
pation mechanism is present at higher frequencies. Pos
mechanisms include the stochastic heating associated
electrons reflected by the sheath@31# or the launching of a
plasma wave. The deviation in Fig. 10~a! could also be ex-
plained by the ion current varying with time over an rf cyc
as is predicted at high frequencies@59#. If I 0 is not constant,
Eq. ~33! is not valid.

V. ANALYSIS OF THE GROUND SHEATH

In this section, the current flow through the ground she
and the ground sheath impedance are analyzed. A comp
quantitative comparison with models is not possible he
because the dc ion current through the ground sheath wa
measured. Nevertheless, the electrical properties of
ground sheath are important. They must be understood if
is to explain observed variations in the asymmetry of
discharge.

A. Ground sheath current wave forms

The current flowing through the ground sheath,I ge(t), is
nearly equal to the current flowing through the powered e
trode sheath,I pe(t). At any particular time, however, th
mechanism of current flow in the sheaths is not the sa
because the sheath voltages differ in phase. When the p
ed
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ered sheath voltageVps(t) is large, the ground sheath voltag
Vgs(t) is small, and vice versa~see Fig. 5!. To investigate
current flow in the ground sheath,Vgs(t) @or Vgs(t)2Vr ,
where Vr is the radial dc voltage drop across the plasm
discussed in Sec. III C# was inserted into Eqs.~14! and~15!,
which were then fit to theI ge(t) wave form. Wave forms for
the conduction current, displacement current, and total c
rent obtained from this fitting procedure are shown in F
17. As in Fig. 12, the conduction current consists of a co
stant baseline~which is now positive! and a pulse of electron
current~now negative!. The shape of the displacement cu
rent wave form is similar to that of Fig. 12, except for a tim
shift and a change in polarity. As in Fig. 12, the electr
current only flows when the sheath voltage is small, and
displacement current only flows when the sheath voltage~or,
more precisely, its time derivative! is large.

The values ofI 0 andk obtained from the fit shown in Fig
17 are larger than the values from Fig. 12, indicating that
effective area of the ground sheath is larger than the are
the powered electrode. In contrast, the value ofTe is smaller.
Presumably, electron currents collected at relatively rem
grounded surfaces account for the lower value ofTe . Lang-
muir probe measurements indicate that the electron temp
ture falls off rapidly in the radial direction@49,50#. There are

FIG. 17. Analysis of wave forms at the ground sheath, measu
at the same conditions as Fig. 12.~a! Experimental wave form for
the sheath voltage,Vgs(t). ~b! Experimental current wave form
I ge(t) and model wave formsI (t), I c(t), andI d(t) whereI (t) is the
total current,I c(t) is the conduction current, andI d(t) is the dis-
placement current. Model wave forms were obtained from E
~14!–~17! with Vs(t)5Vgs(t)2Vr , Vr56 V, I 050.38 A, I e0 /I 0

52.103104, k56.2, andTe51.5 V.
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no grounded surfaces near the radial center of the discha
only the quartz window.

B. Ground sheath impedance

At 100 kHz and 1 MHz the behavior of the ground shea
impedance in Figs. 8~b! and 9~b! is quite similar to the be-
havior of the powered sheath impedance. At 10 MHz, ho
ever,Zgs is, at any given sheath voltage, smaller thanZps.
Also, the phasefgs is more capacitive~closer to290°! than
fps. Even at very low voltagesfgs is capacitive, unlikefps,
which has a phase that is resistive~near 0°!. This difference
is explained by the plasma density in the vicinity of t
grounded surfaces being, on average, lower than the pla
density adjacent to the powered electrode. According to E
~18!, ~19!, ~25!, and ~31!, a small area element of a shea
will have an impedance phasef given by

tan f5~1/kf !~v/v i !, ~34!

wherev i is the ion plasma frequency,

v i5~e2n0 /mi«0!1/2, ~35!

andn0 is the positive ion density at the sheath edge, i.e.
the point between the plasma and the sheath where the
velocity is equal to the Bohm velocity, (eTe /mi)

1/2.
Becausefps'0° at low voltages in Fig. 9~a!, the ion

plasma frequency at the edge of the powered electr
sheath,vps, must obeyvps.v/kf , even at 10 MHz. In con-
trast, the behavior offgs in Fig. 9~b! suggests thatvgs, the
ion plasma frequency at the edge of the ground sheath, o
vgs,v/kf at 10 MHz. As the rf frequency approachesvgs
from below, the impedance of the ground sheath decre
rapidly, relative to the powered sheath impedance. Con
quently, a greater fraction of the fundamental rf-bias volta
Vpe1, will be dropped across the powered sheath, resultin
an increasing asymmetry inVps1 andVgs1 as the frequency is
increased. The asymmetry is further increased by the non
earity of the powered sheath impedance. As the voltage d
across the powered sheath increases, the sheath impe
Zps increases, causing the powered sheath to draw an
larger fraction ofVpe1. This feedback mechanism drives th
discharge to a very asymmetric state. Thus at 10 MHzVgs
remains small, never leaving the low-voltage, linear regio

At 0.1–1 MHz,v!vgs, so the ground sheath is resistiv
rather than capacitive at low sheath voltages. The obse
tion that the resistive ground sheath allows greater symm
in Vps1 and Vgs1 can be explained using a spherical sh
model~similar to those used by Lieberman@9#! in which ions
and electrons diffuse freely in three dimensions, without l
ing energy, between a powered inner sphere and a groun
concentric outer sphere. If the sheath at the outer sphe
E
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capacitive, with the impedance given in Eqs.~29! and ~30!,
its impedance will approach zero as its radius goes to in
ity, making the discharge more and more asymmetric.
contrast, the impedance of a resistive sheath, given by
~25!, will remain constant as its radius goes to infinity, so t
discharge remains symmetric.

Changes in the symmetry of the discharge have impor
effects on the kinetic energies of ions bombarding
grounded surfaces. These ions are accelerated by the gr
sheath voltage. Recent measurements@62# of ion energies at
grounded surfaces confirm these predictions, and show
the change in the symmetry of the discharge with freque
is a dominant factor in controlling ion energies.

VI. CONCLUSIONS

Measurements of the rf current and voltage applied to
substrate electrode of a high-density plasma reactor, c
bined with dc measurements of the ion current at the e
trode and wire probe measurements of the plasma poten
enabled a rigorous, quantitative test of models of the elec
cal properties of the sheath adjacent to the electrode.
equation describing the current-voltage relations of
sheath was presented. The equation includes a condu
current component given by the diode equation, as well a
displacement current component, the magnitude of whic
not correctly predicted by existing models. The equivale
parallel conductance of the sheath agrees with simple
proximate forms, but the equivalent parallel capacitance
the sheath does not agree with any existing models. At
rf-bias frequency~100 kHz! the power dissipated in the
sheath is in agreement with simple expressions for the po
absorbed by ions crossing the sheath, but this agreement
not obtained at higher frequencies.

The sheath at grounded surfaces was also studied in
tail. The current-voltage relation and the impedance of
ground sheath generally behaved in a manner similar to
sheath at the rf-biased electrode. An exception occurs at
highest rf-bias frequency, 10 MHz. There, because of
differing plasma densities in the vicinity of the two sheath
the ground sheath has a predominantly capacitive impeda
while the powered electrode sheath has a predominantly
sistive impedance. This results in a very asymmetric sha
of voltage by the two sheaths, as predicted by spherical s
models of the discharge.
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