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A model is proposed for sheaths in high-density discharges, with radio-frequéhdjias applied at fre-
guenciesw comparable tow;, the ion plasma frequency at the edge of the sheath. The model treats ion
dynamics using fluid equations, including all time-dependent terms. Model predictions for current, impedance,
and power were compared to measurements performed in high-density discharges in argon at(183 Pa
mTorr) at rf bias frequencies from 0.1 to 10 MH&{w; from 0.006 to 1.8 and rf bias voltages from 1 to 200
V. Model predictions were in good agreement with measurements, much better than that obtained by models
that neglect time-dependent ion dynamics. In particular, differences of as much as 40—50 % between power
measurements and the power predicted by previous models are now explained and eliminated. The model also
explains why methods of extracting plasma parameters from electrical measurements using previous sheath
models may fail, and it suggests more accurate methods of extracting these parameters.

PACS numbeps): 52.65-y

[. INTRODUCTION agrees with experiment better and over a wider range than
previous models.

The electrical properties of radio-frequency discharges First, in Sec. Il, the model is described, including its as-
have been the subject of much investigafibr32. A major ~ sumptions, its method of solution, and the experimental val-
goal of these efforts has been to obtain models that relate€s of its input parameters. Then, in Sec. Ill, model predic-
electrical characteristics to physical properties such as ioHons for the current, impedance, and power are presented
energies[1,2], ion flux [3—6], electron temperaturf7], or ~ @nd compared with previous models and with experiment.
electron density7,8], thus enabling electrical measurements Section 1V dlscusse_s several useful extensions of the model
to monitor these properties. Models of the space-charg@"d Sec. V summarizes the results.
sheath regions adjacent to electrode surfaces are particularly
important, since the sheaths usually make dominant contri- Il. SHEATH MODEL

butions to discharge electrical characteristics. . The sheath model is one dimensional. Position is indi-
Many sheath models have been propdseeB0), buttheir  cated by a single coordinate As shown in Fig. 1, thet axis
predictions are often contradictory and rarely tested by eXextends from an arbitrary positiorx£x,) on the plasma
periment. “High-frequency” sheath model9-19 cover  sjde of the sheath to the surface of the rf-biased electrode
the regime where the applied rf frequenoys much greater  (x=x,,). Gradients in directions other thani.e., parallel to
thanw;, the ion plasma frequency at the edge of the sheaththe electrode surface, are ignored.
For w>w;, the ions, due to their inertia, are unable to re- For high-density argon discharges in the inductive GEC
spond to the rf electric field; rather, they only follow the cell, we may neglect all negative ions and all positive ions
time-averaged field. High-frequency models agree withexcept A, which constitutes 98% of the positive ion flux
sheath impedance measurements performed in capacitivel$9]. Thus the sheath contains electrons, with magsand
coupled, low-density plasma reactdd$,31]. In contrast, in charge —e, and a single species of ion, with mass
high-density plasmasy< w; or w~w;, and thus the ions do =40 amu and charge-e. The electron densitp(x,t) and
respond to the rf electric field. Moddl83—27) proposed for  the ion densityn;(x,t) both vary with timet as well as po-
the regimewg wi, however, treat the time-dependent ion sition X. They are related to the electric fldi{x,t) and the
motion using assumptions that are valid only o w; . The electrostatic potential\/(x,t) by Poisson’s equation and
failure of such models to fully account for time-dependentGauss’s law, i.e.,
ion dynamics casts doubt on their predictions and may ex-
plain )\/Nhy they disagree with experir%ental measuremer%/ts of — V[ ax?=GE] x=e(n;—ne) o, (1)

rf chJr:rent[le] and povxt/e|{25]h th del that d full whereg is the permittivity of vacuum. The voltage refer-
IS article presents a sheath model that does Tully acq,.q is chosen so thet=0 at the center of the plasma. For

count for time-dependent ion motion. The model is designe Il x, n;=n,, E=0, andV=0.

to simulate sheaths in high-density, low-pressure discharges, : : : :

in particular, the sheath at the rf-biased, lower electrode o{onlﬂoggﬁwgscgggeng%ilﬁd using the fluid equations for
the inductively coupled gaseous electronics conference '
(GEQ) reference cel[33] for high-density discharges in ar- au; 1at+uau; [ gx=eE/m; , )
gon at pressures=1.33 Pa(10 mTorp. These discharges

have been particularly well characterized by many measureand ion conservation,

ment technique§6,25,32—39. Using these previous experi-

mental results, we rigorously test the model, and show that it a(n; uj)/dx=—an; /dt, 3
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(@) plasma | sheath electrode Ne(X,t) =nNgo exd e V(X,t)/KT,], (4)

7 - -
wherengg is the electron density at the center of the plasma
andk is Boltzmann’s constant.
The total current, is the sum of the ion current the

electron current,, and the displacement curren:
() =1;(x,t) +1o(x,t) +14(X,1). (5)

The currentd;, |, andly vary with position, butl, does

not. We define the direction of positive current flow to be the

pe direction from the electrode into the plasma, as in most ex-
perimental studies. Therefore, the ion current is

>
A |

sheath electrode (X, 1) =—e n(x,t) ui(x,H)A, (6)

// and the displacement current is
/ [4(X,t)=—eq A JE(X,t)/dt, (7)

whereA is the area of the electrode. The electron current at
the electrode is

le(Xpe,t) =€ A neo(e Te/2mrme) 2 exyd e V(Xpe, ) /K Te].
®

Here, and in Eq(4), we have assumed that no electrons are
emitted from the electrode.

=
kel
=Y

W(t)

pe

FIG. 1. (@) Cross section of the sheath along thelirection,
perpendicular to the electrode. The electrode surface is on the right,
atx=Xye. The plasma is on the left, witk=x, being an arbitrary
position on the plasma side of the sheatlkb) Oscillating-step ap- To solve Egs(1)—(8), one must know the boundary con-
proximation for the electron density(x,t). ditions on the plasma side of the sheath, i.ex=ak,. For a

dc sheath, Bohm’s theorj1] provides suitable boundary
whereu;(x,t) is the mean ion drift velocity directed toward conditions. For rf sheaths in the high-frequeney/ ¢;>1)
the electrode. The ion collision term in E¢R) has been limit, Gierling and Riemanri18] provide a rigorous deriva-
omitted, because, for high-density argon discharges, thgon of the boundary conditions. Unfortunately, it is not ob-
mean free path of Ar (3—6 mm at 1.33 Pa, calculated using vious how to apply their analysis at/ w;~ 1. Also, even at
a momentum transfer cross sect[d0] of 10 *cn?and gas  w/w;> 1, their approach requires an inefficient iterative so-
temperatures of 300—600)Ks large compared to the sheath lution. At each time step, one or more of the boundary con-
width (which varies from~0.1 mm with no rf bias to~2  ditions must be adjusted repeatedly until one obtains the
mm at hundreds of volts of rf biasThe ion diffusion term  right value for the voltage drop across the sheath.
has been neglected in E), because the ion drift velocity One way to avoid these problems is provided by
in the sheath is much greater than ion thermal velocitiesoscillating-step model$§9—-15. These models assume that
Also, Eg.(3) omits the ionization and recombination terms. the electron density profile consists of a sharp, steplike drop,

Most previous sheath moddl8—27] also omit theju; /gt~ which occurs at a time-varying positiof(t) shown in Fig.
term in Eq.(2) and thedn;/dt term in Eq.(3). In high-  1(b). On the plasma side of the stam,=n;; on the sheath
frequency sheath moddl8—-19], these time-derivative terms side,n.=0. Therefore, Eq(4) is replaced by
are dropped, andE in Eq. (2) is replaced by the time-

A. Oscillating-step approximation

averaged electric field. These simplifications are valid in the i), x<WI(t)

limit w/w;>1, wherew=2=f, fis the rf bias frequency, and Ne(X,t) = 0, x=W(t)’ ©
w; is the ion plasma frequency;,;iz=niezlmiso. In low-

frequency sheath mode[d9-24, valid for w/w;<1, the and Eq.(1) becomes

time-derivative terms are dropped, but the time-dependent

electric field is retained. In the model presented here, all time PV _9E [0, X<W(t) 10
dependences are retained, so that the model is valid over the X2 ax en(x,t)/eg, x=W(t) (10

entire range ofw;, from w/w;<1 to w/w;>1.

In contrast, because the electron massis small, the At each time stepWV(t) is obtained very efficiently by nu-
electron plasma frequenay.=n.e*mqe, is much higher merically integrating Eq(10), starting at the electrode, until
than w, and the electrons can be considered to respond irthe appropriate value is obtained for the voltage drop across
stantaneously, without inertia, to the applied electric field.the sheath. By introducing the time-varying widit(t) to
Assuming that the electrons have a Maxwell-Boltzmann ve-account for changes in sheath voltage, one avoids the need to
locity distribution with time-independent temperaturg, vary the boundary conditions at,. One may instead use
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time-independent boundary conditions, saving a lot of com- TABLE I. Parameters describing the experimental conditions of
putation that would otherwise be spent adjusting them iteraRef.[32], wheref is the rf bias frequencyp,_ is the power applied
tively. Additional savings are obtained because the evalualo the inductive sourcd, is the total time-averaged ion current at
tion of the exponential function in Eq4) is avoided. The the rf-biased electrodey, is the electron density prefactor in the
electron current is still calculated by E), but that expo- electron current equation E¢B), and w/w.i(xB) is the ratio of the
nential is evaluated only at,,, not at every grid point. angular rf b|a§ frequency=27f to the ion plasma_ frequency at
The values of the boundary conditionsxat differ from € Bohm pointw;(xg). Values ofl, and neo are input to the
one step model to another. Here, the boundary conditions afgodel, along with the mea.lsured sheath voltsg&t) and th? mea-
chosen so that, for a dc sheath, the step model gives valué#recj value_for the effective electron temperature for high-energy
of E, V, u;, andn; at the electrodehat agree with Bohm'’s electrons,Te=3.0eV.
theory [41], which uses the more realistic electron densityf

PL _lo n

given in Eqg.(4). Using this approach, as described in Appen-(MHZ) (W) (A) (10112?1173) wl ;(Xg)
dix A, we obtain
0.1 350 1.031 4.20 0.006
E(x,)=0, (11 0.1 120  0.319 1.25 0.010
0.1 60 0.105 0.29 0.017
V(xn)=2kT,/e, (12 1.0 350 1.038 4.20 0.055
1.0 120 0.319 1.25 0.099
U;(Xn) = 2(KTe/my)*, (13 1.0 60 0.104 0.29 0.174
10 350 1.029 4.20 0.56
and 10 120 0319 1.25 1.01
N(%0) = — g /et (XA, (14) 10 60 0.103 0.29 1.78

wherel g is the ion current flowing through the sheath, aver-

aged over 1 rf cycle. drop across the sheath. We all®i(t) to fall between grid
These boundary conditions differ from Bohm’s boundarypoints, by assuming than; varies linearly between grid

conditions. The ion velocity in Eq(13), for example, is  points. OncéN(t) is known, the electric field is calculated at

twice the Bohm velocityug=(kTe/m;)"2 This apparent al grid points using Eq(10). Then the currents in EG&5)—

contradiction arises because we match the Bohm theory @) are calculated. lon velocities are then updated using Eq.

the electrode, not at the plasma/sheath boundary. To get tf@)_ Finally, ion densities are updated using Eg).

ion velocity and energy at the electrode to agree with the itially, the ion density and velocity are assumed to be

Bohm theory, the step model must include the energy, Ofynsiant in space, but they rapidly converge on a solution

orderkTe, that ions gain between the Bohm poid<(Xs, \ithin a simulated time comparable to the time it takes ions
whereu; = ug andne~n;) and the point a few Debye Ien_g_ths to cross the sheath, about 100 ns. Solutions can be obtained
downstream wheree=~0. In the_step model, the transition in as little & 1 s ofreal time on an inexpensive microcom-
from ne~n; to ne~0 occurs dlscont|nuou§Iy, rather than |puter. Such speed, obtained due to the efficiency of the
gradually over a few Debye lengths. Thus, in the step model, -~ . T . .

) . ) oscillating-step approximation, is needed if the model is to
the only way to include the energy and velocity gained byb dt | lectrical sianal fast as th i
ions crossing the Debye layer is to include them in the € USec 10 analyze electrical sighals as 1ast as hey are ac
boundary condition at, . (See Appendix A. quired, for real-time process monitoring and control.

It might be argued that the values of the boundary condi-

tions in Eqs(11)—(14), derived for a dc sheath, do not apply C. Model input parameters
to rf sheaths. Nevertheless, using these values, we obtain Tg solve the model, one must know the voltage across the
good agreement with experiment, better than that obtalnegheam i.e.V(Xpet); the time-averaged ion currehy; the

. ) . . lectron temperatur&,. Values of these parameters, and
detailed calculations that use the electron d_en5|t_y given "Pesulting values ofv/w;, are given in Table I. All the pa-
Eq. (4) rather than the oscillating-step approximation of Eq. ! .
rameters were determined from measurements performed in
(9). ; ; i
previous studies. Measurements of the sheath voltage, de
notedVp(t), were obtained in Re{32]. Also in Ref.[32],
I, was measured by applying a negative dc bias to the elec-
The model is solved numerically, by replacing the partialtrode sufficient to repel all plasma electrons.
differential equations by finite difference equations. The re- Values for T, and n,, were obtained from Langmuir
gion fromx, to X, typically 0.2—2 mm thick, is represented probe measuremenf86] of the electron energy distribution
by a grid of 50 points. The time step is chosen so that 200@unction (EEDPF). For high-density Ar discharges at 1.33 Pa
time steps fall within the rf period at 1 and 10 MHz, and [36] and 2.67 P&35] the EEDF is not Maxwellian. For these
20000 at 100 kHz. non-Maxwellian EEDFs, the electron current at the electrode
At each time stepW(t) is determined by numerically can be calculated by first converting the measured EEDF
integrating the ion density in Eq10), starting at the elec- F(E) to the electron velocity distribution functiof{u), us-
trode, until the appropriate value is obtained for the voltageng

B. Method of solution



PRE 62 SHEATH MODEL FOR RADIO-FREQUENCY-BIASED. . . 8543

| L L L IR I AL L R I L L B L L S L I R A A B LA |
I 1 L (a)
1010L Tk, i 0 ]
+++ 3 > 3 1
o e ] ©
S T g i
T g X S .50 -
> 109F + E L
© +
~ +
[T +
+H+
Y
8L i
10 (a) .
E + <
=S SR T R S DR TR DU ST SN SN SN UM SN TN T —
0 10 20 30 s
energy (eV) 3

—_ E e

< ++++++

~ +++

= 100F + E <

o 5 Pt

3101 3 5

c ] 3

S 102k . °

5 3

© 10-3? E I I A I 1
3 b 3 0.0 0.5 1.0 15 2.0

104f (0 . time (us)

S S W W AT WU DUUIY TR TR Y TR SN SN T S ML N
0 10 20 30

FIG. 3. Results of the numerical model compared to measure-
ments, at 1 MHz rf bias frequency and an inductive source power of

FIG. 2. (a) Electron energy distribution function measured in +20 W [ie., atw/wi(xs)=0.10. (a) Measured sheath voltage
Ref. [36], using equipment and procedures described in [, Vedt). (b) Measured total currenge(t)., and model total curr.ent
for a 1.33 Pa(10 mTor) argon discharge at an inductive source l(t). (c) Model electron currenke(t), ion currentl(t), and dis-
power of 100 W, with no rf bias. (b) Electron current at the rf- placement currerity(t), all at the electrode surface.
biased electrode as a function of the sheath voltage calculated from o ) ]
the data in(@ using Eqs(15)—(17). An exponential it to the data fits of the data |n_F|g. @) (and (_Jlata taken at other inductive
(solid line) performed over the most important range of sheath volt-SOurce powepsgive an effective electron temperature of
age, from 14 to 22 V, gives an effective electron temperature of 3.6¢Te=3.0=0.1 eV. Using this value o, we then choose

sheath voltage (V)

ev. Neo to give agreement with measured values of the floating
potential, i.e., the voltage on the electrode when no rf bias is
F(E)dE=f(u)4mu?du, (15  applied. By settingle andneg in this manner, we assure that
the Maxwellian EEDF used by the model accurately repro-
and then integrating, duces the most important features of the measured, non-

Maxwellian EEDF.

w o (o Finally, we also make use of the rf current at the elec-
'e(t):eAf J'o fo uxf(u)du,duy du,. (16 trode, Ipe(t), measured in Ref[32]. The current is not a

tm model input parameter; rather, it is an output of the model.
Comparison of the model current to the measured current, in
Secs. IIIA-IIIC, provides a rigorous test of the model.
Then, in Secs. IlID and Il E, values of the impedance,
phase, and power calculated from the measured current and
um=[f2evps(t)/me]1/2. (17) voltage are compared to those predicted by the model.

Here,u,, uy, andu, are the three components of electron
velocity, u is the magnitude of the electron velocity, amg,
the lower limit of the integral ovedu,, is given by

Performing this analysis on the EEDF shown in Fign)2 Ill. RESULTS
we obtain the electron current curve shown in Figh)2The
most important part oF (E) lies between-14 and~22 eV.
Electrons below~14 eV cannot cross the sheath, so they Figure 3 shows measured current and voltage wave forms
contribute no current; electrons above22 eV have such and the corresponding model wave forms, for a bias fre-
low densities that they contribute little current. Over the cor-quency of 1 MHz[ w/w;(xg) =0.1]. Figure 3a) shows the
responding range of sheath voltages, 14-22 V, exponentiaheasured sheath voltagg(t). In Fig. Ib), the measured

A. Current wave forms at 1 MHz
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currentl ,(t) is compared td,(t), the total current predicted - i (@)
p t L .
by the model. Overall, the agreement is excellent. The only 0_ ]

noticeable difference betwedn(t) and I(t) occurs near S

their maxima. This deviation is explained by the sensitivity o

of the model results to small errors in the model input pa- § i

rameters. In particular, the electron currég(t) in Eq. (8) S.50 .

depends exponentially o¥i(t) and the electron tempera-
ture To. WhenV(t) in Fig. 3(@) is close to zero, anti(t),
shown in Fig. &), is large, a small error itVp(t) or T,
produces a larger error in(t), and hence i (t) as well.
Propagating the uncertainty in the measuremghs5 V in
Vp{t) and+0.1 eV inkT,] through the model calculations,
one finds that the uncertainties are large enough to account
for the deviation seen in Fig.(B).

In contrast, at times when the sheath voltage in Fig) 3
is strongly negative, the electron current in Figh)3s neg-
ligible. During this portion of the rf cycle, the ion current and
the displacement current;(t) and l4(t), add together to
produce an (t) wave form that is roughly linear with time.
The model accurately predicts the slope and intercept of this
linear section of the wave form.

The time dependence of the ion current, clearly shown in
Fig. 3(c), is a very general effect that follows directly from
the conservation of ions, Eq3). Nevertheless, only a few I |
sheath model$28-3Q try to account for it. Most models AR

current (A)

current (A)

[9—-27] instead assume that the ion current and flux are con- 0.0 0.5 1.0 1.5 2.0

stant. Consequently, such models disagree with experiment time (us)

and with the model presented here. For example, results from ) )

the Metze-Ernie-OskaniMEO) model [23] are shown in FIG. 4. Comparison of the Metze-Ernie-Oskam mofd] to

. . ; i d sheath voltage
Fig. 4. The displacement current predicted by the MEQEXPEfimental data at 1 MHz.(a) Measure 9
mgdel shown ionig. @), is very similgr to Fig. &)y but the Vedt). (b) Measured total currerit(t) and model total current

constant ion current assumed by the MEO model differd Meo(t)- (c) Model electron current(t), ion currentl (1), and

) . . ; displacement current(t), all at the electrode surface. The data are
from the time-dependent ion current in Fig(cB Conse- P bt

. the same as in Fig. 3. Model results were calculated ukjrg
quently, the total current predicted by the MEO mOdeI’—o.slgAandkTe=3.0eV.

Imeo(t), diverges from the measured current in Figb)4
during the part of the rf cycle when the ion current is vary-with little loss of accuracy and a significant savings in com-
ing, i.e., from 0.3 to 0.8us. The electron currents in Figs. putation.
4(c) and 3c) also differ. Consequently, during the part of the  The analytic model explains why the shapes of the dis-
cycle when the electron current is dominant, from 0.8 to 1.3lacement current and the ion current are similar in Fig) 5
8, lyeo(t) in Fig. 4(b) differs from the measured current [and also in Fig. &)]. Both contain a factor oiV,¢/dt, the
more noticeably thai(t) does in Fig. 8). The differences derivative of the sheath voltage. The analytic model also
in 1¢(t) arise because the MEO model does not account foexplains why, in previous work32], better agreement with 1
the non-Maxwellian EEDF. They can be avoided if the MEOMHz data was obtained by arbitrarily increasing the dis-
model is modified so thal., ng, andl, are treated as placement current in the Metze-Ernie-Oskam model by a fac-
independent parameters, as in the numeric model. tor of 3. Scaling up the displacement current compensates for
The Metze-Ernie-Oskam model has one advantage: it ishe missing time-dependent ion current.
simple enough to be solved analytically, rather than numeri- Also, notice in Figs. &) and 5c) that the peak-to-peak
cally. By taking an approach similar to Metze, Ernie, andamplitude of the ion current is larger than that of the dis-
Oskam—~but being careful not to violate the conservation oplacement current. The equations of the analytic model, Egs.
ions—the numerical model presented here can be simplifieB8) and (B10) predict that the time-dependent part of the
to yield an analytic model. This analytic model is derived inion current will always be larger than the displacement cur-
Appendix B. Predictions of the model are shown in Fig. 5.rent, no matter how low the frequendye., no matter how
The agreement with the experimental current wave form irsmall the derivativedV,¢/dt). Thus, there is no frequency
Fig. 5(b) is nearly as good as that obtained with the numeri+egime where the MEO predictions are valid, that is, where
cal model in Fig. 8). Furthermore, the electron, ion, and the displacement current at the electrode is significant but the
displacement currents from the analytic model in Figr)5 time dependence of the ion current at the electrode is not
are all quite similar or identical to the corresponding numeri-significant.
cal results in Fig. &). Thus, for many purposes, at the rf ~ The time dependence of the ion current arises because
bias frequency of 1 MHZe.g., atw/w;(xg)=0.1], the ana- ions entering the sheath at different times experience differ-
lytic model may be used instead of the numerical modelent electric fields, and therefore take different amounts of
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FIG. 6. lon trajectorie¢dotted line$ and the sheath widtW/(t)
(solid line) at rf bias frequencies ofa) 1 and(b) 10 MHz. The
surface of the electrode is on the bottom axis, at position 0; the
plasma extends above the top axis. The trajectories are evenly
spaced far from the electrode, but not near the electrode, as indi-
cated by the arrows. Fda) the conditions and the time scale are the
same as in Fig. 3.

current (A)

time (ps)

FIG. 5. Comparison of the analytic modelerived in Appendix

B) to experimental data. (a) Measured sheath voltayg(t). (b) trode compressed into a shorter time period, and the magni-
Measured total currenit,(t) and model total current,(t). (c)  tude of the ion current at the electrode is increased, as seen in
Model electron currenty(t), ion currentl;(t), and displacement Fig. 3(c). Finally, for portions of the cycle near 1:s, when
currentl4(t), all at the electrode surface. The conditions are thethe sheath voltage and sheath width are more or less con-
same as in Fig. 3. stant, the transit times of successive ions are also constant,
. o __and thus the ion flux and current are constant in time.

time to cross the sheath. The variation in ion transit time ko 3 more rigorous treatment of these effects, see Appen-

means that there must be times in the rf cycle when morgjix ¢ There, we derive a general relation that expresses the
ions than average arrive at the electrode and times Whe@ependence of the ion current on ion transit time.

fewer arrive. To illustrate this effect, ion trajectories for the 1
MHz simulations of Fig. 3 are shown in Fig(&. [The effect

is even more visible in Fig. (6), at 10 MHz] Examining
Fig. 6a), one sees, for example, that ions beginning at a Figure 7 shows measured current and voltage wave forms
position 0.5 mm from the electrode at time 0.7@8 reach and the corresponding model wave forms, for a bias fre-
the electrode at time 0.77ds, but ions starting later, at time quency of 100 kHz. In Fig. (b), the agreement between the
0.750 us (when the sheath voltage is less negative, theneasured current wave forlgd(t) and the total current pre-
sheath width smaller, and the electric field weakeke dicted by the modell(t), is good, although,(t) again de-
longer, arriving at the electrode at time 0.838. This means viates froml (t) at times when the sheath voltapé,(t),

that all ions starting at 0.5 mm between 0.700 and 0.75@hown in Fig. Ta)] is close to zero and the electron current
us—50 ns worth of ion flux—arrive at the electrode stag-[l¢(t) in Fig. 7(c)] is large. Again, this deviation is explained
gered over a longer time interval of length 64 ns. Thereforepy the sensitivity of the calculated electron current to small
during this interval, the magnitude of the ion current and fluxerrors inVp(t) andT,, as discussed above. Also, near their
at the electrode must be decreased by a factor of 50/64 fromaxima, ringing is observed in(t) andl(t). This ringing

the current and flux at position 0.5 miReferring back to results from a small ringing present in the sheath voltage
Fig. 3(c), one sees that the magnitude of the ion current nedrshown magnified in Fig.(@)], which in turn is an artifact of
0.8 us is indeed reduced by this factor relative to its time-the Fourier analysis procedures used in R82] to obtain
averaged valugOn the other hand, during the portion of the V{t) from digitized wave forms. These procedufé®,43

rf cycle near 1.4us in Fig. §a—when the sheath voltage is enable us to account for the effects of stray impedance,
becoming more negative, the sheath width is increasing, anpropagation delays, and probe errors, to filter noise, and to
the electric field is becoming stronger—ions entering thenterpolate between the digitized points. Unfortunately, ap-
sheath have shorter transit times than the ions immediatelglying Fourier techniques to wave forms with sharp peaks or
preceding them. Thus an interval of flux arrives at the elec€orners usually results in some amount of ringing.

B. Current wave forms at 100 kHz
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time (ps) ments, at 10 MHz rf bias frequency and an inductive source power

of 120 W [i.e., atw/w;(xg)=1.0]. (a) Measured sheath voltage
FIG. 7. Results of the numerical model compared to measurev(t), shown normal size and magnified5n the vertical direc-
ments, at 0.1 MHz rf bias frequency and an inductive source powetion. (b) Measured total currenk,{t) and model total current
of 120 W/i.e., atw/w;(xg)=0.01. (a) Measured sheath voltage [,(t). (c) Model electron currenit,(t), ion currentl;(t), and dis-
Vodt). (b) Measured total currerlt,(t) and model total current placement currenky(t), all at the electrode surface. Arrows indi-
I(t). (c) Model electron currenitg(t), ion currentl;(t), and dis-  cate that at time,, whenV (t) is minimized,|4#0.
placement currenity(t), all at the electrode surface. Selected por-

tions of the wave forms have been magnified in the vertical direCinan at 1 MHz.[Except for the tenfold difference in time
tion by the indicated factorgand shifted vertically by arbitrary scale, the sheath voltages in Figéa)3and 7a) are nearly
amountj. identical] This result can also be explained by EG3). In

Figs. 7 and 3, ion transit times vary over the same range and
in the same manner. Nevertheless, at 100 kHz, the variations
occur on a time scale ten times longer, so the derivative of
Nransit time in Eq.(CJ) is ten times smaller, as is the time-
tdependent part of the ion current. Conversely, by increasing
the rf frequency above 1 MHz, the modulation in ion current
gecome larger, as shown in the next section.

Near their minimal ,(t) andl(t) in Fig. 7(b) look rather
flat. Nevertheless, the magnified view in Figb)yshows that
they actually have positive slopes, which are generally i
agreement(Some ringing is observed in the magnified plo
of 1,{t), for the reasons discussed abgv8imilarly, the
displacement currerty(t) and ion current;(t) in Fig. 7(c)
at first appear to be constant, but when they are magnifie
they are seen to have shapes similar to that seen at 1 MHz, in C. Current wave forms at 10 MHz
Fig. 3(c). The MEO mode[23] predicts a similat 4(t) wave :
form, but assumes constant ion current, thereby underesti- Current and voltage wave forms measured at 10 MHz rf
mating the slope of the total current. Of course, this slope idias frequency, and the corresponding model wave forms,
a relatively minor feature, so that, for many purposes, there shown in Fig. 8. As discussed above, when the sheath
MEO model may be adequate at 100 kHze., at voltageV,(t) shown in Fig. 8a) is close to zero, the elec-

ol wi(xg)=0.01]. Indeed, even simpler modeld9-22, tron current in Fig. &) becomes large, and it becomes es-
which neglect the displacement current as well as the tim@ecially sensitive to uncertainties W,(t) and T, causing
dependence of the ion current, may be adequate. the model currenk,(t) in Fig. 8b) to deviate from the mea-

The modulation in ion current at 100 kHz, in Figcy, is  sured current ,(t). The deviation on the shoulder of the
ten times smaller than that at 1 MHz, in FigcB This result  current wave forms, at 0.08ks, may also be related to er-
is predicted by the analytic model, since the derivative of theors inV (t). In addition, we also see a deviation at 048}
sheath voltage in EqB10) is ten times smaller at 100 kHz near the minima of the current wave forms, which is ob-
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First, the ion current is constant in the MEO model. Second,
the electron current does not account for the non-Maxwellian
EEDF, as discussed above. Third, the MEO model also gets
] the displacement current wrong. The displacement current
to ] I 4(t) depends on the ion density profilgx,t) as well as the

x15 i sheath voltage. The MEO model assumes that, in the refer-
ence frame moving with the sheath edggx,t) does not
vary with time. This assumption is reasonable for lower fre-
guencies, but not at 10 MHg@.e., at w/w;(xg)=1.0]. The
analytic model derived in Appendix B also makes this as-
sumption, so it also has significant errors at 10 MHz in
n;(x,t) andl4(t), as well ad;(t).

The disagreement between the MEO model and experi-
ment seen in Fig. @ suggests that serious misinterpreta-
tions may arise when the MEO or similar models are used to
interpret measured wave forms and extract plasma param-
eters. In particular, consider the method of Réi, which is
illustrated in Fig. 9. At the time, when the sheath voltage
reaches its minimum, the MEO model—and other models
based on Eq(B8) or similar equations—predict that the dis-
placement current will be zero. Furthermore, if the minimum
is far enough negative, the electron current will also be zero.
Therefore, simply by taking the total currenttgt one ob-
tains a value for the ion current. One problem with this tech-
nique is that, according to the complete numerical modgel,
is not necessarily zero at tintg [see Fig. &)]. Also, be-
cause the ion current varies with time, the estimate of the ion
current obtained &t need not agree with the time-averaged
ion currently. Thus, in Fig. 9 ,{ty) =—0.377 A, whereas
lo=—0.319 A. At other conditions, shown in Fig. 1Q(to)
differs from |, sometimes by more than 60%. In contrast,
the total current at timg, predicted by the complete numeric
1(t), ion currentl;(t), and displacement curreng(t), all at the ~ mModel, also shown in Fig. 10, agrees much better with
electrode surface. Arrows show tHat=0 at timet,, whenV,{t)  Ipdto). This suggests that, by fitting the complete model to
is minimized. The data are the same as in Fig. 8. Model results wereasured current and voltage wave forms, values for the
calculated using,=—0.319 A andkT,=3.0 eV. time-averaged ion current can be obtained that are more ac-

curate than those given by R¢6].
served consistently at 10 MHz and sometimes at 1 MHz. The ion current in Fig. & shows a larger amplitude
Possible explanations for this deviation are discussed belomodulation than that seen at 1 MHz in FigcB At 10 MHz,
in Sec. IV. variations in transit time occur over a shorter time scale than

Predictions of the Metze-Ernie-Oskam model at 10 MHzat 1 MHz, so the derivative in EGC3) is larger at 10 MHz,
are shown in Fig. 9. In Fig.(®), the agreement with experi- as are the oscillations ii(t). Nevertheless, at 10 MHz, a
ment is worse than that seen in Figbg for several reasons. competing effect is beginning to become important. As

@]
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FIG. 9. Comparison of the Metze-Ernie-Oskam mofd3] to

experimental data at 10 MHz.(a) Measured sheath voltagg(t),

shown normal size and magnified25 (b) Measured total current
I,{(t) and model total currerygo(t). (c) Model electron current

- gnalytic models

10 MHz

r————————
T . e
T () 1.0 MHz 60 W - ( 60 W
<
E=
e
5 ’
(3)
o data T
model 350 W {

0

100

200

0

200

0

00

200

100

peak-to-peak voltage (V) peak-to-peak voltage (V) peak-to-peak voltage (V)

FIG. 10. Values of the total current &f, the time of the voltage minimum, for rf bias &) 0.1, (b) 1.0, and(c) 10 MHz, inductive
source powers of 60, 120, and 350 W, and varying rf bias amplitudes, indicated graxieby the peak-to-peak amplitude of the sheath
voltageV(t). Symbols(O) indicate the measured currdpf(to); solid lines indicate the model total currdnptt,); dotted lines indicate the
total current from analytic models such as the Metze-Ernie-Oskam model.
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FIG. 11. Value of the minimungsolid lines and maximum(dotted lineg ion current predicted by the numerical model for rf biagaat
0.1, (b) 1.0, and(c) 10 MHz, and inductive source powers of 60, 120, and 350 W.

shown by the trajectories in Fig(l®, the ion transit times Figure 6 illustrates another effect. When the transit times
are a substantial fraction of the rf period at 10 MHz. Thusare comparable to the rf period, as in Figb)% the depen-
any ion, no matter when it enters the sheath, experiencesdence of transit time on phase differs from that seen at lower
range of both higher- and lower-field portions of the rf cycle.frequencies. Therefore, the phase of the ion current modula-
Thus, the variations in electric field tend to average outtion also changes. Unlike Fig(® [and Eq.(B10)] where the
making the transit time less sensitive to the time that the iofnodulation is in phase with the derivative of the voltage, in
entered. This effect makes the derivative in EZ@) smaller,  Fig. g(c) it is in phase with the voltage. This change greatly

which makes the modulation in ion current smaller. Evidenceyffacts the power absorbed by ions in the sheath, as de-
of this effect can be seen in Fig. 11. There, we see that the.riped in Sect. Il E below.

modulation in ion current usually grows larger as the sheath
voltage increases, but in Fig. (], at an inductive source
power of 60 W, the modulation instead begins to decrease
with increasing sheath voltage, because of the averaging ef- Sheath impedances were calculated from the fundamental
fect. componentsi.e., the components at the rf bias frequenafy

If the rf bias frequency is increased above 10 MHz, thethe sheath voltag®,(t), the measured curremt(t), and
transit times eventually become much longer than the rf pethe model current(t). Magnitudes of the measured and
riod, the time variations in the electric field tend to entirely model sheath impedances are shown in Fig. 12. Figure 13
average out, the transit time of an ion becomes insensitive tplots their phases. Rather good agreement is obtained over
its arrival time, and the time dependence of the ion currenthe entire data set, which covers two orders of magnitude in
becomes negligible. Under such conditions, high-frequencgheath voltage and rf bias frequency. The plots of the model
sheath model$9—-19 are valid. The model presented here results are not smooth curves because of errors in the model
predicts that the modulations of the ion current become smalhput parameters. As discussed above, small errors in the
(+10% at w/wi(xg)~3. This agrees with previous work sheath voltage produce large errors in the electron current,
[15,31 on lower-density, capacitively coupled discharges,which in turn show up in the impedance magnitude and
where good agreement with high-frequency models was olphase. At worst, model values differ from the measurements
tained at 3.5 w/w;=<30. by —11% and+24% in magnitude and-12° and+5° in

D. Impedance

—
o
N

impedance (Q)
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(=)
—

(c) 10 MHz |

(b) 1.0 MHz {
100 101 102 100 101 102
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FIG. 12. Magnitudes of the measured and model sheath impedances at rf bias freque@i@slofb) 1.0, and(c) 10 MHz, inductive
source powers of 60, 120, and 350 W, and varying rf bias amplitudes, indicated rraxieeby the peak-to-peak amplitude of the sheath
voltageV,{t). The measured sheath impedances, i.e., the ratio of the fundamental componggt) @nd the measured currdrt,(t)],
are shown as symbol®). The model sheath impedance, i.e., the ratio of the fundamental componevitétofind the model current
[I¢(t)], are indicated by solid lines.
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FIG. 13. Phases of the measured and model sheath impedances, defined in Fig. 12, at inductive source @886 (@) 120, and
(c) 60 W, at rf bias frequencies of 0.1, 1, and 10 MHz, and varying rf bias amplitudes, indicatedoaxiseby the peak-to-peak amplitude
of the sheath voltag¥(t). The measurements are shown as symtols The model results are indicated by solid lines.

phase. These differencésxcept for the largest differences in whereT is the rf period. Values oP,candP;, shown in Fig.
phase, seen at high sheath voltages at 10 Mz within the 14, are in good agreement. A deviation is observed at high
combined uncertainties of the measuremént§% and=+1°) voltages at 10 MHz, but it is within the uncertainty of the
and the model(obtained by propagating the uncertainties inmeasurementg*=8%) and the uncertainty in the model
model input parametersNevertheless, these comparisons(+6% for the high-voltage, 10 MHz data, obtained by propa-
may be somewhat misleading because the model uncertaingating the uncertainty in the model input paramaters

is contributed nearly entirely by the electron current. Thus, a For the Metze-Ernie-Oskam model, and other analytic
significant deviation in ion current or displacement currentmodels, the power can be approximated by

may produce a deviation in the impedance that is deemed

insignificant because of the large uncertainty in electron cur- P=10(Vpso— V1), (20
rent. Results from the Metze-Ernie-Oskam model do not

agree as well with the data. They differ by as much-d€%  WhereV s the dc voltage across the sheath, afyds the

to +46% in magnitude ane-14° to +17° in phase. value ofVpsowhen no rf bias is applieB2]. The first term is
the power gained by ions as they are accelerated across the
E. Power presheath and the sheath. The second term is a good approxi-

) mation for the power lost by electrons, which are decelerated
We obtain the measured powRps and the model power 5q they cross the sheath.
P from In Ref.[32] it was found that the analytic result E@O0)
- often disagreed withP ,; measurements. This can be seen in
ppszf | peVpdt, (18 Fig. 14. At 100 kHzP  values fall on the dotted lines, which
0 represent Eq(20), but at 1 and 10 MHzP values are
higher by as much as 40%. The disagreement with(EQ).
and arises because its derivation assumes that the ion current is
constant in time. If the ion current varies with time, the ions
are able to absorb more power, especially at 10 Nitéz, at
T . . L. .
P‘:f 1V,pdt, (19 w/wi_(xB)=1.0],_ where the oscillation in ion current is large
and in phase with the sheath voltdgee Figs. &) and §c)].

T ] T T T T T T T
o data o data 7| °©
[ model 1 350 W o ]
L Eq. 20 350 W T oo mo_de' o#  T|-——Eq.20| /o 350W ]
s SR :
& sal 1 ] 120 W
50
g 120W oWl L ]
ok S0 ggw L A At TN GO W
[ (2) 0.1 MHz 1 (b) 1.0 MHz 1 (c) 10 MHz ]
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dc sheath voltage (V) dc sheath voltage (V) dc sheath voltage (V)

FIG. 14. Power dissipated in the sheath at rf bias frequenciés 6f1, (b) 1.0, and(c) 10 MHz, at inductive source powers of 60, 120,
and 350 W, and varying rf bias amplitudes, indicated onxtagis by the dc component of the sheath voltaggt). Symbols(O) indicate
the measured powd? s from Eq. (18). Solid lines indicate the model power from E39). Dotted lines indicate the power predicted by
analytic models given by Ed20).
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This effect also explains the results presented in R25], secondaries would make the model currg(it) more nega-
where measured powers were found to be as much as 50ftre, which would result in poorer agreement with(t) in
higher than the powers predicted by the Riley sheath moddtig. 8. Nevertheless, because emitted electrons are acceler-
[25], which, like the analytic models, neglects the time de-ated so efficiently, heating mechanisms involving emitted
pendence of the ion current. Other recent wWi@@] confirms  electrons may need to be considered.
this explanation. The failure of analytic or other models to The effect of ion collisions was studied by including an
accurately predict the power implies that their predictions forion drag term in Eq(2). As noted previously15], the effect
ion energy distributions will also be in error. of this term is to increase the ion charge in the sheath and
thereby increase the amplitude of the displacement current.
This increase yields worse, not better, agreement in Fig. 8.
IV. DISCUSSION Nevertheless, if simulations of pressures considerably higher
Here we discuss extensions to the model and possibig1an 1.33 P&10 mTorp are desired, collisions would need to
explanations for the disagreements between the model arRf included. Also, to simulate discharges in reactive gases,
the data, such as that shown in Fig. 8. One possible source §t€ model would need to be extended to include more than
disagreement is the boundary conditions chosen in Eqdust one positive ionic species. Negative ions are repelled by
(11)—(14). Simulations performed with different values of the sheath fields, so they need not be con&de_rgd explicitly.
the boundary conditions, however, did not yield any better "€y may, however, alter the boundary conditions at the
agreement with experiment. Also, very similar resuits were?l@sma/sheath interfagéa. _
obtained by using the Boltzmann electron profile of E4). Langmuir probe studie$33,35 show that the ion and
[with n(x,,) adjusted iteratively at each time step to give theeleptron currents in the inductive GEC cell are not radially
appropriate sheath voltaheather than the oscillating step. Uniform. To study the effect of such nonuniformities, we

Thus the oscillating-step approximation does not appear tgerformed simulations in which the electrode area was di-
be a major source of error. vided into discrete subregions with different current densi-

Stochastic heating or other heating mechanisms for eledi€s, given by Langmuir probe data. Results were remarkably
trons are another possible source of disagreement. Absorﬁlm"ar to those of the rgdlally .unlform simulations presented
tion of rf bias power by these mechanisms is not included irRPove. Thus the nonuniformities are not large enough to ap-
the model, since the model uses valuesTpfandny, mea-  Preciably affect the simulations. _
sured with no rf bias applied. When rf bias is applied, how- Another possible extension of the model would be to in-
ever, changes are observed in time- and space-resolved opfi/de both sheaths in the simulation, as in R2§]. In such
cal emission measuremeni87], which may suggest that a" approach, the sheath V(_)It_age is no longer a model input
some part of the rf bias power is indeed absorbed by eledlarameter. Instead, the |nd|y|dual sheath voltages are deter-
trons. The observed changes are small, on the order of a felined by the model from their sum, the voltage on the elec-
percent of the total light emitted by the discharge. Thus thdrode, which can be determined with less uncertainty. Thus
power absorbed by electrons is presumably small, but it mage two-sheath approach would allow one to avoid the prob-
be important. Electrons heated at the sheath edge are acc&lMs caused by the sensitivity of the electron current to er-
erated into the plasma, but they may be reflected by elastors in measured sheath voltage. .
collisions with atoms or the opposing sheath, and thus reach Finally, the model does not include very-high-frequency
the rf-biased electrode. Stochastic heating should be greatgffects such as field reverspd5] or plasma-sheath series
at higher frequencies, and at the time in the rf cycle wherf€sonance[17]. These effe(_:ts, related to electron inertia,
dV,/dt is large and negative, e.g., around0.04us in Fig. should appear at frequencies above 100 MHz, beyond the
8. An increase in the electron current at that time would@nge of interest here. Components at and near the series
make the model total current(t) more positive, in better €sonance frequency do not appear in the measured current
agreement with ,{(t). Changes in the EEDF due to electron wave forr_ns, because they are fllte_red out by the measure-
heating could also affect the displacement current. ment equipment and Fourier analysis piopedures. Such com-

It is also possible for stochastic heating to produce arPOnents are at frequencies too high for'Aons to respond
increase in ionization in the discharge, and thus an incread@> SO they are of relatively little interest for the present
in the ion current. No increase in ion current during rf bias-Study, although they may be more important for discharges
ing has been observed, however, in Langmuir probe studig® Hz: He, or other light gases.

[25,36]. Furthermore, an increase in ion current would make

the tot_al model current,(t) more ne_gati\_/e, whic_:h_would V. CONCLUSIONS

result in poorer agreement with(t) in Fig. 8. Similarly,

ionization within the sheath would increase the total ion The results presented here show how the electrical behav-
charge in the sheath, making the displacement current stromr of plasma sheaths depends ©fw;(xg), the ratio of the

ger, which would result in worse, not better, agreement inf bias frequency to the ion plasma frequency at the edge of
Fig. 8. the sheath. At/ w;(xg)<0.01, the displacement current and

The model neglects electron emission from the electrodéime-dependent ion current are small. For such low frequen-
surface. Nevertheless, by setting, to give the measured cies, many models, even mod¢lk9—27 that neglect these
floating potential, the current of any electron-induced seceurrents entirely, agree reasonably well with experiment. As
ondaries is effectively included ih,(t). The yield of ion-  w/w;(xg) increases to~0.1, the displacement current and
induced secondaries should be small, because the ion endime-dependent ion current become larger, and thus low-
gies are low (=250 e\). Furthermore, ion-induced frequency models[19-23 become invalid. The Metze-
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Ernie-Oskam model accurately predicts the displacement Imiui(x)?=—eV(x), (A3)
current atw/ w;(Xg) = 0.1, but it neglects the time-dependent
ion current, resulting in significant errors. In contrast, theand

numerical model presented here, as well as an analytic ap- —2eV.|2 |
proximation for it, are in excellent agreement with measure- ni(X)u;(X)=ngUg=nNg B) =2 (A
ments atw/ ;(xg) = 0.1. At w/w;(xg)~ 1, both the displace- m; eA

ment current and the ion current predicted by the Metze- o . .
Ernie-Oskam model have significant errors. The numericaEUb(slt;tu\;[\'lgg;‘bI;?rT these equations amt from Eq.(4) into
model is still reasonably accurate af w;(xg)=~1, but the q-(,

analytic approximation for the model is no longer valid. At 9V (

ol wi(Xg)=~1, the modulation in ion current is very large: in g0 2~ €M
some cases, over the course of the rf cycle, the ion current

ranges from as low as 20% to more than 200% of its timeswe integrate this equation ovelV, using
averaged value. Values of the ion current obtained from

VARRE e(V—Vp)
V_B ex —kTe

] . (A5)

models that neglect the modulation may consequently be in j ﬁ _ J' ﬁﬂ _ f a_EE dx=f EdE
error by as much as 80—100%. The modulation in ion cur- ax® Ix> X X

rent is in phase with the sheath voltage @tw;(xg)~1, (AB)
which allows ions in the sheath to absorb as much as 40— .

50 % more power than at lower or higher frequencfesthe ~ @nd obtain

same sheath voltageModels that neglect the modulation in g0 E2=2ng(2e V[ (V/IVp)Y2—1]

ion current thus underestimate the power absorbed in the

sheath by as much as 40—50 %. Finally ed®;(xg) contin- +kTelexde(V—-Vp)/kT]=1}). (A7)

ues to increase above 1, the ion current modulation de- N his derivati ing th del. |
creases, as ions become less able to respond to the rf fields.. owEwegrepeat t olls felrzlvatgron Xsmhg the step mj’ el 1.8
For w/w;(xs)>3, the time dependence of the ion current!SiNg EA.(9) instead of Eq.(4). At the positionx=xs,

becomes small, and high-frequency sheath mof@isL9 where the steplike drop in electron density occurs, we have
g a y ) new boundary conditionsE(xg)=~0, V(Xg)=Vg, U;i(Xg)

are valid. .
The numeric model presented here gives good agreementUs: Ne(Xs)~0, andnj(xg)=ns. This time we get
over the whole range ob/w;(xg). The implementation of o EZZZnS{ZeVS[(V/VS)UZ_ 1]} (A8)

the model, which uses the oscillating-step approximation, is
numerically very efficient and thus it is well suited for ana- We now match Eq(A8) to Eqg. (A7), noting that, for high
lyzing electrical signals in real time. The good agreementoltages,—V+Vg>kT,, the exponential term in EqA7)

obtained here suggests that important physical parametecsin be ignored. The two equations are then equivalent if
like total ion current or flux and ion bombardment energies

-\ _ 212 2
could be reliably obtained from measurements of rf electrical Vs=Vp—kTe/e+kTe/(4€7Vg). (A9)
signals, interpreted using the model. Algorithms for obtain-hc
ing such parameters are under development.
Vg=—kT/2e, (A10)
ACKNOWLEDGMENTS
the critical value derived by Bohm, then
I would like to thank Axel Schwabedissen for graciously B
providing Langmuir probe measurements of the electron dis- Vs=—2kTe/e, (A11)
tr_lbutlon function, and James Whetstone for valuable discus- Us=2ug=2(KTo/m)Y2 (A12)
sions.
and
APPENDIX A: BOUNDARY CONDITIONS Ng=nNg/2=—1y/(eUA). (A13)

FOR THE OSCILLATING-STEP MODEL

Here, the boundary conditions for the step model are ob- S€ttingVs, ns, andus by this procedure, assures tfat
tained by matching it to Bohm’s dc sheath mofd], which ¥ Ui, andn; will agree exactly with Bohm'’s theory of the
includes a more realistic profile for the electron density. WedC Sheath not only at the electrodes x,, but also over the

start with the dc versions of Eq&2) and(3), entire rangexs=x=xp. For the rf sheath, we apply these
same boundary conditions at the boundary paistx,, as
Ui du; /ax=eBE/m, (A1) shown in Egs(11)—(14), and obtain good agreement with
experiment.
and Admittedly, Bohm’s analysis also allows solutions\4t
a(n; u;)/dx=0. (A2)  <—KkT¢/2e, which would requireVs<—2kT,, but bound-

ary conditions based on such solutions do not give any better
We integrate these equations, starting at a poinkg on the  agreement with experiment. Also, there are solutions to Egs.
boundary between the plasma and the sheath, wWBéxg) (A7) and(A8) with E(xg) >0, andVs< —2kT,, but bound-
~0, V(Xg)=Vg, Uj(Xg)=uUg, and ng(xg)~n;(Xg)=ng. ary conditions based on these solutions are in poorer agree-
We obtain ment with experiment. Solutions wittis< — 2k T, also suf-
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fer from another problem: ¥ is too negative, there will be The ion current is obtained by integrating the ion conti-
conditions at high rf bias voltage where the sheath voltageuity equation, Eq(3), starting atxs, the position of the
becomes greater thavis. Under such conditions, the step step:
model has no solution®r only nonphysical solutions with a
negative sheath widihas shown by Gierling and Riemann LX) =1li(Xs,t) +e us A[ni(Xs) —ni(x)]. (B9
(see Fig. 4 of Ref[18]).
Herel(xs,t) is the ion current at the step, which is equal to
APPENDIX B: ANALYTIC APPROXIMATION the time-averaged ion curremf. Simplifying, using Egs.

. ) ~ (A13) and(B5), we obtain
Analytic models for sheaths at very low bias frequencies

are usually obtained by taking a dc sheath model and insert-(x t)=—1,+1,E~[(—m/2e V)2~ (m;/4k T,)Y?]d V/dt.
ing a time-varying voltage in place of the dc sheath voltage. (B10)
Such models assume that the ions cross the sheath instanta-

neously compared to the slowly varying sheath voltage. Athe analytic expression for the electric field from EAS)
better approximation, valid over a wider range of frequen-can pe inserted into this equation, to give an analytic expres-
cies, can be obtained as follows. We acknowledge that thejon for the ion current in terms of the sheath voltage. The
ions have a finite transit time, but assume that, over the t'm@isplacement current from E¢B8) and the electron current
scale of ion t_ransit, the sheath can .be approximafced by a stggym Eq. (8) are then added to get an analytic equation for
sheath moving at constant velocity. The solution for theyhe total current of the rf sheath. The analytic equation is
moving sheath'ls_ then easily obtained by. takmg a dc sheatp,|iq at least up taw/w;(xg)=0.1 (see Fig. 5 At higher
solution and shifting to a reference frame in which the sheaﬂb/wi the assumption that the sheath moves at constant ve-
is moving with constant velocitys. Specifically, if the dc  |ocjty eventually becomes untenable, because the accelera-
solutions for the sheath voltage and the other model paranion, of the sheath, on the time scale of ion transit, becomes
eters are denoted by’ (x), E'(x), uj(x), andn/(x) [with significant.

ne(x)=0], we obtain the time-varying solution by defining

V(x,t)=V'(x+ugt), (B1) APPENDIX C: DEPENDENCE OF ION FLUX
ON TRANSIT TIME
E(x,t)=E'(x+ugt), (B2) ) _ o _ _
To derive an equation that relates the variations in transit
ni(x,t)=n/ (x+ugt), (B3) time and ion flux, consider ions that start at a positiqrat
time tg, and arrive at a position; at timet;. We define
and 7(t;), the transit time, as a function of the arrival time, so
, that ts=t;— 7(t;). Similarly, ions arriving at timet; =t;
Ui (X, 1) = (X+ ust) — Us. (B4) 4 At will have started at time,=t; — (t}). If ions are not

o _ created, are not destroyed, and do not suffer collisions in the
whereug, the sheath velocity, is a constant. One can Ve”fyregion betweenxs andx;, then all ions arriving during the

that these are valid solutions by substituting them into Edsinieryal (of length At) betweent; andt/ will have started

(1)—(4). The time-dependent function®/( E, n;, and u;) durin : )
: . i : 4 g the intervalof length At+ 7(t;) — 7(t;)] betweents
will satisfy those equations, provided that the tlme-and t.If 7(t;)#7(t}), the two intervals are of different

independent functions\’, E’, n/, andu;) satisfy the time- )
. : lengths, and the ion fluxes at the start and the dnk,t)
independent equation£gs. (1), (Al), (A2), and(4)]. and®(x¢,t;), must be different. Specifically,

Time derivatives in the laboratory reference frame, in
which the sheath is moving, are related to space derivatives

in the reference frame moving with the sheath: D (Xt ) At=D(Xs, ts) [At+7(t) — 7(t;)].  (C)

IVIdgt=ugdV'lox=—ugE’, (B5)  Or, in terms of the derivative of the transit tinde(t;)/dt;,

aE/at:USU"E,/aX:eUSn{/So. (B6) (I)(Xf,tf)=<D(Xs,ts)[1—d7(tf)/dtf]. (C2)

The displacement current is obtained from E@$and(B6):  we choosex;=x,., the position of the electrode, and choose
I ——enu.A (B7) X to be a position within the plasma, far from the electrode,
d tUsty where the electric field and the ion flux are not significantly
perturbed by the application of rf bias and thus can be con-
sidered constant in time. Thus, the ion current at the elec-
trode

Eliminating ug using Eq.(B5) andn; usingly=—enu; A
we obtain

lg=—1E"Y(—m/2eV)¥2dV/dt, B8

‘ o ST mizeV) (89 li(Xpe,tr) =lo[ L—d7(t;)/dts] (C3
wherel, is the time-averaged ion current akds the elec-
tric field, given in Eq.(A8). This result is almost the same as is the sum of a time-independent pavthich is the time-
the Metze-Ernie-Oskam displacement current, which is obaveraged ion current)) and a time-dependent part, which
tained by instead substitutirig from Eq. (A7). arises from the variation in ion transit times.
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