Experimental test of models of radio-frequency plasma sheaths
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The ion current and sheath impedance were measured at the radio-frequency-powered electrode of
an asymmetric, capacitively coupled plasma reactor, for discharges in argon at 1.33-133 Pa. The
measurements were used to test the models of the radio frequency sheath derived by Lieberman
[IEEE Trans. Plasma Sci7, 338 (1989] and Godyak and Sternbeféhys. Rev. A42, 2299

(19901, and establish the range of pressure and sheath voltage in which they are vall@97©
American Institute of Physic§S0003-695(97)01008-5

Radio-frequency(rf) discharges are widely used in the assumption need be made regardiggAlthough, in Refs. 1
semiconductor industry. The electrical properties of thesand 2,u, was assumed to be the Bohm velocity, E). is
discharges are usually dominated by the rf sheaths that sepealid for any value ofu,.
rate rf electrodes from the plasma. Modefshave been pro- Here, we test Eq1) for the sheath at the powered elec-
posed to predict the electrical properties of rf sheaths antrode of a capacitively coupled, parallel-plate reakag. 1)
relate them to the dynamics of particles within the sheaths. Ifior discharges in argon at 1.33-133 Pa. Previously, mass
the high frequency range, where the sheath is primarily caspectrometr{ has determined that the dominant ion in these
pacitive, Lieberman has derived analytic models for a lowdischarges is Af. Ar" ions, accelerated in the sheath to
pressure, collisionless shehind a higher pressure, highly energies of 1-100 eV, lose momentum primarily through
collisional sheat.Godyak and Sternberg have developed acharge exchange collisions with argon neutrals. Therefore,
modef to cover the entire pressure range and have solved it; , which describes the rate of loss of ion momentum due to
numerically. These models are used to explain electricatollisions, can be determined from measured v&luais
data? to investigate the electrical interaction between theQy, the cross section of AfAr charge exchange collisions.
plasma and its surroundingsand to reduce the computa- A value of Qu=4.3x 10" % cn?, measured for ions at an
tional requirements of computer simulations of disch&rge.intermediate energ§l2 eV), was used, andl; was obtained
Some of these results may be in doubt, however, becauseom \;=(NQ.) "%, whereN is the number density of the
sheath models have not been sufficiently tested by experheutral gas at the measured pressure, at standard temperature.
ment. One experimental test of sheath models has beefhe electrode areA was 81.1 crh and w/27 was 13.56
reported in a symmetric discharge, for mercury vapor at aMHz.
pressure of 0.16 Pa, in the collisionless range. Tests at higher
pressures and in asymmetric discharges have not been re-
ported; they are the subject of this work.

In the high-pressure, collisional Lieberman moti¢ghe
capacitive impedance of the sheafly, can be expressed as
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wheree is the charge of an electrom, is the fundamental rf
frequency,eq is the permittivity of vacuumaA is the elec-
trode aream; is the ion mass); is the ion diffusivity mean
free path,V, is the amplitude of the fundamental component
of the sheath voltage, ard is the dc ion current,
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Here, ng and ug are the ion density and velocity at the
plasma/sheath boundary. The predictions of sheath models

are often expressed in termsmf, butl is a better experi- 1356 MHz - o hine ; de
. . 0 rf power kg , ) power
mental parameter. It is difficult to measung. Because of supply [ metwor $ supply

gradients in ion density, values of the ion density measured -
in the bulk plasma may differ from,. The gradient of ion

Current, however’ is smaller. |ndeed, it is zero for any reglorF|G 1. Diagram of the discharge cétlescribed in detail in Ref.)&and the

L A . _experimental apparatus. The upper electrode and the walls of the vacuum
where no ionization or recombination occurs, a valid as chamber are grounded, while the lower electrode was driven simultaneously

sumption for most if not all of the sheath region. Further-py a 13.56 MHz power supplycoupled through a matching network and
more, usingd g in Eq. (1) eliminates thai, dependence, so no blocking capacitorand a dc power supply. To prevent the dc power supply
from short circuiting the rf power supply and the plasma, a tuned 13.56
MHz filter was inserted on the dc power lead. The dc current supplied to the
dElectronic mail: sobo@enh.nist.gov electrode was determined from the voltage across & I@sistor.
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FIG. 2. Log—log plot ofl,, the ion current at the powered electrode, vs FIG. 3. Log—log plot of the fundament&l3.56 MH2 amplitudes of the

I pe, the fundamenta(13.56 MH2 component of the rf current at the pow- voltage and impedance of the sheath at the powered electrode of argon
ered electrode, for argon discharges at pressures of 1.33—133 Pa. A linear diischarges at 1.33-133 Pa. The total impedance and voggandV ,,

to the data, corresponding to a power-law dependendg ofi |, is also  are plotted, as well as the capacitive compon&atandV, .

shown.

T.=3 eV, measured afterwards, in the same cell, by a Lang-

The ion current] o, was measured by a mettidd which  muir probe, for argon discharges at 4—40 Pa. This value of
the rf-powered electrode is simultaneously driven by a dcT, yields Maxwellian distributions that are fair overall fits to
power supply to a large, negative dc voltage that repelshe non-Maxwellian electron energy distribution functions
plasma electrons from the electrode, allowing collection andneasured at 4—133 Pa in a nearly identical tefln either
measurement of a dc current that consists solely of ionsgell, no T, measurements have been achieved or reported at
Because the application of the dc bias perturbs the plasma,33 Pa). The Godyak—Sternberg model also requires values
the measured ion current is not constant at large negativier a collisional parameter,
bias. To obtain the unperturbed value of the ion current, an
extrapolation procedurglinear with dc voltage, was used.
The ion currents obtained by this procedure, plotted in Fig. 2,  a=(m\g4/2\;)=(7/2\;)(goTe/Noe)°>, 3)
display a power-law dependence on the rf current, and are
nearly independent of pressure.

As described previousl§,the sheath impedance,,
was determined from measurements of the rf current and
voltage on the powered electrode and the rf voltage on a wire 200} | ° E?gﬁerman model
probe inserted into the plasma. In addition to the sheath ca- - Godyak-Sternberg model
pacitance, Z,; includes series and parallel resistances.
Procedure&™!that fit Re¢,) data were used to determine
these resistances, the capacitive impedahceand the volt-
age across ity . Figure 3 shows a log—log plot &, versus
V.. At pressures=4.0 Pa and voltages 100 V, Z. follows
a power-law dependence on pressure and voltage. Below 4
Pa,Z. becomes less sensitive to pressure. This indicates the
beginning of the transition from the collisional regime of
Ref. 2 to the collisionless regime of Ref. 1.

To compare the data to the Lieberman collisional model,
Eqg. (1), experimental values af. from 4 to 133 Pa were
multiplied by 12°\; ' and plotted versu¥ on a log—log
scale in Fig. 4. On this plot, the prediction of the Lieberman
model, Bq.(1), is a straight line of slope 0.60, as shown. At FIG. 4. Log—log plot ofZ 12\, ¥® vs V_, in which the predictions of the
V=100 V, the experimental points also fall close to a SIngIeLieBerﬁangmod%I? Edql), lsa(IJI orll asinglé iine. The plot sﬂows experimental

straight line with the same slope, indicating that, in thisgata for argon discharges at 4.0-133.3 Pa, the Lieberman réslitsling),
range, theVngI 62/5)\ i1/5 dependence predicted by E@) is  and results from the model of Godyak and Sternberg. As the input param-
consistent with the data. Nevertheless, the experimental dagéers are varied over the range of experimental conditions, the Godyak—
are always higher than the Lieberman model. Sternberg results vary with in the range defined by the two dotted curves.

. . . Results from high values at, i.e., high pressures, define the upper dotted
Also shown in Fig. 4 are predictions from the Godyak— cyve; results from low values of, i.e., low pressures, define the lower

Sternberg model, calculated for an electron temperature dotted curve.
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that describes the size of the mean free path,relative to  the uncertainties arising frori, and |y, the Godyak and
the Debye lengthhy. The Godyak—Sternberg model as- Sternberg model agrees with the data. The agreement is par-
sumes an ion injection velocity, of ticularly good at sheath voltages100 V. Agreement was
_ 12 obtained despite the fact that at least one assumption of the

Up={eTe/[m;(1+a) J;™ @ Godyak and pSternberg model—the assumption F3)f a sinu-
For T,=3 eV, values ofa, ny, andu, were determined at soidal current waveform—is not valid in the asymmetric dis-
each data poin4.0 Pa by solving Eqe2)—(4) iteratively  charges studied here.
at measured values of the ion currdgt Values of« in- In conclusion, the power-law dependence of sheath im-
creased with pressure and decreased with voltage, in theedance on pressure and sheath voltage predicted by the Lie-
range 0.1% a<8.7. The Godyak and Sternberg predictionsberman collisional model was observed at presseré$ Pa
were then obtained by digitizing and interpolating Fig. 9 ofand sheath voltages 100 V. The values of the sheath im-
Ref. 3, which gives numerical results for the dependence opedance predicted by the Lieberman model were not, how-
Z. on a, ng, and sheath voltage. Unlike the Liebermanever, in agreement with the measurements. The Godyak—
model, the Godyak and Sternberg results in Fig. 4 show curSternberg model was in agreement with the data. In addition
vature at low voltages. The Lieberman model assumes thap confirming the Godyak and Sternberg model, the agree-
the minimum sheath widtW,;, is zero; that is, once per ment validates the experimental usefulness of ion current
cycle the sheath contracts to zero thickness. Therefore, aseasurements in experimental tests of sheath models.
V.—0, Z.—0. In contrast, in the Godyak and Sternberg
model, Wi, is nonzero, an&, approaches a nonzero value ;m 2- 'I::gggng :EEE E:’r: E:zzmg gg? ggggggg-
as V.—0. This effect produces thg curvature seen in thes,, " Godyak and N. Stemberg, Phys. RevA& 2299(1990).
Godyak and Sternberg model and in the data. M. A. Sobolewski, IEEE Trans. Plasma S2B, 1006 (1995.
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