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1.. INTRODUCTION
RF plasma is of great importance and interest in a

variety of applications, among which plasma processing is the
best known and one of the most important technologies in the
semiconductor manufacturing. In order to model the electrical
characteristics of RF plasma using electrical equivalent
circuits, qu{e..a few approaches have been developed by many
researchersr*). Although the details of the various proposed
circuits differ, the basic features are as shown in Fig. 1., that
is described by resistorg diodes and capacitors. Unfortunately
and mysteriously, no comparisons of the equivalent circuit
shown in Fig. L with experimental data can be found in the
literature. Then, the actual values of the circuit elements have
not been experimentally clarified. Some measurements of
various electrical parameters in RF discharges have been
performeds'4) in thi past. To our knowledge, 

-ho*rurr, 
most

experimental results are only compared with the simplified
equivalent circuits such as the diode-omitted circuits.
Therefore the purpose of this paper is to present the accurate
electrical equivalent circuits by employing the RF plasma
direct-probing method and the HSPICE simulation, and to
analyze RF discharges by use of the obtained equivalent
circuits.
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Fig. I Equivalent circuit model of RF discharges.

2. EXPERIMENTAL
The apparatus used in these experiments is illustrated

in Fig. 2, that is a parallel-plate capacitively coupled RIE
(Reactive lon Etching) equipment with an excitation
frequency of 13.56MtI2. The diameter of electrodes is 20cm
and the interelectrode distance is 4cm. RF power is supptied
to the lower electrode through a parallel-plate line. The RF
voltage waveforms appearing at the plasma excitation
electrode were observed by an oscilloscope using a high
voltage probe (fektronix P6015). The probe was attached just
below the electrode as shown in Fig. 2 to minimize stray
impedance effects. The waveforms of RF current flowing
through the plasma were also observed by an oscilloscope and
a current probe. RF current can be obtained from the
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measurements of the uniform magnetic field between the
parallel plates of the line by use of a coil. In addition, to
precisely model the electrical characteristics of RF dischargeg
it is necessary to measure the waveforms of oscillating plasma
potential. Then a plasma voltage probe was located centrally
within the discharge, with their tips parallel to the elecffode
surfaces.

ln general, it is possible to measure the time-
averaged plasma potential by using a langmuir probe,
although it is required to avoid RF interferences in probe
measurementss). The interferences are caused by the
fluctuating voltage across the probe-plasma sheath. A general
approach in making an undistorted probe measurements is to
maximize the ratio of the probe-body impedance to the
probe-sheath impedance. On the contrary, the measurements
of the instantaneous plasma potential, that means the RF
oomponent of the plasma potential, is difficult. The
instantaneorrs plasma potential has significant higher-order
harmonicso). Then to achieve accurate measurements of the
instantaneous plasma potential, it is required ttrat the probe-
body impedance is constant and much hrgher than the sheath
impedance in both fundamental and higher-order harmonics.
Godyak and Piejak has proposedD i capacitive probe to
measure the instantaneous plasma potential. The probe makes
it possible to measure the amplitude of the RF plasma
potential with high accuracy, however, the direct-observation
of the RF plasma potential is not possible due to low probe-
body impedance compared to the sheath impedance.

In this study, we used a mesh probis'e) ilustrated in
Fig. 3 in order to observe the waveforms of oscillating plasma
potential. The electrical equivalent circuit of the mesh probe
is also described in Fig. 3. This probe has an aluminum mesh
with a relatively large area (3cm x 3cm) in order to decrease
the sheath impedance. Chip resistors (1kO x 5), which have
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Fig. 2 Schematic diagram of experimental apparatus.
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Fig. 3 Schematic diagram of a mesh probe for
measurements of instantaneous plasma potential.

no dependence on frequency below 100MH2, are connected
between the mesh and the probe body in order to increase the
probe impedance. The series oonnection of lkQ chip resistors
reduces the effect of parasitic capacitance of the resistors on
the frequency characteristics of the probe impedance. The
probe body is formed by a semi rigid coaxial cable with
characteristic impedance of 50Q. The cable is connected to an

oscilloscope, whose input impedance is adjusted to 50Q.
Therefore the probe tip (i.e. the aluminum mesh)
automatically follows the instantaneous plasma potential, and

the waveform of the plasma potential can be observed on the
oscilloscope. As a resulg this probe acts as a passive voltage-
probe with a signal attenuation of 101x.

By employing three types of probes shown in Fig. 2,

the waveforms of RF voltage, RF current and the plasma
potential were measured by an oscilloscope at the same time.
The time-averaged plasma potential was also measured by an

advanced t-angmuir probe&s). The measured wavefonns were
compared and fitted with those obtained by the HSPICE
circuit simulation as described below.

3. RESULTS AND DISCUSSION
Figure 4 shows the measured waveforms of RF

electrode voltage VJt), RF current llt) and instantaneous
plasma potential Vo(t) of SF6 discharge, where gas pressure

and RF power were 150mTorr and 15W, respectively. These
waveforms were compared with those obtained by the
HSPICE circuit simulation using the equivalent circuit shown
in Fig. 1,. Figure 5 compares the measured and simulated
waveforms in SF6(a) and A(b) dischargeg where gas pressure
and RF power were L50mTorr and l5W, respectively. The
equivalent circuits obtained by the simulation are also
indicated. There are good agreements between the measured
and simulated waveforms. Thus we can obtain the accurate
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Fig. 4 Measured waveforms of RF electrode
V*(t), RF current lrf(t) and instantaneous
potential Vo(t) for SF5 discharge.

electrical equivalent circuits of RF plasmas. The time-
averaged plasma potential, which is one of the most important
parameters in plasma processing, is lower in Ar discharge

compared to SFu discharge. This is because the amplitude of
Vo(t) is lower in Ar discharge due to the lower sheath

impedance adjacent to the grounded electrode than that of the

RF electrode. In SFe discharge, the sheath impedances

adjacent to each electrodes are comparable. Then the
amplitude of Vo(t) becomes about half of that of Vo(t). It is
necessary to acliieve lower time-averaged plasma potential in
order to suppress the physical sputtering of chamber walls and

resulting metal contamination. For this end, the sheath

impedance adjacent to the grounded electrode should be

lowered.
Figure 6 shows VJ| and Vo(t) in the midplane and

the sheath edges of each electrodes filr an Ar discharge. The
plasma excitation condition is identical with that of Fig. 5(b).
These waveforms were obtained by the HSPICE simulation
using the fitted equivalent circuit shown in Fig. 6. The
amplitude and phase of the plasma potential are dffierent at
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Ar Plasma 150mTorr, 15W
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Fig. 5 C-omparison of the measured and simulated
waveforms of V6(t), I6(t) and Vo(t) for (a)SF6 and (b)Ar
discharges. The equivalent circuits obtained by the
simulation are also indicated.
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Fig. 6 V*(t) and Vo(t) in the midplane and the sheath
edges of each electrodes for an Ar discharge.

each points due to the existence of the butk plasma
resistances Ro, and \*, that represent the electron heating in
the plasma. By use of the equivalent circuit and the
simulation, we can get the plasma potential everywhere in the
plasma.

Figure 7(a) shows V*(t), Id(t) and VD(t) of SF6
plasma, which are identical with those shown iir fig. S1a;.
Figure 7(bX") show the current flowing through the sheaths
adjacent to RF and grounded electrodes, respectively. 16, Ii
and L indicate the displacement current, ion current and
electron current flowing through the sheathg respectively.
These waveforms were obtained by the HSPICE simulation
using the equivalent circuit shown in Fig. 5(a). In SFu plasma,
the displacement current through the RF and grounded
electrode sheaths are much larger than the conduction (ion
and electron) current. The SF6 plasma displays sinusoidal
waveforrn of the plasma potential shown in Fig. 5(a) for the
capacitive sheath characteristics.

Figure 8(a) shows V.r(t), I,r(t) and V,(r) of Ar
plasma, which are identical with those shown in'fig. S(b;.
Figure 8(bXc) show the currents 16, \ and I" flowing through
the sheaths adjacent to RF and grounded electrodeg
respectively. These waveforms were obtained by the HSPICE
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Fig.7 (r) V*(t), I6(t) and Vo(t) of SF6 plasma, which
are identical with those shdwn in Fig. 5(u). O),(c)
Current flowing througb the sheaths adjacent to RF and
grounded electrodes, respectively. Io, ! and I" show the
displacement current, ion current and electron current
flowing through the sheaths, respectively.
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Fig. t (a) V*(t), ffi) and %(t) of Ar plasma, which are
identical with those shown in Fig. 5O). @),(c) Cunent
flowing through the sheaths adjacent to RF and
grounded electrodes, respectively.

simulation using the equivalent circuit shown in Fig. 5(b). It
can be clearly seen from this graph that the sheath current
components are quite different between both sheaths in Ar
plasma. ln the case of RF electrode sheath, the main current
flowing through the sheath is the displacement current due to
the higher sheath resistance R,. In the case of grounded
electrode sheath, the ion and electron currents are comparable
to the displacement current due to the lower sheath resistance
R*. The inqeased conduction current induces the distortion
of the waveform of Vo(t) as shown in Fig. 5(b) due to the
non-linear characteristics of the grounded electrode sheath.
The distortion also has an effect of lowering the time-
averaged plasma potential.

4. CONCLUSION
The electrical equivalent circuits of RF plasmas have

been obtained by use of the accurate probe measurements and
HSPICE simulation. Using the obtained equivalent circuits,
the electrical characteristics of SF5 and Ar plasmas have been
compared. The SF6 plasma displays sinusoidal waveforrn of
the plasma potential for the capacitive sheath characteristics.
On the other hand, in Ar pla.sma the displacement current
through the grounded electrode sheath is comparable to the
conduction current. Then, the plasma potential in Ar plasma
has significant higher harmonics for the non-linear
characteristics of the grounded electrode sheath.

This analysis method will serve as an essential tool
for modeling RF plasma.
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