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Abstract—For a single-frequency capacitively coupled
radio-frequency discharge, the detailed examination has been
carried out of plasma density and sheath width, average potential profiles, ion-energy distribution at the electrodes and
electron-energy distribution in the bulk plasma as a function
of pressure, voltage, and frequency using particle-in-cell/Monte
Carlo simulation. The results for Ar gas are presented. Scaling of
plasma parameters with external parameters is determined. The
characteristics of dual-frequency argon discharge are studied for
different ratio of high/low frequencies. Nonmonotonous behavior
of plasma density versus low-frequency voltages is attributed to
the increase of sheath width and, as a consequence, to the increase
of energy absorbed by ions in the sheath region. Subsequent
decrease of energy absorbed by electrons results in the decrease
of plasma density. For certain frequency ratio with the further
increase of power, the plasma density increases again until the
collapse of the bulk occurs.
Index Terms—Capacitively-coupled plasmas, dual frequency,
ion-energy distribution (IED), particle-in-cell (PIC) simulation,
plasma potential.

I. INTRODUCTION

C

APACITIVELY-COUPLED radio frequency (CCRF)
discharges are receiving increasing attention due to
their wide applications for thin-film deposition, etching, and
plasma cleaning [1]–[3]. The extensive use of the discharges
in the microelectronic industry for obtaining extraordinarily
small feature sizes in etching process has motivated numerous
numerical modeling of these plasma sources. In conventional
CCRF, a discharge plasma is generated by driving one electrode
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with a single RF power source, typically at 13.56 MHz—an RF
available for industrial use. Energetic ion bombardment of the
substrate surface is a basic physical phenomenon that occurs in
RF discharges, making them very useful as plasma-processing
devices [4].
Performance of a single-frequency (SF) CCP source can be improved by finding the optimal characteristics for the discharge
operation or by introducing a secondary RF source. The present
paper deals with modeling in one dimension of an asymmetric
discharge in a reactor operated at a conventional frequency of
13.56 MHz and higher frequencies (up to 159 MHz) at various
gas pressures and applied voltages. The state of the art in modeling of asymmetric discharges for a broad range of parameters
is discussed, with the specific emphases on ion-energy distribution (IED) at the powered electrode. Ion flux and ion energy play
an important role for material processing as they enhance chemical etching of a surface by radicals generated in the plasma. The
scaling laws which relate plasma parameters to external parameters (gas pressure, voltage, and frequency) are obtained for the
case of asymmetric discharge for high applied voltages. The characteristics of dual-frequency (DF) argon discharge are investigated for a wide range of low-frequency voltages for different
high-/low-frequency ratios.
The particle-in-cell (PIC)/Monte Carlo (MC) method [5]
is used which is a self-consistent kinetic method capable of
predicting electron energy distribution function (EEDF) with
strict kinetic treatment of electrons in spatially inhomogeneous
plasma and IED function for ions arriving to the electrodes.
The hydrodynamic approach which treats the plasma as a
fluid can give only an approximate and rough description
of the phenomena in low-pressure CCRF discharges. The
PIC method follows the motion of a number of superparticles. Every superparticle is composed of a large number of
real particles—electrons and Ar ions. The most important
electron-neutral ionization, excitation, and elastic scattering
processes are considered. For ion-neutral collisions resonant
charge transfer and elastic scattering are taken into account.
The EEDF is an important parameter for plasma processing.
Electron-impact dissociation (for molecular gases) yields radicals which are responsible for surface chemistry. The radicals
produced in the bulk diffuse to the wafer, thus enhancing the
surface reactions. For the considered pressure range of 20–100
mtorr, the electron–energy relaxation length is comparable to
the source dimensions, and the spatial nonlocal effects are of
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Fig. 1. Schematic diagram of the cylindrical (a) SF and (b) dual-frequency
CCP sources.

great importance. Thus, EEDF is governed by the discharge
properties in the whole volume. In this paper, we consider EEDF
in the center of the discharge.
This paper is structured as follows. In Section II, the effect of
pressure,appliedvoltage,andfrequencyonparametersof SFCCP
are presented. The results and discussion on dual-frequency CCP
are given in Section III, followed by the conclusion in Section IV.
II. SF ASYMMETRIC CCP
A. Geometry for SF CCP
We have simulated the operation of an argon CCP source
with cylindrical electrodes which models to the first approximation the asymmetric discharge with electrode area ratio 1.73.
For this case, the inner radius of the cylindrical electrode is
m, while the outer radius is
m. The
discharge is maintained in a chamber between the two electrodes
separated by a gap of 2 cm, as indicated in Fig. 1(a). The inner
electrode is capacitively coupled to RF power supply through
a blocking capacitor. The upper electrode is grounded. Such a
reactor is asymmetric in the sense that the grounded electrode
is larger than the powered one. The wafer or substrate which is
to be processed is placed on the inner (powered) electrode. We
trace the plasma parameters along the -axis. Distribution of ion
energy is considered at the inner electrode.
B. Pressure Effect
The effect of pressure has been under investigations for
decades. Surendra and Graves [6] obtained the scaling law
for pressure and frequency variation for symmetric discharge.
Here, we focus on asymmetric discharges. Fig. 2(a) illustrates

the plasma density profiles for different values of pressure. It
has been found that plasma density varies approximately linear
with pressure, while the time average sheath width (at the
inner electrode) scales approximately inversely as a square root
1
. The results are similar to that obtained
of pressure
in [6] for symmetric discharge. Time average plasma potential
profiles for 27 MHz for two different values of pressure at a
voltage of 800 V are shown in Fig. 2(b). Pressure has a minor
effect on plasma potential as well as on the bias voltage at
the first approximation. Plasma potential slightly increases as
pressure is lowered.
Positive ions are accelerated toward the electrodes by the
electric field in the sheaths. The effect of pressure on IED at
the powered electrode is shown in Fig. 2(c). The IEDF is normalized on the total number of ions arriving on the unit square
of the electrode. The vertical axis indicates the arbitrary units.
As ions respond to the average potential, the IED spread corresponds to the mean potential drop at the electrode. With the
increase of pressure the relative number of high-energy ions decreases with subsequent increase of low-energy ions. This can
be attributed to the fact that with the increase of pressure the
ion energy is reduced by a number of collisions. For the explanation of numerous peaks on IEDF, see [7]–[9] and references
therein. Typical curves of the electron-energy probability funcare shown in Fig. 2(d). EEPF
is expressed
tion (EEPF)
, where
is the EEDF. The electron enas
ergy is given in electronvolts. The amount of high-energy electrons in the bulk plasma increases as the pressure is lowered.
C. Voltage Effect
At a fixed gas pressure and RF frequency plasma density can
be increased by increasing the applied voltage
. Fig. 3(a)
illustrates the plasma-density profiles for three values of applied voltage. Plasma density increases approximately linear
with voltage, the sheath width (at the inner electrode) weakly
as
. The effect of applied voltage
depends on
on plasma potential and bias voltage is presented in Fig. 3(b).
There exists substantial increase in plasma potential with the increase of voltage. The self-bias voltage also increases. The applied voltage in this case is essentially dropped across the electrode sheath. This results in a wide spread of high energetic ions,
V. Ion bombardment
as illustrated in Fig. 3(c) for
at such high energies can cause damage to the exposed surface.
The EEPF shown in Fig. 3(d) is almost Maxwellian for moderate
voltages. Deviation from Maxwellian distribution can be seen
for high applied voltages (2400 V). The decrease in electron
temperature (which can be obtained by analyzing the slopes of
the curves) is observed with the increase of the applied voltage.
D. Frequency Effect
Conventional capacitively coupled discharges can achieve
many advantages by operating at frequencies above the
13.56-MHz value. In the present section, the effect of frequency on discharge parameters is investigated for the broad
range of frequencies from 13.56 to 159 MHz. It has been found
that sheath width scales almost inversely with frequency
1
, while plasma density (center of the discharge)
scales as the square of the frequency at a constant voltage and

LEE et al.: SIMULATION OF CAPACITIVELY COUPLED SINGLE- AND DUAL-FREQUENCY RF DISCHARGES

49

Fig. 2. Effect of pressure on (a) average plasma density; (b) average potential profiles; (c) IED at the powered (inner) electrode, and (d) EEPF. The IED spread
corresponds to the mean potential drop at the inner electrode. Conditions: pressure 20, 45, and 100 mtorr, V = 800 V (amplitude), excitation frequency 27 MHz.

Fig. 3. Effect of applied voltage on (a) average plasma density; (b) average potential profiles; (c) IED at the inner electrode; and (d) EEPF. The IED spread
corresponds to the mean potential drop at the inner electrode. Conditions: pressure 45 mtorr, V = 400–2400 V (amplitude), excitation frequency 27 MHz.

pressure, as illustrated in Fig. 4(a). Analogous results were
obtained in [6] for a symmetric discharge (see also [10]).
The plasma potential weakly depends on frequency as shown
in Fig. 4(b). With the increase of frequency, the relative number
of high-energy ions arriving at the electrode increases with subsequent decrease of low-energy ions. The IED spread correlates
with the mean potential drop at the inner electrode. At a very
high frequency of 159 MHz, the sheath becomes rather small
reducing the probability for collisions the ion experiences in

the sheath. This leads to the abundance of high-energy ions, as
shown in Fig. 4(c).
The EEPF presented in Fig. 4(d) is almost Maxwellian,
except for the case of 13.56 MHz where EEPF can be represented as a sum of two Maxwellian distributions with two
values of electron temperature. It contains extra fast and slow
electrons. The relative large number of low-energy electrons
in an argon discharge was observed in [11]. These excessive
number of low-energy electrons is attributed to the Ramsauer
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Fig. 4. Effect of frequency on (a) average plasma density; (b) average potential profile; (c) IED at the inner electrode, and (d) EEPF. The IED spread corresponds
to the mean potential drop at the inner electrode. Conditions: pressure 45 mtorr, V = 800 V (amplitude), excitation frequencies 13.56, 27, 60, and 159 MHz.

effect which can emphasize the difference between the lowand high-energy electrons. The electron temperature weakly
depends on frequency in the 27–159 MHz range.

(1), we obtain the second power-scaling law for plasma density
versus frequency
(3)

E. Scaling Laws
Reasonably accurate scaling of plasma density and sheath
width with external parameters (pressure, voltage, and frequency) can be obtained from the approximate analytical
solution for power balance equation for electrons and the
Child law for the dc current density for the collisional case.
Following the procedure described in [1] (for the symmetric
plane parallel geometry), we can write the power-balance
equation for electrons as

For typical electron temperatures
of the order of 2–3 V,
is much greater than . Since
and
weakly depend on
pressure, they can be held constant in our consideration. For
the collisional, constant sheath, the Child law for the dc ioncurrent density can be written in the form

(1)

Substituting (3) into (4), we have the scaling for the sheath thickness

Here,
and
are ohmic and stochastic heating power
is the plasma density at the plasma-sheath
per unit area,
edge, is the collisional energy loss per electron–ion pair created. For Maxwellian electrons, the mean kinetic energy lost
. The factor of 2 in (1) accounts for the
per electron lost is
two sheaths. At sufficiently low pressure, ohmic heating can be
neglected. The stochastic heating due to the oscillating sheaths
is the main mechanism of RF power transfer at the considered
pressure range [11]. For stochastic heating power, we have [1]

(4)

(5)
These results are in a reasonable agreement with PIC simulations for asymmetric discharge. For constant voltage and frequency, the analytical solution for the sheath width scales with
pressure as
1
(PIC:
1
). For constant pres(PIC:
). For constant
sure and frequency
pressure and voltage
1
(PIC:
1
).

(2)
with
. This expression is valid for the collisional and
collisionless sheaths with different coefficients . Simple estimations for 20–100 mtorr pressure range give
(
is the Debye length and
is the ion mean-free path). In
this case, we have
[12]. Substituting (2) in

III. DF CCP
A. Geometry for DF CCP
In a conventional SF reactor, plasma density and ion energy
can not be varied independently. This coupling between plasma
density and ion energy is a serious limitation for conventional
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Fig. 5. Dual-frequency CCP (2/27 MHz). Effect of low-frequency voltage V
on (a) average plasma density; (b) average potential profile; (c) IED at the inner
= 800 V,
electrode, and (d) EEPF. The IED spread does not correspond to the mean potential drop at the inner electrode. Conditions: pressure 45 mtorr, V
V is varied.

reactors. Performance of SF CCP source can be improved
by introducing a secondary RF source. Such DF CCP have
regained much interest in application to dielectric etch. In
DF CCP, the high-frequency power source controls plasma
density and, hence, ion flux to the electrode. The sheath width,
plasma potential, and ion energy can be controlled by the lower
frequency source [13]–[19].
The schematic diagram of the cylindrical DF CCP source is
shown in Fig. 1(b). The discharge is maintained in a chamber
between two electrodes separated by the gap of 2 cm. The inner
electrode is capacitively coupled to power supply operating at
low frequencies (2, 4, 6, and 10 MHz). The upper electrode is
powered by the high-frequency source (27 MHz) at a constant
voltage of 800 V (amplitude) while the lower frequency voltage
is varied. In this case, the total power absorbed in the discharge
increases.
B. Variation of Low-Frequency Voltage in DF CCP
For industrial purposes, it is necessary to know how plasma
density, sheath width, potential drop, and corresponding IED
change with the increase of low-frequency voltage. These parameters also depend on a high-/low-frequency ratio.
Fig. 5(a) shows the plasma-density profiles for frequency
ratio 2/27 MHz. The increase of low-frequency voltage
(second power supply) leads to the decrease in plasma density
with subsequent increase of sheath width until the discharge
collapses. Increased plasma potential results in the increase of
the IED spread, as illustrated in Fig. 5(b) and Fig. 5(c). The
are gradually smoothed out
peaks in IED observed at
V. The total range of ion energies in this case
at
does not correspond to the mean potential drop at the inner
electrode as ions follow not the average but rather instantaneous

Fig. 6. Plasma density profiles for DF CCP. Conditions: 10/27 MHz; pressure
= 800 V, V is varied.
45 mtorr; V

potential. That results in a broader ion-energy spectrum. The
previous examples show that the low-frequency controls the
ion energy which is an important factor in etching process. Ion
flux which governs the etch rate is independently controlled by
the high frequency. Fig. 5(d) illustrates the increase in electron
increases.
temperature as
Plasma density profiles plotted in Fig. 6 for frequency ratio
10/27 MHz demonstrate nonmonotonous behavior with the in. The profiles are shifted toward the outer eleccrease of
trode as
increases. Peak values of plasma density versus
low-frequency voltage for different frequency ratio are shown
in Fig. 7. The inset in Fig. 7 represents the analogous dependence for 2/60 MHz where the dip in plasma density is clearly
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Fig. 7. Nonmonotonous behavior of plasma density versus low-frequency
voltage for dual-frequency CCP. Conditions: X/27 MHz, X = 2; 4; 6; and 10
MHz, pressure 45 mtorr, V
= 800 V, V is varied. The inset shows the
similar effect for 2/60-MHz ratio.

seen. The decrease of plasma density at low voltages is related
to the increase in plasma sheath width and, as a consequence,
to the increase of energy absorbed by ions in the sheath region.
Subsequent decrease of energy absorbed by electrons results in
the decrease of plasma density. For certain frequency ratio with
further increase of power absorbed by the discharge, the plasma
density increases again until the collapse of the bulk occurs.
More details on this subject will be given in a subsequent publication [20].

IV. CONCLUSION
The results discussed in this paper indicate that PIC/MC simulation provides a good physical insight into the basic characteristics of SF and DF CCP sources. The simulation model has
accurate predictive capabilities on reasonable time scales.
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