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A fluid model is employed to investigate the effect of radio frequency bias on the behavior of an argon inductively
coupled plasma (ICP). In particular, the effects of ICP source power, single-frequency bias power, and dual-frequency bias
power on the characteristics of ICP are simulated at a fixed pressure of 30 mTorr (1 Torr= 1.33322×102 Pa). When the
bias frequency is fixed at 27.12 MHz, the two-dimensional (2D) plasma density profile is significantly affected by the bias
power at low ICP source power (e.g., 50 W), whereas it is weakly affected by the bias power at higher ICP source power
(e.g., 100 W). When dual-frequency (27.12 MHz/2.26 MHz) bias is applied and the sum of bias powers is fixed at 500 W, a
pronounced increase in the maximum argon ion density is observed with the increase of the bias power ratio in the absence
of ICP source power. As the ratio of 27.12-MHz/2.26-MHz bias power decreases from 500 W/0 W to 0 W/500 W with the
ICP source power fixed at 50 W, the plasma density profiles smoothly shifts from edge-high to center-high, and the effect
of bias power on the plasma distribution becomes weaker with the bias power ratio decreasing. Besides, the axial ion flux
at the substrate surface is characterized by a maximum at the edge of the substrate. When the ICP source power is higher,
the 2D plasma density profiles, as well as the spatiotemporal and radial distributions of ion flux at the substrate surface
are characterized by a peak in the reactor center, and the distributions of plasma parameters are negligibly affected by the
dual-frequency bias power ratio.
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1. Introduction

Inductively coupled plasma (ICP) sources are widely used
in microelectronics manufacturing industry, e.g., for etching of
wafer,[1] deposition of thin-films,[2] and ion implantation,[3]

due to the advantages of high-density plasma generation in
a simple low-pressure chamber. The bombardment of ions
onto a wafer plays a key role in etching and ion implanta-
tion process. Thus, an additional radio frequency (RF) bias
source is usually employed to control the energy of incident
ions. However, it has been observed that the bias power not
only determines the ion energy distribution but also influences
the plasma properties under the some conditions. Therefore,
a clear understanding of the effect of bias power is crucial to
controlling the discharge process and to optimizing the plasma
for microelectronic applications.

Over the past few years, numerous experimental and
theoretical studies have focused on the bias effects in ICP
discharges.[4–16] For instance, Lee et al.[4] experimentally ob-
served that with the increase in the bias power, the plasma den-
sity increased near the radial edge and the plasma uniformity

was significantly enhanced at a gas pressure of 50 mTorr. Sub-
sequently, the influence of skin effect on the plasma uniformity
was experimentally investigated under RF bias power, and the
plasma uniformity was dramatically changed with ICP power
varying.[5] Sobolewski and Kim[6] found that when bias was
applied, the electron density decreased at high ICP powers in
Ar, CF4, and Ar/CF4 plasma and increased at low ICP power.
Ahr et al.[7] experimentally revealed that when the relative
phase between the ICP power and the bias power was fixed at
60◦, the threshold for the E- to H-mode transition was reduced
with the decrease in the bias power. Hoekstra and Kushner[10]

employed a hybrid model to observe a small improvement in
the uniformity of ion flux at high RF bias in Ar/Cl2 discharge.
Using the particle-in-cell Monte Carlo method, Takekida and
Nanbu[11] revealed that a uniform ion flux could be obtained
by reducing the bias frequency. Tinck et al.[12] used the hy-
brid plasma equipment model (HPEM) to demonstrate that the
ion flux hitting the substrate became higher with bias increas-
ing, thereby increasing the etch rate. Kwon et al.[13] studied
the electron densities for different bias power values in an ar-
gon discharge both experimentally and theoretically, and they
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found that the electron density decreased with bias power in-
creasing in the inductive mode. Gao et al.[14] found an inflex-
ion point of electron density with increasing RF bias voltage
in the H mode of ICPs both experimentally and theoretically.
Subsequently, Jang and Chae[16] demonstrated that the ratio of
dual-frequency (27.12 MHz/2 MHz) bias power could be used
to control the ion energy, and this ratio has a negligible effect
on the value of ion density.

Although several studies have focused on the bias ef-
fects in ICP discharges, a systematic investigation for reveal-
ing the variation in the two-dimensional (2D) spatial distri-
bution of plasma parameters with single-frequency and dual-
frequency bias parameters has not been reported yet. Because
the distribution of plasma characteristics is vital for control-
ling the process of semiconductor etching, it is of great in-
terest to elucidate the effect of bias on the plasma distribu-
tions. Therefore, in this study, the multi-physics analysis for
plasma sources-ICP (MAPS-ICP) solver[17–21] composed of a
fluid module and a sheath module[22,23] is employed to inves-
tigate the effects of single-frequency and dual-frequency bias
on the plasma characteristics at different values of ICP source
power. Our results provide a useful insight into the effect of
source power, which can be used for optimizing the plasma
processing techniques.

The rest of this paper is organized as follows. A descrip-
tion of the MAPS-ICP solver is presented in Section 2. The
effects of the single-frequency and dual-frequency bias power
on the characteristics of argon plasma for various values of
ICP source are shown in Section 3. Finally, the important re-
sults of the study are summarized in Section 4.

2. Description of MAPs-ICP solver
Figure 1 shows a schematic of the ICP chamber used in

this work. The radius and height of the chamber are 22.0 cm
and 9 cm, respectively. The bottom electrode is placed 7 cm
away from the quartz window with a radius of 15 cm. The
inductive coil is excited with 13.56-MHz RF power as the
source power. Further, the 2.26-MHz power and 27.12-MHz
RF power are applied to the substrate as bias power. Here,
argon gas pressure is 30 mTorr.

In this study, the fluid module is used to calculate the
densities and fluxes of all the charged species, electron tem-
perature, electrostatic fields, and electromagnetic fields. The
plasma parameters calculated at the bulk-sheath interface
based on the fluid module are used as the boundary condi-
tions in the sheath module. The instantaneous voltage on the
substrate is obtained using the sheath module, and it is em-
ployed as the boundary condition of the Poisson’s equation in
the fluid module. By coupling the two modules, the effects of
RF bias on the plasma characteristics under different discharge
conditions are accurately examined.

13 cm

10 cm
9 cm

2 cm

0 cm

27.12 MHz 2.26 MHz

15 cm 22 cm
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Fig. 1. Structural diagram of cylindrical ICP reactor.

2.1. Fluid module

The 2D fluid module, which has been described in earlier
studies,[17–20] is mainly composed of a plasma module and an
electromagnetic module.

In the plasma module, the equations governing the dy-
namics of electrons are expressed as

∂ne

∂ t
+∇ ·𝛤e = Se, (1)

𝛤e =−∇(nekTe)

meνen
− ene

meνen
𝐸s, (2)

∂

∂ t

(
3
2

nekTe

)
=−∇ ·𝑞e − e𝛤e ·𝐸s −Ee +Pind. (3)

Here, Se is the source term of electrons; ne, 𝛤e, Te, me, and
𝑞e are the density, flux, temperature, mass, and energy flux of
electrons, respectively; νen is the elastic collision frequency
between electrons and neutrals; 𝐸s is the electrostatic field,
which is determined by solving the Poisson’s equation; Ee is
the energy exchange between electrons and other species in
collision process; k is the Boltzmann constant; the period-
averaged inductive power deposition; Pind is expressed as
Pind = (1/T )

∫ T
0 Jθ Eθ dt, with Jθ and Eθ being the azimuthal

electron flux and electric field, and T being the period of the
power applied on the coil. Further, the azimuthal electric field
is calculated by using the Maxwell’s equations.

The dynamic behavior of the ions can be described from
the following fluid equations:

∂ni

∂ t
+∇ ·𝛤i = Si, (4)

∂nimi𝑢i

∂ t
+∇ · (nimi𝑢i𝑢i) =−kTi∇ni + eni𝐸s +𝑀i, (5)

where ni, 𝛤i, mi, and 𝑢i are the density, flux, mass, and veloc-
ity of ions, respectively. 𝑀i represents the momentum transfer
from ions to neutral species by collisions.

The Poisson’s equation is expressed as

∇
2
ϕ (r,z) =− e

ε0

(
∑

i
Zini −ne

)
. (6)

In the electromagnetic module, the Maxwell’s equations are

∇×𝐸 =−∂𝐵

∂ t
, (7)
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∇×𝐵 = µ0𝐽 + ε0εrµ0
∂𝐸

∂ t
, (8)

where 𝐸 and 𝐵 are the time-dependent electric field and mag-
netic field, respectively; µ0 and εr represent the vacuum per-
meability and the relative dielectric constant, respectively.

The equation governing the plasma current 𝐽 is

∂𝐽

∂ t
=

nee2

me
𝐸−νen𝐽 , (9)

and it is set to be zero in the regions of dielectric window and
vacuum.

2.2. Sheath model

To calculate the instantaneous bias voltage at the elec-
trode, an equivalent circuit model is presented. The sheath is
considered to be a parallel combination of a diode, a capacitor,
and a current source. A detailed description of this model is
presented in Ref. [24]. Assuming a sinusoidal current source
at the electrode, the current balance equation is

Ii − Ie − Id = Imax sin(2π f t). (10)

Here, Imax and f are the amplitude and frequency of the cur-
rent source, respectively. When dual-frequency bias power
is applied to the electrode, the term on the right-hand side
of Eq. (10) is modified as I1maxsin(2π f1t)+ I2max sin(2π f2t),
where I1max and I2max are the amplitudes, and f1 and f2 are
the frequencies of the dual bias. Ii and Ie are the ion current
and electron current, respectively. The capacitive displace-
ment current Id is expressed as

Id =
dQ(t)

dt
=

dQ(t)
dVe (t)

dVe (t)
dt

= Cs (t)
dVe (t)

dt
, (11)

where Cs (t) = ε0A/ds (t) and ds (t) are the sheath capacitance
and sheath thickness, respectively, and ε0 is the permittivity of
free space. Based on the current balance equation, the instan-
taneous bias voltage at the electrode Ve (t) is obtained, which
is used as the boundary condition of the Poisson’s equation in
the bulk plasma module.

The RF bias power is given as follows:

P =
1
T

∫ T

0
Ve (t) I (t) dt, (12)

where T = 1/ f is the RF bias cycle and I(t) = Imax sin(2π f t).

3. Results and discussion
3.1. Effect of single-frequency bias at different values of

coil power

First, the 2D distributions of plasma density at dif-
ferent values of powers of single-frequency bias are in-
vestigated, where the frequency of the bias is fixed at
27.12 MHz. The non-uniformity degree α is defined as α =

(nmax −nmin)/2nave, where nmax, nmin, and nave are the maxi-
mum, minimum and average plasma density along the reac-
tor centerline from (r = 0 cm, z = 5.5 cm) to (r = 15 cm,
z = 5.5 cm). Figure 2 shows that when the ICP source power
is fixed at 50 W, the spatial uniformity of plasma is strongly
improved (α decreases from 0.595 to 0.025) and the plasma
density at the edge of the substrate significantly increases with
bias power increasing. This is because when the bias power is
applied, the electrons are simultaneously heated by the induc-
tive field generated by the RF coil power and the capacitive
field induced by the RF bias. Therefore, as the bias power
increases from 100 W to 500 W, the electrons gain more en-
ergy from the bias deposition, which leads to a considerable
increase in the plasma generation.
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Fig. 2. Distributions of the ion density at different values of bias power: (a) 0 W, (b) 100 W, (c) 300 W, and (d) 500 W, for an argon discharge sustained
at 50 W and 13.56 MHz, and bias frequency is fixed at 27.12 MHz.
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As the coil power increases to 100 W, the spatial distri-
butions of ion density including the magnitudes and shapes
at various bias powers are strikingly different from those ob-
tained at 50 W as shown in Fig. 3. Although the maximum
ion density gradually shifts to the radial edge of the substrate
with bias power increasing, the ion densities are characterized
by a remarkable peak in the reactor center. The uniformity
of plasma is extremely poor, and the plasma distribution is
negligibly affected by increasing the bias power. This is be-

cause when the ICP power is high, the electric field generated
by the coil significantly contributes to the plasma generation;
the peak of the plasma density appears in the reactor center
and cannot be mitigated by diffusion, thus enhancing plasma
generation near the edge of substrate. Further, this result is
consistent with that obtained in the case with low coil power
(see Fig. 2), i.e., the maximum plasma density moves away
from the dielectric window due to the capacitive field heating
caused by bias power.
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Fig. 3. Distributions of ion density at different values of bias power: (a) 0 W, (b) 100 W, (c) 300 W, and (d) 500 W, for an argon discharge sustained at
100 W and 13.56 MHz, and bias frequency is fixed at 27.12 MHz.

3.2. Effect of dual-frequency bias at different values of coil
power

To further investigate the plasma characteristics in the
ICP reactor simultaneously energized by ICP source power
and bias power, the dependence of the source power and the
dual-frequency RF bias power on the ion density is examined.
The applied ICP source power is varied from 0 W to 800 W.
The sum of the applied bias powers is maintained at 500 W
and the ratio of 27.12-MHz/2.26-MHz bias power is con-
trolled as follows: 0 W/500 W, 100 W/400 W, 200 W/300 W,
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Fig. 4. Relationship between ICP source power and peak ion density for var-
ious ratios of 27.12-MHz/2.26-MHz bias power for argon discharge main-
tained at 100 W and 13.56 MHz.

300 W/200 W, 400 W/100 W, and 500 W/0 W. Figure 4 shows
that when the ICP source power is applied, the increase in
the ratio of 27.12-MHz/2.26-MHz bias power does not ex-
hibit a significant influence on the maximum argon ion den-
sity, whereas a more pronounced increase is observed for 0-W
ICP source power, which agrees well with the experimental
result.[16] Indeed, when the ICP source power is equal to 0 W,
the high-frequency bias power plays a dominant role in gener-
ating the plasma.

Figures 5 and 6 show the effects of different ratios of
27.12-MHz/2.26-MHz bias power on the density profiles of
argon ions for ICP source power of 50 W and 100 W, re-
spectively. When the ICP source power is fixed at 50 W (see
Fig. 5), the ion density decreases with bias power ratio de-
creasing, and the ion density profiles shift from edge-high to
center-high as the 2.26-MHz bias power increases from 0 W
to 500 W. Further, the plasma uniformity deteriorates, and the
plasma non-uniformity increases from 0.025 to 0.183. This is
because the electrons gain less energy from the less frequent
collisions, which weakens the plasma generation near the sub-
strate, especially at the radial edge of the substrate. This im-
plies that the 2.26-MHz bias power has a minor effect on the
spatial distribution and value of the argon ion density. As the
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ICP source power further increases to 100 W (see Fig. 6), the
maximum ion density slightly moves to the reactor center and
becomes close to the dielectric window with the increase in
the low-frequency bias power ratio. Indeed, when the source

power is higher, plasma is primarily generated by coil source
power in the ICP reactor, and the plasma density is insignifi-
cantly influenced by the bias source power for different dual-
bias power ratios.

0 5 10 15 20
0

3

6

9

12

(d) 0 W/500 W(c) 100 W/400 W

(b) 300 W/200 W

r/cm

z
/
c
m

0.0

0.13

0.26

0.40

0.53
(a) 500 W/0 W

0 5 10 15 20
0

3

6

9

12

r/cm

z
/
c
m

0.0

0.083

0.16

0.25

0.33

0 5 10 15 20
0

3

6

9

12

r/cm

z
/
c
m

0.0

0.071

0.14

0.21

0.28

0 5 10 15 20
0

3

6

9

12

r/cm

z
/
c
m

0.0

0.069

0.14

0.21

0.28

Io
n
 d

e
n
si

ty
/
1
0

1
1
 c

m
-

3

Fig. 5. Distributions of ion density at different ratios of 27.12-MHz/2.26-MHz bias powers: (a) 500 W/0 W, (b) 300 W/200 W, (c) 100 W/400 W, and
(d) 0 W/500 W, for argon discharge maintained at 50 W and 13.56 MHz.
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Fig. 6. Distributions of ion density at different ratios of 27.12-MHz/2.26-MHz bias power: (a) 500 W/0 W, (b) 300 W/200 W, (c) 100 W/400 W, and (d)
0 W/500 W, for argon discharge maintained at 100 W and 13.56 MHz.

The ion flux is a vital parameter for etching process.
Therefore, the temporal evolution of the ion flux along the
substrate surface in the range between r = 0 cm and r = 15 cm
over one low-frequency bias period at different ratios of 27.12-
MHz/2.26-MHz bias power for ICP source powers of 50 W
and 100 W are shown in Figs. 7 and 8, respectively. In Fig. 7,
the results are shown for 12 cycles at 27.12 MHz, which corre-
sponds to 1 cycle at 2.26 MHz. When only the high-frequency
bias power is applied, the absolute values of the ion flux peaks
oscillate with time. The ion flux is characterized by 12 peaks

in 12 high-frequency bias periods (see Fig. 7(a)) due to the ac-
celeration of energetic electrons by the capacitive bias field.
In addition, the ion flux peak appears at the radial edge of
the substrate due to the strong electric field generated by bias.
When the ratio of 27.12-MHz/2.26-MHz bias power decreases
to 300 W/200 W (see Fig. 7(b)) the ion flux is clearly modu-
lated by the low-frequency power. The ion flux peaks caused
by the capacitive field heating are initially remarkable in a
nearly 1/4 low-frequency period, and it becomes less promi-
nent after a nearly half period. Furthermore, a second peak
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appears near the symmetry axis in an approximately 3/8 low-
frequency period, which indicates that the ICP source power
begins to have a stronger influence on the plasma genera-
tion. When the ratio of 27.12-MHz/2.26-MHz bias power is
100 W/400 W (see Fig. 7(c)), the modulation of the low fre-
quency bias power becomes even more prominent. However,
the oscillation of the ion flux caused by high-frequency bias

is not obvious. When the ratio of 27.12-MHz/2.26-MHz bias
power is equal to 0 W/500 W, the ion flux is only modulated
by low-frequency bias power, and the absolute value of the ion
flux varies smoothly with time. Furthermore, a second peak in
the ion flux also appears at a nearly 3/8 low frequency period.
This indicates that the peak in the ion flux at the radial edge of
the substrate is induced by the low-frequency bias.
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The variation in the ion flux with the ratio of 27.12-
MHz/2.26-MHz bias power for total bias power of 500 W
and ICP source power of 100 W is depicted in Fig. 8. It is
clear that the ion flux distributions are different from that ob-
tained at the ICP source power of 50 W (Fig. 7). The peaks
in the ion flux in the reactor center become more obvious
with higher absolute values due to the enhanced generation

of plasma caused by the higher ICP source power. Indeed, in a
one low- frequency period, the ion flux oscillates with a center-
and-edge high profile when the ratio of 27.12-MHz/2.26-MHz
bias power is 500 W/0 W (Fig. 8(a)). When the ratio of 27.12-
MHz/2.26-MHz bias power decreases to 300 W/200 W and
100 W/400 W, the ion flux is maximum near the symmetry
axis with higher absolute values (Figs. 8(b) and 8(c)), which
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is different from the case with ICP power of 50 W (Figs. 7(b)
and 7(c)). When the ratio of 27.12-MHz/2.26-MHz bias power
is 0 W/500 W (Fig. 8(d)), the distribution of ion flux becomes
smoother.
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Fig. 9. Radial distributions of axial ion flux at bottom electrode averaged
over one cycle of 2.26-MHz frequency, which corresponds to 12 cycles of
27.12-MHz frequency at ICP source powers: (a) 50 W and (b) 100 W, for
argon discharge biased by different values of 27.12-MHz/2.26-MHz bias
power, and coil frequency is fixed at 13.56 MHz.

The variations in the radial distribution of ion flux at
the bottom electrode averaged over one low-frequency period
with ratio of 27.12-MHz/2.26-MHz bias power for various ICP
source powers are shown in Fig. 9. When the source power is
50 W (see Fig. 9(a)), the radial distribution is rather uniform in
the center region until r ≈ 11 cm and a higher absolute value
is observed at the radial edge of the substrate when the bias
power ratio is 500 W/0 W (c f . Fig. 7(a) as shown above)
due to the presence of strong capacitive field. When the bias
power ratio decreases to 300 W/200 W, 100 W/400 W, and
0 W/500 W, the ion fluxes exhibit edge-high profiles with a
second peak in the reactor center, and the radial uniformity
becomes worse (c f ., Fig. 7 above). Further, this also indi-
cates that at lower ICP source power, the profile of the plasma
characteristics is considerably affected by the ratio of dual-
frequency bias power, and the effect of dual-frequency bias
weakens with the decrease in the 27.12 MHz/2.26-MHz bias
power ratio. When the source power increases to 100 W (see
Fig. 9(b)) the ratio of 27.12-MHz/2.26-MHz bias power has
a minor effect on radial distribution, i.e., a center-and-edge
high profile is observed at all the bias power ratios, which fur-
ther validates that the plasma characteristic profile is negli-
gibly affected by the dual-frequency bias power ratio at high

ICP source power. Besides, the absolute value of the ion flux
exhibits an obvious decrease This is also because the plasma
generation is weakened due to the less frequent collisions, and
the ion flux is lower.

Finally, figure 10 displays the radial distribution of
ion flux at the bottom electrode averaged over one low-
frequency cycle for different values of ICP source power
where the 27.12-MHz/2.26-MHz bias power ratio is fixed at
200 W/300 W. It is clear that as the ICP source power in-
creases, the peak of ion flux shifts from the radial edge of the
substrate to the reactor center, and the value of ion flux in-
creases with the ICP source power increasing. It is noted that
the ICP source power has a significant influence on the shape
and value of the ion flux. This is mainly because as the ICP
source power further increases, the electrons gain more energy
from the higher inductive power, and these energetic electrons
enhance the ion generation near the reactor center. Thus, this
again proves that when the ICP source power is high, the ef-
fect of bias power on the profile of plasma characteristic is
insignificant.
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Fig. 10. Radial distributions of axial ion flux at bottom electrode averaged
over one cycle for frequency of 2.26 MHz, which corresponds to 12 cy-
cles for frequency of 27.12 MHz for different values of ICP source power
in argon discharge. The 27.12-MHz/2.26-MHz bias power ratio is fixed at
200 W/300 W, and the coil frequency is set to be 13.56 MHz.

4. Conclusions
In this study, a 2D self-consistent fluid model is employed

to investigate the influences of bias power on the plasma char-
acteristics at different ICP source powers in an argon dis-
charge. The effects of various 27.12-MHz/2.26-MHz bias
powers and ICP source power are illustrated by examining the
2D distributions of plasma density and spatiotemporal distri-
bution of ion flux as well as the radial profile of axial ion flux
at the bottom electrode.

The results reveal that the bias power significantly affects
the plasma characteristics at low ICP source power. When
the single-frequency bias power is applied with coil power of
50 W, the effect of the bias power on the plasma characteristics
becomes significant with the increase in the bias power. Ac-
cordingly, the plasma density profiles shift from center-high
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to edge-high as the bias increases from 0 W to 500 W with
bias frequency of 27.12 MHz, and the best plasma uniformity
is obtained at 500 W. When the ICP source power increases
to 100 W, the stronger inductive field produced by coil power
significantly contributes to the plasma generation, and the in-
crease in the bias power weakly affects the 2D plasma density
profiles.

The effects of the ratio of 27.12-MHz/2.26-MHz bias
power with total value of 500 W at various values of ICP
source power on the plasma parameters are also investigated.
When the ICP source power is applied, the maximum argon
ion density is slightly affected by the 27.12-MHz/2.26-MHz
bias power. However, when only the bias power is applied,
the high-frequency bias power plays a dominant role in the
plasma generation. When the ratio of 27.12-MHz/2.26-MHz
bias power varies from 500 W/0 W to 0 W/500 W with the
ICP source power fixed at 50 W, the plasma density pro-
file smoothly shift from edge-high to center-high, and the
best radial uniformity is obtained at 500 W/0 W. When the
ICP source power is 100 W, plasma is mainly generated by
coil source power, and the ratio of 27.12-MHz/2.26-MHz bias
power has a weaker effect on the plasma density profile. Fur-
thermore, the spatiotemporal distributions of the ion flux at the
substrate surface over one 2.26-MHz frequency cycle are also
presented. When the ICP source power is low (e.g., 50 W),
the ion flux is characterized by 12 peaks at the edge of the
substrate for bias frequency of 27.12 MHz. When both 27.12-
MHz bias power and 2.26-MHz bias power are employed, the
ion flux is primarily modulated by the low-frequency power
and is characterized by a center-and-edge high profile at bias
power ratios of 300 W/200 W, 100 W/400 W, and 0 W/500 W.
When the ICP source power increases to 100 W, the ion flux
at the symmetry axis increases significantly, showing obvious
maxima at all the selected ratios of dual-frequency bias power.
The radial distribution of ion flux at the bottom electrode av-
eraged over one low bias frequency is also investigated. When
the ICP source power is fixed at 50 W, the axial ion flux ex-
hibits a maximum at the radial edge of the substrate. When
the ICP source power is higher than 50 W, the axial ion flux
is characterized by a maximum in the reactor center with a
second peak at the radial edge of the substrate for all selected

discharge conditions.
Overall, we confirm that low-frequency bias has a weaker

effect on plasma distribution than high-frequency bias, and the
spatial distribution of plasma characteristics can be controlled
by changing the bias power of a single-frequency bias or high-
frequency bias power ratio of dual-frequency bias, especially
at low ICP source power, which is favorable for optimizing the
etching process.
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