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Abstract: In this work, a hybrid model consisting of a global model combined bi-
directionally with a fluid sheath model is employed to investigate the dual-frequency (DF) 
bias effect on the inductively coupled Cl2 plasmas under different pressures. The results 
indicate that the DC self-bias voltage is approximately a linear function of the phase shift 
between the fundamental frequency and its second harmonic. By adjusting the phase shift in 
the range from 0 to 2π, the mean ion energy can be well modulated, while the ion flux almost 
remains constant. 
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1. Introduction
Radio-frequency (RF) inductively coupled plasmas

(ICPs), which are generally characterized by high plasma 
density due to the more effective electron heating by the 
inductive power, are commonly used in many 
nanofabrication applications in the semiconductor industry, 
such as material etching, thin film depositions and 
sputtering [1-2]. An idea of capacitive/inductive hybrid 
discharge is proposed, in which the plasma density and ion 
bombarding energy are controlled independently by the 
ICP power and capacitive bias power, respectively. 
However, during the past few years, it is very difficult to 
achieve ideal independent modulation of the ion flux and 
ion energy in biased ICP discharges, due to the strong 
coupling effect between the inductive power and capacitive 
bias power [3-5]. 

Actually, the coupling effect has also been observed in 
traditional dual frequency capacitively coupled plasmas 
(CCPs). Therefore, the electrically asymmetric discharge, 
which is driven by a funcdamental frequency and its 
second harmonic,  has been proposed to ideally realized the 
separate control of the ion flux and ion energy on the 
substrate. Indeed, tailored voltage waveform has already 
showed its potential for the separate control of the ion 
energy and ion flux in CCPs both numerically and 
experimentally. However, the investigation of the 
electrically asymmetric effect (EAE) in ICPs is very 
limited. Although Zhang et al has already studies the EAE 
in inductively coupled C4F8/SF6 plasmas and obtained 
similar conclusions as in CCPs [6], the effectiveness of the 
EAE on the independent modulation of the ion flux and ion 
energy in ICPs under various discharge conditions is not 
fully proved. Therefore, the purpose of this paper is to 
employ a hybrid model, i.e., a global model coupled 
bidirectionally with a sheath model, to investigate the EAE 
on the plasma density, dc self-bias, ion flux as well as mean 
ion energy in Cl2 ICPs with DF bias sources. The results 
obtained in this work could help us to gain a deeper insight 
into the plasma characteristics of DF biased Cl2 discharges, 
which is of utmost importance in the etching process. 

2. Result
The bias voltage waveform used in this work is 𝑉𝑉𝑟𝑟𝑟𝑟 =

𝑉𝑉0[𝑠𝑠𝑠𝑠𝑠𝑠(2𝜋𝜋𝑓𝑓𝐿𝐿𝐿𝐿𝑡𝑡 + 𝜃𝜃1) + 𝑠𝑠𝑠𝑠𝑠𝑠(2𝜋𝜋𝑓𝑓𝐻𝐻𝐻𝐻𝑡𝑡 + 𝜃𝜃2)] , where 𝑉𝑉0 =

100 V is the voltage amplitude, 𝑓𝑓𝐿𝐿𝐿𝐿 = 13.56 MHz, 𝑓𝑓𝐻𝐻𝐻𝐻 =
27.12 MHz, and 𝜃𝜃1 = 0° is the low frequency phase angle. 
First, the effect of high frequency phase shift 𝜃𝜃2 on the 
electron density is investigated under different pressures, 
i.e., 3, 5, 10, 30, 50 and 100 mTorr, and the ICP power is
fixed at 500 W. It is clear from figure 1 that when the phase
shift 𝜃𝜃2  varies from 0°  to 360° , the electron density
fluctuates within ±10% at 3 mTorr. As pressure increases,
the modulation of the phase shift 𝜃𝜃2 on the electron density
becomes more obvious, i.e., the fluctuation is as high as
about ±21% at 100 mTorr. Besides, when the phase shift
𝜃𝜃2 is fixed, the electron density exhibits a slight increase as
pressure varies from 3 mTorr to 5 mTorr. However, a
monotonically decreasing trend is observed in the pressure
range up to 100 mTorr, which can be attributed to the
electronegativity.

Figure 2 presents the DC self-bias voltage as a function 
of the phase shift 𝜃𝜃2 under various pressures. It is observed 
that the DC self-bias voltage varies almost linearly with the 
phase shift 𝜃𝜃2 , which is similar to that achieved by 
Skarphedinsson and Gudmundsson in capacitively coupled 
chlorine discharges [7], indicating that the EAE is realized 
in inductively coupled chlorine discharges. In addition, the 
influence of pressure on the dc self-bias is limited, except 
for the slightly lower absolute value at high pressure. This 
is because the electron density declines with pressure, 
giving rise to the relatively lower electron flux to the 
bottom electrode, and therefore, a lower DC self-bias 
voltage is developed to balance the electron flux and 
positive ion flux. 

Finally, the influences of the bias voltage waveform on 
the separation control of the mean ion energy and ion flux 
are presented in figure 3. Figure 3(a) shows the mean Cl2

+ 
energy bombarding the bottom electrode varies almost 
linearly with the phase shift 𝜃𝜃2 . When the phase shift 
increase from 0° to 90°, the Cl2

+ energy decreases rapidly 
from about 193 eV to about 134 eV, and then it rises by a 
factor of approximately 1.7 as the phase shift increases 
from 90° to 270°, and the mean ion energy decreases again 
as the phase shift increases further to 360°. The evolution 
of the mean Cl2

+ energy with the  phase shift is similar for 
all pressure investigated, except that the mean Cl2

+ energy 
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decreases slightly at higher pressure, due to the more 
frequent collisions within the sheath region. 

Figure 3(b) shows the influence of the phase shift 𝜃𝜃2 on 
the Cl2

+ flux under various pressures. It is clearly that the 
Cl2

+ flux increases significantly with pressure, i.e., the Cl2
+ 

flux almost doubles as pressure rises from 5 mTorr to 100 
mTorr. Furthermore, the Cl2

+ flux is also modulated by the 
phase shift 𝜃𝜃2 , i.e., the ion flux first decreases and then 
increases and finally it declines again as 𝜃𝜃2 varies from 0° 
to 360°, which is similar to the mean ion energy. Besides, 
the modulation of 𝜃𝜃2  on the ion flux becomes more 
obvious at higher pressure, i.e., the fluctuation is ±1.8% at 
3 mTorr, and the value increases dramatically to ±11.2% 
at 100 mTorr. 
3. Conslusion 

In this paper, a hybrid model, i.e., a volume-averaged 
model coupled with a fluid sheath model, has been applied 
to investigate the plasma properties in dual-frequency 
biased inductively coupled Cl2 dischrges under different 
pressures. The electron density, DC self-bias voltage, mean 
ion energy and ion flux have been explored as a function 
of bias voltage waveform and pressure. 

The results indicate that EAE is realized in ICP Cl2 
discharges by applying a dual frequency bias source at the 
bottom electrode. By adjusting the phase shift between the 
fundamental frequency and its second harmonic, the 
plasma properties can be modulated. Besides, a DC self-
bias voltage is developed on the biased electrode, which 
almost varies linearly with the phase shift, and thus the 
maximum ion energy can be modulated. Whereas, 
although the ion flux is also affected by the phase shift, the 
fluctuation is less obvious. 
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Fig. 1. Evolution of the electron density with phase shift 

at different pressures. 
 

 
Fig. 2. Evolution of the DC self-bias voltage with phase 

shift at different pressures. 
 

 
Fig. 3. Evolution of the (a) mean Cl2

+ energy and (b) Cl2
+ 

flux with phase shift at different pressures. 
 


