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In plasma etching system which have radio frequency (rf) biased on a substrate, the rf
sheath must be accurately represented to properly simulate the ambipolar fields, electron
stochastic heating, and a self-bias. Accordingly, many research groups have been researching
the rf sheath by using the numerical, analytic, and semi-analytic models [1-10]. In particular,
electronegative plasmas, which are composed of electronegative partially ionized gases, are
commonly used in plasma processing reactors [11]. For electronegative plasmas, Dai et al.
[12] obtained the IEDs at rf-biased electrodes in fluorocarbon plasmas by using an
one-dimensional multiple ion dynamics model. The spatiotemporal variations of different
species ion densities, the sheath voltage drop, and the sheath thickness are calculated by
including all time-dependent terms in the ion fluid equations. The authors of Ref. [12] shown
that the sheath structure is different from those of single-ion species plasmas and multiple
peaks appear in the ion energy distributions due to the existence of multi-ion species.
However, numerically resolving the microscale thin sheath in macroscale computer models of
the plasma devices requires large computing resources. Moreover, although Alterkop [13]
proposed the electrostatic sheath criterion for both electropositive and electronegative plasmas,

Fig. 1. Dependence of Ion energy and angle distributions for

CF3 species on  .
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Table 1. The default plasma parameters in the computations.

parameters

value

units

Ar 

0.5  n0

m-3

CF 

0.1  n0

m-3

CF2

0.1 n0

m-3

CF3

0.3  n0

m-3

CF 

  n0

m-3

the electrostatic sheath criterion has not been extended for rf-biased electrodes.
Therefore, we recently extended previous semi-analytic models for a collisionless rf biased
sheath in electronegative plasmas [14]. The extended model was based on the previously
developed models and an equivalent circuit model to determine the plasma potential and the
potential drop within the sheath region. Using the obtained sheath characteristics, we
investigated ion energy and angular distributions (IEADs) in the collisionless rf sheath.
In this work, we obtained IEADs based on the semi-analytic sheath model for
electronegative plasmas. The defaults plasma parameters used in these calculations are
summarized in Table 1 where   0.1 and n0  3  1016 m3 . And the chamber and the
b
b
external parameters are set to Rp = 0.25 m, Lp = 0.1 m, Rsub = 0.18 m, CLF
 CHF
 1500 pF,
max
max
 50 V , LF 2  5 MHz , HF 2  50 MHz , Te = 3 eV, and Ti = 0.1
VLF
 200 V , VHF

eV. Here, 'LF' and 'HF' denote the lower and higher frequencies, respectively.

Fig. 2. Ion energy and angular distributions at

n0  5  1016 m3 .
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n0  5 1017 m3 .

In Fig. 1, dependence of the IEADs for CF3 species on  is shown. The IEADs were
calculated using the temporal damped potentials and an analytic model for evaluation of ion
angular distribution functions (IADs) [15]. Firstly, the IEDs on the substrate were obtained by
using the below formula
IEDsEi   
j

dVs ,i
dt j

1

(1)

where j is the energy interval and Ei is the ion energy at the substrate [7,16]. After calculating
the IEDs, then we can evaluate the IADs as

IADs  

 mi 2

1
exp 
i , s tan 2  
2
cos 
 2k BTi


(2)

where  is a polar angle and i2,s  2 Ei mi [15]. Magnitudes of the IADs are set to the
values of the IEDs at each energy point, i.e. the IADs are normalized with the IEDs. Finally,
after normalizing the IEADs with

 IEADsE , dE d ,
i

i

we can obtain the normalized

IEADs for collision less rf sheath model at the substrate. In Ref. [17], a simplified Monte
Carlo model of the collisionless ion transport across the sheath was used to calculate the IADs
striking the electrode. However, in this work, we directly obtained the IEADs using the above
method. We can see that the energy dispersion increases as  increases. At   0.1 , the
number of high energy ions is slightly increased, but the distribution of lower energy regime
is about the same comparing with the condition at   0 . However, at   0.5 , not only the
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number of high energy ions is increased, but also the number of low energy ions is decreased
slightly. As mentioned in the preceding text, although negative ion densities are almost zero
within the sheath because the thermal velocity of negative ion species is very small, negative
ion species can affect the characteristics of rf sheaths.
Figures 2 and 3 show the IEADs at n0  5 1016 m3 and n0  5 1017 m3 , respectively.
We can see that the high energy peak position of the IEDs is shifted to the lower energy
region and the energy dispersion decreases as the plasma density increases. These results are
qualitatively similar as reported in Ref. [12].
In summary, we applied the previously developed model to the dual frequency rf biased
electrodes. Using the obtained sheath characteristics, we investigated IEADs in the
collisionless rf sheath. We observed that negative ion species could affect the characteristics
of rf sheaths, hence negative ion species should be considered to obtain the more accurate
IEADs. However, densities at the sheath edge were not determined with self-consistent
manner. In particular, the negative ion density at the sheath edge is accurately calculated for
highly negative plasmas. Therefore, we will determine the ion densities with coupling the
transport model in a self-consistent manner, this is under active study and will be reported
late.
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