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The ion energy distributions (IEDs) arriving at a substrate strongly affect the etching rates 
in plasma etching processes. In order to determine the IEDs accurately, it is important to 
obtain the characteristics of radio frequency (rf) sheath at pulsed rf substrates. However, very 
few studies have been conducted to investigate pulsing effect on IEDs at multiple rf driven 
electrodes. Therefore, in this work, we extended previous one-dimensional dynamics model 
for pulsed-bias electrodes. We obtained the IEDs using the developed rf sheath model and 
observed that numerically solved IEDs are in a good agreement with the experimental results. 
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I. Introduction

Pulsed radio frequency (rf) plasma sources are 

widely used for etching processes due to the marked 

improvement in etch characteristics to meet the 

stringent requirement of microelectronics fab-

rications [1-4]. It is well known that pulsing provides 

more flexibility for tuning an etch process by in-

troducing new reactor control parameters such as the 

pulsing frequency, the duty cycle of the pulses, and 

the phase between the source pulses and the bias 

pulses. Accordingly, many research groups have been 

researching the pulsed plasmas by using the ex-

perimental and computational investigations [5-9]. 

Subramonium et al. [10] shown that the azimuthal 

uniformity of plasma parameters generally improved 

relative to continuous wave (cw) operations when de-

creasing duty cycle or pulse repetition frequency due 

to the longer afterglow period in Ar and Cl2 plasmas. 

Agarwal et al. [2] and Subramonium et al. [11] found 

the extractions of negative ions from pulsed capaci-

tively and inductively coupled plasma sources, 

respectively. Effects of rf bias pulsing on SiO2 fea-

ture etching in fluorocarbon plasmas were inves-

tigated by Schaepkens et al. [12]. The authors of Ref. 

[12] obtained that the etch rate of any blanket sub-

strate depends only on the pulse duty cycle and the 

ratio for fluorocarbon deposition rate to fluorocarbon 

etch rate. Banna et al. [13,14] shown that one can 

control the etching uniformity and profile in ad-

vanced gate etching, and reduce the leakage current 

by varying the synchronous pulsed plasma parame-

ters. Moreover, the authors of Ref. [13] shown that 

synchronous pulsing has the promise of significantly 

reducing the electron shading effects compared with 

source pulsing mode and cw mode. Song et al. [15] 

found varying the size of a blocking capacitor is an 

additional variable which provides flexibility in con-
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trolling the shape of the ion energy distributions 

(IEDs).

The IEDs arriving at the substrate strongly affect 

the etch rates in plasma etching processes. In order 

to accurately determine the IEDs, various ex-

perimental methods and numerical models have been 

developed. Voronin et al. [16] obtained the time-re-

solved IEDs in a pulsed plasma using a quadrupole 

mass energy analyzer. Brihoum et al. [17] measured 

the ion flux and time-averaged IEDs for pulsed in-

ductively coupled rf plasmas by using a retarding field 

analyzer. Also, using the similar approach, Shin et al. 

[18] measured the IEDs on a grounded substrate for cw 

and pulsed plasmas. The authors of Ref. [18] inves-

tigated that the peaks of the IEDs were controlled by 

adjusting the applied direct current (dc) bias and the 

discharge pressure. Dai et al. [19] and Barnat and Lu 

[20] presented a self-consistent fluid model which in-

cluded all time-dependent terms in the ion fluid 

equations for pulsed dc bias. Diomede et al. [21] de-

veloped a model allowing rapid calculation of the IEDs 

on an electrode immersed in plasma for given voltage 

waveform applied to the electrode through a blocking 

capacitor. The model combined an equivalent circuit 

representation of the system with an equation for a 

damped sheath potential to which ions respond. In 

particular, Hong and co-workers [22] presented a hy-

brid model which was used to simulate the character-

istics of collisional sheath in a capacitively coupled 

plasma driven by a dual frequency source including a 

rf and a pulsed dc to the same electrode.

In spite of the fact that various experimental 

method and numerical models have been suggested to 

obtain the IEDs, very few studies have been con-

ducted on investigation of rf pulsing effect on IEDs at 

multiple rf driven electrodes. Therefore, in this work, 

we extended previous one-dimensional dynamics 

model for multiple rf modulated electrodes. The ex-

tended 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. We obtained the time-averaged 

IEDs using the developed rf sheath model and ob-

served that numerically solved IEDs are in a good 

agreement with the experimental results.

This paper is organized as follows. In Sec. II, mod-

el equations and a equivalent circuit model based on 

the rf sheath model are described. Results from some 

specific applications are presented in Sec. III. 

Finally, our conclusions are given in Sec. IV.

II. Model Description

1. Sheath model

We considered a one-dimensional plasma sheath 

treating electrons and negative ions as thermal 

Boltzmann particles but positive ions as cold fluids. 

The sheath edge at   is the plasma-sheath in-

terface, i.e.    is the presheath and the plasma 

regions and    is the sheath region [23,24].

The one-dimensional spatiotemporal variations of 

ion density, electron density, ion velocity, and elec-

tric potential are described by the ion continuity 

equation, the Boltzmann relation, the momentum 

equation, and the Poisson’s equation, respectively:

(1)

(2)

(3)

(4)

where , , and  are the density, velocity, and 

mass of ion species, respectively,  is the elementary 

charge,  is the potential,  is the electron density, 
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Figure 1. A schematic diagram of equivalent circuit for
rf sheath model.

 is the electron temperature, and    

 [19]. Here,   denotes the po-

tential drop in the presheath and  is the bulk plasma 

density [25].

We need to choose the suitable boundary conditions 

at the plasma-sheath interface to solve Eqs. (1)-(4). 

In this model, we define the similar boundary con-

ditions as suggested by Dai et al. [19]. We assume 

that at the plasma-sheath boundary, the ion density 

should be equal to the electron density, i.e.,

(5)

For cw bulk plasma,  and  are constant in 

time. On the other hand, for source pulse operation 

we could not assume that  and  are constant in 

time. Therefore, to investigate the effect of simulta-

neous source  and  bias pulsing, time de-

pendent and are determined by solving a global 

transport equation set. The detailed model used in 

this work are described in Sec. II.B. The obtained 

plasma parameters are used for density and electron 

temperature boundary conditions. Then the ion den-

sity at the plasma-sheath boundary can be rewritten 

as

(6)

We also assume that ions enter the sheath with a 

velocity equal to the Bohm velocity, i.e., 

(7)

Finally, we assume that the potential at the sheath 

edge is zero, i.e., 

(8)

and the potential at the electrode is equal to and in-

stantaneous voltage, i.e., 

(9)

where  is obtained by coupling Eqs. (1)-(4) to a 

current balance equation.

Assuming sinusoidal voltage sources as shown in 

Fig. 1, the current balance at the substrate can be 

written as

(10)

where  and  are the conduction current densities 

of the ion and electron, respectively,  is the 

sheath capacitance,  is the surface area of the sub-

strate, and  is the electrode potential [19,24]. 

Using a similar approach based on Diomede et al. 

[21], the analytical expression for the applied voltage 

is presented by   where  and  are the 

voltage amplitude and the angular frequency of th rf 

bias, respectively, and

(11)

Here, 
  , 

  , and 
  .  

and  are the pulse frequency and the duty ratio of 

th rf bias, respectively, and  (pulse period-1).

Moreover, assuming sinusoidal current source at 
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the electrode, the current balance can be rewritten as 

(12)

where  is the amplitude of current density of th rf 

bias. In this work, we adopted not only voltage driven 

but also current driven conditions to solve the cur-

rent balance equation. The current balance is coupled 

to the sheath model through the electrode potential 

and the sheath thickness. By solving the current bal-

ance equation with the fourth order Runge-Kutta 

method, we obtain the potential drop across the 

sheath. Using the obtained potential , we then 

solve Eqs. (1)-(4) by using a finite difference method 

with an iterative process.

We assume that the time averaged power flowing 

from the rf bias power into the discharge is totally 

absorbed within the sheath region because the im-

pedance of the bulk plasma is quite small comparing 

with the sheath impedance for the high-density and 

low-pressure plasmas. Therefore, the rf bias power 

to the substrate can be calculated from the time de-

pendent voltage and current wave forms as 

(13)

where 
 is the on-time of th rf bias and   is the 

current on the electrode. Until each  
 becomes 

equal to the applied th rf bias power of 
 within 

the margin of error, the amplitude of the applied rf 

current or voltage is determined by Eq. (13) with an 

iterative process. We found that the amplitude of ap-

plied rf current was unconditionally converged to ob-

tain the applied power for current driven conditions. 

However, for voltage driven conditions, the initial 

amplitude of the applied rf voltage was highly sensi-

tive to obtain the applied power.

2. Global transport model

Due to investigate the effect of simultaneous 

source and bias pulsing, we numerically solved the 

spatially averaged continuity equation and electron 

temperature equation based on Ar plasma chemistry 

[26]. The governing equations of the spatially aver-

aged global model are as follows: 

(14)

(15)

where  and  are the reaction rates of the vari-

ous generation and loss processes of the species , 

respectively.  is the density of species  particle,  

is the electron density,  is the gas flow rate of 

species ,  is the volume of the chamber, and  

is the pumping speed. The loss speed of the ions at 

the plasma-sheath boundary is assumed to be the 

Bohm velocity, thus the loss frequency of the th ions 

species becomes 
   . Here,  is the 

surface area of the chamber,  is the electron tem-

perature, and  is the ion mass. Assuming the am-

bipolar diffusion, the loss frequency of the escaping 

electron into the wall is given 
 




.  and  

are the energy loss term from the electron per colli-

sion and the loss energy into the wall, respectively.

To simplify the analysis, we assumed that the ab-

sorbed power in Eq. (15) is modulated by an ideal 

rectangular waveform

where  and  are the duty ratio and the period of 

source pulse, respectively [27].

( ),sin= tJP lll
l

ω∑
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Figure 2. The electrode potentials as function of nor-
malized time for (A) 500 V at 2 MHz, (b) 500 
V at 2 MHz and 100 V at 10 MHz, and (c) 500 
V at 2 MHz, 100 V at 10 MHz, and 50 V at 
60 MHz under 5 kHz and 50% duty ratio of 
bias pulse operation. Other conditions: 5 nF
blocking capacitance, Ar+=1016m-3, and 
Te=3 eV.

Figure 3. Dependence of the time-averaged IEDs at the
electrode on duty ratio under 5 kHz bias 
pulse and cw source operation. Other con-
ditions: 100 V at 10 MHz, 10 nF blocking ca-
pacitance, Ar+=1016m-3, and Te=3 eV.

III. Results

In Sec. II, we described the sheath model and the 

global transport model. By solving the nonlinearly 

coupled equations Eqs. (1)-(4) with fourth-order 

Runge-Kutta method, we obtained the potential and 

the ion energy at the electrode. The default plasma 

parameters used in these calculations are Ar+=1016m-3 

and Te =3 eV. We used these base values of the input 

parameters excluding the additional conditions given 

for the particular cases.

Fig. 2 shows the electrode potentials as function of 

normalized time for (A) 500 V at 2 MHz, (b) 500 V at 

2 MHz and 100 V at 10 MHz, and (c) 500 V at 2 MHz, 

100 V at 10 MHz, and 50 V at 60 MHz under 5 kHz and 

50 % duty ratio of bias pulse operation. Here, the si-

nusoidal voltage source boundary conditions were ap-

plied for rf bias. After the bias powers turned off, the 

potentials decay toward constant values within two rf 

cycles.

At the substrate, dependence of the time-averaged 

IEDs on duty ratio under 100 V at 10 MHz, 10 nF 

blocking capacitance, and 5 kHz bias pulse operation 

is shown in Fig. 3. We directly calculated the IEDs on 

the electrode using the formula

(16)

where  is the energy interval and  is the ion en-

ergy at the substrate. We can see that the height of 

the low-energy peak decreases as the duty ratio 

increases. Although the intensity of the energy is 

negligible, the amount of high energy ions increases 

as the duty ratio increases.

Due to investigate the effect of the blocking ca-

pacitor and rf frequency on the ion energy, as shown 

Fig. 4, we calculated temporal profiles of the ion en-

ergy at the substrate for (A) 500 V at 2 MHz, (b) 100 

V at 10 MHz, and (c) 50 V at 60 MHz under 5 kHz bias 

pulse operation. We can see that the ion energy dra-

matically increases and decreases after the bias pow-
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Figure 4. Temporal profiles of the Ar energy at the sub-
strate for (a) 500 V at 2 MHz, (b) 100 V at 
10 MHz, and (c) 50 V at 60 MHz under 5 kHz
bias pulse operation. Plasma conditions are
the same as that in Fig. 3.

Figure 5. Dependence of the time-averaged IEDs at the
electrode on duty ratio under 200 W at 2 MHz
(5 kHz pulsing), 100 W at 10 MHz (cw), 50
W at 60 MHz (5 kHz pulsing), 
Ar+=7.4×1016m-3, and Te=2.7 eV.

Figure 6. Temporal profiles of (a) the electron temper-
ature and (b) the Ar+ density and (c) 
time-averaged IEDs at the substrate. 
Chamber geometry and external conditions 
are the same as that in Ref. Brihoum. Solid 
and dashed lines are obtained value from 
simulation and experiment [17], respectively.

ers turned off and the temporal profiles of the ion 

energy depend on the blocking capacitor. Because the 

ion density slowly responses to the applied modulated 

voltage in Eq. (10), after the bias powers turned off 

the ion conduction current increases and decreased to 

satisfy the current balance at the substrate. As a re-

sult, even though the intensity of the energy is neg-

ligible in the viewpoint of the time-averaged IEDs, 

higher energy ions arrive at the substrate than cw 

conditions as shown in Fig. 3.

Fig. 5 shows dependence of the time-averaged 

IEDs at the substrate on duty ratio under 200 W at 2 

MHz (5 kHz pulsing), 100 W at 10 MHz (cw), 50 W at 

60 MHz (5 kHz pulsing), and cw source operation. 

Here, Ar+=7.4×1016m-3 and Te =2.7 eV were obtained 

by solving the global transport equation set under the 

same conditions in Ref. Brihoum. In this work, we 

found that the amplitude of applied rf current was 

unconditionally converged to obtain the applied power 

for current driven conditions. However, for voltage 

driven conditions, the initial amplitude of the applied 

rf voltage was sensitive to obtain the applied power. 

Therefore, with assuming the sinusoidal current 

source in Fig. 5, the amplitude of the applied rf cur-
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rent were determined in a self-consistently manner.

To compare with the experimental result in Ref. 

[17], we numerically solved the spatially averaged 

continuity equation. Time dependent boundary con-

ditions for the sheath module were obtained by solv-

ing the global transport equation. Figs. 6(a) and 6(b) 

show the obtained time variations of the electron 

temperature and the Ar+ density, respectively. Here, 

chamber geometry and external conditions are the 

same as that in Ref. Brihoum. The total pressure is 

10 mTorr with gas flow rate of 50 sccm, the ICP 

source power is 750 W, and 50 W wafer-chuck bias 

power is applied and pulsed at 1 kHz in phase with 

the ICP pulses. Fig. 6(c) shows the time-averaged 

IEDs for synchronously pulsed plasmas. Although 

there is a difference in the peak positions, numeri-

cally solved IEDs are in a good agreement with the 

experimental results.

IV. Conclusions

We extended previous one-dimensional dynamics 

model for multiple rf modulated bias power. The ex-

tended 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. We obtained the time-averaged 

IEDs using the developed rf sheath model and ob-

served that numerically solved IEDs are in a good 

agreement with the experimental results.

Although we considered single species ion for sim-

plicity, in this work, the developed model should ap-

ply for multicomponent plasmas. However, we ignor-

ed the collisions within the sheath region. Therefore 

we will take into account the collisional effects on the 

motion of ions in the sheath region and use our model 

calculate the etch rates; this is under active study 

and will be reported later.
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