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Monitoring Ion Energy Distribution in Capacitively Coupled Plasmas 
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A non-invasive method for ion energy distribution measurement at a RF biased surface 
is proposed for monitoring the property of ion bombardments in capacitively coupled plasma 
sources. To obtain the ion energy distribution, the measured electrode voltage is analyzed 
based on the circuit model which is developed with the linearized sheath capacitance on 
the assumption that the RF driven sheath behaves like a simple diode for a bias power whose 
frequency is much lower than the ion plasma frequency. The method is verified by comparing 
the ion energy distribution function obtained from the proposed model with the experimental 
result taken from the ion energy analyzer in a dual cathode capacitively coupled plasma source 
driven by a 100 MHz source power and a 400 kHz bias power.
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I. Introduction

Capacitively coupled plasmas (CCP) are widely used 

for etch process in the semiconductor fabrication. Ion 

bombardment energy on a substrate is one of the 

dominant factors determining etch performances. The 

ion energy distribution at the electrode driven by the 

sinusoidal RF voltage usually has a bimodal shape 

which is composed of a pair of high energy and low 

energy peaks [1-6] and low frequency (LF) bias power 

is adopted for effective increase of the ion energy [2]. 

Since the etch performance is sensitive to the shape 

of ion energy distribution [7-10], monitoring of the 

ion energy distribution is important to improve or 

manage the performance of etch equipment.

To measure the ion energy distribution (IED) at the 

biased electrode, many measurements using intrusive 

sensors have been developed [11,12]. However, it is 

rare in the study of the in-situ monitoring of IED in 

a process equipment because of the lack of properly 

developed models. As a non-intrusive method, 

Sobolewski developed IEDF monitoring technique using 

the voltage and current signals measured at the RF 

biased electrode [13-16]. It is based on an equivalent 

circuit model to obtain the sheath voltage at the RF 

biased electrode using the electrode voltage and 

current. In addition, the author adapted the non-linear 

sheath impedance model which includes both of 

sheaths at the biased electrode and earthed 

boundaries. So this model is limited to the system 

which has the biased electrode and the earthed one 

and it is suitable to adapt for the inductively coupled 
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Figure 1. The schematic diagram of the experiment 
setup. 100 MHz power and 400 kHz power 
were applied to the top and bottom electro-
des through matching circuits, respectively. 
Pearson’s coil and the voltage pickup elec-
trode were installed between the bottom 
electrode and the matching circuit to the 
measure current and voltage at the bottom 
electrode.

plasma processing system (ICP). Alternatively, this 

model has a limitation to be applied to CCPs because 

the biased electrode is coupled with the source 

powered electrode so his non-linear sheath model is 

not applicable. Thus the modification of his model is 

necessary for IED monitoring in CCP and especially 

his method has a limitation in the modeling of sheath 

adjacent to the counter electrode driven by another 

frequency voltage. Then the modification of non-linear 

sheath model to monitor IED for the dual cathode CCP 

in which different frequency powers are applied to two 

electrodes separately is focused on this study [15].

To adapt Sobolewski’s method to dual cathode CCP 

source, the non-linear sheath model of equivalent 

circuit should be modified for dual frequency. The 

modification will require more computing power and 

degenerate the stability of algorithm to solve 

non-linear equations. In this paper, therefore, we 

developed a simplified non-linear sheath analysis 

method to obtain the ion energy distribution in a dual 

cathode CCP sources. If applied voltage was much 

higher than the electron temperature, thermal motion 

of electrons against the applied voltage is negligible. 

Because that thermal motion of electrons dominantly 

induces non-linear behavior of sheath, non-linear 

behavior of the RF driven sheath can be simplified to 

two linearized sheath capacitances assuming the high 

voltage sheath as a simple diode because the bias 

frequency is much lower than the ion plasma 

frequency in the our experimental condition [3,6]. 

The developed model was validated by comparison 

with the experimentally results obtained from the ion 

energy analyzer. The detail of experimental setup is 

described in section 2. Equivalent model of sheaths 

and IEDF measurement algorithm are described in 

section 3. Results of the proposed method are 

discussed in section 4, and conclusion is given in 

section 5.

II. Experimental Setup

Experiment was conducted in a dual-frequency 

capacitive coupled plasma source at 20 mTorr argon 

pressure. At the top electrode, 100 MHz power was 

applied which was for high density plasma generation. 

At the bottom electrode, 400 kHz power was applied 

to drive high voltage bias. Fig. 1 shows the schematic 

diagram of the dual-frequency capacitively coupled 

plasma source. In a cylindrical aluminum chamber 

with a diameter of 0.6 m, there were the top electrode 

with a diameter of 0.4 m and the bottom electrode 

with a diameter of 0.3 m. Both electrodes were 

encircled with alumina ring to insulate electrode from 

the chamber. The chamber wall was separated by 0.1 

m from the pedestal of electrode. The axial gap 

distance between the top and bottom electrodes was 

0.025 m. The ratio of the electrode areas are 

Atop:Abottom:Awall=1:0.6:2.36 where the Awall is total 

inner area of chamber except areas of two electrodes. 

The voltage and current at the 400 kHz driven 

electrode (the bottom electrode) were measured 

between the bottom electrode and the matching box. 

Pearson current coil (No.6250) was used for current 
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Figure 2. The Schematic diagram of equivalent circuit
model for dual-cathode capacitively cou-
pled discharge. 

measurement. Beside the Pearson current coils, two 

coaxial ring type electrodes, one connected to the 

signal line and the other connected to the ground line 

of the RF coaxial cable, were installed to measure the 

electrode voltage by means of capacitive coupling 

between the power feed line and the ring electrode. 

These pickup signals transferred along a 50 Ohm 

matched cables were read by Tektronix DPO7000 

oscilloscope. On the bottom electrode, a retarding field 

ion energy analyzer named ‘Semion’ manufactured by 

Impedans was installed to measure the bombardment 

energy distribution of ion toward the bottom 

electrode. A holder disk with 5 mm thickness was 

placed on the electrode to fix the analyzer on the 

electrode. 

An electrical probe was used to measure the 

potential of the plasma bulk. The plasma potential 

was measured at the radial and axial center between 

the top and bottom electrodes. The DC part of the 

plasma potential was obtained using current-voltage 

characteristic of electrical probe which uses the 

saturation point of the probe current with increasing 

the probe bias. The AC part of the plasma potential 

was obtained using a high impedance termination at 

the end of the electrical probe. When the probe is 

electrically terminated with the high impedance, the 

probe potential oscillates with the plasma potential. 

This method is only valid for lower frequency 

oscillation than the ion plasma frequency. Note that 

the bias frequency of our experiment was 400 kHz 

which was much lower than the ion plasma frequency 

in our experiment conditions (ωPi∼2 MHz).

III. Analysis Model of Ion Energy 

Distribution

To analyze the non-linear sheath capacitance, the 

sheath is assumed to behave like a simple diode and 

the analysis model can be simplified with the 

non-linear sheath capacitance replaced with two 

separate linear sheath capacitances.

1. Equivalent circuit model

The equivalent model of the dual-cathode CCP 

source is shown in Fig. 2. The model includes two 

sheaths and blocking capacitances. Two sheaths in 

the model are the sheath at the low-frequency biased 

electrode and the other at the counter electrodes with 

the high-frequency applied. Each blocking capacitance 

is composed of the capacitance in matching networks 

and the dielectric coating on the electrode.

The equivalent circuit of each sheath impedance is 

composed of three parts; a capacitance, a series of 

resistance and ideal current source, and a diode. The 

capacitance represents the electron displacement 

across the sheath. The series of resistance and ideal 
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current source represents the ion conduction current 

flowing to the electrode surface across the sheath. 

Amplitude of the ion conduction current can be assumed 

as a Bohm ion current. The resistance represents the 

power loss of ion to the electrode surface. The ion 

energy that we aim to monitor is corresponding to 

this power loss of ions. The diode represents the 

motion of electron across the sheath. Electron 

current across the high voltage driven sheath can be 

assumed as a simple diode [3,6].

In the model, the bias power is assumed to be a 

current driven source which means that the current 

waveform is kept sinusoidal while the voltage waveform 

is affected by the dynamic variation of the load 

impedance. The current driven by the low-frequency 

RF generator and flow from the cathode to the anode 

is given as

(1)

where VLF is the low frequency voltage driven at the 

RF generator and Ctot is the total capacitance from 

the low-frequency RF generator to the counter 

electrode and is composed of the blocking capacitance 

in the matching circuit, the capacitance of the 

dielectric coatings of electrodes, and series of sheath 

capacitances. Note that the low frequency voltage on 

the counter electrode is assumed zero with proper 

matcher configuration at the counter electrode. At 

the sheath, from the current continuity, the 

displacement current Ish,dis is the rest of current 

except the sheath conduction current Ish,con as 

expressed by:

(2)

Thus the voltage across the sheath due to the 

displacement current is given by

(3)

where Csh is the sheath capacitance. In equation (3), 

the first and second terms in the right hand side are 

the capacitively driven part and the resistively driven 

part, respectively. The resistively driven part represents 

the electrode charging by the sheath conduction 

current which flows only when the sheath is expended.

2. Simple diode model

In the simple diode model, the sheaths adjacent to 

the RF biased and the counter electrode are assumed 

to alternatively collapse. When the sheath is 

collapsed, the diode of that sheath is short-circuited 

and the impedance of that sheath is minimized. With 

this approach, only the impedance of sheath which is 

not collapsed is effective in the equivalent circuit. 

Thus, with the simple diode assumption, equations 

for both sheaths are not necessarily to be solved 

simultaneously at the RF biased electrode and the 

counter electrodes to obtain the sheath voltage. 

Using the simple diode model, the voltage of the low 

frequency driven electrode (Vcathode) and the plasma 

potential (VP) can be obtained from the following sets 

of two equations.

(4)

(5)

where Csh,cathode is the capacitance of the sheath 

adjacent to the low-frequency driven electrode, 

iion,cathode is the ion conduction current flowing onto 

the low-frequency driven electrode, Csh,anode is the 

capacitance of the sheath adjacent to the counter 

electrode (high-frequency driven electrode), and iion,anode 

is the ion conduction current flowing onto the counter 
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Figure 3. Block diagram of signal analysis algorithm 
for IEDF measurement.

electrode. Note that the ‘anode sheath collapsed phase’ 

means the phase when the sheath at the counter 

electrode is minimized and the impedance of sheath at 

the low-frequency driven electrode is only effective, 

and vice versa.

3. Algorithm

Fig. 3 shows the diagram of the analysis algorithm 

which has two main parts. First part is a waveform 

analysis part to obtain the plasma potential from the 

measured voltage signal (Fig. 3(a)). Second part 

generates a plot of ion energy distribution using the 

plasma potential obtained in first part (Fig. 3(b)).

The time at the transition from ‘anode sheath 

collapsed phase’ to ‘cathode sheath collapsed phase’ 

(tON) in equations (4) and (5) is defined as an 

arithmetic mean of t1 and t2 as given by

(6)

where t1 and t2 are times when the second order time 

derivative of voltage signal becomes zero 

(d2Vbottom/dt
2=0) for the first and the second times, 

respectively.

The first order time derivative signal (dVbottom/dt) 

has the extreme value when the second order time 

derivative of the voltage signal becomes zero for the 

third time (t3). Thus, from the equation (5), the 

modelled plasma potential was assumed as

(7)

Note that the function Max[a,b] is defined as,

(8)

A is correspond to the Ctot/Csh,anode and C is correspond 

to the -iion,anode/Csh,anode of equation (5). At the time 

when the first order time derivative signal becomes 

zero (t4), the modelled plasma potential is given as 

follows.

(9)

The parameters A, B and C are obtained as follows 

using equations (7) and (8).

(10a)

(10b)

(10c)

Next to the waveform analysis algorithm, the sheath 

voltage to the RF biased electrode is obtained by 

subtracting the modelled plasma potential from the 

measured electrode voltage.

(11)

Using integrator circuit or numerical algorithm, the 

sheath voltage can be obtained from the result of 

equation (11).
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Figure 4. Waveform of the current measured at the bot-
tom electrode. The waveform was low-pass-
filtered with 10 MHz of cut-off frequency.

Figure 5. Waveforms of (a) voltage of the bottom elec-
trode and the plasma bulk, (b) their first order
time derivativation, and (c) second order time
derivation. The waveforms were low-pass-fil-
tered with 10 MHz of cut-off frequency.

(12)

The mathematical model to obtain ion energy 

distribution is given by

(13)

(14)

where nion,0 is the accumulated number of ions 

flowing onto unit area of the electrode, ns is the ion 

density at the sheath edge, uB is the Bohm ion speed, 

and Eion is the energy of ion coming onto the 

electrode. Thus the normalized ion energy distribution 

is given by

(15)

If the collisions of ions across the sheath region are 

negligible, the ion energy gained across the sheath is 

the same with the sheath potential (Eion=Vsh). Then 

the plot of the ion energy distribution is obtained 

using X-Y plotter when the X-axis is Vsh(t) and 

Y-axis is |dt/dVsh|(t).

IV. Results and Discussion

To verify the current driven source assumption in 

section 3.1, modelled electrode current was compared 

with the measured results. Fig. 4 shows the measured 

current waveform at the bottom electrode when 200 W 
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Figure 6. Ion energy distribution obtained from the 
measured plasma potential and electrode 
voltage (invasive method), from the mod-
elled plasma potential and measured elec-
trode voltage (non-invasive method), and 
using the IED monitoring program based on 
the algorithm in section 3.3.

of 100 MHz power and 200 W of 400 kHz power were 

applied. The modelled sinusoidal waveform (dashed 

blue line) was consistent with the measured current 

(solid red line) regardless of the changes in the 

electrode voltage which is in agreement with the 

assumption in section 3.

Fig. 5 shows the waveforms of voltages at the 

bottom electrode (Vbottom) and the plasma bulk (VP) 

and the first and second order time derivatives of 

Vbottom. To verify the simple diode assumption and test 

the algorithm in section 3.3, the analyzed data from 

the measured electrode voltage (Fig. 5(a)) using the 

proposed method were compared with the measured 

results.

In the proposed model, there are rapid transitions 

between the ‘anode sheath collapsed phase’ and the 

‘cathode sheath collapsed phase’ of equations (4) and 

(5) which change the sheath capacitance. In Fig. 5 

(a), that transition was observed as a change of 

rising rate of the bottom electrode voltage (Vbottom) at 

t=tON. That transition was also observed in 

dVbottom/dt. In Fig. 5(b), the transition of the 

amplitude of dVbottom/dt from the ‘anode sheath 

collapsed phase’ to the ‘cathode sheath collapsed 

phase’ was observed in t1<t<t2 and matched with the 

amplitude of dVP/dt at t=t2. The time at the transition 

(t=tON) defined as the arithmetic mean of t1 and t2 in 

the proposed algorithm in section 3.3 shows good 

agreement with the transition point (intersection 

point of two trend lines in Fig. 5(a)) of the bottom 

electrode voltage (Vbottom).

Since the simple diode model assumes that only the 

sheath impedance at the anode (top electrode) is 

effective in the ‘cathode sheath collapsed phase’, 

dVbottom/dt and dVP/dt are same in that phase. The 

measured result shows good agreement with the 

proposed model in the ‘cathode sheath collapsed 

phase’ (tON<t in Fig. 5(b)). By contrast, since the 

sheath at the anode (top electrode) was minimized in 

the ‘anode sheath collapsed phase’ (t4<t<tON+2π), the 

amplitude of dVP/dt was minimized. As a result, two 

waveforms with different amplitudes were alternatively 

observed in first order time derivation signal 

(dVbottom/dt) as expected in proposed model.

Using the proposed model, the modelled dVp/dt was 

obtained (blue line in Fig. 5(b)) from equations (7). 

The modelled result of dVp/dt shows good agreement 

with the measured result. It shows that the non-linear 

behavior of sheath adjacent to counter electrodes can 

be simplified as in equation (5).

Ion energy distribution obtained using invasive 

method (Fig. 6). Note that the measured plasma 

potential by electrical probe is used in the invasive 

method while the modelled plasma potential is used in 

the non-invasive method. The energies of two peaks 

in the bimodal shaped distribution show good agreement 

with those energies taken from the invasive method. 

However, there was slight discrepancy between the 

results obtained using the invasive method and 

non-invasive method caused by the assumption of the 

model. Since the proposed model neglects the 

non-linear behavior of sheath, discrepancies of 
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Figure 7. IED taken from the ion energy analyzer (IEA)
and measured using the proposed non-in-
vasive method.

Figure 8. Energy spread of ion energy distribution as
a function of peak-to-peak voltage of 400 
kHz bias applied to the bottom electrode. 

dVp/dt between measured and modelled results 

(regions filled with grey in Fig. 5(b)) were observed 

at the transition between ‘anode sheath collapsed 

phase’ and ‘cathode collapsed phase’. Also the result 

of the IED monitoring program developed using 

algorithm in section 3.3 was tested with those 

results. The IED monitoring program straightforwardly 

runs the algorithm in section 3.3. Because of the 

algorithm which ran straightforwardly, the process 

time of IED monitoring program was very short (much 

less than 1 ms). Note that the previous method 

proposed by Sobolewski uses fitting method which 

runs about 10,000 times of iteration [15], and the 

process time of that method was estimated about a 

second.

Fig. 7 shows the IED taken from the ion energy 

analyzer and measured using the proposed method. 

Similar to the results in Fig. 6, the result obtained 

from IED monitoring program shows narrower peak of 

IED than that taken from the ion energy analyzer. 

However, the peak energies of IED were agreed with 

those taken from the ion energy analyzer.

Fig. 8 shows the energy spread between two peaks of 

ion energy distribution as a function of peak-to-peak 

voltage at the bottom electrode when 500 W of 100 

MHz power was applied to the top electrode and 0 w∼

300 W of 400 kHz power was applied to the bottom 

electrode. The energy spread between two peaks of 

ion energy distribution obtained using proposed 

method shows good agreement with the results taken 

from the ion energy distribution.

V. Conclusion

In summary, a non-invasive method for ion energy 

distribution measurement at a RF biased surface is 

proposed for monitoring the property of ion 

bombardments in capacitively coupled plasma sources. 

The method was developed based on a circuit model 

with the linearized sheath capacitance on the 

assumption that the RF driven sheath behaves like a 

simple diode. The proposed method successfully 

demonstrated monitoring of ion energy distribution in 

the dual-cathode CCP source.

This work extends the non-invasive technique of 

IED monitoring to dual-cathode CCP sources while 

the previous works were only applicable to single 

cathode systems. Although the proposed method is 

limited to the collisionless sheaths and bias frequency 
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lower than the ion plasma frequency, low pressure 

high density plasma generated by other high 

frequency electricitis, which is favorable for dry etch 

processes, is common for most of the dual cathode 

capacitively coupled plasmas. Most notably, since the 

mathematical model of the proposed method is solved 

straightforwardly, the proposed method can provide 

real-time measurement with short processing time 

less than 1 ms. Thus, further application of this work 

is expected to in-situ IED monitoring of plasma etch 

processing.
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