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A retarding field energy analyzer (RFEA) is used to measure the time-averaged ion energy distributions (IEDs) on the
substrate in both continuous wave (CW) and synchronous pulse modulated radio-frequency (RF) inductively coupled Ar
plasmas (ICPs). The effects of the phase shift θ between the RF bias voltage and the RF source on the IED is investigated
under various discharge conditions. It is found that as θ increases from 0 to π , the IED moves towards the low-energy
side, and its energy width becomes narrower. In order to figure out the physical mechanism, the voltage waveforms on
the substrate are also measured. The results show that as θ increases from 0 to π , the amplitude of the voltage waveform
decreases and, meanwhile, the average sheath potential decreases as well. Specifically, the potential drop in the sheath on
the substrate exhibits a maximum value at the same phase (i.e., θ = 0) and a minimum value at the opposite phase (i.e.,
θ = π). Therefore, when ions traverse across the sheath region above the substrate, they obtain less energies at lower sheath
potential drop, leading to lower ion energy. Besides, as θ increases from π to 2π , the IEDs and their energy widths change
reversely.

Keywords: ion energy distribution, phase shift, synchronous pulse modulated, inductively coupled plasmas

PACS: 52.80.Yr, 52.70.–m, 52.20.Hv, 52.40.Kh DOI: 10.1088/1674-1056/27/4/045202

1. Introduction
As is well known, the energy and flux of ions bom-

barding the substrate can be controlled independently by
applying a radio-frequency (RF) bias to the substrate in
radio-frequency (RF) inductively coupled plasmas (ICPs).[1–3]

Therefore, ICP sources can be extended to the application of
material modification.[4] Moreover, since the biased substrate
can affect the ion energy distribution (IED), which will fur-
ther influence the surface reactions and the etching rate,[3] and
provide additional freedom degrees of plasma modulation, a
series of investigations have been carried out for better con-
trolling the IED in etching processing.[2,5]

By using a floating ion energy analyzer and a hybrid
model, Edelberg and Aydil investigated the effect of the bias
frequency on the IEDs in Ar and Ne ICPs.[3] It was found
that a lower bias frequency (< 50 MHz) can cause a bimodal
IED, while a higher bias frequency (≥ 50 MHz) can lead to
a single-peaked IED. This is because ions can respond to the
RF oscillation of the sheath field instantaneously at a lower
RF frequency. Furthermore, Edelberg and Aydil[3] also stud-
ied the effects of the electron density, electron temperature,
bias power and source power on the IEDs, and they found that

by increasing the electron density/temperature or reducing the
bias/source power, the IEDs can become narrower.

By employing a quadrupole mass spectrometer, Gu-
dmundsson[6] found that in H2 and Ar/H2 plasmas, a higher
pressure can cause a narrower IED and consequently lower
mean ion energy. There are two different explanations for the
lower mean ion energy at a higher pressure: 1) at a higher
pressure, the sheath thickness is comparable to the ion mean
free path, and thus the elastic and charge exchange collisions
in the sheath may occur more frequently,[6–8] which will lead
to a lower mean ion energy; 2) a higher pressure can lead to a
higher sheath boundary potential and lower wall potential. As
a result, the mean ion energy is lower at a higher pressure.[9]

Agarwal et al.[10] discussed the influences of the pulse
modulated scheme on IEDs in Ar/Cl2 ICPs. They showed
that when the time-averaged power is fixed, the IED slightly
moves to the low-energy side with the increase of the peak
power. They[11] also found that in synchronously pulsed ICPs,
as the pulse phase lag (i.e., the shift of the pulse modulated
signals between the source and bias powers) increases, the
ion energy and angular distributions (IEADs) of ions bom-
barding the substrate exhibit significant variations at different
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pulse phases (including initial active-glow, late active-glow,
initial after-glow, and late after-glow). In addition, Banna et
al.[12] discussed the effect of the phase lag on the synchronous
pulse modulated Ar ICP in simulation, and found that when
the phase lag is not zero, the IED may exhibit a multi-peak
profile, which is caused by the shift of the pulse modulated
signals between the source power and bias power.

Furthermore, recent researches have shown that the
synchronous pulse modulations of both source and biased
powers have the potential to provide additional degrees of
freedom,[10] increase plasma uniformity,[13,14] and reduce
charge damage[12] in the etching process. Therefore, the ef-
fects of the RF phase shift θ (i.e., the phase shift of the RF
bias with respect to the RF source, which has been little stud-
ied so far) on the IEDs are investigated in synchronous pulse
modulated discharges in this paper. First of all, the effect of
the phase shift θ on the IED in CW discharge is investigated,
and then the experimental results in pulse modulated discharge
are also given. It is found that the energies of the ions striking
the substrate exhibit a dependence somewhat on phase shift θ ,
and hence the voltage waveform on the substrate is studied as
well.

The rest of this paper is structured as follows. In Sec-
tion 2, the experimental setup is briefly described. The ex-

perimental results are discussed in CW and pulse modulated
discharge in Section 3. In the Section 4, some conclusions are
drawn.

2. Experimental setup
The schematic diagram of the experimental setup is

shown in Fig. 1. A two-turn planar coil, cooled by recycling
water, is placed on the quartz window on the top of the cham-
ber. The RF power is delivered to the coil through a match-
ing network. The substrate, driven by a biased RF voltage,
is located at 10.5 cm below the quartz window. In experi-
ment, the RF frequencies of both source and bias voltages are
both fixed to be 13.56 MHz. The stainless cylindrical cham-
ber is grounded. More details about the chamber have been
given elsewhere.[15–20] A retarding field ion energy analyzer
(RFEA) is inset in the center of the substrate, and used to mea-
sure the time-averaged IEDs. In synchronous pulse modulated
discharge, the source and bias voltages are both pulse modu-
lated. The phase shift θ indicates the RF phase shift of the
applied bias voltage waveform with respect to the source volt-
age waveform in an RF period. The scenarios of phase shifts
in CW discharge and pulse modulated discharge are shown in
Figs. 2(a) and 2(b), respectively. The working gas in this ex-
periment is Ar.
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Fig. 1. (color online) Schematic diagram of plasma reactor, equipped by an REFA diagnostic system.
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Fig. 2. (color online) Phase shifts between source and bias voltage waveforms in (a) CW discharge and (b) pulse modulated discharge.
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3. Results and discussion
3.1. In CW discharge

Since the characteristics of the pulse modulated plasma
in steady state is similar to that in CW discharge[5] and, for
simplicity, the influence of the phase shift θ on the IED is first
discussed in CW discharge. The dependence of the IED on
phase shift θ for the cases of θ = 0, π/2, and π at the bias
voltage (the peak-peak value) of 200 V is illustrated in Fig. 3.
The source power is 200 W, and the pressure is 10 mTorr
(1 Torr = 1.33322×102 Pa). We can see that the IEDs generally
exhibit bimodal structures. This is because the response time
of ions in the sheath (about 4.78×10−8 s) is smaller than the
RF period of the bias voltage (about 7.37× 10−8 s). As a re-
sult, the ions can gain different energies from the sheath field
when traversing across the sheath region at different phases,
and thus leading to the bimodal structures of the IEDs.[3,6,21]
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Fig. 3. (color online) Dependence of the normalized IED on phase shift
θ for the cases of θ = 0, π/2, and π at bias voltages of 200 V, pressure
of 10 mTorr, and source power of 200 W.

From Fig. 3, it can be found that as the phase shift in-
creases from 0 to π , the IED moves towards the low-energy
side and, meanwhile, the energy width shrinks. In order to find
out the physical reason, the voltage waveform on the substrate
is measured by a high-voltage probe and displayed by a digital
oscilloscope, and the results are shown in Fig. 4. We can see
that as the phase shift increases from 0 to π , the voltage wave-
form moves to the positive part and its amplitude decreases.
Therefore, the sheath potential, which is primarily determined
by the negative part of the voltage waveform, decreases with
the phase angle increasing from 0 to π (see the short-dash lines
in Fig. 4). Specifically, the potential drop in the sheath reaches
its maximum at θ = 0, while it comes up to its minimum at
θ = π . As a result, when ions traverse across the sheath re-
gion, they could gain less energy from the sheath field at a
higher phase angle θ , and thus leading to a shift of the IED
towards the low-energy side. This explains the results shown
in Fig. 3. As for the variation of bias voltage with phase shift,
it can be attributed to the modifications of the electron density
and electron temperature. Actually, as the phase shift increases
from 0 to π , the electron density and effective electron temper-
ature change slightly, which will modify the sheath above the
substrate. Consequently, the bias voltage and self-bias volt-
age on the substrate will be changed by the modified sheath.

Moreover, since the sheath potential decreases with phase shift
(see the short-dash lines in Fig. 4(b), which are the amplified
dash lines in Fig. 4(a)), as a result, when ions traverse across
the sheath to arrive at the substrate, the reduced bias voltage
leads to ions getting less energy, which indicates the energy
width shrinking in IED.
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Fig. 4. (color online) (a) Measured voltage waveforms and (b) sheath po-
tentials on biased substrate at different phase angles θ = 0, π/2, and π . The
other conditions are as follows: source power is 100 W, pressure is 10 mTorr,
and applied bias voltage (peak–peak voltage) is 200 V.

Figures 5(a1)–5(a3) illustrate the IEDs (at θ = 0, π/2,
and π) at different bias voltages with a fixed source power of
100 W and pressure of 10 mTorr. It is found that with the
increase of the phase shift, the IED generally moves towards
the low-energy region and, meanwhile, the energy width of
IEDs shrinks for all bias voltages. This has been discussed
above in detail. In addition, as the bias voltage increases, the
IED moves towards the high-energy region and, meanwhile,
the IED is broadened. Obviously, as the RF bias voltage in-
creases, the potential drop in the sheath will increase. As a re-
sult, when the ions traverse across the sheath region, they gain
more energies from the sheath field, and thus leading to the
higher ion energy. In addition, according to Refs. [7] and [22],
the energy width of the IED can be expressed as

∆E =
4
π

τrf

τi
Vrf.

Here, τrf is the RF period of the bias voltage and τi is the transit
time of ions in the sheath region. Therefore, as the bias voltage
decreases, the energy width becomes narrower (since τi shows
much weaker dependence on the bias voltage than Vrf).

The IEDs (at θ = 0, π/2 and π) at different source powers
with a fixed bias voltage of 200 V and pressure of 10 mTorr
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are displayed in Figs. 5(b1)–5(b3). It is found that with the
increase of the source power, the high-energy peak does not
exhibit a conspicuous move, while the low-energy peak shifts
towards the low-energy region. This may be caused by a thin-
ner sheath thickness at higher electron density (a higher source
power),[3] which generally determines/affects the energies of
low-energy ions. As a result, the low-energy peak moves to-
wards the low-energy side at a higher source power. On the
other hand, the high-energy peak is primarily determined by

the RF bias voltage,[3] so the position of the high-energy peak

is almost independent of the source power. Furthermore, as the

source power increases, the IEDs become increasingly sensi-

tive to the phase shift, i.e., the IED moves more significantly

with the phase angle at a higher source power. This may be

caused by the thinner sheath thickness, which will lead to the

reduction of the transit time of ions in the sheath region, ac-

companied by the stronger modulation of IED by the sheath.
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Fig. 5. (color online) Normalized IED evolutions with phase shift at different bias voltages: (a1) 150 V, (a2) 200 V, and (a3) 250 V, when the source
power is 100 W and the pressure is 10 mTorr, at different source powers (b1) 100 W, (b2) 200 W, and (b3) 300 W, when the bias voltage is 200 V
and discharge pressure is 10 mTorr, and at different pressures: (c1) 10 mTorr, (c2) 30 mTorr, and (c3) 50 mTorr, when applied bias voltage is 200 V
and source power is 100 W.
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Fig. 6. (color online) Measured voltage waveforms on the biased sub-
strate at different pressures (10 mTorr, 30 mTorr, and 50 mTorr). The
other conditions are as follows: source power is 100 W, applied bias
voltage (peak-peak voltage) is 200 V, and phase shift θ = π .

Besides, the IEDs (at θ = 0, π/2 and π) at different dis-
charge pressures at a fixed bias voltage of 200 V and source
power of 100 W are displayed in Figs. 5(c1)–5(c3). It is clear
that at various pressures, the IED changes with the phase angle
in the same manner as the above. As the pressure increases, the
IED moves towards the low-energy side, and the energy width
of IED becomes narrower. This is evident since a higher pres-
sure will cause more intensive collisions, including the charge

exchange and elastic collisions in the sheath,[6,7] thereby re-
sulting in lower ion energy. Besides, the IED evolves from
bimodal structure to single-peaked structure with the increase
of pressure. This is taken for granted since the higher pressure
can lead to smaller energy width of IED.

Besides, it is worth noting that at θ = π , as the pressure
increases from 10 mTorr to 50 mTorr, the IED transforms from
bimodal structure to single-peak structure and then the single-
peak structure converts back to bimodal structure. In order to
find out the physical mechanism, the voltage waves at θ = π

under different pressures are drawn in Fig. 6. It is found that
as the pressure increases from 10 mTorr to 50 mTorr, the av-
erage sheath voltage on the substrate first decreases and then
increases. This means that as the pressure increases, when the
ions traverse across the sheath above the substrate, the average
energy they obtained reduces first and increases later. There-
fore, as the pressure increases from 10 mTorr to 30 mTorr, the
IED varies from bimodal structure to single peak first and the
single peak converts back into bimodal structure afterwards.
As for the lower effect of the phase shift on IED at higher pres-
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sure, it can be attributed to the enhanced collision at higher
pressure. More specifically, at higher pressure, the collision
processes exist in the sheath as well, the IED will be influ-
enced not only by the sheath voltage, but also by the energy
loss through the collision processes, which may weaken the
effect of phase shift on IED.

3.2. In synchronous pulse modulated discharge

In this section, the effect of the phase shift on the time-
averaged IED in synchronous pulse modulated plasma is in-
vestigated, when the frequencies of the source and bias volt-
ages are both fixed at 13.56 MHz, the pulse repetition fre-
quency is 1 kHz, and the pulse duty cycle is 50%. At first,
the IED in pulsed plasma is compared with that in CW dis-
charge under the same conditions, and then the effects of the
bias voltage, source power, and the working pressure on the
IED are discussed.
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shift in (a) CW discharge and (b) synchronous pulse modulated ICP.
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10 mTorr. Pulse repetition frequency is 1 kHz and its duty cycle is 50%.
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Fig. 8. (color online) Dependence of the IED on the phase shift under different bias voltages: (a1) 150 V, (a2) 200 V, and (a3) 250 V with source
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(b3) 300 W with a fixed bias voltage of 200 V and a fixed pressure of 10 mTorr. Dependence of the IED on the phase shift at different pressures at
10 mTorr, (c2) 30 mTorr, and (c3) 50 mTorr with a fixed bias voltage of 200 V and a fixed source power of 100 W.

The time-averaged IEDs and their dependence on the
phase shift in CW and synchronous pulse modulated discharge
are compared and illustrated in Figs. 7(a) and 7(b). The pres-
sure is 10 mTorr, the source power is 200 W, and the bias
voltage is 200 V. By comparing the IEDs at different phase
shifts in synchronous pulse modulated discharge with those in
CW discharge in Fig. 7, the most remarkable difference is that
there are evident low-energy peaks (ε < 30 eV) in pulsed dis-
charge, other features are similar to those in CW discharge.
The low-energy peak of the IED in the pulsed discharge is due
to the fact that the sheath collapses in the after-glow period,
ions would reach the substrate with the same energies as those

at the end of the pulse-on period. Like CW discharge, when
the phase shift increases from 0 to π , the IEDs move towards
the low-energy region and their energy widths become nar-
rower. Obviously, during the active-glow period, the pulsed
discharge behaves like the CW discharge, so the dependence
of the voltage waveform on the phase shift in the pulse-on pe-
riod is similar to that in CW discharge. So, it is also true that
in pulse discharge when the phase shift increases, the voltage
waveform moves to the positive part and, meanwhile its am-
plitude decreases. However, during the afterglow, since both
the source and the bias powers are switched off, the sheath col-
lapses immediately and ion energy would remain the same as
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that at the end of the active-glow period. Therefore, during the
active glow, the effect of the phase shift on IED in synchronous
pulse modulated discharge is similar to that in CW discharge.
As for the appearance of the lowest-energy peak of the IED
in synchronous pulse modulated discharge, it is caused by the
sheath collapsing during the afterglow. In addition, it is noted
that the lowest-energy peak also shifts towards the low-energy
region as the phase shift increases. This might be caused by
the difference between the voltage waveforms produced dur-
ing the active glow at different phase angles. Besides, the
IED moves to the low-energy side in the synchronous pulse
modulated discharge with respect to that in CW discharge (see
Fig. 7). This is taken for granted since less energy is input into
the plasma in pulsed discharge than that in CW discharge.

Figures 8(a1)–8(a3) show the effects of the RF bias volt-
age on the IED in pulsed discharge at a fixed source power of
200 W and a fixed pressure of 10 mTorr. We can see that as
the bias voltage increases, the IED moves to the high-energy
region, and the energy width of IED increases as well. The
dependence of the IED on source power and that on working
pressure are shown in Figs. 8(b1)–8(b3) and Figs. 8(c1)–8(c3),
respectively. The other conditions can be found in the captions
of corresponding figures. Like the result in CW discharge, as
the source power increases, the energy width of IED increases,
the high-energy peak almost has no change in position, while
the lower-energy peak moves towards the low-energy side. As
the discharge pressure increases, the IED shifts to the low-
energy region and, meanwhile the energy width becomes nar-
rower. The corresponding explanations have been given in
Subsection 3.1.

4. Conclusions
The time-averaged IEDs are investigated in both CW and

synchronous pulse modulated RF Ar ICPs, by using a retard-
ing field energy analyzer (RFEA). The effects of the phase
shift, i.e., the phase angle of the RF bias voltage with respect
to the RF source voltage, on the IED and on the substrate
are discussed under various discharge conditions. It is found
that the dependence of the IED on external parameters in CW
discharge is quite similar to that in synchronous pulse modu-
lated discharge, i.e., as the phase shift increases from 0 to π ,
the IEDs move towards the low-energy side, and their energy
widths become narrower. This is because as the phase shift
increases, the amplitude of the voltage waveform on the sub-
strate decreases and, meanwhile the voltage waveform moves
towards the positive part. Therefore, at a larger phase shift,
ions gain less energies when they traverse across the sheath

region, thereby leading to lower ion energy. In addition, as the
bias voltage increases, the IEDs move towards the high-energy
region and their energy widths increase as well. Besides, as
the source power increases, the low-energy peak moves to the
low-energy side while the position of the high-energy peak is
almost independent of the source power. Furthermore, as the
pressure increases, the IEDs move to the low-energy side. By
comparing the IEDs measured in CW discharge with that in
synchronous pulse modulated discharge, there are always evi-
dent low-energy peaks (< 30 eV), which is associated with the
sheath collapsing when the power is off in pulsed discharge.
Moreover, the IED in ICP has a significant influence on the
etching process in the semiconductor industry, especially in
pulse modulated discharge conditions. Therefore, this work is
quite important for investigating IED in ICP, which can make
contributions to the etching process in the semiconductor in-
dustry.
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