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Abstract
Using an electron-emitting probe, time-resolved plasma potential (Vp ) measurements are
carried out in a pulsed dual-frequency 60 MHz/2 MHz capacitively coupled discharge. The
discharge is produced using argon gas at two chosen pressures of 20 and 40 mTorr, a duty ratio
of 50% and pulse powers ranging from 100 to 500 W. The pulsing frequency is set at 1 kHz.
The plasma potential measurements are carried out at 10 mm above the centre of the substrate.
It is observed that Vp follows the source discharge pulse voltage and remains positive
during the whole pulse cycle. Without substrate biasing, the prominent features observed in
the Vp profile, under all the operating conditions, remain similar; however, the magnitude of Vp
increases with the applied RF source power. For further analysis, three distinguishable features
in the Vp profile, a transient spike at the beginning of the discharge pulse, a stable ‘on-phase’
and a ‘stable-off’ phase, are identified. For typical operating conditions (20 mTorr and 500 W),
the transient spike in Vp of ∼30 V appears for 30 µs, then it attains a stable value of ∼12 V
during the rest of the pulse on-period. Vp decreases up to ∼3 V as the pulse is switched off.
It is also observed in this study that a continuous wave RF biasing of the substrate
significantly modulates the plasma potential evolution, specifically when the pulse is switched
off and the magnitude of modulation depends on the substrate biasing power. The temporal
evolution of electron temperature derived from the plasma and floating potentials is also
reported.

is known as a dual-frequency capacitively coupled plasma
(DF-CCP) discharge. In this technique, a higher frequency
(ranging from a few tens of MHz to a few hundred MHz) is
applied on the top electrode and a lower frequency (typically
2 MHz, ranging from a few to 10 MHz) on the bottom
electrode. The application of dual frequencies facilitates
separate control over the plasma density and ion-bombarding
energy over the substrate; plasma density is controlled by
the higher frequency, and the ion-bombarding energy by the
lower frequency. Further flexibility in the DF-CCP can be

1. Introduction
Parallel-plate capacitively coupled plasma (CCP) discharges
are being extensively used in the microelectronics industry for
deposition and dry etching [1–7]. However, this technique
lacks separate control over the plasma production mechanism,
i.e. plasma density and ion-bombarding energy over the
substrate. A solution to this problem is the application
of two different frequencies, high and low, on the top and
bottom electrodes, respectively. This modified technique
0963-0252/12/055006+09$33.00
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introduced by the application of pulsed RF on the top electrode
or both electrodes. The application of a very high frequency
(such as 60 MHz or more) on the top electrode produces a
reduced ion-bombarding energy and thinner sheath for a given
ion flux to the substrate, that, in turn, could be useful for
low-damage dry etching applications. The higher frequency
produces a higher plasma density (ne ∝ ω2 Vrf ) and the total
potential (|Vh + Vl |) determines the ion-bombarding energy.
Therefore, for separate control over plasma density and ionbombarding energy, (ωh2 |Vh |  ωl2 |Vl |) should be satisfied. If
(|Vl |  |Vh |), the low frequency gives good control over the
ion-bombarding energy over the substrate.
The DF-CCP has been a subject of intense research
in recent years. Various theoretical, computational and
experimental studies have been carried out to reveal
the underlying physics and to optimize the operational
conditions. Using a homogeneous plasma model for dualfrequency RF discharges, and under the assumptions of timeindependent collisionless ion motion and inertialess electrons,
a computational study was carried out, and it was shown
that the discharge parameters are a function of effective
parameters such as effective frequency, effective current and
effective voltage and these effective parameters are determined
by the ratio of two currents and voltages [8]. They also
reported that when determining the plasma parameters, the
reduction in the size of the bulk discharge due to two sheaths
has to be taken into account [9]. Another computational
study, using the PIC-MCC simulation, revealed that the ion
flux and the ion-bombarding energy over the substrate can
be separately controlled. They mentioned two different
controlling parameters for two different operational regimes
of small and large electrode separations. At large electrode
separation, the ion current is a function of the total discharge
current, whereas at small electrode separation, the ion flux
can be controlled by varying the power at the high frequency.
However, in both cases the ion-bombarding energy depends on
the low-frequency voltage. The ratio of the two frequencies
plays a vital role in controlling the ion impact and plasma
density in DF-CCPs [10]. If the ratio of high frequency
to low frequency is sufficiently high, independent control is
possible by manipulating the high- and low-frequency sources.
Using the hybrid model composed of fluid and Monte Carlo
models, Dai et al [11] showed that the bias frequency, power
of the low-frequency source and pressure play an important
role in determining collisional dual RF sheaths and therefore
ion energy and angular distributions over the substrate. By
developing an analytical model, Turner et al [12] predicted
that the net heating in a dual-frequency CCP discharge is larger
than the sum of the effects occurring when the two frequencies
are applied separately. This prediction has been supported by
kinetic simulation. In another study, Turner et al [13] showed
that electron heating in a DF-CCP discharge also depends
parametrically on the lower frequency, contrary to common
supposition. Various other theoretical and computational
studies [8–20] have been performed to provide better physical
insight into the physical processes occurring in DF-CCP
discharges. Rauf et al [21] computationally investigated
that electrostatic effects dominated in electronegative plasmas

because the applied RF potential is considerably larger for the
same power compared with electropositive plasmas.
In an experimental study carried out using a hairpin
probe [22], it was demonstrated that plasma density is a
linear function of the high-frequency power. However, it also
depends marginally on the low-frequency power, in contrast
to the reported particle-in-cell computational study [10]. A
mass energy-resolved spectrometric [22] study together with
numerical simulations demonstrated that the low frequency
and low-frequency power have a significant effect on the
high-energy peak in ion energy distribution and it shifts
towards the high-energy region with increasing low frequency
and power at the low frequency. A diagnostics study was
carried out by Hebner et al [23] in single-frequency and DFCCP discharges operating in argon and driven at frequencies
between 10 and 190 MHz. They reported that, while keeping
the lower electrode grounded, the spatial distribution of argon
ions changed from uniform to centre peaked as the excitation
frequency was increased on the top electrode. At a pressure of
50 mTorr and a frequency of 60 MHz, they observed that with
increasing power (300–1000 W) the electron density changed
from being uniform as a function of radius to being centre
peaked. These observations may be explained on the basis of
constructive interference of the plasma shortened wavelength
with increasing electron density and conductivity. Using
a Langmuir probe and V –I probe measurements [24], an
experimental study was carried out by varying the frequency
ratio, system pressure, high frequency and low frequency.
Both frequencies were applied at the top electrode, and
the bottom electrode was grounded. They reported that
an increase in the low-frequency power causes a moderate
increase in the electron density but a significant decrease
in the electron temperature. And an increase in the highfrequency power results in a strong increase in the electron
density and populates the high-energy part of the electron
energy distribution functions. Various other experimental
studies strengthen these findings [25–27].
Recently, pulsed DF-CCP discharges have attracted
significant research interest in academia and industry due
to increased flexibility in operational conditions, thus
allowing one to tailor the discharge properties for a
particular application. The pulsed operation of the discharge
significantly prevents the formation of arcs and therefore the
discharge is much more stable whereby the quality of etching is
enhanced. The periodic interruption of the driving frequency
leads, on the other hand, to strong temporal changes in the
plasma parameters, which make a physical description of these
types of discharges even more difficult. Therefore, there is a
need for systematic experimental investigation to understand
the discharge dynamics and temporal evolution of plasma
parameters. This would not only provide a better physical
insight but would also give information about the operation
conditions appropriate for a particular application. However,
there is a clear lack of studies on the temporal evolution of
plasma parameters in pulsed DF-CCP discharges.
One of the important discharge parameters is the plasma
potential, Vp , in the discharge volume. It determines the
electric field that accelerates the electrons to sustain the
2
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discharge, and is therefore crucial for the discharge formation.
On the other hand, the value of the plasma potential in front of
each electrode or the wall at a fixed potential determines the
ion-bombarding energy with which the ions hit the surface
and controls the charge flux to the electrodes. Therefore,
knowledge of the temporal evolution of plasma potential is
directly important for dry etching as long as the substrate is
not at a floating potential, which adjusts itself according to the
plasma potential and the electron energy.
The electron temperature, Te , is also a very important
discharge parameter which, together with plasma density,
determines the discharge chemistry and therefore plays a vital
role in etching and selectivity. The electron temperature, Te ,
determines the ionization, dissociation and excitation rates in
the plasma, as well as the energy and ion flux to the substrate.
Therefore, information about the temporal evolution of Te is of
great importance for understanding the plasma behaviour and
optimizing the plasma processes. There are a few studies on Te
measurements conducted in an Ar CCP [32–34]. Descoeudres
et al [35] reported a value of 6 eV at a pressure of 76 mTorr
and 4.8 eV at 200 mTorr in a 13.56 MHz single-frequency
discharge with a gap of 4 cm. So et al [36, 37] modelled a
200 mTorr, 13.56 MHz CF4 CCP with a 2 cm gap and computed
a Te of 6 eV in the bulk plasma. Using the trace rare gas
optical emission spectroscopy (TRG-OES) technique, Chen
et al conducted an experimental study in a DF-CCP discharge
of CF4 +O2 and reported electron temperature variation with
power, pressure and various percentages of operating gases.
They observed an increase in electron temperature with RF
power and pressure [6].
This study investigates the temporal evolution of plasma
potential and its dependence on bias power and operating
pressure in a 60 MHz/2 MHz pulsed DF-CPP discharge and its
dependence on bias power, duty factor and pulsing frequency.
The diagnostic technique used was an emissive probe in the
‘floating point method’ (yielding a direct measurement of
Vp on the oscilloscope screen), which is valid provided that
the probe is maintained in the full emission condition. The
principle is based on an ordinary Langmuir probe technique.
When the probe tip is appropriately heated via a 50 Hz ac
current, it emits electrons, which act as an apparent additional
positive ion current drawn by the probe from the plasma. The
floating potential measured by such a probe thus approaches
the plasma potential and serves as a good measure for it—
in an ideal case with an error of the order of kTp /e, where
Tp is the probe temperature, provided that the probe is in the
strong emission condition. In the case of space charge effects,
this technique underestimates Vp by Te /e. Therefore, it gives
fairly good estimates of Vp , if the plasma temperature is small
(eVp /Te  1) [38]. The advantage of the method is that it is
not necessary to acquire the complete characteristics to obtain
the plasma potential; rather it can be accessed from a single
measurement of the floating potential, which is easily obtained
through a high-impedance measurement against ground. With
this measurement being performed with an oscilloscope, a
time-resolved determination of varying plasma potentials is
possible. Details of using an emissive probe in a pulsed plasma
can be found elsewhere [28, 29].

Figure 1. A schematic of the experimental setup of the pulsed
dual-frequency capacitively coupled discharge chamber used in this
study. The top electrode was energized by pulsed 60 MHz RF power
and the bottom electrode was energized with continuous wave
2 MHz RF power.

The emissive probe could also be used to estimate the
electron temperature using the difference between the floating
potentials of the probe when it is cold and in strongly
emitting conditions [41, 42]. Therefore, these emissive probe
measurements were also used to estimate the time-resolved
electron temperature, which was derived from the relation of
electron temperature with the plasma and floating potentials.

2. Experimental arrangement
The schematic of the experimental setup of the DF-CCP
system used in this study is shown in figure 1. Experiments
were performed in a purpose-built chamber made of anodized
aluminum of external dimension 600 × 600 mm2 . The internal
diameter of the chamber was 300 mm. The argon gas discharge
was maintained between two 200 mm diameter parallel-plate
electrodes separated by 30 mm at two average pressures of 20
and 40 mTorr, a duty factor of 50% and a pulsing frequency of
1 kHz. The top electrode was covered with a perforated silicon
plate to act as a shower head and thus to allow the gas to spread
uniformly. The top electrode was capacitively connected to a
60 MHz RF power source (HF) together with a pulsing unit
with the facility of varying the pulsing frequency and duty
factor. The bottom electrode was capacitively connected to a
2 MHz RF power source (LF). The reactor was evacuated using
an EBARA turbo molecular pump of pumping speed 3200 l s−1
backed by a booster and rotary pump supplied by Alcatel. The
base pressure continuously achieved by this pumping unit was
2.0 × 10−5 Torr. The gas was equally distributed through a
baffle system from the top electrode. A tight steel mesh block
was installed around the bottom electrode to reduce the plasma
leakage by the pumping system connected to the bottom of the
chamber. The process pressure was controlled automatically
by adjusting a throttle valve.
3
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Figure 3. Potential profile measured with the emissive probe
for two different conditions: (black) strongly heated at (r, z) =
(0 mm, 10 mm), (red) no heating at (r, z) = (0 mm, 10 mm). The
discharge was pulsed at 1 kHz with 50% duty factor.

Figure 2. A schematic of the emissive probe electrical arrangement.

The emissive probe electrical arrangement is shown in
figure 2. The emissive probe itself was made of a thoriated
tungsten wire of diameter 125 µm, looped in a semicircle of
2 mm diameter and push-fitted into a ceramic stem housing
with enamelled copper connecting wires of 250 µm diameter
that carry the external heating current. The probe loop was
heated by passing a 50 Hz ac current through it supplied by
a two-stage transformer circuit. The centre tap of the second
transformer was connected to a fast oscilloscope (TDS 744,
10 M input impedance, Tektronix Ltd) via a single-strand wire
(used to minimize the capacitance to ground) to obtain the
mean voltage (floating potential) across the loop and hence
a good estimate of Vp . These floating potential data were
stored over 128 discharge pulses and then averaged to minimize
the random error in the electrical signal. The emissive probe
was located at the centre and 10 mm away from the substrate.
Before carrying out actual measurements, some preliminary
measurements were performed to verify the required probe
loop current to be in the state of strong emission, and it was
found that the 0.9 A current is enough to get strong emission
during the whole pulse cycle.

Figure 4. Potential profile measured with the emissive probe for
five different source powers at an average pressure of 20 mTorr. The
discharge was pulsed at 1 kHz with 50% duty factor. The bias power
was zero.

were identified as an ‘initial overshoot’ (within a few µs of the
initiation of the pulse), a stable ‘on-phase’ (∼50 µs after the
initiation of the pulse) and a stable ‘off-phase’ (∼25 µs after
switching off the pulse), as shown in figure 3.
Figure 4 shows the plasma potential profiles measured
at five different source powers ranging from 100 to 500 W
at an average pressure of 20 mTorr. The bottom electrode was
grounded. The dominant features in all the potential profile are
similar; however, their magnitude varies with applied power.
As the pulse is switched on, the plasma potential gets an
initial overshoot of ∼70 V; its exact magnitude depends on
the average power fed to the plasma. This initial overshoot
relaxes within a time of ∼25 µs and then maintains a stable
‘on-phase’ of a few tens of volts. The plasma potential rapidly
goes down as the pulse is switched off and maintains a few
volts above the ground level for the entire pulse ‘off-phase’.
The observed variation in plasma potential with RF power can
be explained as follows. When an RF power is applied to the

3. Results and discussion
The temporal evolution of plasma potential (in the strong
emission condition) and floating potential (in the zero emission
condition) acquired by the emissive probe, measured at a
pulse power of 200 W, and an average pressure of 20 mTorr,
is shown in figure 3. The emissive probe was located at a
particular position of the substrate (r = 0 mm and z = 10 mm).
The plasma potential gets a significant spike of ∼60 V at the
beginning of the pulse, which temporally coincides with the
beginning of the RF pulse at the top electrode. Subsequently,
the plasma potential decreases sharply and later on, after
∼50 µs, attains a stable value of ∼30 V for the rest of the
pulse ‘on-time’. As the pulse is switched off, the plasma
potential decreases rapidly and attains a small positive value
of ∼5.5 V within 25 µs and remains constant for the rest of the
pulse. For an in-depth analysis, three features on the Vp profile
4
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Figure 6. Plots of Vp versus pulse power for the three phases
identified in figure 3: (a) the ‘initial overshoot’, (b) the ‘stable
on-phase’ and (c) the ‘stable off-phase’. The continuous lines with
solid circles are for 20 mTorr and the continuous lines with solid
stars are for 40 mTorr.

Figure 5. Plasma potential profile measured with the emissive
probe for five different source powers at an average pressure of
40 mTorr. The discharge was pulsed at 1 kHz with 50% duty factor.
The bias power was zero.

As the discharge builds up, the flow of electrons from the
probe loop to the plasma slows down and it generates a rapid
fall in the plasma potential.
The ions respond at their characteristic time scale (τi ),
namely of a few µs. The second small peak (bump) in the
plasma potential profile could be attributed to the ion response
to the probe.
For an in-depth analysis of the time evolution of plasma
potential, and plasma potential dependence on RF power and
pressure, the plasma potentials at three chosen points (initial
overshoot, stable ‘on-phase’ and stable ‘off-phase’) are plotted
and shown in figure 6. From the figure, it is clear that the
plasma potential slightly decreases with increasing pressure in
all three phases. In the stable ‘on-phase’ and the stable ‘offphase’, there is almost no change in the plasma potential when
the applied RF pulse power is below 200 W (P < 200 W).
However, the plasma potential increases with pulse power
beyond 200 W.
The temporal evolution of electron temperature was
qualitatively estimated using the following relation between
plasma potential and floating potential [30]:

electrode, the instantaneous plasma potential is given by [30]


1 + δ exp(ηG sin ωt)
ηS = ln
,
(1)
(1 + δ)ε
where η = eV /kTe , the subscripts S and G are used for
space and the grounded electrode, respectively, δ is the ratio
of the area of the powered electrode to the grounded electrode
and ε = [π m/2M]1/2 . From this equation, it can be easily
concluded that, as the RF power is increased, the sinusoidal
oscillation applied to the powered electrode also increases.
As the plasma potential follows the most positive surface
immersed in the discharge body, it increases with increasing
applied power.
The same measurements carried out at an average pressure
of 40 mTorr (higher pressure) are shown in figure 5. A
comparison of figures 4 and 5 readily reveals that the plasma
potential is marginally dependent on the pressure [31]. This
observed slight reduction in the plasma potential could be
attributed to the change in the plasma density and electron
temperature due to the increased pressure.
At the beginning of the discharge pulse, the emergence of
a small bump in the Vp profile at time t ∼ 5 µs was observed
(figures 4 and 5). It could be attributed to the discharge
dynamics at the beginning of the pulse, probe response to it
and the complex reactance of the probe measurement circuitry.
Two peaks are observed in a typical plasma potential
profile; the first one occurs at t < 1 µs and the second one at
t ∼ 5 µs. Assuming the plasma density to be ∼1015 m−3 , the
characteristic time scales of electron and ion motion calculated
from the inverse electron plasma frequency (fe ) and ion plasma
frequency (fi ) are τe ∼ 5 ns and τi ∼ 1 µs, respectively. As the
discharge pulse is switched on, there is a sudden acceleration
of emitted electrons situated in the space charge region around
the probe loop to the plasma. It generates a peak in the plasma
potential at a time of approximately a few ns. In this very
short time (τe ), the ions are immobile and therefore there is no
contribution due to ion motion in the first peak.

Vp − Vf =

kTe  π m 
ln
,
2e
2M

(2)

where Vp and Vf are the plasma and floating potentials,
respectively, Te is the electron temperature, m is the electronic
mass and M is the atomic mass of the discharge gas. Thus
calculated, for argon gas, the difference in plasma and floating
potentials (Vp −Vf ) amounts to 5.38. The electron temperature
profile, thus obtained, is shown in figures 7 and 8 for pressures
of 20 mTorr and 40 mTorr, respectively. From these figures,
it is clear that the temporal evolution of Te is marginally
dependent on the pressure in this range (20–40 mTorr). The
electron temperature increases with applied RF pulse power
during all three chosen phases. Te increases from ∼5 to
∼9 eV during the stable ‘on-phase’ when the pulse power is
varied from 100 to 500 W. During the stable ‘off-phase’, it
increases from ∼0.5 to ∼3 eV. In CCP discharges, the sources
5
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could be explained by the basic operating mechanism of the
emissive probe.
The general feature in the temporal evolution of electron
temperature (figures 7 and 8) is an initial overshoot and then a
decrease in the electron temperature. After a few tens of µs (the
exact time depends on the operating parameters, such as power
and pressure), it decreases and attains a stable value. The fall
time of the electron temperature decreases with RF power.
This fall time is dependent on the electron plasma frequency
and complex impedance of the measurement circuitry of the
emissive probe. As the RF power increases, the plasma density
(ne ) increases which, in turn, increases the electron plasma
frequency (fe ). It results in a reduced electron characteristic
time. This could be the reason for the observed decreasing Te
fall time with RF power.
A dip in the electron temperature is also observed, just
after the initial overshoot, at high power (>300 W). As the
power increases, the plasma density increases. To make the
probe work at high plasma density, it should be in the strongly
emitting condition and these emitting electrons may form a
space charge region in front of the probe loop under certain
conditions, such as the presence of a magnetic field and a
low-density discharge. At the beginning of the discharge
pulse, when the discharge evolves, the plasma density is low
(∼1012 m−3 ). Therefore, the electrons emitted from the probe
do not move into the plasma and make a space charge region
in front of the probe loop. The probe loop, together with
the space charge region, behaves like a virtual cathode and
produces a dip in the plasma potential, and it also reflects on the
electron temperature. Moreover, the emissive probe technique
in floating mode provides only a qualitative analysis of the
temporal evolution of Te . For quantitative accuracy, there is a
need to diagnose the discharge with other techniques such as
a Langmuir probe.
A series of experiments were carried out to study the
effect of RF biasing of the bottom electrode on the plasma
potential evolution in the DF-CCP. Figures 9 and 10 show
the temporal evolutions of the plasma potential within the
pulse at two different pressures of 20 mTorr and 40 mTorr,
respectively. Three RF powers of 100, 200 and 300 W in
continuous wave (CW) mode were applied at the bottom
electrode. A comparison of the figures (9 and 10) readily
reveals that the plasma potential has a decreasing trend with
pressure. At 300 W, the initial overshoot in the plasma potential
reduces from 69 to 58 V when the pressure is increased from 20
to 40 mTorr. The plasma potential in the stable ‘on-phase’ also
decreases from 43 to 35 V at the 300 W RF power level. This
observed decreasing trend of plasma potential with pressure
can be explained by Poisson’s relation Vp ∝ (ni − ne ), where
ni and ne are the ion and electron densities, respectively. The
charge particle mobility reduces with pressure and therefore
the magnitude of ni − ne decreases. This results in decreasing
plasma potential with pressure. During the ‘on-phase’, the
magnitude of Vp is marginally dependent on the applied biasing
RF powers (100–300 W) and the trend of temporal evolution of
Vp is similar at both pressures. However, the plasma potential
evolution during the ‘off- phase’ has a significant dependence
on the biasing power and pressure. It has an interesting feature

Figure 7. Electron temperature profile measured with the emissive
probe for five different source powers at an average pressure of
20 mTorr. The discharge was pulsed at 1 kHz with 50% duty factor.
The bias power was zero.

Figure 8. Electron temperature profile measured with the emissive
probe for five different source powers at an average pressure of
40 mTorr. The discharge was pulsed at 1 kHz with 50% duty factor.
The bias power was zero.

operating at high frequencies (such as 60 MHz) see the sheath
capacitance as a short circuit. Therefore, a major part of the
RF voltage applied at the electrode drops across the discharge
body, where it produces ohmic dissipation, electron heating
and ionization mechanism. It increases the plasma density and
electron temperature, as observed in this study. The electron
temperature increases with RF power, as reported earlier [6].
A slight decrease in electron temperature is also observed with
increased pressure (20–40 mTorr) and it is consistent with the
other reported data in DF-CCP discharges [6].
In addition to the general features observed in Te evolution
(figures 7 and 8), some structures in the on-phase, particularly
at a high power (500 W), are observed. As the electron
temperatures are calculated from the plasma potential profile,
there is a finite possibility of inclusion of errors associated
with the emissive probe technique. Therefore, the structure
observed in the temporal dependence of electron temperature
6
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Figure 9. Plasma potential profile measured with the emissive
probe for four different bias powers at an average pressure of
20 mTorr. The discharge was pulsed at 1 kHz with 50% duty factor.
The source power was kept fixed at 300 W.

Figure 11. A schematic of the lumped element electrical equivalent
circuit of the DF-CCP, when the top electrode is in the pulse
‘off-time’ and the bottom electrode is driven with RF power.

known and there is a need to carry out further investigations.
However, it could be attributed to the changed discharge and
sheath dynamics in the ‘off-phase’.
The increase in plasma potential with the low-frequency
power during the ‘off-phase’ can be explained on the basis of
the lumped element electrical equivalent circuit of the DF-CCP
shown in figure 11 [3, 40]. In this circuit, the electrode sheath is
denoted by a non-linear capacitor, whereas the grounded sheath
as a constant capacitor. The bulk plasma is represented as an
L–R combination, where inductance and resistance represent
electron inertia and ohmic dissipation, respectively. Figure 11
shows the top electrode grounded and the bottom electrode
driven and it is equivalent to the pulsed top electrode in the
‘off-phase’ and bottom electrode driven, as in the region of
discussion. As the RF pulse at the top electrode is switched off,
the top electrode becomes grounded and the discharge could
be treated as a single-frequency discharge. In CCP discharges,
the lower frequency voltage drops mostly across the sheath;
its peak value determines the dc sheath voltage and thus the
plasma potential. Therefore, the higher the applied voltage
(applied RF power) at the electrode, the higher will be the
plasma potential, as observed in this study.
Figure 12 shows the temporal evolution of electron
temperature with varying biasing power at the grounded
electrode at 20 mTorr. From figure 12, it can be seen that
the electron temperature increases (from 3 to 4 eV) in the
pulse ‘off-phase’ of the top electrode. In DF-CCP discharges,
the higher frequency power is used for electron heating and
ionization, and the lower frequency is used to control the ionbombarding energy onto the substrate. However, the effects
produced by these frequencies are coupled [21, 29] and some

Figure 10. Plasma potential profile measured with the emissive
probe for four different bias powers at an average pressure of
20 mTorr. The discharge was pulsed at 1 kHz with 50% duty factor.
The source power was kept fixed at 300 W.

of development of a potential structure, which changes with
the biasing power (see figure 9). Vp decreases rapidly after
the pulse is switched off and attains a value of ∼13 V at the
biasing power of 100 W. Then a small bump in Vp (∼1 V)
appears at ∼30 µs after the pulse is switched off and then Vp
remains stable for ∼210 µs after switching off the pulse. Then
a second bump appears and Vp increases and achieves a value
of ∼21 V at ∼390 µs after the switching off of the pulse and
maintains it for the remaining pulse ‘off-time’. The temporal
emergence of the first and second bumps in the Vp profile, in the
‘off-phase’, linearly decreases with RF power (∼710–∼640 µs
at 100–300 W bias power), as shown in figure 9. Comparing
figures 9 and 10, it can be readily seen that the development of
the second bump is also pressure sensitive and the magnitude
(V) and time of its emergence reduce with pressure. The exact
reason for the second bump observed in the ‘off-phase’ region
in the Vp profile and its temporal emergence with power is not
7
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4. Conclusions
Time-resolved plasma potential measurements were carried out in a pulsed dual-frequency CCP discharge
(60 MHz/2 MHz) using an electron-emitting probe at two operating pressures of 20 and 40 mTorr. The pulsing frequencies
were set at 1 kHz. The measurement region was the centre
of the substrate, 10 mm above the substrate . It was observed
that the main features observed in the Vp profile were similar, under all operating conditions—an initial overshoot, stable
‘off-phase’ and stable ‘on-phase’. Under typical operational
conditions (pressure 20 mTorr, pulse power of 500 W and pulsing frequency of 1 kHz), Vp overshoots to a positive value of
33 V and then attains a relatively stable value of 12 V (±2 V)
in a time of 30 µs and sustains it during the remaining pulse
‘on-time’. As the pulse is switched off, Vp decreases up to
∼3 V and remains stable during the whole pulse ‘off-time’.
The derived temporal evolution of electron temperature shows
a high plasma potential (∼10 eV) in the ‘on-phase’ and a low
Te (∼3 eV) in the ‘off-phase’.
It was also observed in this study that a CW RF biasing
of the substrate significantly modulates the plasma potential
evolution, specifically in the pulse ‘off-time’ region and the
magnitude of modulation depends on the substrate biasing
power. The magnitude of this modulation diminishes with
the operating pressure.

Figure 12. Electron temperature profile measured with the emissive
probe for four different bias powers at an average pressure of
20 mTorr. The discharge was pulsed at 1 kHz with 50% duty factor.
The source power was kept fixed at 300 W.
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