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a b s t r a c t
Using a radio frequency (rf) compensated Langmuir probe, the effects of operating parameters such as gas pressure
and gas ratio on electron energy probability functions (EEPFs) and discharge parameters are investigated in Ar/CF4
discharges produced by a dual frequency/dual antenna large area (450 mm) inductively coupled plasma (ICP)
source. It is observed that increasing pressure reduces the energy spread of EEPFs, due to increasing electron energy
loss via collisions, from 20 eV at 1 mTorr to 13 eV at 25 mTorr. At a constant rf power, plasma density (ne) increases
linearly with pressure between 1 and 10 mTorr and then (N10 mTorr) decreases. The same trend has also been
observed for electron temperature. It has also been found that increasing Ar gas proportion in the Ar/CF4 mixture
signiﬁcantly increases the plasma density (ne), however, the inﬂuence on plasma temperature and plasma potential
was marginal.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
The plasma processing is a key step in the microelectronic industry
for the fabrication of various semiconductor devices [1–3]. To keep
pace with the ‘Moore's law’ and to fulﬁll the quest for fabricating the
smallest possible microelectronics devices, the semiconductor industry
presently is looking forward to moving for fabrication of electronic
devices at the critical dimension of a few tens of nano-meter level. The
fabrication at the nanometer level increases the manufacturing cost,
therefore, it is necessary to adopt processing at a large area wafer size
in order to improve productivity and optimize the fabrication cost.
According to a technology trend forecast, the wafer size will be
450 mm in diameter within a few years [4,5]. However, the transition
towards processing at large wafer areas poses several technological
issues. One of them is decoupling ion energy and reactants ﬂux density
so that these two parameters could be controlled separately. Second one
is the high uniformity over the large wafer surface area.
In order to control the plasma density (ne) and ion energy
distribution (IED) over the substrate separately, the application of
two different frequencies, high and low frequencies, on top and
bottom electrode respectively has been proposed [6–8]. This modiﬁed
technique is known as dual frequency capacitively coupled plasma
(DF-CCP) discharges. In this technique, a higher frequency (ranging
from few tens MHz to few hundreds of MHz) is applied on the top
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electrode and lower frequency (typically 2 MHz, ranging from a
few to 10 MHz) on the bottom electrode or both frequencies on
either electrode. In this technique, plasma density is controlled by
the high frequency (fh) whereas the ion bombarding energy by the
low frequency (fl). The high frequency (fh) determines plasma density
2
as ne ∝f V rf and the low frequency determines the ion bombarding
energy as IED ∝ (|Vh + Vl|) and Vh ≪ Vl, where Vrf is rf voltage, Vf is
the Vrf for the high frequency, and Vl is the Vrf for the low frequency.
Therefore, for the separate control over plasma density and ion
bombarding energy, (f2h|Vh|≫f2l |Vl|) should be satisﬁed. That is the reason,
decoupling the two sources often requires that the sources need to be
operated at signiﬁcantly different frequencies (fh ≫ fl), for an example,
fl at 10 MHz and fh at 100 MHz. However, an investigation of space and
phase resolved optical emission spectroscopic in dual frequency-CCP
discharges revealed a strong coupling of low and high frequencies in the
emission proﬁles [9]. The control of plasma density by the high frequency
was, therefore, also inﬂuenced by the low frequency.
In addition, increasing the high frequency of the dual frequency-CCP
introduces electromagnetic wave effects, which are detrimental to
the uniformity of the plasma [10–13]. These effects include constructive
and destructive interference and skin effects. The voltage applied to the
rear of the electrode propagates around the edges of the electrode to
enter the plasma. The electric ﬁeld, caused by applied voltage, does
not signiﬁcantly penetrate into the conductive bulk plasma and is
wave-guided in the sheath at the surface of the electrode. At a
sufﬁciently low frequency (long wavelength λ), the electric ﬁeld is
uniformly distributed within the sheath, along to the electrode. For
a sufﬁciently high frequency (short wavelength), the interference
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between counter-propagating waves from opposite sides of the
electrode causes nodes and antinodes of the electric ﬁeld within
the sheath. This results in a non-uniform discharge distribution over
the substrate area. Due to the low power coupling characteristics of
the electrostatic coupling, these CCP discharges cannot be operated at
low pressures (b10 mTorr), a necessary requirement for the anisotropic
etching.
The ability of being operated at low pressures due to strong power
coupling through electromagnetic ﬁeld, a high density plasma, easier
plasma uniformity control, and the separation of discharge production
and ion acceleration mechanism of the inductively coupled plasma
(ICP) sources turned the research direction towards developing and
investigating the ICP sources for some of the applications of large area
microelectronic device fabrication. Recently, a novel approach, based
on utilization of a dual frequency and a power splitting mechanism,
has been proposed and demonstrated a discharge uniformity up to
~96% over the substrate of 450 mm in diameter [14]. Langmuir probe
and mass-spectrometric measurements revealed that plasma parameters
i.e. electron and ion energy distribution functions can be efﬁciently
modulated by varying the power ratios of low and high frequencies
[15,16].
Operating pressure is one of the important parameters that
determine the processes (ionization mechanism, electron energy, etc.)
occurring in the discharge and thus inﬂuence etch characteristics or
properties of deposited thin ﬁlm. Therefore, the investigation of
pressure effect on the discharge parameters provides a wealth of
information about physical processes occurring within the discharge
volume. The present study has been carried out to investigate the effect
of operating pressures, gas ratios of Ar/CF4, and rf powers on the
discharge parameters for a large area dual frequency ICP source.
The plasma parameters such as electron energy distribution, plasma
density, electron temperature, and plasma potential have been measured
by using an ESPion Langmuir probe system (Hiden Analytical Ltd., United
Kingdom). An rf compensation unit with a broad band resonance ﬁlter
(2 to 60 MHz) has been used together with the Langmuir probe to
prevent the rf incursion on the probe sheath potential and to ﬁlter out rf
components that distort current–voltage (I–V) characteristics [17–19].
The probe tip, located at centre and 30 mm above the substrate, is made
of tungsten wire, 0.15 mm in diameter and 10 mm in length. To minimize
the random noise in the I–V characteristics, a single I–V characteristics
scan has been acquired by sampling a single point 10 times and then
10 scans have been averaged to get one ﬁnal scan. I–V characteristics
acquired by the probe system have been analyzed by a purpose built
MATLAB code. The Druyvesteyn approach has been adopted in deriving
the EEPFs from the I–V characteristics. In that approach, the second
derivative of electron probe current I″ e with respect to the probe potential
in reference to the plasma potential (Vp − Vb, where Vp is the plasma
potential and Vb is the probe potential) is proportional to the EEPF
and it has been obtained by numerically double differentiating the I–V
characteristics as follows:
g ðεÞ ¼

 1
2m 2ε 2 ″
I e ðεÞ
e2 A m
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smooth the I–V curves. To eliminate the distortion produced by the
Savitzky–Golay ﬁlter at the end data points, (NL + 1)/2 data points at
both data ends are made zero [20].
2. Experimental set-up
The schematic of the experimental set-up and the acquisition circuit
is shown in Fig. 1. The measurements have been carried out in a
cylindrical anodized aluminum chamber, 650 mm in diameter and
400mm in length. The chamber walls were grounded. The base pressure
of ≤1 × 10−5 Torr has routinely been achieved using a turbo-molecular
pump backed by a dry pump with the pumping speed of 1867 l/min
(ADP 122 P from Alcatel). The pressure inside the chamber has been
controlled by using a mass ﬂow controller (2900 series, Tylan) together
with an adaptive pressure controller (PM-7, VAT) for the gate valve
control. The argon gas in the chamber was evenly distributed by using
a multi-hole shower ring located near to the circumference of the
chamber.
The discharge has been produced by using an external type dual
antenna-dual frequency ICP source, which was separated from the main
processing chamber by a dielectric window [14]. The inner (13 turns)
and outer coils (3 turns) have been energized by 2 MHz rf (NOVA - 50
A, ENI) power supply and 13.56 MHz rf power supply (CX-5000S,
COMDEL), respectively, via respective automatic matching networks.
The operating pressure has been varied from 1 to 25 mTorr. The applied
rf power was varied from 100 to 800 W for 2 and 13.56 MHz, both.
3. Results and discussion
The EEPFs have been plotted in a semilog plot to display them over a
wide dynamic range. The EEPFs measured with the dual frequency
ICP at center of substrate (r=00 and z=70mm) at 1 mTorr of operating
pressure and two gas ratios of Ar/CF4 (100/400 and 200/300 sccm)
are shown in Fig. 2. The rf powers to each ICP coil of 2 MHz and
13.56 MHz were kept same at 1000 W. At this pressure level, the
discharge operates close to ion mean free path (Tonk–Langmuir)
regime, where ion mean free path (λi) is comparable to characteristic
extension of plasma (L), whereas electron mean free path (λe) is very

ð1Þ

And the effective temperature Teff has been estimated by using the
following relation [15]
Z

∞

hεi ¼

1
ne

T eff ¼

2
hεi
3

0

g e ðεÞdε

ð2Þ

ð3Þ

where ε, m, e, and A are the electron energy, electron mass, electron
charge, and the area of the probe tip. The Savitzky–Golay ﬁlter, a
polynomial order of 3 and the data frame length (NL) of 51, is used to

Fig. 1. Schematic diagram (not to scale) of the dual frequency-ICP discharge chamber and
acquisition circuitry (Langmuir probe) system used in this study.
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Fig. 2. EEPFs at the pressure of 1 mTorr for the rf powers of 1000 W/1000 W
(P 2MHz /P13.56 MHz) and at the two Ar/CF4 gas ﬂow ratios of 100 sccm/400 sccm and
200 sccm/300 sccm.

Fig. 4. EEPFs at the pressure of 5 mTorr for the rf powers of 1000 W/1000 W
(P 2MHz /P13.56 MHz) and at the two Ar/CF4 gas ﬂow ratios of 100 sccm/400 sccm and
200 sccm/300 sccm.

large (λi ~ L, λe ≫ L) [21]. In this regime, plasma loss to the chamber walls
is controlled by ion inertia. At this pressure range, direct impact
ionization is the dominant process. The ﬁrst change in EEPF slope
occurs close to excitation energy (10.9 V) of CF4 and second change
in slope at ionization energy (14.4 V) of CF4 [22,23]. As the ratio of
argon gas increases (Ar/CF4: 100/400 to 200/300 sccm), the plasma
density increases and, therefore, the EEPF in the elastic energy range
(ε b ε*) evolves into a Maxwellian distribution due to the enhancement
in the electron–electron collisions leading to the equalization of the
distribution temperature Ted = −[d ln f (ε)/dε]− 1 [21] of low and
middle energy electron groups at Ar/CF4: 200/300 sccm. The high
energy tail of EEPF extends with increasing the argon gas ratio. The CF4
proportion was decreased with increasing argon gas ratio at a ﬁxed
total gas ﬂow rate. Therefore, the dissociation events of CF4 are decreased
and, which resulted in the reduced electron energy loss and extended
the high energy tail of the EEPF.
The EEPFs sampled at 2 mTorr are shown in Fig. 3 and have a similar
EEPF shape as those in Fig. 2. However, it can be seen clearly that the
three-temperature structure of the EEPFs at the pressure of 2 mTorr is
less pronounced than that for 1 mTorr. Plasma density increases with
increasing pressure and it increases electron–electron collisions and
maxwellenizes the EEPFs at the low energy region. It makes threetemperature structure of the EEPFs less pronounced at this pressure.
This trend of mazwellenizing of EEPFs increases with increasing argon
gas ratio (see Fig. 3 at Ar/CF4: 200/300 sccm).

Fig. 4 shows the EEPFs at 5 mTorr. The EEPFs evolve to a twotemperature structure (Druyvesteyn type) and very close to the
Maxwellian in elastic energy range (εbε*, where ε* is the ﬁrst excitation
energy of argon and equals to 11.55 V). This observation is common to
high density plasmas [21]. At level of high density, the electron–electron
collision frequency (νee) increases (as νee α n ε3/2) and tends to equalize
the electron temperatures, and thus maxwellenizes the EEPFs. From
the Fig. 4, it is also clear that the electron temperature (which is
proportional to the inverse slope of the EEPF) is marginally dependent
of the gas ratio, used in this study.
The EEPFs acquired at 25 mTorr are shown in Fig. 5. At this pressure,
the discharge is mainly collisional dominated and is very close to
Maxwellian. The elastic energy range up to where the EEPF remains as
Maxwellian reduces with increasing pressure and at the pressure of
25 mTorr, it is ~8.5 V. The electron temperature at this pressure is
independent of the gas ratio. The energy spread has a tendency to
shift towards low energy side with increasing pressure (see Fig. 6). It
is due to the energy loss of high energy electrons via electron–neutrals
collisions and thus increases the ionization.
To investigate the effect of the rf powers ratio on the both frequencies
(P2MHz/P13.56MHz) on EEPFs at a ﬁxed total power, a series of experiments
has been carried out. The total power (P2MHz + P13.56MHz) is ﬁxed at three
values of 2250, 2000 and 1750W. The pressure is 1 mTorr. The EEPFs have
been plotted in normal linear plot to illustrate the effect power ratio on
plasma density more clearly. The measurements shown in Fig. 7 illustrate

Fig. 3. EEPFs at the pressure of 2 mTorr for the rf powers of 1000 W/1000 W
(P 2MHz /P13.56 MHz ) and at the two Ar/CF 4 gas ﬂow ratios of 100 sccm/400 sccm
and 200 sccm/300 sccm.

Fig. 5. EEPFs at the pressure of 25 mTorr for the rf powers of 1000 W/1000 W
(P 2MHz /P13.56 MHz) and at the two Ar/CF4 gas ﬂow ratios of 100 sccm/400 sccm and
200 sccm/300 sccm.
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Fig. 6. EEPFs at the four chosen pressures of 1, 2, 5, and 25 mTorr. The rf powers have
been kept ﬁxed at 1000 W/1000 W (P2MHz/P13.56 MHz) at the Ar/CF4 gas ﬂow ratios of
100 sccm/400 sccm.
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Fig. 8. Effect of pressure on the electron density and the plasma potential. The Ar/CF4 gas
ﬂow ratio is 100 sccm/400 sccm. The rf powers have been kept ﬁxed at 1000 W/1000 W
(P2MHz/P13.56 MHz).

that the higher the low frequency power (P2MHz) content, the higher the
density of higher energetic electrons. On the contrary, the higher the high
frequency power (P13.56MHz) content, the lower the population density
of higher energy electrons. High energy electron population density
increases with the increase of low frequency power (P2MHz). It suggests
that low frequency power (P2MHz) is preferentially utilized to produce
high energetic electrons. The measurements performed at all the three
chosen total powers of 2250, 2000 and 1750 W, have the similar trend,
as discussed earlier. Power ratio dependence of EEPFs shows similar
behavior at all the chosen pressure (not shown here).
The basic plasma parameters, the plasma density ne and the effective
electron temperature Te were found from integrals of the EEPFs.
The plasma potential has been estimated from maxima in doubly
differentiated I–V probe characteristics. The pressure dependence on
these discharge parameters (plasma density, plasma potential and
electron temperature) is illustrated in Figs. 8 and 9. The rf powers
have been kept ﬁxed at 1000 W/1000 W (P2MHz/P13.56MHz). At low
pressures (1 to 5 mTorr), plasma density linearly increases and electron
temperature decreases (see Fig. 9) with pressure. The plasma potential
is almost constant. However, a decrease in plasma density and increase
in plasma temperature are observed at beyond 10 mTorr. It may
attributed to increased electron heating at this pressure (25 mTorr). It
decreases at pressure of 25 mTorr. The electron temperature linearly
decreases at low pressure This observed decrease in plasma density at
25 mTorr is associated with increased plasma potential and electron

The pressure and gas ratio dependence on EEPFs and plasma
parameters has been investigated in dual frequency large area inductively
coupled plasma source. The plasma source comprises of two coils
powered by 2 and 13.56 MHz separately. It has been observed that the
EEPFs change from three temperature structure to Maxwellian type as
pressure is increased from 1 to 25 mTorr.
It has also been observed that increasing pressure reduces energy
spread of electron energy probability functions (EEPFs), due to
increasing electron energy loss via collisions. The spread of EEPFs is
20 eV at 1 mTorr and it reduces to 13 eV at 25 mTorr. At a constant RF
power, plasma density (ne) increases linearly with pressure between
1 and 10 mTorr and then (N10 mTorr) decreases. The same trend has
also been observed for electron temperature. It has also been found that
increasing Ar gas proportion in Ar/CF4 mixture signiﬁcantly increases
plasma density (ne), however electron temperature and plasma potential
have weak dependence on pressure.

Fig. 7. EEPFs at the pressure of 1 mTorr. The total RF powers (P2MHz + P13.56 MHz) have been
kept ﬁxed at 2250, 2000, and 1750 W. The Ar/CF4 gas ﬂow ratio is 100 sccm/400 sccm.

Fig. 9. Effect of pressure on the electron temperature. The Ar/CF4 gas ﬂow ratio
is 100 sccm/400 sccm. The rf powers have been kept ﬁxed at 1000 W/1000 W
(P2MHz/P13.56 MHz).

temperature. The plasma potential is almost constant at low pressures
(1–5 mTorr) and increases at 25 mTorr [24,25].
4. Conclusions
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