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Abstract
An energy-resolved quadrupole mass spectrometer is used to investigate the time-averaged ion
energy distribution (IED) of positive ionic species in an Ar/CF4 (90%/10%) discharge
produced by dual-frequency–dual-antenna, next-generation large-area inductively coupled
plasma source. The operating pressure is 10 mTorr. Two radio frequencies of 2 MHz (low
frequency) and 13.56 MHz (high frequency) are used to initiate and sustain the discharge. The
orifice of the mass spectrometer was 100 µm in diameter and placed at 30 mm below the ICP
source and 20 mm outside the discharge volume.
It is observed that both of the frequencies have significant effect on IEDs of all prominent
discharge species. The evolution of IEDs with power shows that the discharge undergoes a
mode transition (E to H) as the applied power is increased. At a fixed value of P13.56 MHz (250
and 500 W), the energy spread and the energy separation between two peaks of IEDs increase
illustrating enhanced E-mode. Above P13.56 MHz = 500 W, the IEDs show opposite trends, i.e.
decreasing energy spread and energy separation between two peaks, showing the strengthening
of H-mode. Increasing P13.56 MHz at a fixed value of P2 MHz has similar effects. A
comparison of IEDs sampled at a fixed total power (P13.56 MHz + P2 MHz ) demonstrates that an
IED can be tailored by changing the power ratio (P13.56 MHz/P2 MHz).
(Some figures may appear in colour only in the online journal)

to improve productivity and to optimize the fabrication cost of
such microelectronic devices is to adopt processing on largearea wafers. For this reason, a significant research interest has
evolved in developing large-area plasma sources for fabrication of next-generation microelectronics devices. According
to a technology trend forecast, the wafer size will be 450 mm in
diameter within a few years [4, 5] and the wafer size in the flat
panel display industry is speculated to be 3000 × 3320 mm2
(11th generation) in the near future. Device fabrication on
large-area wafers poses a significant challenge to precisely

1. Introduction
Plasma processing is an indispensable tool in the microelectronics industry for manufacturing various electronic devices
such as thin-film transistors, flat panel and liquid crystal
displays [1–3]. The current trend in the microelectronics semiconductor industry, for fabrication of electronic devices, is to
etch at a few tens of nanometre level. However, the device
fabrication cost increases as the size of the electronic device reduces (as the etching resolution increases). One potential way
0022-3727/12/475201+08$33.00
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control the distribution of plasma species over the substrate.
Over the last decade, many types of high-density and large-area
plasma sources, based on different mechanisms of electromagnetic coupling to discharge and geometrical configurations,
have been extensively investigated [6–20]. Due to the ability of
being operated at low pressures (<10 mTorr) owing to strong
power coupling through electromagnetic fields, high plasma
density, easy plasma uniformity control and the separation between discharge production and ion acceleration mechanism,
ICP sources have attracted significant research interest as potential large-area plasma sources. However, some problems
(increased RF voltage drop across the antenna, decreased average power transfer efficiency to the discharge and increased
azimuthal non-uniformity) are associated with the scaling up
of conventional ICP sources. The azimuthal non-uniformity is
particularly due to the standing wave effect. To avoid these
problems associated with the scaling up of ICP sources, a
novel approach of dual-frequency–dual-antenna (DFDA) inductively coupled plasma source has recently been proposed
by our group [21]. From the ion flux measurements over the
substrate region, it has been demonstrated that this approach
(dual-frequency ICP source) is capable of producing a very
high radially uniform ion flux over the substrate [21]. However,
that study [21] is concentrated on investigating the discharge
parameters. This study goes further and illustrates an investigation of ion energy distribution (IED) functions of various
ionic species in the discharge produced by a DFDA-ICP source
and demonstrates that by choosing a particular RF power ratio
(P2 MHz/P13.56 MHz ), the IED could be tailored for a specific
application.
In the dry etching community, CF4 has attracted much
theoretical [22–25] and experimental [26–29] research interest
for etching SiO2 and plasma chamber cleaning processes
[30–32]. Its relatively inert nature in its electronic ground state
and the property of generating no stable excited states make
it ideal for producing the desired neutral and ionic species in
a controlled manner. Due to these properties and the wealth
of data available about pathways for CF4 kinetics [33–37],
investigations of CF4 plasmas serve as an important laboratory
tool for extracting a better understanding of etching processes
involving CFx radicals and ions. This is the reason why we
chose CF4 as an investigation gas to understand the influence
of power and frequency levels on IEDs. CF+3 is found as
the major ionic species in the discharge [38]; however, other
fluorocarbon ions (CF+2 , CF+ ) are also present in significant
number. The main mechanism responsible for the production
of fluorocarbons is the direct electron impact ionization of
the parent molecule (CF4 ), and it produces fluorocarbons in
the order CF+3 > CF+2 > CF+ . The partial ionization crosssection measurements [38] show that the threshold energies
for ionization of these species are 16 eV, 22 eV and 27 eV,
respectively. The relatively lower ionization energy makes
CF+3 the major ionic species produced by direct electron impact
ionization. Another important mechanism responsible for
discharge production is the direct electron impact ionization
of dissociated fragments (CF3 , CF2 and CF). The threshold
energy necessary for dissociation of CF4 is 12.5 eV [38] and
there are a sufficient number of such electrons of 12.5 eV
available in the discharge.

The IED function is an important, if not crucial, discharge
parameter that determines the discharge etch properties such
as etch chemistry, etch rate and etch profile of the substrate.
Therefore, it is necessary, before using a new plasma source, to
investigate how the IED depends on the operational parameters
of the discharge produced by it. In the literature, many
theoretical, numerical and experimental studies are found
related to the investigation of IEDs [40–48]. Most of these
studies were carried out in single- and dual-frequency CCP
discharges and attempted to investigate the effect of low and
high frequencies over ion flux distribution at the substrate and
IEDs with the aim to realize independent control over ion
flux and IEDs. Lee et al [43], using PIC/MCC simulation,
numerically demonstrated that IED shape and spread can
be controlled by the driving voltage in a single-frequency
discharge and by the low-frequency voltage in a dual-frequency
(2 MHz/27 MHz) CCP discharge. For IEDs in a singlefrequency discharge, Kawamura et al published a review
paper [49] detailing the theoretical and experimental aspects
of IEDs, in the collisionless regime, arriving at the target in a
radio-frequency discharge and illustrated that the ratio τion /τrf
determines the nature of sheath, the sheath voltage waveform
and the shape of IEDs. Benck et al [50] investigated the effect
of pressure and gas ratio IED in an Ar/C4 F6 inductively coupled
discharge and demonstrated that the IEDs are significantly
modified by time-varying sheath electric fields. Rao et al
[38] studied the effect of pressure on IED shape in a singlefrequency ICP discharge and demonstrated that the IEDs shift
towards the low-energy end as the pressure increases at a
constant RF power. However, there is no study found in the
literature investigating IEDs in dual-frequency ICP discharges.
This study addresses this issue with regard to a large-area
DFDA inductively coupled plasma source. This experimental
work investigates the influences of RF powers of low (2 MHz)
and high frequencies (13.56 MHz) on IEDs of CF+ and CF+3 .

2. Experimental set-up
A detailed description of the plasma source can be found
elsewhere [21]. The plasma source consists of two planarspiral coils made of copper tube, 7 mm in diameter. The inner
coil has 12 turns and a diameter of 320 mm, whereas the outer
coil has 3 turns and outer diameter of 400 mm. RF powers at
2 MHz and 13.56 MHz are fed to the inner and outer coils via
two separate matching networks, respectively.
A schematic of the experimental set-up and the acquisition
instrumentations is shown in figure 1. The Ar/CF4 discharge is
operated in a cylindrical anodized aluminium chamber using an
external type dual-antenna–dual-frequency ICP source, which
is separated from the main processing chamber by a dielectric
window. The chamber walls are electrically grounded and
the gases in the chamber are evenly distributed using a multihole shower ring located along the periphery of the chamber.
A base pressure of less than 3 × 10−6 mTorr is routinely
achieved using a turbomolecular pump backed by a dry pump.
The pressure inside the chamber is controlled using a mass
flow controller (2900 series, Tylan) together with an adaptive
pressure controller (PM-7, VAT) for the gate valve control.
2
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Figure 1. Schematic of the experimental set-up, electrical arrangement and acquisition system.

The inner and outer coils are energized by 2 MHz RF (NOVA50 A, ENI) and 13.56 MHz RF (CX-5000S, COMDEL) power
generators, respectively. The operating pressure is kept at
10 mTorr. P2 MHz and P13.56 MHz powers are varied from
250 W to 1000 W and from 0 W to 750 W, respectively.
An energy-resolved quadrupole mass spectrometer
(PSM003, Hiden Analytical Ltd) is used to determine the
IEDs. The ions are sampled into the mass spectrometer with
a Bessel box energy filter at a pressure below 3 × 10−6 Torr
achieved using a differential pumping system attached to the
mass spectrometer. The mass spectrometer is operated in
positive ion detection mode, which implements the scanning
of energy at a fixed mass-to-charge ratio, i.e. the measurement
of different ions’ IEDs. To minimize the random error, every
IED presented in this study is averaged over five individual
scans.
The orifice of the mass spectrometer is 100 µm in diameter
and is placed 30 mm below the ICP source and 20 mm outside
the discharge volume. The IEDs are collected in time-average
mode. The most dominant fluorocarbon ionic species is CF+3 .
However, other species such as Ar+ , CF+ , CF+2 and CF+4 are
also detected in significant number. Additionally, ionic species
SiFx (x = 0–3) are also detected (not shown here) due to
etching of the quartz window and subsequent reactions.

Figure 2. Plot of mass scan sampled by a mass spectrometer at a
gas ratio of 90 : 10 (Ar : CF4). The high-frequency (P13.56 MHz ) and
low-frequency (P2 MHz ) powers are kept at 250 W each.

discharge parameters, they were normalized by dividing each
number of counts (vertical axis) by their energy-integrated
summation. Figure 3 shows the actual IEDs of CF+3 (31 amu)
and its normalized IEDs, sampled under a particular condition.
The IEDs for all experimental conditions were sampled at the
energy resolution of 0.1 eV.
The dominant ionic species were CF+3 , CF+2 , CF+ ; however,
under certain operational conditions (at high power levels),
CF+4 and CF++
4 ions were also observed.

3. Results and discussion
To ensure the reproducibility and reliability of our
measurements, a number of test measurements were carried
out before performing the real experiments. When a variation
in the plasma power or pressure occurs, the peak energy of the
plasma changes. Therefore, the mass spectrometer was tuned
in such a way that the instrument always operates under the
optimum energy conditions in positive ion collection mode.
It has been achieved by setting the ‘Auto Tune’ selected and
‘SaveScanDev’ deselected in the energy scan dialogue box in
the scan tree.
In order to make a uniform criterion for comparison
between IEDs of various ionic species sampled at different

3.1. Effect of low-frequency power levels on IEDs
Figure 2 shows the mass-to-charge scan of the ions sampled in
the quadrupole mass spectrometer when CF4 concentration is
10% in the Ar/CF4 gas mixture. From the figure, it can be seen
that the dominant ionic species are CF+3 (69 amu) and CF+ in
the discharge. That is the reason these species are discussed
in detail in this study. A peak observed at 28 amu is attributed
to Si+ sputtered from the quartz window located between the
chamber and the antenna.
3
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Figure 3. Plot of (a) actual and (b) normalized IED of CF+
(31 amu) under a particular condition when P13.56 MHz = 00 and
P2 MHz = 250 W.

Ar and CF4 gas flow rates were 360 sccm and 40 sccm,
respectively. The effect of low-frequency power levels on
IEDs of CF+ (31 amu) is shown in figures 4(a)–(c). The
low frequency was set at 2 MHz and the high frequency at
13.56 MHz. The measurements were carried out at three
chosen power levels (P13.56 MHz = 000, 250 and 750 W) of
high frequency. The low-frequency power levels (P2 MHz )
were set at 250, 500, 750 and 1000 W. Figure 4(a) shows the
IEDs at various low-frequency power levels, when the highfrequency power is kept zero. At P2 MHz = 250 W, the
discharge was lean (low plasma density) and therefore the
number of ions collected by the PSM detector was very small,
which, in turn, resulted in a very small number of counts
produced by the PSM detector. Under this condition, noise
dominated over the IED and therefore, peaks in the IED
were not distinguishable. However, it can be seen that the
IED spreads up to 20 eV. As P2 MHz is increased up to at
500 W, the structure of the IED becomes clearer and broader,
spreading up to 25 eV, with two distinct energy peaks, located
at ∼4 eV and ∼20 eV, respectively. Comparing the IEDs
collected at P2 MHz = 250 and 500 W, two distinct features
can be observed clearly, i.e. on transition from 250 to 500 W,
the IED becomes broader by ∼5 eV (from 20 to 25 eV) and
the separation of the two prominent energy peaks increases by
7.5 eV (from 8.5 to 16 eV). This observation is attributed to the
strengthening of E-mode of operation and can be understood as
follows.
In most of the etching plasmas operating at lower
pressures, ion motion in the radio-frequency sheath is
essentially collisionless as the sheath width is much smaller
than the mean free path of ions. In the collisionless sheath, the
shape of IED is determined by τion /τrf = ω/ωion , where τion =
2π/ω is the time taken by the ion and τrf = 2π/ωrf is the rf
period. For the low-frequency regime (τion /τrf  1), the ions
cross the sheath in a small fraction of rf cycle and respond to the
instantaneous sheath voltage. Therefore, their final energies
depend on the phase at which the ions enter the sheath. This
results in broad and bimodal IEDs. The separation between
two energy peaks Ei is the difference between the maximum

Figure 4. IEDs of CF+ (31 amu) at (a) P13.56 MHz = 00 W,
(b) P13.56 MHz = 250 W, (c) P13.56 MHz = 750 W. Low-frequency
power (P2 MHz ) is fixed at 250, 500, 750 and 1000 W. The operating
pressure was 10 mTorr and gas ratio 90/10 (Ar/CF4).

and minimum voltage drop across the sheath and is directly
proportional to τrf /τion [49]. The substitution of ion transit
frequency in τrf /τion readily reveals that Ei ∝ Vs [49, 51],
where Vs is the voltage drop across the sheath. Initially,
when P2 MHz increases (from 250 to 500 W), Vs increases
and it results in increased Ei , as observed in this study.
4
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However, when P2 MHz exceeds above 500 W, the discharge
operation transits from E- to H-mode (see figures 4(a) and
6(a)) and therefore, the power coupling mechanism to the
discharge changes. In the H-mode of operation, the voltage
drop across the sheath decreases and most of the power is
dumped into the bulk plasma. This reducing voltage drop
across the sheath (Vs ) (in the region of P2 MHz > 500 W) results
in the lowering of the energy separation between the two energy
peaks Ei .
When P2 MHz is increased from 500 to 750 W, the energy
spread of the IED shrinks towards the lower energy side by
∼9 eV (high-energy end, from ∼24 to ∼15 eV and separation
between the two prominent energy peaks reduces by 4 eV (from
∼16 to ∼12 eV) (see figure 4(a)). The average voltage drop
across the sheath, derived from the IED, Vs = (E1 + E2 )/2e,
where E1 and E2 are the energy of the two prominent peaks in
the IED, decreases by ∼2 V (from 8 to 6 V). It is also observed
that the number of integrated counts in the IED increases
significantly (not shown here), which indicates a sharp rise
in the plasma density. These observed features (shrinking
energy spread of the IED, decreasing Ei , decreasing Vs
and increasing plasma density) are the signature of discharge
mode transition from a capacitively coupled to an inductively
coupled one [52]. However, in a pure ICP discharge, the
IED has a mono-modal structure [53] due to the predominant
dc component in the plasma potential (Vp ), owing to the
collisionless sheath and no stray capacitance between the rf
coils and the chamber walls. Therefore, it can be inferred that
the IED at P2 MHz = 750 W also has a capacitive component
(bimodal structure).
When P2 MHz is further increased up to 1000 W, the
IED shifts more towards lower energy (∼10 eV), the energy
separation between the two peaks decreases to ∼8 eV and Vs
lowers to ∼4 V (see figure 4(a)). It is also observed that
the intensity of the first energy peak reduces significantly
compared with second energy, i.e. the IED tends to be monomodal. This suggests that the ICP component becomes
more dominant than that of CCP under this operational
condition [52].
Figures 4(b) and (c) show the IEDs sampled at P2 MHz =
250–1000 W, at two chosen high-frequency powers (P13.56 MHz )
of 250 W and 750 W, respectively. The salient features of
figures 4(b) and (c) are similar to figure 4(a). However, from
the comparison of figures 4(a)–(c), it can be clearly seen that
the value of Ei decreases with increasing P13.56 MHz, tending
towards the mono-modal IED (at P13.56 MHz = 750, P2 MHz =
1000 W, figure 4(c)). The IEDs shift towards the higher energy
side and the spread of IEDs (FWHM) decreases as P13.56 MHz
increases from 0 to 750 W. The rf power dependence of Ei ,
Vs and FWHM is shown in figures 5(a)–(c). It can be seen
from figures 5(a)–(c) that the values of Ei , Vs and FWHM
initially increase with RF power from P2 MHz = 250–500 W,
after that decrease with RF power from P2 MHz = 500–1000 W.
The decreasing values of Ei , Vs and FWHM with P2 MHz
(500–1000 W) are an indication of the strengthening of Hmode (inductive) in the discharge. The increasing trend of
Ei ,Vs and FWHM with P2 MHz = 250–500 W is due to the
discharge being in E-mode (capacitive).

Figure 5. Plot of (a) energy separation between two energy peaks in
IEDs, (b) average sheath voltage, (c) FWHM of IEDs versus
low-frequency power. All these parameters are derived from IEDs.
The IEDs are sampled at three chosen high-frequency powers of
000, 250 and 750 W.

Similar trends in IEDs are found for other ionic species,
such as CF+2 (50 amu), CF+3 (69 amu), CF+4 (88 amu) and CF++
4
(44 amu), with increasing P2 MHz . The trends in IEDs for CF+3
(69 amu) are shown in figures 6(a)–(c).
5
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Figure 7. IEDs of CF+ (31 amu) at (a) P2 MHz = 750 W,
(b) P2 MHz = 1000 W. High-frequency power (P13.56 MHz ) was
varied as 000, 250, 500 and 750 W. The operating pressure was
10 mTorr and gas ratio 90/10 (Ar/CF4).

from E- to H-mode and then strengthening of H-mode) as lowfrequency effects on IEDs shown in figures 4(a)–(c). The
trends in Ei , Vs and FWHM are also similar with highfrequency power levels. Comparing figures 7(a) and (b)
readily reveals that as P2 MHz increases from 750 to 1000 W,
the energy spread of IEDs reduces from ∼30 to 25 eV (at
P13.56 MHz ) indicating the strengthening of H-mode in the
discharge.
To investigate the effect of low- and high-frequency power
levels individually on the IED, a graph (see figure 8) is plotted
with increasing P13.56 MHz. The total power was kept fixed at
1000 W. P13.56 MHz is increased from 250 to 750 W. Therefore,
P2 MHz decreases from 750 to 250 W. As the high-frequency
power increases, at a fixed total power of 1000 W, FWHM and
the separation between two energy peaks in IEDs decrease,
tending from bimodal to mono-modal IED and therefore,
indicating the increasing H-mode character in the discharge.
The IED shifts towards the higher energy end (0.2 eV–
7.2 eV) as the high-frequency power increases. Therefore, it
can be inferred that high-frequency power content not only
strengthens the H-mode but also enhances the energy of ionic
species, and it can be concluded that a specific combination of
power ratios (P13.56 MHz/P2 MHz ) can tailor the IED specific

Figure 6. IEDs of CF+3 (69 amu) at (a) P13.56 MHz = 00 W,
(b) P13.56 MHz = 250 W, (c) P13.56 MHz = 750 W. Low-frequency
power (P2 MHz ) was varied as 250, 500, 750 and 1000 W. The
operating pressure was 10 mTorr and gas ratio 90/10 (Ar/CF4).

3.2. Effect of high-frequency power levels on IEDs
The effect of high-frequency power levels (P13.56 MHz) on the
IEDs at fixed P2 MHz of 750 and 1000 W is shown in figures 7(a)
and (b) for CF+ (31 amu). P13.56 MHz is varied from 0 to 750 W
in steps of 250 W. As can be seen from figures 7(a) and (b), the
IEDs have similar trends (strengthening of E-mode, transition
6
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This experimental study demonstrates that dual-frequency
ICPs could be used as an effective tool to tailor IEDs, with
regard to a specific application by choosing a proper power
ratio (P13.56 MHz/P2 MHz ) at a fixed total power and therefore
could control the discharge chemistry to better tailor the
etch/deposition profile of the wafer.
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1000 W. The operating pressure was 10 mTorr and gas ratio 90/10
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