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A B S T R A C T

As one of the methods for controlling the plasma uniformity, superimposed dual frequencies of 13.56 and 2MHz
were used on an inductively coupled plasma (ICP) source, and the effects of the superimposed dual-frequency
ICP on the plasma and etch uniformities were investigated and compared with a conventional single-frequency
ICP operation at 13.56MHz using Ar/CF4. The superimposed dual-frequency ICP operated at 13.56 and 2MHz
improved the plasma uniformity compared to the single-frequency ICP for both Ar and Ar/CF4 by improving the
plasma density near the center region of the wafer close to the edge region. In addition, for Ar plasma, a change
in the power ratio of 2/13.56MHz during the superimposed dual-frequency operation changed the EEDF of the
plasma and the IED toward the wall. When SiO2 was etched using Ar/CF4 with the superimposed dual-frequency
ICP while biasing the substrate with a separate radio frequency power of 12.56MHz, similar to the results on the
plasma uniformity, the SiO2 etch uniformity within a 300mm diameter wafer was improved by using the su-
perimposed dual-frequency ICP operated at 13.56 and 2MHz, as compared to that using a single-frequency ICP
of 13.56MHz.

1. Introduction

Some of the important specifications for next-generation plasma
etch systems are the ultra-high etch selectivity and extremely high
uniformity control on the substrate [1]. Particularly for inductively
coupled plasma (ICP) sources, as the power to the ICP sources is in-
creased for an increased plasma density, non-uniform power deposition
applied to the plasma, resulting in a non-uniformity of the plasma, is
increased [2–4]. These days, ICP systems are dominant tools used in
industry for plasma etching, with the exception of the etching of SiO2

with a high aspect ratio, which mostly requires very high energy ions
and a very high etch selectivity of SiO2 to hard mask layers [5–8].

Although ICP sources exhibit significant merits in terms of plasma
processing, scaling the plasma sources to larger substrate sizes tends to
show problems in the uniformity during plasma processing for the
semiconductor and display industries. These are heavily related with
the antenna standing wave and skin effects, particularly when the size
of the plasma sources is comparable to the wavelength of the driving
frequency in the plasma [9–11]. To process a large-area substrate in a
uniform manner, precise control of the distribution of the plasma spe-
cies while biasing the substrate with additional radio frequency (RF)

bias power is one of the most significant challenges to the industrial
plasma etch processing [12–14]. In particular, the spatial distributions
of charged particle densities, the electron and ion temperatures, and
voltages near the wafer surface have significant influences on the non-
uniform etch characteristics, and which are related to the specific dis-
charge conditions [15–17].

In general, for a typical ICP system, owing to the specific config-
uration of the antenna, it is difficult to obtain a uniform distribution of
the plasma over the substrate surface area in either the radial or azi-
muthal direction [13,18,19]. To overcome the limitations of plasma
and etch non-uniformity for an ICP source, advanced strategies are
applied, including the use of a specially shaped electrode [2,12,20–23],
the installation of two or more separate ICP antennas with the power
split or multiple RF frequencies [24–26], the supply of asymmetric gas
pumping [27], or the application of RF power pulsing [28,29]. How-
ever, even with these methods, the controllability of the plasma uni-
formity over a large area remains a major challenge.

In this study, as one of the methods for controlling the plasma
uniformity, superimposed dual-frequency operation on an ICP source
was investigated. A dual frequency power of 2 and 13.56MHz was
applied to the same ICP antenna, and a bias voltage with a single
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frequency of 12.56MHz was applied to the substrate to provide addi-
tional improved variables for controlling the plasma parameters. To
examine the role of applying superimposed dual frequencies to the ICP
on the effect of the uniformity, the plasma characteristics from both
single-frequency ICP and superimposed dual-frequency ICP were com-
pared. In addition, the effects of the superimposed dual-frequency ICP
on the SiO2 etch uniformity using Ar/CF4 were also investigated and
compared with those of the single-frequency ICP.

2. Experimental details

A schematic of the ICP plasma reactor (anodized aluminum with
650mm inner diameter) with a superimposed dual-frequency ICP
source is shown in Fig. 1. The ICP antenna applied was a two-turn
silver-coated Cu coil with a width of 10mm and a thickness of 5mm
(inner coil diameter ~380mm and outer coil diameter ~450mm). RF
powers of 13.56MHz (SEREN, R10001) and 2MHz (MKS, NOVA-50 A)
were supplied to the same ICP antenna (designed for an operation at

13.56MHz) for sustaining the plasma, and an RF power of 12.56MHz
was used on the bottom electrode for the substrate biasing. The
chamber walls are electrically grounded. The L-type matching boxes for
both frequencies were modified with a low-pass filter for superimposing
the dual-frequency power system. The diameter of the substrate holder
was 450mm. The processing gas was injected through 1mm diameter
holes located beneath the dielectric window and along the cylindrical
anodized aluminum chamber wall.

An Ar/CF4 (150/75 sccm) mixture, or Ar (150 sccm) alone, was
used as the discharge gas, and a total pressure of 20 mTorr was main-
tained using an automatic pressure controller. The low (2MHz) and
high (13.56MHz) frequency source powers were varied from zero to
1,600, and zero to 800W, respectively.

A single automated Langmuir probe (ALP-150, Impedance) located
at 90mm below the ICP antenna was used to obtain the spatial profiles

Fig. 1. Schematic diagram of a superimposed dual-frequency ICP etch system
with a single Langmuir probe and QMS.

Fig. 2. Electron density for Ar plasmas measured from the center to the edge
along the centerline of a 300mm diameter wafer for different combinations of
superimposed dual-frequency ICP powers of 2MHz (0–1200W) and 13.56MHz
(40–240W) RF power. RF powers of 2 and 13.56MHz were adjusted to obtain
similar electron densities at the edge of the wafer. In addition, 20 mTorr, Ar
(150 sccm) was used as the operating gas condition.

Fig. 3. EEDFs of Ar plasma at different locations for the superimposed dual-
frequency ICP for the conditions shown in Fig. 2. 20 mTorr, Ar (150 sccm) was
used as the operating gas condition.
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of the plasma parameters, such as electron density and electron energy
distribution function (EEDF). The probe's tip was made of tungsten,
0.4 mm in diameter and 10mm in length. The probe was connected to
an extensible bellow and a linear drive to measure the plasma para-
meters across a 300-mm diameter wafer from the center to the edge at
intervals of 10mm. An RF compensator set for the frequency range
compensation of 1–100MHz was used for a broadband compensation.
For the Ar plasma, the ion energy distribution (IED) to the wall was
measured using a quadrupole mass spectrometer (QMS, PSM003, Hiden
Analytical) with an energy resolution of 0.05 eV. The mass spectro-
meter was operated in the positive ion detection mode.

For the superimposed dual-frequency ICP condition, 15 SiO2 coupon
(2 cm×2 cm) samples were distributed in a 300-mm wafer from the
edge to the center, both axially and radially, and these SiO2 coupon
samples were etched using an Ar/CF4 (150/75 sccm) mixture to esti-
mate the etch uniformity. The SiO2 etch rates were measured using
ellipsometry (SE MG-1000 UV). The non-uniformities of the SiO2

etching and plasma density for the Langmuir probe measurement de-
scribed above were calculated using the following [16]:

− =
−

×

Non uniformity maximum value minimum value
average

(%) ( )
2 (1)

Fig. 4. IEDs of Ar+ ions measured using the QMS located at the chamber wall
for the superimposed dual-frequency ICP composed of 13.56/2MHz ((300/
1200W) and for the single-frequency ICP of 13.56MHz (300W) and 2MHz
(1200W) only while biasing the substrate at 150W with 12.56MHz 20 mTorr,
Ar (150 sccm) was used as the operating gas condition.

Fig. 5. Spatial distribution of electron density measured (a) as a function of
substrate bias power (100–700W) of 12.56MHz while operating the ICP source
at a single frequency of 13.56MHz (600W), and (b) as a function of a single
frequency power of 13.56MHz (600–800W) to the ICP source while biasing the
substrate at 400W with 12.56MHz 20 mTorr of Ar/CF4 (150 sccm/75 sccm)
was used as the reactive gas mixture.

Fig. 6. Spatial distribution of electron density measured (a) as a function of a
single-frequency power of 2MHz (1000–1200W) to the ICP source, and (b) as a
function of superimposed dual-frequency powers of 13.56MHz (600–800W)
and 2MHz (1000–1200W) while biasing the substrate at 400W with
12.56MHz 20 mTorr of Ar/CF4 (150/75 sccm) was used as the reactive gas
mixture.
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3. Results and discussion

3.1. Superimposed dual-frequency Ar ICP

The plasma density distributions in the Ar plasmas were in-
vestigated for different combinations of RF powers of 2 and 13.56MHz
applied to the superimposed dual-frequency ICP source, the results of
which are shown in Fig. 2 for electron density (instead of ion densities,
for the comparison with plasma densities of CF4 plasmas, electron

densities were measured.) Here, 20 mTorr, Ar (150 sccm) was used and
RF powers of 2MHz (0–1200W) and 13.56MHz (40–240W) were ad-
justed to obtain similar electron densities at the edge of the wafer. The
electron densities were measured at a distance of 10mm along the ra-
dical position. As shown in Fig. 2, the electron density profiles of Ar
plasmas were similar each other, and the electron densities were higher
for the edge of the wafer, possibly owing to the higher induced time-
varying magnetic and electric fields near the ICP coil compared to the
center of the chamber. Therefore, when only 240W was applied to the
ICP antenna at 13.56MHz, the electron densities at the center of the
chamber were the lowest as ~7.4× 1016m−3 and the electron den-
sities were increased with an increase in the radius, and, at the edge of a
wafer of ~150mm, ~1×1017 m−3 was obtained, resulting in ~16.3%
plasma non-uniformity. For the superimposed dual-frequency ICP, the
13.56MHz RF power was decreased by 40W, and to maintain a similar
plasma density at the edge of the wafer, 2MHz RF power was added to
the same ICP coil through a filter by 300W (owing to the difficulty in
power matching through an ICP antenna of the same length, a higher
power was required for 2MHz RF power), and, as shown in Fig. 2, the
electron densities near the center of the wafer were increased with an
increased portion of the 2MHz RF power, and, for 1200W at 2MHz and
40W at 13.56MHz, a plasma non-uniformity of ~8% could be ob-
served.

The EEDFs of the Ar plasmas used for the superimposed dual-fre-
quency ICP source were measured at different locations along the
centerline of the wafer for the plasma conditions shown in Fig. 2, and
the results are indicated in Fig. 3(a), (b), and (c) for 20, 120, and
270mm from the center of the wafer, respectively. As shown in Fig. 3,
for the locations within the antenna diameter (20 and 120mm), the
EEDFs were similar for each superimposed dual-frequency ICP condi-
tion; however, at the location outside of the ICP antenna (270mm), the
EEDFs were different from those observed within the antenna diameter,
possibly owing to the electric field developed near the chamber wall
position (that is, a non-plasma region). In addition, the EEDF moved to
higher electron energy for the higher 2/13.56MHz RF power ratio at all
locations, particularly at the outside of the antenna diameter (270mm).

An Ar+ IED was measured using the QMS located at the chamber
wall for a superimposed dual-frequency ICP operated at 13.56MHz
(300W) and 2MHz (1200W), in addition to the Ar+ IEDs measured for
the single-frequency ICP of 13.56MHz (300W) and 2MHz (1200W)
only, and their results are shown in Fig. 4. Here, 20 mTorr Ar (150
sccm) was used as the operating gas condition, and the substrate was
biased at 150W with 12.56MHz. As shown in Fig. 4, when a single-
frequency 2MHz RF power was used in the ICP antenna, an IED with
the average energy of 11 eV and an energy tail of up to 35 eV was ob-
served, however, when a single-frequency 13.56MHz RF power was
used for the ICP antenna, an IED lower than that at 2MHz was observed
with an average energy level of 7 eV and an energy tail reaching 27 eV.
The higher ion energy for 2MHz is thought to be related to the higher
energy EEDF, as observed for the higher 2/13.56MHz power ratio.
When the superimposed dual frequencies were applied to the ICP an-
tenna, an IED similar to the combined IED shapes by both 2 and
13.56MHz could be observed with an average energy level of 10 eV and
an energy tail of up to 37 eV.

3.2. Single/superimposed dual-frequency ICP for Ar/CF4

For the etching of various semiconductor materials, reactive gas
mixtures are generally used instead of Ar only, and the substrate is
biased with a separate RF power; therefore, using a reactive gas com-
posed of Ar/CF4, the plasma characteristics of the superimposed dual-
frequency ICP were investigated and compared with those of a con-
ventional single-frequency ICP while biasing the substrate. Fig. 5 shows
the electron density measured along the centerline of the 300-mm
diameter wafer from the center to the edge using a Langmuir probe for
the ICP source operated at 13.56MHz RF power using only 20 mTorr of

Fig. 7. A comparison of the electron density distribution for a superimposed
dual-frequency ICP condition of 13.56MHz (800W) and 2MHz (1000W), and a
single-frequency ICP condition of 13.56MHz (800W) while biasing the sub-
strate at 400W at 12.56MHz 20 mTorr of Ar/CF4 (150/75 sccm) was used as
the reactive gas mixture.

Fig. 8. A cartoon describing a possible mechanism for an improvement of the
plasma uniformity using the superimposed dual-frequency ICP: (a) complicated
voltages developed on the two-turn ICP antenna and (b) uniformity improve-
ment through the electric field drift of electrons towards radial direction of the
wafer by (a).
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the reactive gas combination of Ar/CF4 (150/75 sccm) while biasing the
substrate. Owing to the use of a molecular gas mixture, the electron
density measured using the Langmuir probe was also used as the spatial
distribution of the plasma density. Fig. 5(a) shows the electron density
distribution measured as a function of a substrate bias power
(100–700W) of 12.56MHz while operating the ICP source at a single
frequency of 13.56MHz (600W). As shown in Fig. 5(a), the increase in
12.56MHz RF power from 100 to 700W increased the plasma density
slightly without significantly changing the plasma uniformity because
of the low power deposition possibly as a capacitively coupled plasma
(CCP), as compared to that of ICP. Fig. 5(b) shows the electron density
measured as a function of a single-frequency power of 13.56MHz
(600–800W) to the ICP source while biasing the substrate at 400W
with 12.56MHz. The slight increase in 13.56MHz RF power to the ICP
antenna from 600 to 800W significantly increased the plasma density;
however, owing to the non-uniform power deposition along the radial
direction by the ICP antenna, the plasma non-uniformity was increased
from 7.8% to 13.2% as the 13.56MHz ICP power was increased from
600 to 800W, while biasing the substrate at 400W.

Using 2MHz RF power instead of 13.56MHz RF power, the spatial
distribution of the electron density for the ICP source operated with a
single-frequency power of 2MHz was also measured while biasing the
substrate with 400W at 12.56MHz, the result of which is shown in
Fig. 6(a). Owing to the insufficient power matching to the ICP antenna
with only 2MHz RF power (2MHz RF power was matched to the ICP
antenna only when it was used along with 13.56MHz as the super-
imposed dual-frequency power condition), a low electron density was
observed even with the substrate biasing at 400W of 12.56MHz.
However, different from the spatial distribution of the electron density

for 13.56MHz RF power only, the electron density at the center was
higher, whereas at the edge of the wafer, it was lower.

Using a superimposed dual-frequency ICP power composed of
13.56MHz (600–800W) and 2MHz (1000–1200W), the spatial dis-
tribution of the electron density was measured while biasing the sub-
strate at 400W with 12.56MHz, and the results of which are shown in
Fig. 6 (b). Here, 20 mTorr of Ar/CF4 (150/75 sccm) was used as the
reactive gas mixture. As shown in Fig. 6(b), similar to the results ob-
served in Figs. 5(b) and 6(a), the change in plasma density with in-
creasing the RF power to the superimposed dual-frequency ICP source
was generally higher for 13.56MHz RF power compared to 2MHz RF
power. However, when the 13.56MHz RF power was increased, the
uniformity was degraded while, when the 2MHz RF power was in-
creased, the uniformity was similar or improved. In Fig. 7, one data
point from Fig. 5(b) for the single-frequency ICP operation with only
800W at 13.56MHz, and one data point from Fig. 6(b) for the super-
imposed dual-frequency ICP operation with 800W at 13.56MHz and
1000W at 2MHz while biasing the substrate using 400W at 12.56MHz,
are compared again. As shown in Fig. 7, by using the superimposed
dual-frequency ICP for Ar/CF4, similar to the results in Fig. 2 for Ar,
improved plasma uniformity was obtained by increasing the plasma
density at the center region of the wafer close to that of the edge region
of the wafer.

A cartoon describing a possible mechanism for an improvement of
the plasma uniformity using a superimposed dual-frequency ICP is
shown in Fig. 8(a). As shown in Fig. 8(a), the complicated voltages are
developed on the two-turn antenna line and these antenna voltages are
transferred to the electrons in the plasma. That is, due to the formation
of different voltages on different parts of the ICP antenna by using dual

Fig. 9. SiO2 etch depths for (a) single-frequency
ICP operation with 800W at 13.56MHz and (b)
superimposed dual-frequency ICP operation
with 800W at 13.56MHz, and 1200W at 2MHz,
while biasing the substrate with 400W at
12.56MHz. For each condition, 15 coupon
samples of 2 cm×2 cm SiO2 on silicon were
used, and for a similar etch amount, the etch
time was 4.5 min for a single-frequency 800W
13.56MHz ICP, and 3min for a superimposed
dual-frequency ICP operated using 800W at
13.56MHz, and 1200W at 2MHz. 20 mTorr of
Ar/CF4 (150/75 sccm) was used, and the sub-
strate was biased using a separate RF power of
400W at 12.56MHz. (c) etch rates of SiO2

measured along the 300mm diameter wafer
centerline zone of A-A′ in Fig. 9(a) and (b). (For
interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)
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frequency instead of single frequency, the electrons in the plasma tend
to be accelerated to the radial direction (the electric field developed by
capacitive coupling) in addition to the circumferential direction (the
electric field direction developed by inductive coupling). The radial
scattering of the electrons in the plasma tends to improve the plasma
uniformity by distributing energetic electrons uniformly over the sub-
strate surface. The complicated electric field to the electrons in the
plasma promotes the electric field drift of electrons toward the radial
direction of the wafer, and which can improve the plasma density as
shown in Fig. 8(b). In addition, for the superimposed dual frequency
ICP, the plasma density uniformity could be also improved by adding
the plasma density profile by the 13.56MHz RF power shown in Fig. 5
and that by the 2MHz RF power shown in Fig. 6(a).

3.3. Etch results of superimposed dual-frequency ICP using Ar/CF4

Using the results of the plasma characteristics obtained with the
superimposed dual-frequency ICP source, actual SiO2 coupon samples
randomly distributed within a 300mm diameter were etched, and the
etch rates and etch uniformity were investigated in Fig. 9. Their results
are shown in Fig. 9(a) and (b) for a single-frequency ICP operation with
800W at 13.56MHz and for a superimposed dual-frequency ICP op-
eration with 800W at 13.56MHz and 1200W at 2MHz, respectively,
while biasing the substrate with 400W at 12.56MHz. For each condi-
tion, 15 coupon samples of 2 cm×2 cm SiO2 on silicon were used, and
the etch time was varied to etch a similar amount; therefore, for the
single 800W, 13.56MHz ICP, the etch time was 4.5 min, whereas for
the superimposed dual-frequency ICP operated with 800W at
13.56MHz and 1200W at 2MHz, the etch time was 3min. As shown in
Fig. 9(a) and (b), the total etch depth was ~300 nm for both conditions,
although the non-uniformity of the etching was better (2.6%) for the
superimposed dual-frequency ICP condition compared to that (3.9%)
for the single-frequency ICP condition. Fig. 9(c) shows the etch rates of
SiO2 measured along the 300mm diameter wafer centerline zone of A-
A’ in Fig. 9(a) and (b). As shown in Fig. 9(c), the etch uniformity change
similar to the change of electron density uniformity shown in Fig. 2
could be observed, and which showed better etch uniformity for the
superimposed ICP operation compared to the single frequency ICP op-
eration by improving the etch rate at the wafer center region. In fact,
even though the entire 300mm wafer was not used during the SiO2

etching, it is believed that a better etch uniformity could be obtained
using a 300-mm diameter wafer for the superimposed dual-frequency
ICP, as compared to a conventional single-frequency ICP.

4. Conclusions

In this study, the effects of a superimposed dual-frequency ICP op-
erated at 13.56MHz and 2MHz on the plasma characteristics were
investigated using Ar and Ar/CF4, and the plasma characteristics were
compared with those obtained using the ICP operated with a single
frequency of only 13.56 or 2MHz. The use of a superimposed dual-
frequency ICP operated at 13.56 and 2MHz improved the plasma
uniformity compared to a single-frequency ICP operated at 13.56 or
2MHz for both Ar and Ar/CF4. When SiO2 was etched using Ar/CF4
while biasing the substrate with a separate RF power of 400W at
12.56MHz, similar to the plasma uniformity, the ICP operated using
superimposed dual frequencies of 13.56 and 2MHz showed a better
etch uniformity compared to that operated with a single frequency of
13.56MHz. It is believed that, even though a specific type of ICP an-
tenna was used in this study for the superimposed dual frequency ICP, a
similar effect can be expected in other ICP antenna types, and can
contribute toward a further improvement in the plasma uniformity for
other antenna types.
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