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Properties of an Internal U-Shaped Inductively
Coupled Plasma Source Operated by
Superimposed Dual Frequency
Do Han Kim , Tae Hyung Kim, Soo Jung Lee, Won Oh Lee, Kyong Nam Kim, and Geun Young Yeom

Abstract— Plasma properties of a U-shaped internal inductively coupled plasma (ICP) source (2.3 m long) operated by
superimposed dual frequency was investigated as a function of
power ratio of dual frequency composed of 2/13.56 MHz and
6/13.56 MHz. For the 2.3-m long linear internal-type ICP source,
the use of 13.56 MHz as the operating frequency could result in
nonuniform plasma due to the standing wave effect along the
antenna line. By using the superimposed dual frequency composed of low frequency (2 or 6 MHz)/high frequency (13.56 MHz)
at a fixed total power, higher plasma uniformity could be
observed possibly due to the decreased standing wave effect
compared to that obtained by 13.56 MHz without changing the
plasma density. The use of 2/13.56 MHz instead of 6/13.56 MHz
exhibited higher plasma uniformity. In addition, by decreasing
the capacitive coupling component by the operation at the lower
RF frequency, the ion bombardment energy to the substrate was
lower for the operation with the superimposed dual frequency
(2 or 6/13.56 MHz) compared to that with 13.56 MHz only.
Index Terms— Dual frequency, flexible displays, inductively
coupled plasma (ICP), linear plasma source, wearable devices.

I. I NTRODUCTION
HESE days, flexible and wearable display devices are
actively investigated as essential parts for next generation
electronic devices. Especially, as the many consumer products
are merged into internet of things, the importance of the
flexible and wearable devices is increased further for new
markets in the electronics industry. To achieve flexible and
wearable display devices as commercial products, new process
technology tools such as large area and low-temperature
deposition and etch equipment are required [1].
Plasma processing technology has been investigated as
one of the important technologies not only for manufacturing semiconductor devices but also for displays, solar cells,
and so on [2]–[4]. In the areas of atomic layer deposition
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and chemical vapor deposition, plasma is being used not only
for improving the deposition efficiency but also for reducing
the deposition temperature [5]–[8]. Until now, the substrate
sizes have been increased to reduce manufacturing cost and
to increase the throughput and efficiency. Especially, for the
applications such as display devices and solar cell panels,
as the substrate sizes increase extremely large, uniform, and
large area plasma are required to increase the manufacturing
yield as well as to reduce the defects in the products [9]–[11].
Therefore, Kim et al. and Han et al. actively investigating for
developing large-area plasma sources with high plasma density
and high uniformity.
Over the past few decades, various plasma sources have
been considered for large scale substrate manufacturing.
Capacitively coupled plasmas, inductively coupled plasmas (ICPs), ICPs enhanced by ferromagnetic cores, distributed
helicon plasmas, etc., have been investigated as plasma sources
applied to large-area substrates [14]. ICP sources have been
popular choices for the next generation display processing due
to its simplicity in physics and ability to produce high plasma
density [15], [16]. Although ICP sources have advantages such
as high plasma density and low-pressure processing, problems
such as plasma nonuniformity due to antenna standing wave
effect and nonuniform antenna location along the electrode
space still remain to be resolved. That is, conventional external ICP sources applied to large-area substrates require a
long antenna line and a thick dielectric plate that separates
the antenna from the vacuum chamber, and it can result in the
decreased power transfer efficiency to the plasma due to the
increased impedance and the increased nonuniformity due to
the standing wave effect in addition to nonuniform power
transfer to the plasma due to nonuniform antenna location
along the electrode space. To reduce some of the problems
associated with the scaling up of the ICP sources, internaltype ICP sources have been investigated [17]–[20]. However,
when the substrate size is increased larger than a few meters,
the plasma nonuniformity caused by the standing wave effect
may not be still avoidable due to the long antenna line,
especially when high-frequency RF power is used for the
ICP operation.
In this paper, an internal-type ICP having a U-shaped
antenna has been used as the plasma source, and dualfrequency RF powers composed of 2/13.56 MHz and
6/13.56 MHz were applied to the same ICP antenna and
the characteristics of the plasma such as plasma density,
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Fig. 1. Schematic of the vacuum system installed with an internal U-shaped
ICP source used in the experiment.

plasma nonuniformity, etc., have been investigated as a function of power ratios of dual frequency and operating frequency
as a novel method in improving the plasma uniformity. The
application of superimposed dual-frequency RF powers to a
long U-shaped internal ICP antenna improved the plasma
uniformity without changing the plasma density possibly due
to the decreased standing wave effect on the antenna line.
II. E XPERIMENTAL A PPARATUS AND M ETHOD
Fig. 1 shows the schematic of the rectangular shaped
vacuum system having the dimension of 900 mm × 1050 mm
used in the experiment. The size of the substrate was
880 mm × 660 mm for the fourth generation display device
processing, and an internal U-shaped ICP source was installed
on the topside and at the center of the vacuum system.
The inner conductor of the antenna was made of oxygen
free copper tube having the outside diameter of 9.7 mm for
water cooling and was fully covered with alumina tubing
having 15 mm diameter and 2.5 mm thickness. To the internal
U-shaped antenna, two RF powers of different operating
frequencies were connected through RF filters. On one side
of the antenna, as a high-frequency RF power, 13.56-MHz
RF power (RFPP, RF30S), and as low-frequency RF power,
2- or 6-MHz RF power (ENI A1000) were connected after
passing through matching networks for impedance matching in
parallel for the superimposed dual-frequency operation, while
the other side of the antenna was grounded. Ar gas was used
for the characterization of the superimposed dual-frequency
ICP source. The plasma uniformity and plasma density were
measured by a multitip home-made electrostatic probe located
on the substrate holder. The multitip home-made electrostatic
probe was consisted of 32 probe arrays having Au dot tips
and was fabricated on the polyvinyl chloride substrate with the
area of 30 cm × 60 cm and a current meter (Keithley 2000)
was used to measure the current. The spacing between Au tips
was 6 cm. The ion saturation current measured by the Au tip
is proportional to the ion density of the plasma by the equation
shown in the following, therefore, by measuring the ion
saturation current as a function of the location on the substrate
and by averaging the ion saturation currents measured at the
various locations, the plasma uniformity was estimated:

kTe
Ji ≈ 0.605 n_e
mi

Fig. 2. Ion saturation current measured as a function of power ratio of low
RF/high RF for 2/13.56 and 6/13.56 MHz as an estimation of plasma density.

where Ji is the ion saturation current, n is the plasma density,
e is the electron charge, kTe is electron temperature, and m i is
the mass of the ion in the plasma. Waveforms of voltage
and current during the operation of the ICP source using the
superimposed dual frequency were measured using high voltage probe (Tektronix P6015A) and a current probe (Pearson
electronics 6600) installed between the ICP antenna and the
RF filter after the matching networks. An energy-resolved
quadrupole mass spectrometer (PSM003, Hiden Analytical
Ltd.) was used to measure the ion energy distribution (IED)
of Ar+ ions bombarding the substrate. The Ar+ ions were
sampled into the mass spectrometer with a Bessel box energy
filter at a pressure below 3.0 × 10−7 torr using a differential
pumping system attached to the mass spectrometer. The mass
spectrometer was operated with a positive ion detection mode.
To reduce the random error, every IED presented in this paper
was averaged over three individual scans. The plasma characteristics during the superimposed dual-frequency operation
were observed for an Ar/O2 gas mixture using an optical
emission spectroscopy (Andor iStar 734).
III. R ESULTS AND D ISCUSSION
For the internal U-shaped ICP source operated using
superimposed dual-frequency RF powers consisted of low
frequency/high frequency (2/13.56 MHz and 6/13.56 MHz),
the variation of plasma density was estimated for different
power ratios at a same total RF power and the results are
shown in Fig. 2. Ar gas pressure was 5 mtorr and the total
RF power to the ICP source was 800 W. As the estimation
of plasma density, the ion saturation current measured with
the Au probe tips biased at −30 V was used. For ICP, it is
known that, if the power is delivered to the plasma by pure
transformer coupling without capacitive coupling, the plasma
density is similar at the same RF power regardless of the
operating frequency [21]. As shown in Fig. 2, the change of
RF power ratio of low-frequency/high-frequency RF power,
i.e., the ratio of 2-MHz RF power/13.56-MHz RF power and
the ratio of 6-MHz RF power/13.56-MHz RF power did not
change the ion saturation current significantly indicating the
plasma density in the plasma is similar for all of the operation
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conditions even though a little higher plasma density was
observed for a lower RF frequency operation possibly due to
the differences in the power transfer efficiency to the plasma
from the matching networks. If capacitive coupling is large
for the ICP source, the higher RF frequency should show
higher plasma density due to the increased capacitive coupling
at the higher RF frequency, however, possibly due to low
capacitive coupling component for the internal U-shaped ICP
source, no significant change of plasma density was observed
for different ratios of dual-frequency powers.
Waveforms of voltage and current measured at the power
input between the ICP antenna and the RF filter after
the matching network measured at the operating condition
in Fig. 1 are shown in Fig. 3(a) and (b) for 2/13.56 MHz
and Fig. 3(c) and (d) for 6/13.56 MHz, respectively. For the
mixture of 2/13.56 MHz and 6/13.56 MHz, the power ratio
of 400/400 W was used. As shown in the figure, for the ICP
operated with a single RF frequency of 2, 6, and 13.56 MHz,
the voltage and current exhibit sine wave shapes with different
periods, and at the same RF power, the peak-to-peak values
of voltage and current were the highest for the 2-MHz RF
power and the lowest for the 13.56 MHz. However, for the
superimposed dual frequency, the voltage and current wave
shapes were modified relatively. Especially, the wave shapes
of voltage and current for 2/13.56 MHz were similar to the
2-MHz RF frequency slightly modified by 13.56 MHz as
shown in Fig. 3(a) and (b) and those for 6/13.56 MHz
were also similar to 6-MHz RF frequency modified with
13.56 MHz.
It is known that the operation with high-frequency RF power
can cause a standing wave problem during the operation
of the plasma even with 13.56 MHz when the size of the
electrode or the length of the antenna is meter scale, while no
such problem can be observed for 2 MHz due to much longer
wavelength compared to that of 13.56 MHz [22]. However,
when 2-MHz RF power is used for the operation of internal
U-shaped ICP source, the plasma ignition is difficult when
only a 2-MHz RF power is used due to the very low capacitive
coupling, while no such problem is observed for the operation
with 13.56 MHz [21].
By operating the ICP source with the superimposed dualfrequency mode composed of low frequency/high frequency,
it is believed that the decreased standing wave problem could
be obtained due to the formation of 2-MHz waveform modified
with 13.56 MHz. In addition, by the operation with the
superimposed dual-frequency mode, due to the high capacitive coupling effect of 13.56 MHz, more stabilized plasma
operation could be obtained.
The plasma uniformity of the internal U-shaped linear ICP
source operated with the superimposed dual frequency was
estimated by the uniformity of ion saturation currents measured at the substrate location using the probe array in Fig. 1.
Fig. 4(a) shows the average uniformity measured as a function
of power ratio of (2 or 6)/13.56 MHz, and Fig. 4(b) and (c)
shows the distribution of the ion saturation current for lowfrequency power (2 and 6 MHz, respectively) only, 50% lowfrequency power/50% 13.56-MHz power, and 13.56-MHz
power only. As shown in Fig. 4(a), the use of superimposed
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Fig. 3. Waveforms of voltage and current measured at the power input
between the ICP antenna and the RF filter after the matching network
measured at the operating condition in Fig. 1. (a) and (b) Voltage and
current for 2/13.56 MHz, respectively. (c) and (d) Voltage and current for
6/13.56 MHz, respectively.

dual frequency composed of 2/13.56 MHz or 6/13.56 MHz
instead of 13.56 MHz only improved the plasma uniformity
near the substrate. The use of high-/low-frequency power
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Fig. 4.
Uniformity of ion saturation currents measured at the substrate
location using the probe array in Fig. 1 for the internal U-shaped ICP
operated with superimposed dual-frequency power. (a) Average nonuniformity of the plasma as a function of power ratio of (2 or 6)/13.56 MHz.
(b) and (c) Distribution of the ion saturation current for low-frequency power
(2 and 6 MHz, respectively) only, 50% low-frequency power/50% 13.56-MHz
power, and 13.56-MHz power only.

ratio exhibited the higher plasma uniformity, and the 2 MHz
showed higher plasma uniformity compared to 6 MHz. The
distribution of ion saturation current measured by the probe
array tips in Fig. 4(b) and (c) shows that lower ion saturation
currents near the power input and ground locations, while
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higher ion saturation currents were observed in the middle
location of the antenna line. It is believed that, as shown
in Fig. 3, the variation of the plasma uniformity observed
for the superimposed dual-frequency ICP is believed to be
related to the standing wave effect due to the difference in
the wavelength of operating RF frequency. The wavelengths
of 2, 6, and 13.56 MHz in the free space are 150, 50, and 22 m,
respectively. The length of the U-shaped antenna used in the
experiment is ∼2.3 m and it is about 1/10 of the wavelength
of 13.56 MHz. It is reported that the wavelength in the plasma
system is shorter than that in the free space; therefore, even
though the antenna length is shorter than a quarter wavelength
of the RF wavelength, a serious standing wave effect is
observed [23]. The higher plasma nonuniformity of the internal
U-shaped ICP source observed with 13.56 MHz appears to be
related to the more significant standing wave effect, while less
standing wave effect is observed for 6 MHz and the least effect
for 2 MHz. Especially, as shown in Fig. 3, when 50% of lowfrequency (2- or 6-MHz) RF power was overlapped with 50%
of 13.56-MHz RF power, the shapes of voltage and current
curves were similar to those of low-frequency (2 or 6 MHz)
curves slightly modified with 13.56 MHz, especially for the
mixture of 2 and 13.56 MHz. Therefore, it is believed that the
improvement of the plasma uniformity by the mixture of lowfrequency (2 and 6 MHz) RF power and 13.56-MHz RF power
appears to be related to the long wavelength effect of lowfrequency RF power, which tends to increase the wavelengths
of the voltage and current curves of the RF power. In Fig. 4,
even though the uniformity was the best for the ICP operated
with 2 MHz only, due to the difficulty in the initial plasma
initiation, the stability of the plasma was lower than that
operated with the superimposed dual frequency.
Ar+ IED bombarding the substrate for the internal U-shaped
ICP operated with the superimposed dual frequency was
measured using an energy analyzer installed in the plasma
mass spectrometer in Fig. 1 and the results are shown
in Fig. 5(a) and (b) as a function of RF power ratios
of 2/13.56 MHz and 6/13.56 MHz. The plasma operating
conditions are the same as those in Fig. 4. For Ar+ ion
mass, two peaks at 40 amu (Ar+ ) and 20 amu (Ar++ ) were
observed and the Ar+ peak at 40 amu was used for the IED.
As shown in Fig. 5(a), the IED showed dominant dual peaks
with low/high energy for 2 MHz only and for 2/13.56 MHz,
but only one dominant peak with a high energy was observed
for 13.56 MHz only. It is known that, for the RF operation, ion
approaching the substrate tends to follow the instant sheath
potential of the RF period for low-RF frequency operation,
while it tends to follow the average sheath potential of the
RF period for high-frequency operation [10]. Therefore, for
the low RF frequency, an IED with a dual peak composed
of low-energy peak and high-energy peak is observed, while
for the high RF frequency, an IED with a single peak is
observed. The dual-peak IEDs of ions in Fig. 5(a) for the
2 MHz only and 2/13.56 MHz appear to be related to the ions
accelerated by the instant sheath potential of the RF period.
For Fig. 5(b), due to the higher frequency of 6 MHz as lowRF frequency power compared to 2 MHz, even though dualpeak IEDs were observed for 6 MHz only and 6/13.56 MHz,
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Fig. 6. Optical emission peak intensities of Ar and O measured at a view port
for the internal U-shaped ICP operated with superimposed dual frequency for
an Ar/O2 gas mixture as a function of RF power ratios of 2/13.56 MHz and
6/13.56 MHz.

and which may be possibly indicating different electron energy
distributions of the plasma depending on the power ratios of
high/low RF frequencies. It is believed that, by superimposing
low-frequency RF power and high-frequency RF power, properties of the plasma could also be modified in addition to the
control of plasma uniformity and the damage to the substrate.
Fig. 5. Ar+ IED on the substrate location for the internal U-shaped ICP
operated with superimposed dual frequency as a function of RF power ratios
of (a) 2/13.56 MHz and (b) 6/13.56 MHz.

the ion intensity peak at the low-energy part was much smaller
than that for 2 MHz. The existence of dual-peak IED also
stands for partial capacitive coupling in addition to inductive
coupling in the ICP source operated by superimposed dual
frequency. As shown in the figure, the high-energy part of
IED was increased continuously from ∼10 eV for 2 MHz
only (∼7 eV for 6 MHz only) to 21 eV for 13.56 MHz only.
The increase of energy with the increase of 13.56-MHz power
ratio appears to be related to the increased capacitive coupling
to the plasma caused by 13.56 MHz. Therefore, it is believed
that by the operation of the internal U-shaped ICP with the
superimposed dual frequency, the damage to the substrate by
Ar+ ions bombarding the substrate could also be minimized
compared to the ICP operation with 13.56 MHz only.
Fig. 6 shows the optical emission peak intensities of
Ar and O measured at a view port for the internal U-shaped
ICP operated with superimposed dual frequency for an
Ar/O2 gas mixture as a function of RF power ratios
of 2/13.56 MHz and 6/13.56 MHz. The Ar peak was measured
at ∼750 nm and the O peak was measured at ∼777 nm.
As shown in the figure, with the variation of power ratio
between the low-frequency power (2 and 6 MHz) and the highfrequency power (13.56 MHz), the optical emission intensities
of Ar were the maximum when the power ratio is ∼50%,
while the optical emission intensities of O were continuously
increased with the increase of 13.56-MHz power ratio,

IV. C ONCLUSION
In this paper, to improve the plasma uniformity of an
internal U-shaped ICP source for large-area substrates applied
to displays, solar cell, etc., the effects of superimposed dualfrequency operation on the plasma characteristics of the internal ICP source were investigated. The use of superimposed
dual frequency composed of 2/13.56 MHz and 6/13.56 MHz
did not change the plasma density significantly when total
power was fixed indicating the power is mostly transferred
by inductive coupling. The use of single 2 MHz as the ICP
RF power exhibited the highest plasma uniformity and the
lowest ion energies to the substrate, but the plasma stability
was the lowest. However, the use of single 13.56 MHz as
the ICP RF power exhibited the lowest plasma uniformity
possibly due to the standing wave effect and the highest
ion bombardment energies to the substrate while the plasma
stability was the highest. By using the superimposed dual
RF frequency composed of low frequency/high frequency
(i.e., 2/13.56 MHz) as the ICP RF power, not only the high
plasma uniformity by alleviating the standing wave effect but
also the low-ion bombardment damage to the substrate, and
high plasma stability could be achieved without significantly
changing the plasma density.
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