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Abstract
A large area (830 mm  1020 mm) inductively coupled plasma source with a six internal straight antennas was
developed for large area FPD (Flat Panel Display) etch process applications and the effects of magnetic ﬁelds
employing permanent magnets on the plasma characteristics were investigated. Using six straight antennas connected in
series into plasma and though the induction of strong electric ﬁeld into the plasma by the antennas, high-density plasma
on the order of 1011 cm 3 could be obtained by applying above 1500 W power to the antennas. By employing the
magnetic ﬁelds perpendicular to the antenna currents using permanent magnets, improved plasma characteristics such
as increase of the ion density and decrease of both electron temperature and plasma potential could be achieved in
addition to the stability of the plasma possibly due to the reduction of the electron loss. However, the application of the
magnetic ﬁeld decreased the plasma uniformity slightly even though the uniformity within 10% could be maintained in
the 800 mm processing area.
r 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction
In order to achieve the performance required for highresolution ﬂat panel display (FPD) devices, especially
for TFT-LCD of next generation, improved dry etch
processes currently indispensable technology for semiconductor industry are required for volume manufacturing and superior critical dimension control [1–3]. The
plasma sources developed to date for the production of
high-density and large-area plasmas mainly focused on
the externally planar ICP sources [4–6]. However, due to
its large impedance accompanied by the large antenna
size in addition to the cost and thickness of its dielectric
material, the conventional ICP systems using an external
spiral antenna shows problems in extending the process
area.
Currently, to solve these problems, studies on internal
ICPs including both loop and straight antenna conﬁg-

urations, where the antenna is inserted into the plasma,
are widely reported [7–8]. However, the internal type
shows another practical problem such as antenna
sputtering and unstable arcing resulting from the high
plasma potential, which occurred more frequently when
one end of the antenna is grounded and the other end of
the antenna is connected to the high-frequency power.
Therefore, in this study, to improve plasma characteristics such as plasma density, plasma uniformity,
and plasma potential of internal straight antenna
inductively coupled plasma sources with a linear type
antenna, magnetic ﬁelds employing permanent magnets
have been used and the characteristics of the plasma
have been investigated and compared with those
obtained without the magnets.

2. Experiment
*Corresponding author. Tel.: +82-31-290-7395; fax: +8231-290-7410.
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Fig. 1 shows the schematic diagram of the internal
type linear inductively plasma source used in the
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Fig. 1. (a) The schematic diagram of the internal type linear inductive plasma source used in the experiment. (b) Arrangement of the
permanent magnets in the source.

experiment. The processing chamber was rectangular
shape made of stainless steel with the size of
830 mm  1020 mm for the application of large-area
FPD panel processes. Six linear antennas were embedded in the vacuum chamber and each linear antenna
was connected in series as a serpentine type at the
outside of the vacuum chamber. The outer diameter of
the quartz pipe holding the internal straight antenna
conductor was 15 mm and the thickness of the quartz
was 2 mm. The antenna was made of 10 mm diameter
copper tube. One end of the connected antenna was
grounded and the other end was connected to
13.56 MHz rf power to generate inductive discharges.
Magnetic ﬁeld effects perpendicular to current carrying antennas permanent magnets having 3000 G on the
magnet surface were used. Plasma characteristics such
as, plasma density, plasma uniformity, and plasma
potential of internal straight antenna inductively
coupled plasma sources were measured using the
Langmuir probes (Hiden Analytical Inc., ESP) located
on the sidewall of the chamber. The Langmuir probe
was installed 17 cm and 5 cm below the straight antenna.
The Ar gas was used to monitor the above-mentioned
plasma characteristics.

3. Results and discussion
Fig. 2(a) shows the effect of rf power to the antenna,
operation pressure, and the magnetic ﬁeld on the ion
density measured by a Langmuir probe using Ar from 5
to 25 mTorr and rf power from 600 to 2000 W. Six
internal linear antennas were connected in series as a
serpentine type. The total length of the antenna was
7.89 m and the distance between the adjacent linear
antennas was 11.4 cm. The ion density was measured
17 cm below the antenna. As shown in the ﬁgure, the
increase of rf power to the antenna increased the ion
density almost linearly and the increase of Ar operation
pressure from 5 to 25 mTorr also increased the
ion density. At 2000 W of rf power and 25 mTorr Ar,
the ion density obtained without the magnetic ﬁeld was
about 6.5  1010 cm 3.
As shown in Fig. 2(a), the application of the magnetic
ﬁeld perpendicular to the electric ﬁeld generated by the
antenna current generally increased the ion density
about 50%. The maximum ion density obtained with the
magnet was about 8.2  1010 cm 3 at 2000 W of rf power
and 25 mTorr Ar; therefore, the obtained ion density
was close to 1011 cm 3. These ion densities were
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Fig. 2. The effect of rf power to the antenna, operation pressure, and the magnetic ﬁeld on the ion density measured by a Langmuir
probe using Ar from 5 to 25 mTorr and rf power from 600 to 2000 W. Six internal linear antennas were connected in series as a
serpentine type. The total length of the antenna was 7.89 m and the distance between the adjacent linear antennas was 11.4 cm. The ion
density was measured 17 cm below the antenna.

measured at 17 cm below the antenna and, when the ion
density was measured 5 cm below the antenna, the ion
density was increase two times in general. Therefore, by
applying more than 1500 W of rf power, we were able to
identify the formation of high-density plasmas having
ion density higher than 1011 cm 3. The increase of ion
density by the application of the magnetic ﬁeld appears
to be from the helical motion of the electrons; therefore,
from the increase of electron-neutral collision frequency
by increasing the path of electron length and from the
decrease of electron loss by decreasing its mobility. In
fact, the applied magnetic ﬁeld was conﬁgured so that

energetic electrons accelerated by the induced E ﬁeld
have E  B force, therefore, to be more efﬁciently
conﬁned [9–10]. Also, at 5 mTorr, the operation of the
source was unstable without the magnetic ﬁeld and
frequent arcing could be observed at high rf power
conditions above 1500 W. However, after the application of the magnetic ﬁeld, no such instabilities could be
observed.
Fig. 2(b) shows the effect of rf power to the antenna,
operation pressure, and the magnetic ﬁeld on electron
temperature measured by a Langmuir probe using Ar
from 5 to 15 mTorr and rf power from 600 to 2000 W.
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Fig. 3. Ion saturation current measured by the Langmuir probe at 5 cm below the antenna as a function of position of the chamber
along the antenna line and with/without magnetic ﬁeld. The rf power to the antenna was 600 and 2000 W and the operation pressure
was 15 mTorr Ar.

As shown in the ﬁgure, the electron temperature was in
the range from 2 to 4.5 eV and the increase of rf power
slightly decreased the electron temperature and the
increase of operation pressure decreased the temperature, too. The application of the magnetic ﬁeld also
decreased the electron temperature. If electron loss is
increased by the decrease of electron-neutral collision
frequency, electron temperature should be increased to
maintain the plasma. The increase of electron temperature at the lower operation pressure and without
magnetic ﬁeld appears to be related to the increased
loss of the electron. Plasma potentials were also
measured and were in the range from 25 to 45 eV and
the increase of rf power and the increase of operational
pressure also decreased the plasma potential, in general,
while the application of the magnetic ﬁeld did not show
the signiﬁcant change (not shown).
Fig. 3 shows the ion saturation current measured by
the Langmuir probe at 5 cm below the antenna as a
function of position of the chamber along the antenna
line. The ion saturation current was used as the measure
of plasma density. The rf power to the antenna was 600
and 2000 W and the operation pressure was15 mTorr Ar.
As shown in the ﬁgure, the increase of rf power to the
antenna from 600 to 2000 W not only increased the
plasma density but also improved the plasma uniformity
possibly due to the change from capacitively coupling
mode to inductively coupling mode of the plasma. Along
the 40 cm from the center of the chamber, 6% of plasma
uniformity was obtained at 2000 W of rf power without
the magnetic ﬁeld. When the magnetic ﬁeld was applied,
the increase of rf power also increased plasma density

and improved the plasma uniformity. The application of
the magnetic ﬁeld further increased plasma density along
the chamber position as observed in Fig. 2(a); however,
the plasma uniformity was somewhat degraded even
though the plasma non-uniformity was still less than
10%. We believe that, by optimizing the magnetic ﬁeld
conﬁguration, the plasma uniformity can be further
improved.

4. Conclusions
In a large-area (830 mm  1020 mm) internal linear
type inductively coupled plasma source has been
developed and the effects of rf power to the antenna,
operation pressure, and static magnetic ﬁeld on the
plasma characteristics were investigated. The magnetic
ﬁeld supplied by the permanent magnets was conﬁgured
perpendicular to the induced electric ﬁeld by the antenna
current to conﬁne the electron motion. The increase of rf
power and operation pressure increased the plasma
density and decreased electron temperature, and using
the developed source, the plasma density higher than
1011 cm 3 could be obtained by applying above 1500 W
of rf power. The application of the magnetic ﬁeld
increased plasma density about 50% and decreased
electron temperature possibly due to the reduction of the
electron loss. The application of the magnetic ﬁeld also
increased the stability of the plasma; however, the
plasma uniformity was slightly decreased even though
the uniformity was maintained within 10%.
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