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An atmospheric pressure plasma was generated using a modiﬁed dielectric barrier discharge with the power electrode
composed of multi-pins (i.e., a pin-to-plate type) instead of a conventional blank plate (i.e., a DBD-type), and the discharge
and the photoresist etching characteristics were compared with those produced by the DBD-type at various He/O2 mixtures.
The pin-to-plate type showed a higher discharge current and a higher power consumption than the DBD-type at a given
voltage. Therefore, the pin-to-plate type appeared to be more eﬃcient than the conventional DBD-type. In addition, when the
photoresist etch rate was examined, the pin-to-plate showed higher etch rates than the DBD-type at various He/O2 mixtures.
For the He/O2 mixture, both types showed the maximum photoresist etch rate at a certain He/O2 mixture. Using a gas mixture
of 3 slm of O2 and 10 slm of He, a maximum photoresist etch rate of 340 nm/min and 260 nm/min could be obtained using the
pin-to-plate type and the DBD-type, respectively, at 10 kV AC for an electrode size of 500 mm  50 mm. No physical damage
was observed on the metal lines of the TFT-LCD devices after photoresist etching under the above conditions.
[DOI: 10.1143/JJAP.44.1076]
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1.

Introduction

Low temperature plasma generated at low pressures is
generally used for thin ﬁlm deposition, surface cleaning,
surface modiﬁcation, dry etching, ion implantation, etc. in
semiconductor and ﬂat panel display (FPD) processing. In
order to generate the low pressure plasma, costly vacuum
generation equipment and measurement tools are required.1)
In particular, in the next generation FPD processing, the
extremely large area of the substrates may make the plasmas
generated at low pressure unsuitable to the diﬃculty and cost
in generating a uniform plasma over an extremely large area.
In the case of FPD processing, wet processing is used
more than semiconductor processing due to the large
dimensions of the device compared with semiconductor
devices. However, the use of wet chemical in the next
generation ﬂat panel display processing will be restricted
due to problems associated with the cost of the chemicals,
the environmental impact of the chemical waste, the
consistency of the processing, the diﬃculty of in-line
processing, etc in addition to the problems due to the
decrease in the device size. Therefore, as a solution to the
problems associated with plasma generated in a vacuum and
to replace wet chemical processing, large area atmospheric
pressure plasma has been actively studied for applications to
the FPD processing.2–5)
The most widely investigating type of atmospheric
pressure plasma for large area processing is a dielectric
barrier discharge (DBD). It is composed of two parallel
electrodes where one electrode is connected to the alternating current (AC) power supply and the other electrode is
connected to the ground. One or two dielectric plates are
located either on the powered electrode or on the both of the
electrodes between the electrodes. The dielectric plates are
needed to limit the current ﬂow and prevent the development
of arcing between the electrodes and to generate the plasmas
at low voltages by charging the dielectric surface and
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discharging when the voltage is reversed.6–9) This means that
a charge develops on the dielectric surface during the half
cycle of the sinusoidal AC voltage, which limits the current
ﬂow to the electrode, and during the next half cycle of the
AC voltage, an electric ﬁeld develops as a result of the AC
voltage and the ﬁeld is in phase as a result of the charging of
the dielectric and the plasma is generated at a lower AC
voltage than the voltage required to breakdown the gas at
atmospheric pressure.10,11) The generated discharge characteristics are dependent on the dielectric materials, the
frequency of the AC voltage, the dilution gas, etc.12,13)
One of the problems associated with the above conventional DBD-type atmospheric pressure plasmas is the low
plasma density. In order to apply the atmospheric pressure
plasma to the various low pressure plasma processing and
wet chemical processing of the next generation FPD
processing, the plasma density, i.e. the processing rates by
the atmospheric pressure plasma need to be comparable to
those by the low pressure plasma. In this study, as a
modiﬁcation of a typical DBD-type source, a multi pin-type
electrode instead of a blank electrode was used as the power
electrode to generate the plasma at a lower voltage and to
obtain a higher plasma density over a large area, and its
plasma and photoresist etch characteristics were compared
with the those produced by the typical DBD.
2.

Experimental

Figure 1 shows a schematic of the atmospheric pressure
plasma system used in this study. As shown in the ﬁgure, the
top electrode connected to the AC power supply comprised
of multi-pins and the bottom ground electrode was a blank
plate electrode (pin-to-plate type). In order to operate the
discharge as a conventional DBD-type, the top electrode was
replaced by a blank plate electrode instead of the multi-pin
electrode. The size of the top electrode was 500 mm 
50 mm. On both electrodes, as shown in the ﬁgure, 3 mm
thick quartz plates were used as the dielectrics in an attempt
to limit the current ﬂow. The distance of the air gap between
the dielectrics of the electrodes was varied from 2 to 6 mm.
A voltage power supply of 3–15 kV (power capacity of
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) P ¼ 4fCd

Fig. 1. Schematic diagram of the atmospheric pressure plasma system
(pin-to-plate type) used in this study.

1
Vs ðVm  Vs Þ
1þ

where, f is the frequency of the AC power, Cd is the
capacitance of the dielectric material,  is Cg =Cd , and the
deﬁnitions of remaining parameters in the equation are
shown in Fig. 2.
As the gas to the system, 2.5 to 10 slm He was supplied as
the dilution gas to prevent a transition from a glow discharge
to micro-discharge, and 0 to 5 slm of oxygen was added to
the He as the process gas. A 2-mm-thick photoresist
patterned on the sodalime glass for a thin ﬁlm transistorliquid crystal display (TFT-LCD) was used to examine the
ashing properties of the photoresist. The photoresist etch rate
was measured using a step proﬁlometer (Tencor, Alpha Step
500). The density of the oxygen atoms in the plasma was
measured using optical emission spectroscopy (OES, SC
Tech., PCM-402). Field emission scanning electron microscopy (FE-SEM, Hitachi, S-4700) was used to observe
the remaining photoresist residue as well as the possible
physical damage to the Al–Nd metal lines on the real TFTLCD panel after the photoresist ashing using the atmospheric pressure plasma.
3.

Fig. 2. Electric circuit and Q–V Lissajou plot of the atmospheric pressure
plasma system (pin-to-plate type) used in this study.

1077

Results and Discussion

Figure 3 shows the eﬀect of the He ﬂow rates at a 3 slm of
oxygen ﬂow rate and the eﬀect of the oxygen ﬂow rates at a
10 slm of He ﬂow rate on the discharge current for the pinto-plate type and the conventional DBD-type atmospheric
pressure plasmas. The AC voltage was maintained at 10 kV
and the air gap between the two dielectrics was maintained
at 4 mm. As shown in the ﬁgure, in the case of the pin-toplate type, the increase in the He ﬂow rate from 0 to 10 slm
increased the discharge current. Indeed, when the He ﬂow
rate was lower than approximately 2 slm, micro-discharges
were observed and a stable glow discharges were observed
as the He ﬂow rate was increased. The increase in the

2 kW) with frequencies varying from 20–30 kHz was applied
to the top electrode as the AC power.
The voltage (ðtÞ) to the top power electrode was
measured using a high voltage probe (Tektonix, P-6015A)
and the current (iðtÞ) to the system was measured using a
current probe (Pearson Electronics, 6600), which was
located between the bottom electrode and the ground. In
order to observe the relationship between the voltage (ðtÞ)
and charge (QðtÞ), i.e., to obtain a Q–V Lissajou curve, as
shown in Fig. 2, a capacitor Cmeas with a 10 nF capacitance
was connected between the bottom electrode and the ground
during the power measurements, and, the power (P)
consumed in the plasma was calculated using the following
equation;
d
QðtÞ
dt
Z
Z
1 T
1 T
ðtÞ  iðtÞdt ¼
ðtÞ
P¼
T 0
T 0
Z
d
1 T
ðtÞdQ
 QðtÞdt ¼
dt
T 0

iðtÞ ¼

Fig. 3. Discharge current measured as a function of the He ﬂow rate at
3 slm of O2 and as a function of the O2 ﬂow rate at 10 slm of He for the
pin-to-plate type and the conventional DBD-type. The input AC voltage
and the air gap between the two dielectrics were maintained at 10 kV and
4 mm, respectively.
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discharge current with increasing He ﬂow rate appears to be
due to the formation of a stable glow discharge over the
entire electrode surface, which appears to be related to the
increase in the plasma density. The increase in the oxygen
ﬂow rate from 0 to 5 slm with a 10 slm He ﬂow rate
generally decreased the discharge current, as shown in the
Fig. 3. The decrease in the discharge current with the
increase in the oxygen ﬂow rate appears to be related to the
decrease in the number of electrons in the plasma as a result
of the formation of negative ions by the oxygen atoms and
molecules.
In the case of the DBD-type, the discharge current with
the increase in He ﬂow rate and oxygen ﬂow rates showed a
similar trend to those measured with the pin-to-plate type.
However, the discharge currents measured for the pin-toplate type were approximately 1.8 times higher than those
measured for the DBD type, and the discharge occurred at a
lower voltage for the pin-to-plate type. The lower discharge
voltage and the higher discharge current at the same voltage
for the pin-to-plate type appeared to be related to the easier
ionization for the pin-to-plate type. By replacing the planar
electrode surface of the DBD-type with a sharp multi pintype surface of the pin-to-plate type, a higher electric ﬁeld
can be obtained on the tip of the pins. Therefore, the plasma
can be generated at a lower voltage. Moreover, a higher
plasma density can be obtained at the same voltage than the
conventional DBD-type.
Figure 4 shows the eﬀect of the air gap distance between
the dielectrics of the electrodes at an input AC voltage of
10 kV and the eﬀect of the input AC voltage on the
discharge current at the air gap of 4 mm for the pin-to-plate
type discharge. The gas mixture used was He(10 slm)/
O2 (3 slm). As shown in the ﬁgure, at a ﬁxed AC voltage, the
increase in the air gap from 2 to 4 mm increased the
discharge current. However, a further increase in the gap to
6 mm decreased the discharge current. In the case of the AC
voltage, the increase in the AC voltage from 3 to 11 kV to
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the multi pin-type electrode at an air gap of 4 mm increased
the discharge current almost linearly. The increase in the
discharge current with an increase in the air gap from 2 to
4 mm appears to be related to the increase in the plasma
volume with the increase in the air gap. However, the
decrease in the discharge current with an air gap >4 mm
appears related to the localization of the discharge by
changing the discharge from a glow discharge to a
ﬁlamentary micro-discharge, as observed with the increase
in the gap. The increase in the discharge current with the
increase in the input AC voltage to 11 kV at a 4 mm air gap
appears related to the increased ionization of the plasma
without changing to a micro-discharge.
Figure 5(a) shows the etch rate of the photoresist, the
relative optical emission intensity of oxygen atoms, and
power consumption measured by a step proﬁlometer, OES,
and from the Q–V Lissajou plot, respectively, as a function

(a)

(b)
Fig. 4. Discharge current measured as a function of the input AC voltage
at an air gap of 4 mm and as a function of the air gap at an input AC
voltage of 10 kV for the pin-to-plate type and the conventional DBD-type.
The He ﬂow rate and O2 ﬂow rate were maintained at 10 slm and 3 slm,
respectively.

Fig. 5. Photoresist etch rate, oxygen atomic intensity, and power
consumption of the pin-to-plate type (solid) and the DBD-type (hollow)
(a) as a function of He ﬂow rate at 3 slm of O2 ﬂow rate and (b) as a
function of O2 ﬂow rate at 10 slm of He ﬂow rate for an input AC voltage
of 10 kV, and 4 mm of the air gap.
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of the He ﬂow rate from 2.5 to 10 slm for the pin-to-plate
type and a conventional DBD type. The oxygen ﬂow rate, air
gap distance, and the input AC voltage to the top electrode
were maintained at 3 slm, 4 mm, and 10 kV, respectively. As
shown in the ﬁgure, for the pin-to-plate type, an increase in
the He ﬂow rate from 2.5 to 10 slm to the system increased
the photoresist etch rate from 200 to 340 nm/min. The
oxygen atomic intensity measured by OES and the power
consumed in the plasma at a ﬁxed input AC voltage also
increased with the increase in the He ﬂow rate. Therefore,
the increase in the photoresist etch rate with the increase in
the He ﬂow rate appears to be related to the increase in the
oxygen atomic density in the plasma due to more power
consumption to the plasma at the ﬁxed AC voltage. The
increased power consumption with increasing He ﬂow rate
was related to the lower breakdown voltage and the increase
in the plasma-on time in the Q–V Lissajou plot (not shown).
This is due to the increased proportion of He in the He/O2
gas mixture with increasing He ﬂow rate because oxygen in
the gas mixture decreases the plasma density by consuming
electrons in the plasma. The power can also be consumed by
the dissociation of oxygen molecules by transferring the
energy of the excited He to the oxygen molecules. This
suggests that an increase in the He ﬂow rate will increase the
density of the excited He atoms having 19.7 eV14) and the
collision of excited He atom to oxygen molecules will easily
dissociate the oxygen molecule to atomic oxygen because
the binding energy of the oxygen molecule is 5.73 eV.15)
It is believed that penning dissociate ionization of oxygen
molecules by excited He (He þ O2 ! O þ Oþ þ He;
19.3 eV) can also occur. Therefore, the increase in the
oxygen emission intensity (777.5 nm) observed by OES with
the increase in the He ﬂow rate at an oxygen ﬂow rate of
3 slm appears to be related not only to the increased plasma
density but also to the increased number of oxygen atoms in
the plasma as a result of the increased dissociation of oxygen
molecules even though the percentage of oxygen in the
plasma decreased with increasing He ﬂow rate. Therefore,
the increased photoresist etch rate with increasing He ﬂow
rate appears to be related to the increased number of oxygen
atoms in the plasma.
In the case of the DBD-type, the photoresist etch rate, the
optical emission intensity of oxygen atoms, and the
consumed power increased with the increase in the He ﬂow
rate from 2.5 to 10 slm, which is similar to the case of the
pin-to-plate type. The diﬀerence was a lower photoresist
etch rate, a lower OES intensitie, and a lower power
consumption than those by the pin-to-plate type at the same
AC voltage. Due to the low consumption of the power at a
ﬁxed AC voltage, the plasma density was lower and the
oxygen atom density was lower. Therefore, the photoresist
etch rates was lower than those produced by the pin-to-plate
type. The measured maximum photoresist etch rate of the
DBD-type was approximately 260 nm/min at He(10 slm)/
O2 (3 slm) compared with 340 nm/min for the pin-to-plate
type at the same gas mixture.
Figure 5(b) shows the photoresist etch rate, the relative
optical emission intensity of oxygen atoms, and power
consumption as a function of the oxygen ﬂow rate from 0 to
5 slm for the pin-to-plate type and the conventional DBD
type. The He ﬂow rate, air gap distance, and the input AC
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voltage to the top electrode were maintained at 10 slm,
4 mm, and 10 kV, respectively. As shown in the ﬁgure, the
photoresist etch rate showed a maximum at an oxygen ﬂow
rate of 3 slm for both the pin-to-plate type and the DBDtype. However, the pin-to-plate showed the higher photoresist etch rates compared with the DBD-type, which is
similar to the case in Fig. 5(a). The calculated power
consumption also showed a similar trend to the photoresist
etch rates. In the case of the oxygen atomic intensity
measured by OES, it showed a maximum at an oxygen ﬂow
rate of 1 slm, and further increases in the oxygen ﬂow rate
decreased the oxygen atomic intensity. The small addition of
oxygen to He increases the photoresist etch rate by
increasing the oxygen atom density in the plasma. However,
the addition of oxygen decreases the plasma density due to
the formation of negative ions. Therefore, the decrease in the
photoresist etch rate by an oxygen ﬂow rate >3 slm appears
related to the decrease in the number of oxygen atoms in the
plasma, as shown in the ﬁgure. Indeed, when the oxygen
ﬂow rate was increased from 1 to 3 slm, the oxygen atomic
intensity was decreased while the photoresist etch rate and
the power consumption were increased. This might be
related to the formation of ozone as a result of the
recombination of oxygen atoms with oxygen molecules
due to the increased percentage of oxygen in the gas
mixture. Therefore, even though the oxygen atom density
was lower, the photoresist etch rate could be increased as a
result of an increased ozone level. However, the exact reason
for the increase in the photoresist etch rate with the decrease
in the oxygen atomic intensity requires further investigation.
As shown in the above ﬁgures, for all of the conditions
investigated at a ﬁxed AC voltage, the pin-to-plate type
showed a higher plasma density and higher processing rates
than the conventional DBD-type. Therefore, the photoresist
etching of a TFT-LCD substrate was performed using the
pin-to-plate type. Figure 6 shows SEM micrographs of a
TFT-LCD substrate (Mo/Al–Nd/glass) (a) before and (b)
after the photoresist etching using the pin-to-plate type
atmospheric pressure plasma. The etching condition was a
gas mixture of He(10 slm)/O2 (3 slm), an air gap distance of
4 mm, and an input AC voltage of 10 kV to have a 340 nm/
min of photoresist etch rate. Under these conditions, a bright
glow discharge was observed over a plasma source area of
500 mm  50 mm, and no physical damage was observed, as
shown in Fig. 6(b).
4.

Conclusions

In order to obtain a higher plasma density than that
obtained using the conventional DBD discharge, this study
used a modiﬁed DBD discharge, which has a multi-pin
electrode instead of a blank plate electrode, and its discharge
characteristics and photoresist etch rates were compared
with those produced by the conventional DBD-type discharge. The pin-to-plate type showed a lower breakdown
voltage, a longer plasma-on time, a higher discharge current,
and a higher power consumption at a given AC voltage with
various He/O2 mixtures. Therefore, the pin-to-plate type
appeared to be more eﬃcient and have a higher plasma
density than the conventional DBD-type. In addition, at a
given voltage, the photoresist etch rate was higher for the
pin-to-plate due to the higher rate of oxygen dissociation.
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340 nm/min could be obtained with the pin-to-plate type at
10 kV of AC voltage and a 4 mm air gap. When the
photoresist ashing was performed with a TFT-LCD substrate, no physical damage was observed on the metal lines
of the TFT-LCD devices when the above conditions were
used. Therefore, it is believed that the pin-to-plate type
discharge could be applied to the next generation of FPD
processing.
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