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In this study, the eﬀects of N2 ﬂow rate in the He/O2 /N2 gas mixture on the characteristics of a pin-to-plate dielectric barrier
discharge (DBD) having the size of 100 mm  1000 mm have been investigated for the application to ﬂat panel display
processing such as photoresist ashing. The pin-to-plate DBD showed about 70–120% higher photoresist ashing rate at the
same applied voltage compared to the conventional DBD. The addition of 3 slm of N2 to He(10 slm)/O2 (3 slm) showed the
highest photoresist ashing rate of about 580 nm/min for the pin-to-plate DBD at 12 kV of AC voltage. The increase of N2 ﬂow
rate in He/O2 gas mixture up to 3 slm appeared to increase the density of N2 þ ions and N2 metastables while the oxygen
atomic density appeared to decrease continuously. The increase of photoresist ashing rate with the increase of N2 ﬂow rate up
to 3 slm was related to the increase of the substrate surface temperature by the increased collision of N2 þ ions and N2
metastables with the substrate. [DOI: 10.1143/JJAP.44.L78]
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Currently, low pressure plasma processing is widely used
for semiconductor and ﬂat panel display industries in the
areas of etching, deposition, cleaning, etc.1–5) However, in
the case of the ﬂat panel display industries, due to the
extremely large size of the substrate, problems such as the
high cost of ownership of the plasma processing system, the
diﬃculty in the fabrication of the extremely large area
vacuum system, non-uniformity of the plasma, etc. are
encountered for the plasma processing of next generation
substrates. One of the possible solutions is to use atmospheric pressure plasmas that do not need costly vacuum
equipments and can process in-line without using a loadlock.
Also, due to the cost and environmental problems of wet
chemicals, wet cleaning processes are also considered to be
replaced by atmospheric pressure plasma cleaning.6–9)
Among the various atmospheric pressure plasmas, dielectric barrier discharge (DBD) which has dielectric plates on
one or both of the parallel electrodes is generally applied to
semiconductors and ﬂat panel displays because it is a glow
discharge-type that can have a uniform plasma over the
substrate area. However, the conventional DBD has a high
breakdown voltage (30 kV/cm at air) and a low plasma
density due to the high recombination rate at the atmospheric
pressure, therefore, it is diﬃcult to apply various major
plasma processing such as etching and deposition except for
surface treatment.10–14)
In this study, a modiﬁed DBD consisted of multi-pin
power electrode instead of planar power electrode (pin-toplate DBD) was used to generate high density plasmas at
low breakdown voltage and the eﬀects of N2 addition to He/
O2 on the characteristics of plasma and photoresist ashing
were investigated for the application to large area ﬂat panel
display processing.
Figure 1 shows the schematic diagram and electric
diagram (Q-V Lissarjou) of the system used in the experiment. The discharge system was composed of multi-pin top
powered electrode and blank ground electrode and both
electrodes were covered with 3 mm thick quartz plate. The

Fig. 1. (a) Schematic diagram of the atmospheric pressure plasma system
(pin-to-plate type) and (b) the Q-V Lissarjou curve (Q-V oscillographic
diagram) investigated in this study.

air gap between the electrodes was 4 mm. The size of
electrode was 100 mm length  1000 mm width for the
application to the ﬂat panel display. 12 kV of AC power (20–
30 kHz) was applied to the powered multi-pin electrode to
generate atmospheric pressure plasmas.
As the discharge gas, mixtures of 10 slm of He, 3 slm of
O2 , and 0 to 5 slm of N2 were used. The characteristics of the
atmospheric pressure plasmas were measured using a high
voltage probe (Tektronix P6015A), a current probe (Pearson
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e þ O2 ! O þ O

(1)6Þ

1 
e þ O2 ! e þ O2 ðA3 þ
u ; or B u ! e þ 2O

(2)6Þ

e þ Oþ
2 !OþO

(3)14Þ

Also, it was reported that, from the following reaction,
oxygen atoms in the plasma decrease the N2 metastables by
acting as the quencher of N2 metastables.
O(3 P) þ N2 (A3 uþ ) ! O(2 S) þ N2 (Xgþ )

(4)15Þ

The addition of N2 in He, however, increases the N2
metastables by the reaction with He metastables and, by the
reactions between the N2 metastables, plasma density is
increased from the following reactions;

Fig. 2. Q-V Lissajou curves of the discharges for the gas mixtures
of He(10 slm), He(10 slm)/O2 (3 slm), He(10 slm)/N2 (3 slm), and
He(10 slm)/O2 (3 slm)/N2 (3 slm) for the pin-to-plate type DBD having
the electrode size of 100 mm  1000 mm.

electronics 6600), and by investigating Q-V (charge-voltage)
Lissajou plot using a capacitor (Cmeas ¼ 0:45 mF) attached to
the circuit as shown in the ﬁgure. Species in the plasmas
were investigated using optical emission spectroscopy (OES,
SC Tech. PCM-420). To measure the photoresist ashing
rates, 1.4 mm thick photoresist covered amorphous silicon/
glass substrates were used and were positioned on the
dielectric plate of the ground electrode using an in-line roller
system.
Figure 2 shows the measured Q-V Lissajou curves of the
discharges for the gas mixtures of He(10 slm), He(10 slm)/
O2 (3 slm),
He(10 slm)/N2 (3 slm),
and
He(10 slm)/
O2 (3 slm)/N2 (3 slm) at 12 kV of AC voltage for the pin-toplate DBD. The capacitance of the discharge system
C C
(Coff ¼ CddþCgg ; capacitance of dielectric and air gap) obtained
during the plasma-oﬀ period for He(10 slm)/O2 (3 slm)
from the plot was about 280 pF and that during the
plasma-on period (Con ¼ Cd ; capacitance of dielectric) was
about 812 pF for He(10 slm), 764 pF for He(10 slm)/
O2 (3 slm), 844 pF for He(10 slm)/O2 (3 slm)/N2 (3 slm), and
897 pF for He(10 slm)/N2 (3 slm). Plasma breakdown voltages at 4 mm were about 5 kV and were similar for diﬀerent
gas mixtures, and the breakdown voltage was signiﬁcantly
lower than that by conventional DBD (about 6.3 kV). The
half period of plasma-on time for He(10 slm)/N2 (3 slm) was
about 0.960 ms; while that for He(10 slm)/O2 (3 slm) was
0.873 ms; and that for He(10 slm) was 0.929 ms;, therefore,
the plasma-on time during the AC period was increased by
the addition of N2 while the addition of O2 to He decreased
the plasma-on time.
The addition of O2 to He decreases plasma density by
electron attachment to oxygen (electron attachment probability; He 0, N2 0, O2 104 , O 103 ) even though oxygen
atom is required for ashing of photoresist by the dissociation
of oxygen molecules by the following reactions;

e þ N2 ! e þ N2 (A3 uþ , or a01 u )

(5)16Þ

N2 (a01 u ) þ N2 (A3 uþ , or a01 u ) ! Nþ
4 þe

(6)17Þ

þ
He þ N2 ! Nþ
2 (B2 u ) þ He þ e

(7)18Þ

The decrease of plasma-on time for the O2 addition and
the increase of plasma-on time for the N2 addition observed
in the Fig. 2, therefore, are believed to be related to the
decrease of plasma density by the electron attachment for the
O2 addition and the increase of N2 metastables and the
increase of plasma density for the N2 addition to He.
However, too high percentage of N2 in the He can cause the
increase of plasma breakdown voltage due to the high
breakdown voltage of N2 gases (the breakdown voltage/mm
relative to nitrogen N2 1, He 0.15, O2 0.92, air (ﬂat
electrode) 3.0, and Ar 0.18).
Figure 3 shows the eﬀect of N2 ﬂow rate in the
He(10 slm)/O2 (3 slm)/N2 (05 slm) gas mixture on the
relative optical emission intensities of He(706.5 nm),
O(777 nm), N2 þ (391 nm), N2 (337 nm), and NO(230
280 nm; NO system [A2 þ ! X 2 ]) measured by OES.
As shown in the ﬁgure, the increase of N2 gas ﬂow rate in

Fig. 3. Eﬀect of N2 ﬂow rate in the He(10 slm)/O2 (3 slm)/N2 (05 slm)
gas mixture on the relative optical emission intensities of He(706,5 nm),
O(777 nm), N2 þ (391 nm), N2 (337 nm), and NO(230280 nm; NO
system) measured by OES.
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the gas mixtures increased the emission intensities of N2 and
N2 þ until 3 slm of N2 was added and the further increase of
N2 did not change the intensities signiﬁcantly. In the case of
He and O, the increase of N2 in the gas mixture continuously
decreased the intensities from He and O. The increase of
emission peaks from N2 and N2 þ with the increase of N2
ﬂow rate up to 3 slm is related to the increase of N2
percentage in the gas mixture. Also, the decrease of emission
peaks from He and O is related to the decrease of He and O
percentage in the gas mixture with the increase of N2 ﬂow
rate. However, the saturation of the emission peaks of N2
and N2 þ appears related to the onset of ﬁlamentary
discharge due to the high N2 percentage in the gas mixture.
Too high N2 percentage in the gas mixture increases
breakdown voltage and increases temperature of the gases,
therefore, it appears to change from glow discharge to
ﬁlamentary discharge when N2 gas ﬂow rate is high enough.
In the OES, NO emission peak was also observed and the
peak intensity was increased with the increase of N2 ﬂow
rate. NO is formed by the following reactions;
N2 þ O ! NO þ N

(8)15Þ

N þ O2 ! NO þ O

(9)13Þ

Therefore, the decrease of oxygen atomic intensity with the
increase of N2 is also related to the consumption of oxygen
atoms and molecules by the formation of NO.
Figure 4 shows the eﬀects of N2 ﬂow rate in the
He(10 slm)/O2 (3 slm)/N2 (05 slm) gas mixture on the etch
rates of photoresist and discharge root-mean-square (rms)
currents at 12 kV of applied voltage. As a reference, the etch
rates and discharge currents of a conventional DBD was
included. The DBD was formed by replacing the multi-pin
power electrode with a blank plate electrode. As shown in
the ﬁgure, the etch rate of photoresist was increased
signiﬁcantly until 3 slm of N2 was added to the
He(10 slm)/O2 (3 slm), however, the further increase of N2
ﬂow rate decreased the photoresist etch rate slightly for both
the conventional DBD and pin-to-plate DBD. However, the

Fig. 4. Eﬀects of N2 ﬂow rate in the He(10 slm)/O2 (3 slm)/N2 (05 slm)
gas mixture on the etch rates of photoresist and discharge rms currents at
12 kV of applied voltage. As a reference, the etch rates and discharge
currents of a conventional DBD was included.

pin-to-plate DBD showed about 70–120% higher etch rate
compared to the conventional DBD for all of the conditions.
The highest photoresist etch rate obtained in this study was
about 580 nm/min at He(10 slm)/O2 (3 slm)/N2 (3 slm) with
12 kV of applied voltage for the pin-to-plate DBD. The
discharge current measured using a current probe also
showed the similar trend as the etch rates. When the
consumed power was calculated, the consumed power at a
ﬁxed voltage was about 40% higher for the pin-to-plate
DBD. Therefore, if the energy cost during the photoresist
etching is compared, the pin-to-plate DBD was more
eﬃcient compared to the conventional parallel plate DBD.
With increasing N2 ﬂow rate, the oxygen atomic density
was decreased due to the decrease of oxygen percentage in
the gas mixture and by the reaction of N with oxygen atoms
as mentioned above. Therefore, the increase of N2 ﬂow rate
did not increase oxygen atomic density which can react with
photoresist. However, the increase of N2 þ and N2 metastables with increasing N2 ﬂow rate up to 3 slm N2 shown in
Figure 3 can increase the substrate surface temperature by
the collision of the ions and metastables with the substrate.
In fact, when the substrate temperature was measured after
3 min of operation, with the increase of N2 from 0 to 3 slm,
the increase of substrate surface temperature from 50 C to
70 C could be observed by a thermometer. Therefore, the
increase of photoresist etch rate with increasing N2 ﬂow rate
up to 3 slm is believed to be related to the increased collision
of N2 þ ions and N2 metastables to the substrate due to the
higher N2 þ ion and N2 metastable densities. The similar
trend of current density with that of the etch rate also shows
the increased ion density and the increased collision of ions
to the substrate. The decrease of photoresist etch rate above
3 slm of N2 is also related to the decrease of N2 þ and N2
metastables due to the change of discharge from a glow
discharge to a ﬁlamentary discharge.
In summary, as the application to ﬂat panel display
processing such as photoresist ashing, the eﬀects of N2 ﬂow
rate in He/O2 /N2 gas mixtures on the characteristics of a
pin-to-plate DBD having the size of 100 mm  1000 mm
have been investigated. The addition of N2 of 3 slm to
He(10 slm)/O2 (3 slm) increased the plasma-on time possibly
due to the increase of N2 þ ions and N2 mestastables as
observed by the OES. However, the increase of N2 decreased the oxygen atomic density due to the decrease of oxygen
percentage in the gas mixture and due to the reaction of
oxygen with N2 . The addition of 3 slm of N2 to He(10 slm)/
O2 (3 slm) showed the highest photoresist ashing rate of
about 580 nm/min for the pin-to-plate DBD. The increase of
photoresist ashing rate with the increase of N2 ﬂow rate up to
3 slm was related to the increase of the substrate surface
temperature by the increased collision of N2 þ ions and N2
metastables with the substrate.
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