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Abstract Effects of oxygen addition and treating distance on cleaning organic contam-

inants on stationary and non-stationary (1–9 cm/s) ITO glass surfaces by a parallel-plate

nitrogen-based dielectric barrier discharge (DBD) are investigated experimentally; the

DBD is driven by a 60 kHz bipolar quasi-pulsed power source. The results show that two

regimes of favorable operating condition for improving the hydrophilic property of the

surface (reducing the contact angle from 84� to 25–30�) are found. The measured spatial

distribution of NO-c UV emission, O3 concentration and OES spectra are shown to

strongly correlate with the measured hydrophilic property. At the near jet downstream

locations (z \ 10 mm), the metastable N2ðA3
P þ

u Þ and photo-induced dissociation of

ozone play dominant roles in cleaning the ITO glass surface; while at the far jet down-

stream locations (z [ 10 mm), where the ratio of oxygen to nitrogen is lower, only the

long-lived metastable N2ðA3
P þ

u Þ plays a major role in cleaning the ITO glass surface.
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Introduction

Recently, atmospheric-pressure (AP) plasmas have attracted great attention [1–3], mainly

because of their distinct advantages compared to low-pressure plasmas. These advantages

include: 1) their relatively low cost since, there is no need to use expensive vacuum

equipment; and 2) the possibility for large-scale continuous in-line processing. Thus, a

thorough understanding of all aspects of AP plasmas is of critical importance, in terms of

both their fundamental physics and their practical applications.

One of the major disadvantages of AP plasma is the small distance between two

electrodes (order of mm) [4–6], which makes their application difficult and inflexible,

although it has been shown that thin foil can still be used directly in the discharge region

[7]. Thus, the use of the post-discharge jet region of atmospheric-pressure plasma may

possibly remove this difficulty, although the corresponding plasma is expected to be much

weaker than that in the discharge, or even to entirely disappear. However, use of the post-

discharge region can render the plasma source as a stand-alone module, which could be

very useful in practical applications [8, 9]. In addition, the parallel-plate type discharge,

although representing the simplest geometrical configuration, has the potential for appli-

cations that require large-area uniformity. In atmospheric-pressure applications, rare gases,

such as helium and argon, have generally been used [10, 11], dramatically increasing

operating costs. Thus, efficient use of cheaper gases, such as nitrogen or air, has become an

important issue in practical applications. Recently, Iwasaki et al. [12, 13] have shown that

the post-discharge region of a remote pulse nitrogen DBD added with *0–0.2% of oxygen

can be used for the surface cleaning of mobile ITO glass surfaces, and also that it can

dramatically increase the corresponding hydrophilic property. A kinetic mechanism was

proposed to elucidate the cleaning process of the nitrogen AP jet through the measured

concentrations of reactive species, which included reactive nitrogen species (NO) and

reactive oxygen species (O, O3), by the use of optical diagnostics. Note that in their study,

neither a detailed description of the pulsed power supply (e.g. voltage waveform and

discharge current) nor the quality of the discharge gases was provided. In addition, thus far,

no other study has systematically verified the results or investigated the effect of treating

distance (between the exit of the DBD and the surface to be cleaned), both of which are

important in practical applications. Thus, the major goal of this paper was to elucidate the

role of oxygen addition and treating distance together in the surface cleaning of an ITO

glass surface by a nitrogen-based AP plasma jet.

In the present study, we developed a parallel-plate nitrogen DBD operating under the

atmospheric-pressure condition and driven by a high-voltage bipolar quasi-pulsed power

supply (60 kHz). The nitrogen DBDs without, and with, the addition of traced oxygen were

then applied to clean stationary, and non-stationary, ITO glass using the post-discharge jet

region at different treating distances. Measurements of concentrations of several reactive

species at various spatial locations under different levels of oxygen addition to nitrogen

were then used to elucidate the cleaning process.

Experimental Methods

The current AP plasma consisted of two parallel copper electrodes (50 9 50 9 8 mm

each) with an embedded cooling water system (see Fig. 1). Each of the electrodes was

covered with a 70 9 70 9 1 mm quartz plate. The distance between the two quartz plates

was fixed at 1 mm throughout the study. This DBD assembly was powered by a quasi-

554 Plasma Chem Plasma Process (2010) 30:553–563

123



pulsed bipolar power supply (Model Genius-2, EN technologies Inc.) at frequencies of

20–60 kHz. Input voltage and output current waveform across the electrodes of the par-

allel-plate discharge were measured by a high-voltage probe (Tektronix P6015A) and a

Rogowski coil (IPC CM-100-MG, Ion Physics Corporation Inc.), respectively, through a

digital oscilloscope (Tektronix TDS1012B). The measured applied voltage and discharge

current as a function of time are shown in Fig. 2, in which the pulse width is about 3 ls and

the discharge current shows a typical filamentary type of DBD. Plasma power absorption

was measured by the technique of ‘‘Lissajous figure’’ (Q–V characteristics) [14] using a

capacitor with a capacitance of Cm = 6.8 nF and a voltage probe (Tektronix P2220).

Discharge gas, which included pure nitrogen (99.99%), and mixtures of gases with 0.004–

1% of oxygen in nitrogen, flowed from the top to the bottom between the parallel plates.

The flow rates were controlled by manually adjustable flowmeters. The spectral optical

emission intensities of the APPJ were measured using a monochromator (PI Acton SP

2500) with a Photomultiplier tube (Hamamatsu R928), which was mounted on a mobile 3-

D table. The concentrations of O3 were measured using an ozone monitor (API Model

450). The surface chemical composition of the ITO glass before and after application of the

AP plasma jet was measured using an X-ray photoelectron spectrometer (PHI Quantera

SXM, Scanning Monochromated Aluminum anode, chamber pressure below 5 9

10-10 torr). The AFM images for measuring the roughness of the sample surface were

obtained using a Veeco Dimension 5000 Scanning Probe Microscope (D5000). For the

clarity of presentation, all of the results presented in this paper were performed under the

conditions of 60 kHz (power supply), 50 SLM (flow rate) and 175 W (plasma absorbed
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Fig. 1 Schematic sketch of a planar DBD APPJ
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power). In addition, the gas temperatures (measured by K-type thermocouple) in the jet

region (z = 2–20 mm) were generally low, in the range of 50–80�C under the typical

operating condition, which was safe for ITO glass cleaning and other applications.

For the surface treatment of ITO glass, the distance between the bottom edge of the

planar DBD and the ITO glass was varied in the range of z = 2–20 mm. Note that ‘‘z’’

denotes the coordinate in the downstream direction measured from the bottom edge of the

DBD assembly. The ITO glass was either stationary or transported by a pre-programmed

non-stationary stage. The data on the contact angle for the stationary case presented here

were obtained after 5 s of plasma jet stream impinging onto a stationary ITO glass. The

non-stationary speed of the ITO glass passing the DBD jet was in the range of 1–9 cm/s.

The hydrophilic property (contact angle) of the glass surface was then measured using a

contact angle machine (KR}USS GH100) with a 2 lL drop of de-ionized water placed on

the glass surface using a micropipette.

Results and Discussion

Figure 3 shows the measured contact angle (CA) of the stationary ITO glass surface after

the plasma jet treatment, as a function of both the downstream distance and the ratio of

O2–N2 (%). The contact angle before plasma treatment was 84�. The results show that

there existed two distinct regimes with lower CAs in the range of 20–30�. The first one was

the regime with an oxygen addition of less than 0.05% and a treating distance in the range

of 6–16 mm. The second one was the regime with an oxygen addition larger than 0.06%

and a treating distance in the range of 2–10 mm. Measured CAs in both regimes were less

than 30� in general; for some conditions in the first regime, they were well below 25�,
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demonstrating that this post-discharge jet region could be used to effectively improve the

hydrophilic property of ITO glass by adding trace amounts of oxygen. Table 1 summarizes

the measured chemical composition of the ITO glass surface using XPS analysis and the

measured CAs after plasma jet treatment. Clearly, the O/C ratio increased dramatically

from 1.16 (untreated) to 2.95–2.96 (z = 10 mm for pure nitrogen and 0.06% oxygen

cases), which was similar to the result in [15]. This meant that some carbon atoms were

effectively removed by the plasma jet, which can be explained by considering the mea-

sured concentrations of O3, UV emission (e.g., 236.6 nm, NO-c) and other OES spectra in

the jet region, which are described next.

Figure 4a, b show the measured contact angles (CA) of the ITO glass surface after pure

N2 and 0.04% O2/N2 plasma jet treatment for the non-stationary case (1–9 cm/s) as a

function of downstream distance, respectively. The measured contact angle generally

increased with increased non-stationary speed at the fixed downstream distance from the

jet exit, which meant that the hydrophilic property deteriorated because of the reduced

effective treatment time. However, the range of smaller contact angles for the 0.04% O2/N2
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Fig. 3 Measured contact angle of ITO glass surface (stationary) as functions of z coordinate and O2/N2 (%)
after 5 s of plasma jet treatment (60 kHz, 50 SLM, 175 W)

Table 1 Chemical composition of the ITO glass after planar-DBD APPJ treatment

O2/N2 (%) z (mm) Speed
(cm/s)

Exposure
time (s)

Contact
angle (�)

C (%) N (%) O (%) In (%) Sn (%) O/C

0 4 0 5 37 30.29 5.04 42.47 20.09 2.11 1.4

0 10 0 5 20 17.47 0.89 51.69 27.05 2.90 2.96

0.06 4 0 5 29 18.83 1.18 49.55 27.18 3.26 2.63

0.06 10 0 5 22 17.38 0.74 51.29 27.65 2.93 2.95

Untreated ITO 84 33.83 0.63 39.38 23.50 2.66 1.16
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plasma jet treatment was obviously wider than that of the pure N2 one; this shows that the

addition of a trace amount of oxygen produced a wider operating window. These results are

explained below.

Figures 5 and 6 show the concentrations of O3 and typical NO-c UV emission

(236.6 nm, photon energy: 5.2 eV), respectively, as a function of downstream distance and

O2/N2 (%) in the plasma jet region. The resolution distance of the measurement of O3

concentration distribution and NO-c UV distribution was 2 mm. The distributions of O3

show a maximal value at the downstream location of z & 10 mm for various ratios of

O2/N2. In addition, the UV emission was very strong in the near jet region (z up to 10 mm),

especially when O2/N2 & 0.05%. It is well known that ozone can effectively absorb UV

emissions in the range of 220–280 nm [16]. Thus, an appreciable amount of oxygen

radicals O3 þ ht! Oð3PÞ þ O2½ � could be generated in the near jet region (z \ 10 mm).

Note that the NO-c UV emission was probably caused by the collision of ground NO
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species produced in the discharge with the abundant and long-lived metastable N2

N2ðA3
P þ

u Þ
� �

in a nitrogen-based discharge [13]. Higher intensity NO-c UV emissions did

not signify a higher amount of ground NO species since it was also proportional to the

amount of metastable N2, which was strongly dependent on the amount of oxygen addition
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Fig. 5 Distributions of O3 concentration as functions of downstream distance and O2/N2 (%) in post-
discharge region (60 kHz, 50 SLM, 175 W)
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and downstream location in the plasma jet. Another possible mechanism for improving the

hydrophilic property caused by the existence of metastable N2 N2ðA3
P þ

u Þ
� �

is described

next.

Figure 7a, b show the measured optical emission spectra in the range of 180–900 nm in

the post-discharge region. In the discharge region, the addition of 0.06% O2 reduced the

production of N2 C3
Q

uð Þ N2 þ e! N2 C3
Q

uð Þ þ e½ � because of reduced electron num-

ber density due to high electron affinity of oxygen. Hence, in the post-discharge region, the

emission line intensity for the N2 2nd positive N2 C3
Q

uð Þ ! N2 B3
Q

g

� �
þ ht ð337:1 nmÞ

� �

decreased accordingly (Fig. 7a). However, the addition of 0.06% O2 increased the amount of

ground-state NO and thus NO A2
P þð Þ and NO B2
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and NOþ N2 A3
P þ

u

� �
! NO B2

Q
ð Þ

�
. Hence, in the post-discharge region, the NO-c, the

NO-b and the N2 1st positive (Lewis-Rayleigh afterglow) emission line intensities increased

through NO A2
P þð Þ ! NOþ ht ð180� 260nmÞ½ �, NO B2

Q
ð Þ ! NOþ½ ht ð260�

380 nmÞ � and N þ N þ N2 ! N2 B3
Q

g

� ��
and N2 B3

Q
g

� �
! N2 A3

P þ
u

� �
þht ð580 nmÞ �,

respectively. In the above, the increase of N2 1st positive line intensity (580 nm) is mainly

caused by the increase of N atoms through the reaction channels in the discharge region such

as eþ N2 ! N2ða01
P �

u Þ þ e and N2ða01
P �

u Þ þ NO! N þ Oþ N2 with 0.06% addition

of O2. As more O2 was added, all line emission intensities decreased because of reduced

plasma (thus, electron) intensity in the discharge region [17–21].

These data show that the amount of metastable nitrogen decreased rapidly with the

addition of too much oxygen, since oxygen is an electronegative gas which has a very

strong electron affinity. However, the quantitative reason for observing the maximal

amount of the 1st positive N2 at O2/N2 = 0.06% is still unknown and deserves further

investigation. Note that the metastable N2 N2ðA3
P þ

u Þ
� �

energy state is 6.2 eV above the

ground state and its lifetime is *13 s [22]. It is very reactive towards saturated hydro-

carbons and can transfer about 6.2 eV efficiently to these molecules to generate disso-

ciative triplet states that break C–H bonds (4.2 eV) and C–C bonds (3.8 eV) [23, 24]. This

effect may have been especially important in improving the hydrophilic property of ITO

glass at the far downstream locations where the amount of O2/N2 was very small (e.g.,

0.05–0.06%), and the amount of ozone was also very small (see Fig. 3).

In the first regime (nearly pure nitrogen plasma jet), as indicated in Fig. 3, at the exit of

the DBD, the NO-c UV emission was relatively appreciable (see Fig. 6) since the meta-

stable N2ðA3
P þ

u Þ in the early portion of the plasma jet was still abundant, although the

NO concentration would be low under this condition. Note that the residence time of the N2

N2ðA3
P þ

u Þ
� �

species for the current test condition was 0.1 ms up to z = 16 mm, which

was much shorter than its lifetime (*13 s). Although the amount of NO-c UV emission

decreased rapidly in the downstream direction (because of ambient quenching of the NO

and the short-lived excited N2ðB3
Q

gÞ), the amount of the long-lived metastable

N2ðA3
P þ

u Þ was still high enough to transfer energy effectively to break the C–H and C–C

bonds of the organic compounds on the ITO glass surface.

In the second regime, as indicated in Fig. 3, at the exit of the DBD, NO-c UV emission

peaked at*0.05% of oxygen addition and then dropped rapidly due to the quenching of

increased oxygen addition (reduced metastable N2 species), as shown in Fig. 6. In this peak

region near the DBD exit, a high intensity of NO-c UV emission produced better surface

cleaning because of more atomic oxygen O produced following the reaction path

O3 þ ht! Oð3PÞ þ O2ð Þ, and the abundant metastable N2 N2ðA3
P þ

u Þ
� �

transferred

energy to break bonds such as C–C (3.8 eV) and C–H (4.2 eV). As more oxygen was

added (e.g., 1%), the amount of atomic oxygen decreased accordingly (see Fig. 6) because

the NO-c UV emission was much lower than in the first regime. However, in the further

downstream location after z = 10 mm, the NO-c UV emission was reduced to a very small

amount, as atomic oxygen O could not be produced effectively; the long-lived N2

N2ðA3
P þ

u Þ
� �

then played a key role in surface cleaning, although the CA increased

rapidly after this point.

Table 2 summarizes the typical roughness data of stationary ITO glass under various

test conditions after surface treatment using the pure N2 and O2/N2 (0.1%) discharge jet

with different distances. Note that the RMS roughness data were taken from a 2 lm by

2 lm section. All RMS roughness was in the range of 0.53–0.69 nm, signifying that the

application of APPJ did not significantly modify the surface morphology. APPJ only acted
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to remove the attached organic contaminants, which was important for this type of

application.

Conclusion

In the current study, a planar DBD APPJ driven by a quasi-pulsed bipolar power supply

(60 kHz) was developed and used to clean ITO glass using the post-discharge jet region.

Results showed that there existed two distinct regimes having lower CAs in the range of

20–30�. Possible mechanisms of surface cleaning have been presented; they took into

account the spatial distribution of O3, NO-c UV emission and OES spectra. For ITO

cleaning mechanisms, in the near jet downstream location (z \ 10 mm), both the meta-

stable N2 N2ðA3
P þ

u Þ
� �

and ozone photo-induced dissociation played dominant roles in

cleaning ITO glass, although their relative importance was unclear and requires further

investigation. In the far jet downstream location (z [ 10 mm), when the ratio of O2/N2 was

small, only the long-lived metastable N2 N2ðA3
P þ

u Þ
� �

played a major role in cleaning ITO

glass. One final note on using nitrogen as the discharge gas is that nitrogen was easily

recycled to a high purity ([99%) using a ceramic membrane [25].
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