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A microwave excited atmospheric pressure plasma source was manufactured and a cleaning experiment
involving a stainless steel plate contaminated with organic oil was conducted, while considering the radical
density in the Ar, Ar–O2, and Ar–H2O plasma. The most notable cleaning effect was confirmed when the
plasma contained water molecules. While the existence of a unique spatial distribution of OH radical was
demonstrated, the relevance of the cleaning effect and radical density was confirmed. The radical density
distribution was examined by numerical computation using the experimentally obtained plasma parameter.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Atmospheric pressure microwave induced plasmas have been used
for years to excite and ionize species for elemental analysis [1], for
plasma reforming [2], and for plasma surface treatment [3]. Microwave
plasma differs significantly from other plasmas and has several
interesting properties. For example, the electron density is higher in
microwave plasma than in radio-frequency (RF) or direct current (DC)
plasma. Several types of radical species with high density are generated
under high electron density circumstance, so the reactivity of
microwave plasma is expected to be very high. Therefore, useful
applications of atmospheric pressure microwave plasmas are expected.

One useful application of the atmospheric pressure stable plasma is
plasma cleaning. Precision cleaning is often necessary in the manufac-
ture of electronic components. The cleaning process is important to the
reliability and lifetime of the devices. Conventionally, cleaning has been
performed by chlorofluorocarbon alternatives or organic solvents,
referred to as wet processes.

These wet processes have several problems from the viewpoint of
environmental friendliness. The Montreal protocol on substances that
deplete the ozone layer went into effect in 1989. This protocol requires
the cessation of the use of chlorofluorocarbon alternatives by 2020.
Moreover, theuseof organic solventsmay cause environmental pollution
due to volatile organic compounds (VOCs), and the disposal of waste
solution incurs significant expense. As a result, the development of a
plasma cleaning technique with a low environmental impact is desired.
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Wehave attempted to develop a stablemicrowave plasma source that
operates at atmospheric pressure. The basic characteristics of the plasma
generatedwith this apparatus, such as electron temperature and electron
density axial profile, gas temperature axial profile, and information on
several radicals have been investigated [4]. The following interesting
characteristics were confirmed. When the mixture gas containing H2O
was used as plasma gas, the existence of a unique OH radical density
spatial profile was observed. In this OH radical density profile, a radical
densityhigher than thedischarge regionexistsdownstreamof theplasma.
Since a sample is put on the plasma downstream in plasma cleaning, such
a radical profile is favorable. Hydroxyl radicals, OH, are highly reactive and
have the highest oxidizability in active oxygen and so are very important
in oxidation decomposition of organic compounds. Based on these
experimental results, this plasma apparatus is expected to be very useful
for plasma cleaning.

The present paper describes the fundamental experimental data of
the plasma cleaning experiment of the metal surface contaminated by
organic contaminantsusing theatmosphericpressuremicrowaveplasma
source. Theexperimental resultswerediscussed fromthepoint of viewof
the radical's behavior, which significantly affects the cleaning mecha-
nism. In particular, the effect of plasma gas on the cleaning performance
was investigated. This basic research appears to contribute greatly to the
development of the plasma cleaning technologies.

2. Experimental detail

2.1. Plasma source

Microwave power (2.45 GHz, 0–1.5 kW) is generated by a
magnetron and is supplied to a discharge tube through a rectangular
wave guide. A schematic diagram of the plasma source, which we
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Fig. 1. Schematic diagram of the atmospheric pressure plasma source.
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designed, is shown in Fig. 1. The plasma source consists of a tapered
wave guide that concentrates microwave power into a small volume
of quartz discharge tube with a 10 mm inner diameter. Plasma gas
was introduced from two directions, namely, the axial direction and
the tangential direction of the cylindrical discharge tube. The gas flow
in the tangential direction causes a swirling flow along the inner wall
of the quartz tube, and protects the quartz tube from thermal damage
due to the high-temperature plasma gas.

Ar, Ar–O2, and Ar–H2O mixture gas were employed as plasma
gases. In the case of Ar–H2O mixture gas, Ar gas bubbling of the
temperature-controlled water in a flask supplies H2O vapor to the
plasma gas. The temperature of the water controls the H2O mixture
ratio. Ar gas is used tomaintain theplasma in a stable state. Theflowrate
wasmeasured by aflowmeter. A typical Ar gasflowrate is 10 l/min, and
the H2O vapor flow rate is 0.7–1.8 l/min. Typical microwave power is
120–250W.

2.2. Plasma parameter measurement

The fundamental parameters of the generated plasma were
measured by a spectroscopic method because these parameters are
very important in order to understand the nature of the generated
plasma. A Hamamatsu Photonics K.K. Photonic Multichannel Analyzer
PAM-50 and a Nikon K.K. P-250 monochromater were used in the
experiment. The PMA-50 is a multi-channel spectrophotometer con-
sisting of a polychrometer, a multi-channel photodetector, a controller,
and a data analyzer.

The electron density is derived from the Stark broadening of the ArI
425.9 nm line. In the Stark broadening experiment, the P-250 with a
comparatively high resolution was used. The total measured broad-
ening of a spectral line consists mainly of four parts: Stark broadening,
Doppler broadening, van der Waals broadening and instrumental
broadening. For the microwave system considered herein, the heavy
particle temperature Tg is lower than 6000 K. The Doppler broadening
of the ArI 425.9 nm line is less than 0.004 nm, which is small in
comparisonwith themeasured line broadening of the order of 0.1 nm.
The van der Waals broadening is about 0.013 nm, which is small in
comparison with the Stark broadening. The instrumental broadening
depends on the entrance slit of the spectrometer.With an entrance slit
width of 10 μm, the ArI 425.9 nm emission line of the low-pressure,
low-current discharge tube, the emission line of which does not
appear to include the Stark broadening, is observed to determine the
instrumental broadening. The line broadening of the Stark effect is
determined considering this instrumental broadening, and the
electron density is derived using the data of Ref. [6].

The electron temperature is derived from the relative intensity of
the ArI 430 nm line to its neighboring continuum [7]. This line is well
isolated and has a strong continuum background. Using the common
assumption that the population density of the upper energy level of
ArI 430 nm is in equilibrium with the electron temperature, and the
intensity ratio of the ArI 430 nm line to its neighboring continuum is
determined by the electron temperature Te.

The gas temperature is generally close to the rotational temperature
of a diatomic gas. Therefore, we measure the rotational temperature
of OH radicals. OH rotational temperature was estimated using
OH [A2∑+−X2Π−(v′, v″)=(0, 0)] emission in the plasma. The exper-
imental spectra are compared with synthetic spectra calculated from
accurate experimental data of lines of intensity IJ′J″(3000) of Lyman and
that obtained by Dieke and Crosswhite at 3000 K for the rotational
band OH [8]. Using their results and Eq. (1), we can calculate the
relative intensity of each rotational line IJ′J″ (Trot) through the following
expression:

IJ0 J00 ðTrotÞ = IJ 0 J 00 ð3000Þ exp − Fv 0 ð J 0Þð3000−TrotÞ
3000Trot

� �
×

Q rot;v 0 ð3000Þ
Q rot;v 0 ðTrotÞ

ð1Þ

where Fv′(J′) is the energy of the upper rotational level J′ andQ rot,v′(Trot)
is the rotational partition function of the upper vibrational level v′. Note
that only the shape of different rotational spectra as a function of Trot is
relevant in the present study. The term Q rot,v′ (3000)/Q rot,v′(Trot) is the
same for all rotational lines issued to the upper vibrational level v′. From
this point of view, this term is normalized to 1 in the evaluation of
expression (1). The shapes of the syntheticOH spectra vary as a function
of temperature due to the variation in the Boltzmann population of the
energy levels.

2.3. Radical density measurement

Chemical reactions of radicals and contaminants are an important
cleaningprocess in atmospheric pressure plasma cleaning. Spontaneous
emission spectrum intensity wasmeasured as a measure of the relative
density variation of various radicals in the plasma. A Multichannel
Analyzer PAM-50was used in the experiment.We can observe the axial
direction variation of emission intensity usingmovable optical fiber and
this measurement system.

We used another radical density measurement method for oxygen
radical. This method is called the catalytic probe method [4]. A
measurement principle is themethod of computing the absolute value
of an oxygen radical by measuring the temperature increase of
platinum by the energy released in the case of the recombination of
the oxygen radical on the surface of platinum. This method has a
special feature, whereby the absolute value of the oxygen radical can
be measured. In our experiment, the platinum wire of the hairpin
curve with 0.05 mm diameter and 6 mm length was used as a probe.
The temperature change of the Pt wire was detected by the change in
electric resistance of the wire. An Advantest Corporation direct-
current-voltage generator TR-6243 was used for the electric resis-
tance measurement.

2.4. Preparation of the sample

A stainless steel (SUS304) disc (outside diameter: 25 mm,
thickness: 1 mm) was used as an object for cleaning. Cooking oil,
which contains diacylglycerol as a principal component, was used as a
contaminant. This oil is a product of the Kao Corporation and is sold
under the trade name “Econa”.



Fig. 3. Microwave power dependence of electron density Ne at the center of the
waveguide. Ar: 15 l/min, H2O: 0.7 l/min mixture gas.
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The liquid was a mixture of 0.25 ml of the above-mentioned oil
and 50 ml of acetone, and an ultrasonically cleaned stainless steel disc
was dipped in the liquid. This disc was then seasoned naturally for
10 min in air. The acetone component was volatilized, and the
stainless steel disc surface was covered with a thin oil film. A stainless
steel disc prepared in this manner was used as the sample.

2.5. Evaluation method of the treated surface

A sample subjected to the plasma cleaning treatment was evaluated
by two methods. One method is water contact angle measurement.
Generally, on a clean solid surface, the surface free energy increases, and
the water contact angle decreases. When a tiny drop of water is placed
on the solid surface, the water contact angle is the angle formed by the
solid surface and the atmosphere side surface of the droplet. This
method is often used to evaluate the cleanliness of a solid surface.

An XPS analysis of the sample surfacewas also performed. A thin film
may be formed on the substrate surface by the radical irradiation from
the plasma depending on the type of contaminant. A wrong judgment
may be made when this thin film shows hydrophilic nature. Although
measurement of water contact angle can be carried out easily, surface
cleanliness cannot be judged only with this. In XPS measurement,
judgment of surface cleanliness can be performed based on whether the
spectrum of the substrate constitution material is sufficiently observed
simultaneously with the decrease in the intensity of the spectrum of the
contaminant. Two measurement methods were used together for these
reasons.

3. Results and discussion

3.1. Plasma parameters of the generated plasma

Typical axial variation of the electron temperature Te and the gas
temperature Tg is shown in Fig. 2. The electron temperature is
approximately 13,000 K and decreases slightly at the center of the
plasma.Moreover, Te showsa tendency to increasedownstream. The gas
temperature is approximately 2500 K and shows a tendency to increase
downstream.

We used the spectroscopic measurement method in the experi-
ment, so Te and Tg correspond to the value of the part that is emitting
light, and the value of the part that is not emitting light cannot be
measured. That is, although this figure shows the temperature of the
main parts of the plasma, the downstream part of the plasma, at
which temperature falls, cannot be shown because of the constraints
of the measurement method.

Fig. 3 shows the microwave power dependence of the electron
density Ne at the center of the plasma. Ne increases with increasing
microwave power. The wavelength resolution of the spectral system
Fig. 2. Typical experimentally obtained electron temperature Te and gas temperature
Tg. Ar: 15 l/min, H2O: 0.7 l/min mixture gas. Microwave power: 250 W.
used for the experiment is not high enough. Therefore, measurement
of axial direction distribution of electron density was not able to be
carried out by the Stark broadening measurement. However, the
approximate value of axial direction distribution of electron density
can be estimated in consideration of the variation of electron
temperature (Fig. 2), and the variation of the emission line intensity
of argon atoms (Fig. 6(a)). If electron temperature varies from
11,000 K to 14,000 K, the electron impact excitation rate coefficient to
the upper level of Ar will vary about 50%. This result was used for
calculation of axial direction distribution of a radical density.

3.2. Water contact angle of the treated surface

Fig. 4 shows the results of water contact angle measurement for
Ar–O2 mixture gas plasma. The distance from the waveguide center
was changed, and a cleaning experiment was conducted. Since the
sample temperature became high at a distance of 4 cm or less and the
thermal effect became large, the cleaning experiment was not
conducted in this region. The temperature of the stainless steel
sample was 135 °C at 4.5 cm. Near the plasma source, since the
oxygen radical density that acts on contaminant clearance is high, the
water contact angle is low. On the other hand, the water contact angle
increases at locations that are separate from the plasma source.
Moreover, if the microwave power is high, cleaning is also performed
at locations far from the plasma source. The water contact angle of the
sample before plasma treatment was 68°.

Fig. 5 shows results of water contact angle measurement for pure
Ar, Ar–O2 mixture gas, and Ar–H2O mixture gas. In the case of argon
Fig. 4. Water contact angle measurement for various microwave powers. Plasma gas:
Ar–O2 mixture gas, Ar: 10 l/min, O2: 0.7 l/min. Treatment time: 30 s.



Fig. 5. Plasma cleaning experiment for Ar, Ar–O2, and Ar–H2O mixture gas plasma. Ar:
15 l/min, O2: 0.7 l/min, H2O: 0.7 l/min. Microwave power: 250 W.

Fig. 6. (a) Experimentally obtained axial profiles of emission intensity of O and Ar atom.
(b) Numerically calculatedmajor constituent species in Ar–O2mixture gas plasma using
experimentally obtained electron temperature, electron density, and gas temperature.

Fig. 7. Oxygen radical density profiles for various microwave powers in Ar–O2 mixture
gas plasma using the catalytic probe.
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gas, there is least a reduction of the contact angle. In the case of argon
plasma, this is considered to be because the chemically active species,
which is useful for cleaning, is not generated. Although a reduction of
the large contact angle in the case of Ar–O2 mixture gas was also
observed, in the case of the Ar–H2O mixture gas, reduction of the
largest contact angle was observed.

Generally the lowering of a water contact angle can consider
adhesion in the solid surface of a hydrophilic functional group, and the
increase in solid surface free energy by cleaning. In this experiment,
strict explanationwaits for future investigation. However, contact angle
measurement in this experiment was carried out several minutes after
plasma treatment. Therefore, it is thought that there is little effect of
attachment of a short-life OH radical.Moreover, since the iron spectrum
of a sample substrate is strongly observed after plasma irradiation as
shown in the Section 3.4, it is thought that removable of the
contaminant was carried out from the substrate face.

Good detergency was observed because the strong OH radical of
the oxidizing power existed in the plasma when Ar–H2O mixture gas
was used as plasma gas. However, since reactivity is generally high, the
OH radical is said to disappear immediately, even if generated in the
plasma. Does such OH radical contribute to the cleaning action in the
downstream plasma? In the following section, the experimental result
for the axial distribution of the OH radical is shown. Furthermore, the
axial distribution of the OH radical was investigated by numerical
computation. The cleaning effect by OH radical is investigated through
these experiments and through theoretical examination.

3.3. Radical density axial profile

Fig. 6(a) shows the axial variation of the emission intensity of O
777.4 nm (3p-3s) and Ar 430.0 nm (5p-4s) in the Ar–O2 mixture gas
plasma. Since electron temperature is almost constant in the plasma, as
shown in Fig. 2, it is thought that the Ar line intensity roughly expresses
the electrondensity. Therefore, theelectrondensity takes amaximumin
the central part of the waveguide and is reduced at both ends along the
axis of the discharge tube. On the other hand, the emission intensity
profile of the O radical resembles that of Ar. Therefore, it is thought that
the profile of the oxygen radical is almost constant in the plasma.

The oxygen radical density profile was calculated by a one-
dimensional model using the measured electron temperature and
density in the Ar–O2 flowing mixture gas plasma [9]. The experimen-
tally obtained gas temperature profilewas also used in this calculation.
In this calculation, Ar, Ar metastable atom, O2, O3, O, O metastable
atom, and O2 metastable molecule were considered to be neutral
species, and Ar+, Ar2+, O+, and O2

+were considered to be ionic species.
Oxygen negative ion was not considered because the gas temperature
is high. Therefore, the negative ion density is expected to be low. Fig. 6
(b) shows the calculated result. In the plasma central part, the oxygen
radical density profile has an almost flat characteristics and decreases
rapidly in the upper part and downstream part of the discharge tube.
The maximum oxygen radical density is 2:6 × 1018cm−3 at the center
of the discharge tube.

Fig. 7 shows the oxygen radical density as measured using the Pt
catalytic probe [4]. At 4 cm to 8 cm from the plasma central part, the
oxygen radical density varies in the range of 3 × 1016cm−3–1:2 ×
1015cm−3. The oxygen radical density decreases rapidly with the



Fig. 8. Experimentally obtained emission intensity axial profiles for Ar–H2O mixture
plasma. There is a large peak of OH radical downstream of the plasma.
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increase in the distance from theplasma central part. The increase in the
contact angle and the decrease in the radical density correspondwell, as
compared with the measurement results of the contact angle of Fig. 4.
Thus, in the cleaning of the organic contamination object, the oxygen
radical plays an important role. Moreover, the profile of the oxygen
radical is also in agreement with the calculation result of Fig. 6(b).

Fig. 8 shows the emission intensity profile of OH, H, O, and Ar for
Ar–H2O mixture gas plasma. Intensity profiles of H, O, and Ar are
maximum at the center of the waveguide. However, the intensity
profile of OH has a double peak, as shown in Fig. 8. Note that a very
large peak exists in the plasma downstream. Since the radiated light
intensity of argon roughly expresses the electron density profile, a
rather high-density OH radical will exist in the plasma downstream. If
the distribution of such OH radical is taken into consideration, we can
understand the effectiveness of Ar–H2O plasma in the cleaning of the
contaminant, as shown in Fig. 5.

In order to elucidate the distribution of such unique OH radical,
numerical computation of the Ar–H2O plasma was performed using
the experimental value of the plasma parameter, as in the case of Ar–
O2 plasma described previously [9]. The typical calculated result is
shown in Fig. 9 [5]. O and H are maximal in the plasma central part.
Although the OH in question is not so remarkable as an experimental
value, it also has a double peak. Why does such a distribution occur?
According to the calculation result, H2O is almost dissociated in the
plasma central part, and the density is very low. Since the electron
density is high, 4 × 1015cm−3, in the plasma central part, as shown
above, the electron collision dissociative reaction of molecular gas was
carried out actively. When the calculation progress is analyzed in
Fig. 9. Numerically calculated major constituent species in Ar–H2O mixture gas plasma
using experimentallyobtained electron temperature, electrondensity, and gas temperature.
detail, a peak appears in the neighborhood of the OH radical, and the
main generation processes of OH are

H2O þ H→OH þ H2:

In other words, in the plasma central part, since there are few H2O
molecules, the generation of OH radical is slight. The mechanism by
which OH radical is generated by a reactionwith H radical at a location
separated from the central part can be considered.

The explanation about the OH radical within the Ar–H2O plasma is
summarized as follows. Although an OH radical is generated within
discharge, since its life is short, it has been thought that it doesnot exist in
a plasma downstream area by a high density. However, it turned out that
thehigh-density areaof anOHradical appears in theplasmadownstream
with the above-mentionedmechanisms.Moreover, according to Fig. 9, in
the plasma downstream part, the density of OH radical is higher than O
radical. This fact is considered to have greatly contributed to the cleaning
effect of the OH radical in the plasma downstream.

3.4. XPS analysis of the treated surface

Fig. 10(a) shows the result of XPS analysis of the oil-contaminated
stainless steel sample. From the left, the results of the measurements
of the stainless steel sample after cleaning ultrasonically in acetone,
the sample polluted with cooking oil, and the sample subjected to
plasma treatment at various positions are shown.

The sample by which XPS measurement is carried out was
transported in the air. Therefore, the surface is covered with many
carbon and oxygen atoms. However, when polluted with oil, the
Fig. 10. Typical XPS analysis of stainless steel substrate. (a) Plasma cleaning was
performed using Ar–H2O plasma. Treatment time: 30 s. Sample positions are 50 mm,
60 mm, 70 mm and 80 mm from the center of the plasma. (b) XPS results of the sample
treated by Ar, Ar–O2, and Ar–H2O plasma. Sample position is 50 mm.
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spectrum from iron in the stainless steel, which is the sample substrate,
decreases, and the spectrum of carbon increases. After plasma cleaning,
the film of oil is no longer present and the spectrum of iron of the
substrate is observed strongly. The decrease of carbon spectrum also
indicates the removal of the oil component. Moreover, the intensity of
the iron spectrum corresponds well to the degree of reduction of the
water contact angle mentioned above.

Fig. 10(b) shows the result of XPS analysis of the oil-contaminated
stainless steel sample using Ar, Ar–O2, and Ar–H2O plasma gas. When
argon gas is used, a decrease of a carbon spectrum and an increase of
an iron spectrum were not observed. That is, plasma cleaning is not
carried out. When Ar–O2 and Ar–H2Omixture gases were used, a clear
decrease of the carbon spectrum and an increase of the iron spectrum
were observed. The increase in the spectrum of iron which is a
composing element of the substrate is considered to be the result of
the contaminant removable from the substrate surface.

4. Summary

We conducted a cleaning experiment of the surface of a metal using
Ar, Ar–O2, and Ar–H2O atmospheric pressure microwave plasma. The
plasma parameter of the generated plasma was measured experimen-
tally and was discussed theoretically. When the experiment was
conducted using several types of plasma gas, the cleaning effect of the
plasma containing O2 and H2O molecule was confirmed from water
contact angle measurement and XPS measurement. In the case of Ar–
H2O, the reason for this is that OH radical having strong oxidizing power
exists at high density in the downstream part of the plasma, which was
confirmed experimentally and by theoretical calculation. The cleaning
effect and the radical density were confirmed to correspond well by
measurement of the absolute value of the oxygen radical in the plasma
containing oxygen. Moreover, good agreement was observed between
the numerically calculated value and the experimental value of oxygen
radical density distribution.
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