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Distinctive discharge formation in atmospheric Ar and He plasmas was observed in the microwave

frequency band using coaxial transmission line resonators. Ar plasmas formed a plasma plume

whereas He formed only confined plasmas. As the frequency increased from 0.9 GHz to 2.45 GHz,

the Ar plasma exhibited contraction and filamentation, and the He plasmas were constricted.

Various powers and gas flow rates were applied to identify the effect of the electric field and gas

flow rate on plasma plume formation. The He plasmas were more strongly affected by the electric

field than the Ar plasmas. The breakdown and sustain powers yielded opposite results from those

for low-frequency plasmas (�kHz). The phenomena could be explained by a change in the

dominant ionization process with increasing frequency. Penning ionization and the contribution of

secondary electrons in sheath region reduced as the frequency increased, leading to less efficient

ionization of He because its ionization and excitation energies are higher than those of Ar. The

emission spectra showed an increase in the NO and N2 second positive band in both the Ar and He

plasmas with increasing frequency whereas the hydroxyl radical and atomic O peaks did not

increase with increasing frequency but were highest at particular frequencies. Further, the

frequency effect of properties such as the plasma impedance, electron density, and device

efficiency were presented. The study is expected to be helpful for determining the optimal

conditions of plasma systems for biomedical applications. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4841295]

I. INTRODUCTION

Microwave-excited plasmas (>0.5 GHz) have several

advantages over low-frequency plasmas (�kHz): high den-

sity of electron and reactive species, low breakdown power,

and long electrode lifetime.1–4 These advantages present

excellent opportunities for using microwave-excited plasmas

in emerging application fields in surface processing and bio-

medicine.1,5 Especially for soft biomedical applications,

coaxial transmission line resonator (CTLR) has shown the

highest potential because it has the outstanding advantages

of low power requirements, low-temperature operation, and

operation at atmospheric pressure.3

Extensive research has been performed to observe the dis-

tinct characteristics of microwave plasmas. Radial contraction

and filamentation were found in microwave-excited argon

plasma.6,7 The c–a mode transition with changing frequency

has been reported.8–10 The discharge properties for various

gas compositions, i.e., the discharge formation, breakdown

voltage, and portion of reactive species, were also found to

differ greatly from those of lower-frequency plasmas.4 Low-

frequency (�kHz) Ar and He plasmas exhibited similar plume

formation although He plasma formed a longer and more sta-

ble plasma plume. Dominant ionization processes for sustain-

ing plasmas are known to be stepwise ionization for Ar

plasmas and Penning ionization for He plasmas.11–14 N2 has

important role through Penning ionization process especially

in He plasma because of high ionization and excitation energy

levels of He. On the other hand, Naidis et al. reported the im-

portance of He metastable species, ions, and direct impact ion-

ization in DC nanopulsed He plasma.15,16 Although further

research is required, Penning ionization process is still impor-

tant in He plasmas.17,18 In the aspect of biomedical applica-

tions, He plasmas were favorable because of low breakdown

voltage and higher portion of reactive species than Ar plasmas

at low frequency.4 He plasmas have more safety in electrical

shock and gas temperature than Ar plasmas in low frequency

systems.

Because the operating frequency is an important factor

in the discharge characteristics, detailed observations of

these characteristics are still required for the various micro-

wave frequency bands. However, changing the operating fre-

quency to observe its effects on the characteristics is not

straightforward for microwave plasma systems. The optimal

frequency for power transfer to plasma is fixed for a given

resonator geometry because a microwave plasma utilizes res-

onance in the waveguide.1,3,19,22 A conventional matching

scheme based on transmission line theory can be used; how-

ever, failure eventually occurs when matching for operation

over a wide frequency range. Thus, numerical analysis has

been used to observe the effect of the frequency on micro-

wave plasmas, and experimental results are still

required.8,20,21 In this paper, we present the discharge charac-

teristics of CTLRs in three microwave frequency bands: 0.9,

1.4, and 2.45 GHz. The CTLRs have same geometry except

their length for reasonable observation of discharge charac-

teristics in microwave band. Plume formation, the emission
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spectra, and the breakdown and sustain powers for sustaining

the plasma will be investigated, and possible mechanisms for

the distinctive characteristics will be presented.

II. MATERIALS AND METHODS

A. Description of plasma devices

Three devices based on CTLRs were designed for reso-

nance frequencies of 0.9, 1.4, and 2.45 GHz.3 The resonance

of the implemented CTLRs occurred at approximately 0.88,

1.3625, and 2.365 GHz, respectively; however, we refer to

0.9-, 1.4-, and 2.45-GHz operation for simplicity. Without

extra matching networks, matching can be obtained by opti-

mally setting the location of the power feeding point, which

reduces the size for hand-held use.3 The devices have a

shorted end at one side and an open end at the opposite side

of the coaxial transmission line (Figure 1(a)). The diameter

of the inner electrode is 3 mm, and the inner radius of the

outer electrode is 7 mm. The total length of each device is

approximately one-quarter of the wavelength of the reso-

nance frequency. At the resonance frequency, the electric

field (E-field) of the standing wave becomes the maximum at

the open end, where plasma is generated. The devices have a

pencil-shaped body 10 mm in diameter, and their lengths are

about 85, 55, and 30 mm for 0.9, 1.4, and 2.45 GHz, respec-

tively (Figure 1(b)). Gas is supplied through two 1-mm-di-

ameter holes at the shorted end. The effect of the holes on

the characteristics is negligible because their diameters are

sufficiently small compared to the wavelengths.

The E-field shows a roughly uniform distribution on the

cross section of the inner electrode (Figure 2(a)) whereas the

edge of the cross section has the strongest E-field (Figure

2(b)). The E-field distribution and E-field vectors were calcu-

lated using High frequency structural simulator (HFSS,

Ansoft). The matching performance was estimated using the

S11 parameter measured by a network analyzer (E5061B,

Agilent). S11 was around �18 dB at the resonance frequencies

for the three devices before plasma ignition.

B. Experimental setup

An RF signal generator (N1518A, Agilent) was con-

nected to the resonators through a 46-dB power amplifier

(RUM15040-01, RFHIC). The forward and reflected powers

were measured by RF power meters (EPM441A, HP)

(Figure 1(a)). Because the Ar and He plasmas have different

minimum sustain powers, which also depend on the operat-

ing frequency, powers about 30% higher than the minimum

sustain power at 2.45 GHz were selected for stable operation

at all the frequencies; these were 5 W for the Ar plasmas and

15 W for the He plasmas. At the same 15 W power, Ar

plasma exhibited different discharge formation phases with

regular operation at 1.4 and 2.45 GHz; therefore, we were

forced to select different operation powers for Ar and He.

The gas flow rate was fixed at 4 standard liters per minute

(slm) for the two gases and was measured by gas flow meters

(KOFLOC). The Ar and He plasmas were generated in ambi-

ent air. A digital single-lens reflex camera (D7000, Nikon)

FIG. 1. (a) Cross-sectional diagram of

CTLR structure and experimental

setup. (b) Front and side views of 0.9-,

1.4-, and 2.45-GHz microwave plasma

generators.

FIG. 2. (a) Electric field distribution of

the inner electrode at open end, and (b)

side views of vectors and electric field

distribution of 0.9-GHz device.
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and a macro lens (AF 90 mm, Tamron) were employed to

capture the shapes of the discharges.

The 0.9-GHz CTLR device was employed to observe the

influence of the input power or gas flow because it showed the

most stable discharge formation among the CTLRs. To deter-

mine the effect of the gas flow on discharge formation, an

atmospheric pressure chamber was used. Because the dis-

charge formation without gas flow should be examined to

identify the effect of the gas flow, a gas-filled environment

was required. A transparent acrylic cylinder 50 mm high and

150 mm in diameter was used. It was covered with Teflon top

and bottom caps. The acrylic cylinder had four holes for one

gas input, two gas outputs, and one insertion hole for CTLR

devices. The working gas was supplied through the gas input

hole to achieve a high concentration of the working gas in the

chamber. The two gas output holes were necessary for main-

taining atmospheric pressure in the chamber. The gas flow

rate through the gas input hole was 5 slm. This was sufficient

to sustain Ar or He plasma stably even though the gas flow

from the shorted end of the CTLR was 0 slm. An input power

of 15 W was chosen in order to clearly observe the changes in

discharge formation for both Ar and He.

The emission spectra were characterized by an optical

emission spectrometer (USB2000þ, Ocean Optics). The op-

tical probe was located along the longitudinal direction of

the open end of the devices. Because the highest emission in-

tensity should be less than the maximum measurable inten-

sity of the USB2000þ, the distance between the optical

probe and the plasma plumes was adjusted according to the

maximum intensity in each case. The minimum distance was

7 mm for the 2.45-GHz He plasma, and the maximum dis-

tance was 13 mm for the 1.4-GHz Ar plasma. The integration

time was 100 ms, and five scans were averaged. All the emis-

sion values were normalized by the highest emission line.

The gas temperature was measured by a thermocoupler

(FTI-10, FISO). The probe was located 8 mm and 3 mm

away from the end of the CTLRs for Ar and He plasmas,

respectively. The probe did not affect the discharge

formation and resonance frequency. Unlike low-frequency

plasmas, microwave-frequency plasmas are rarely affected

by nearby dielectrics or metals. The underlying physics will

be studied in the near future.

All the experiments except for the gas flow effect were

conducted in ambient air.

III. RESULTS

A. Characteristic formation of Ar and He discharges in
microwave frequency band

The shape of a discharge is an important feature for bio-

medical applications. The application method can be varied

according to the discharge shape. For example, plasma jets

can be used for direct contact treatment, and confined plas-

mas between electrodes can be applied for afterglow treat-

ment or as a source of light emission. CTLR devices are

typically used for direct contact treatment by an Ar plasma

plume; however, the discharge shape varied with the gas

composition and frequency.

Figure 3 shows side views of the plasma plumes at each

frequency. The Ar discharges formed contracted plasma

plumes having a stationary filament located axially at the cen-

ter of the plume, with glowing regions nearby (Figure 3(a)).23

The Ar plasma plume fluttered as the frequency increased.

The 0.9-GHz device showed a stationary Ar plasma plume,

and the end of the 1.4-GHz plasma plume fluttered slightly.

At 2.45 GHz, the Ar plasma plume moved randomly and flut-

tered rapidly at the cross section of the inner electrode end. Ar

discharges in CTLRs exhibit a unique standing striation pat-

tern. This pattern was observed by the naked eye at the end of

the Ar plasma plumes. In the He plasma, a circular glow-like

discharge occurred along the edge of the inner electrode

instead of forming a plume or a filament (Figure 3(b)). The

He plasma converged on the edge of the inner electrode as the

frequency increased. As the glowing region of the He plasma

became smaller, the bright region constricted and intensified

with increasing frequency. When the frequency was 2.45

FIG. 3. Side views of microwave (a)

Ar and (b) He discharges for frequen-

cies of 0.9, 1.4, and 2.45 GHz.
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GHz, the He plasma was confined at one point. This differs

greatly from low-frequency discharges (�kHz) because He

discharges usually generate longer and more stable plumes

than Ar discharges in low-frequency plasmas.4

The rapid shutter speed (1/8000 s) of the camera enabled

clear observation of filaments and an intensified region

(Figures 4 and 5). The axial filament and standing striation

pattern at the end of the filament were clearly observed in

side views of the Ar plasmas (Figure 4(a)). While the

0.9-GHz Ar plasma formed a straight filament, the 1.4-GHz

Ar plasma bent slightly, and the 2.45-GHz Ar plasma clearly

curved. It is noteworthy that the 2.45-GHz Ar plasma exhib-

ited only one filament, which moved randomly on the cross

section of the inner electrode and fluctuated very quickly.

The fluctuation might be caused by a combination of the

E-field and gas flow forces because a longitudinal force

should be required for the motion, which was similar to that

of a flag fluttering in the wind. This will be discussed further

in Secs. III B and IV A. Increasing contraction was clearly

observed in the front views (Figure 4(b)). While the starting

area of the Ar plasma plume covered more than one-quarter

(�1.85 mm2) of the cross section (�7.07 mm2) of the inner

electrode in the 0.9-GHz Ar plasma, the starting area

(�0.35 mm2) was approximately 20 times smaller than the

cross section of the inner electrode at 2.45 GHz. The radial

striation pattern at the starting point was also an interesting

feature of the Ar discharge in the CTLR (Figure 4(b)).

Figure 5 shows the constricted glow-like discharge of the

He plasmas as the frequency increased. The front view clearly

shows the circular discharge along the inner electrode edge.

The bright region intensified as the frequency increased from

0.9 GHz to 1.4 GHz. However, the glowing region decreased

with increasing frequency. Finally, the He plasma was con-

fined to one point in 2.45-GHz operation. The 2.45-Ghz He

plasma stretched toward the outer electrode instead of spread-

ing along the inner electrode (Figure 5(b)). In contrast to the

FIG. 5. (a) Side views and (b) front

views of He discharges for frequencies

of 0.9, 1.4, and 2.45 GHz.

FIG. 4. (a) Side views and (b) front

views of Ar discharges for frequencies

of 0.9, 1.4, and 2.45 GHz.
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Ar discharges, the He discharges were strongly directed to-

ward the outer electrode (ground) rather than being blown out

by the gas flow longitudinally as the frequency increased, de-

spite the large gap size. The direction of the He plasma was

the same as that of the E-field vectors (Figure 2(b)). The inner

electrode leaned slightly to the upper right side (Figure 5(b))

although it was supposed to be located straight along the axial

center. As a result, the amplitude of the E-field was the highest

at one point, which was where the He discharge was confined

at 2.45 GHz. Thus, the He plasmas were influenced signifi-

cantly by the E-field, and the required power increased in pro-

portion to the operating frequency.

B. Input power and gas flow effect

It is reasonable that the Ar and He discharges should

differ because different gases were used. However, the dis-

charge formation definitely differed from that in low-

frequency systems.4,24,25 Note that the obvious differences

were the location and shape of the discharges. The Ar dis-

charge formed a plasma plume and was sustained on the

cross section of the inner electrode whereas the He discharge

formed a short circular plasma along the edge of the inner

electrode. The effect of the E-field and gas flow rate on the

shape of the plasma plumes should be observed considering

the direction of the plasma plumes.

To examine the effect of the E-field on discharge forma-

tion, we varied the input power and fixed the other condi-

tions, including the operating frequency and gas flow rate,

because the strength of the E-field is directly related to the

input power. The end of the 0.9-GHz Ar plasma plume

increasingly fluctuated toward the outer electrode with

increasing input power (Figure 6(a)). However, there was no

random motion of the filament because the discharge initia-

tion area also increased, covering the entire cross section at

20 W. No significant change was found in the power level

from 20 W to the upper limit of the equipment (�40 W). At

the low input power, random motion of the filament was

observed on the cross section of the inner electrode; how-

ever, the filament moved very slowly. The behavior was dis-

tinct from that of the 2.45-GHz Ar plasma because the

motion was not caused by radial contraction but by a reduc-

tion in the volume of the plasma plume due to the low input

power. These results indicate that the E-field strength was a

dominant factor in the bending or fluctuation of the Ar

plasma plume, and the size reduction of the discharge initia-

tion area caused random motion of the Ar plasma plume. In

the He plasma (Figure 6(b)), He discharge occurred circu-

larly at a moderate input power level (�10 W) on the edge of

the inner electrode. When the input power level was greater

than 20 W, the He discharge suddenly formed a path between

the inner and outer electrodes. At low input powers (below

1 W), the discharge was ultimately sustained weakly near

one point. Because the E-field was insufficient to sustain a

circular He plasma at power levels below 1 W, the He

plasma could be sustained only near the point of the highest

E-field.

The effect of the gas flow should be considered because

the gas flow imparted a constant velocity to the particles.

The longitudinal force originated in the pressure of the gas

flow and was the second strongest force, after the E-field.

We structured an atmospheric gas chamber to start the gas

flow at 0 slm.

We could identify phases according to the discharge

shapes. For the Ar discharge, the discharge shape could be

categorized into four phases as the gas flow increased

(Figure 7(a)). The Ar plasma formed a path between the

inner and outer electrodes in phase 1, and an arched plasma

FIG. 7. (a) Front views of microwave

0.9-GHz Ar discharge with different

gas flow rates. (b) Change in formation

phase versus gas flow rate for 0.9-, 1.4-,

and 2.45-GHz discharges.

FIG. 6. Side views and front views of microwave (a) Ar and (b) He dis-

charges with different input powers.
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path was formed between the electrodes in phase 2. In phase

3, the plasma plume bent toward the outer electrodes, and in

phase 4, a straight plasma plume formed in the longitudinal

direction. The phase transitions up to phase 3 required a

smaller gas flow rate as the frequency increased (Figure

7(b)). This might be the result of contraction. The thickness

of the Ar plasma plume decreased with increasing frequency,

and the discharge initiation area (phases 1 and 2) on the elec-

trodes was also reduced as the frequency increased. This

might make it difficult to sustain the plasma path. On the

other hand, phase 4 required a higher gas flow rate as the fre-

quency increased (Figure 7(b)). Considering that phase 4

involves the longitudinal formation of Ar plasma plumes,

this result indicates that the E-field was more important than

the gas flow in the formation of the longitudinal Ar plasma

plume at higher frequency. The 2.45-GHz operation clearly

differed from that at the lower frequencies. Although phases

1 and 2 of the 2.45-GHz Ar plasma had shapes similar to

those at the lower frequencies, the Ar plasma plume moved

rapidly and randomly in phases 3 and 4. The bending of the

Ar plasma plume to the outer electrode was reduced as the

gas flow rate increased.

Similarly, the He discharge could be categorized into

three phases (Figure 8(a)). The He plasma formed a path

between the electrodes in phase 1. In phase 2, circular dis-

charge along the edge of the inner electrode was observed,

and in phase 3, the He plasma exhibited a strong attraction of

the glow region to the outer electrode. In contrast to the Ar

discharges, the gas flow rate required for phase transitions

was reduced as the frequency increased in the He discharges

(Figure 8(b)). The transition between phases 1 and 2

occurred at similar low gas flow rates in both the 0.9- and

1.4-GHz discharges. For phase 3, the gas flow rate required

in the 0.9-GHz He plasma was �5 times higher than that in

the 1.4-GHz plasma. Considering mainly the glow region of

the He discharges attracted by the E-field, the reduction in

the glow region led to faster phase transitions than at lower-

frequency operation. The 2.45-GHz He discharge showed

distinct features. Its phase remained 2 from a flow rate of

0 slm to the measurement limit of the gas flow meter (10

slm). The discharge region extended to inside of the CTLR,

rather than toward the outer electrode, into the shape of the

E-field distribution shown in Figure 2(b) (Figure 9). He

plasma occurred only on the side with the highest E-field at

2.45 GHz. This is consistent with the explanation that the

E-field rapidly became a dominant factor for ionization as

the frequency increased.

It is valuable to note that the Ar plasma formed a path

between the electrodes without gas flow, similarly to the He

discharges. The phase transitions until phase 3 occurred

below 1 slm, and the highest gas flow rate was 2 slm for

phase 4 in Ar plasmas (Figure 7(b)). This indicates that the

gas flow contributed significantly to the formation of the Ar

plasma plume, and ambipolar motion could be important for

Ar discharges. On the other hand, the He plasmas were rarely

influenced by the gas flow rate. They required a much higher

gas flow rate for phase transitions than the Ar plasmas

(Figure 8(b)), and the shape of the intensified region did not

change with the gas flow rate except in phase 1.

C. Breakdown and sustain powers

The breakdown and sustain powers are also important pa-

rameters for biomedical applications because they can deter-

mine the system size and electrical safety. Figure 10 shows the

breakdown and sustain powers of the Ar and He plasmas. The

breakdown power of the Ar plasma decreased as the frequency

increased; its sustain power decreased slightly at 1.4 GHz and

increased again at 2.45 GHz. The breakdown and sustain

powers of the He plasma decreased at 1.4 GHz and then

increased at 2.45 GHz. Finally, the breakdown power of the He

FIG. 9. Distinct discharge formation in 2.45-GHz He plasma. The formation

was similar to the E-field distribution.

FIG. 8. (a) Front views of microwave

0.9-GHz He discharge with different

gas flow rates. (b) Change in formation

phase versus gas flow rate for 0.9-, 1.4-,

and 2.45-GHz discharges.
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plasma became higher than that of the Ar plasma for 2.45-GHz

operation. The results showed a distinctive trend unlike that for

low-frequency discharges. Although both the breakdown and

sustain powers of the Ar plasma were higher than that of the

He plasma at low frequency, the sustain power of the Ar

plasma was lower than that of the He plasma at the microwave

frequency.2,24 The difference between the breakdown and sus-

tain powers of the Ar plasma was almost 30 W at 0.9 GHz and

decreased as the frequency increased. However, the difference

between the breakdown and sustain powers of the He plasma

was clearly smaller than that of the Ar plasma (�3 W).

D. Optical emission spectra

Ultraviolet–visible emission spectra of the plasmas

showed various species generated in them (Figure 11). Ar

and N2 species were observed in the Ar discharges (Figure

11(a)), and the Ar 763.5-nm peak was the highest peak. The

reactive oxygen species atomic O (777.4 nm) and hydroxyl

radicals (�OH) (309 nm) were also observed. The N2 second

positive band, NO–c band, and Ar subpeaks obviously

increased with increasing frequency. The N2 337-nm line in

particular was increased within the N2 second positive band.

In the He plasmas, the �OH peak (309 nm) was the high-

est peak at 2.45 GHz but not at the lower frequencies (Figure

11(b)).4,26 The N2 second positive band and NO–c band also

increased with increasing frequency whereas the He peaks

were reduced. The intensity of the N2 337-nm line was great-

est at 2.45 GHz.

E. Estimation of plasma impedance, electron density,
and efficiency

The input impedance of the CTLRs was influenced by

the plasma impedance because the load impedance at the

open end changed when the plasma ignited. Thus, the plasma

impedance affects the performance and efficiency of micro-

wave devices. The plasma impedance can be estimated by

fitting the calculated reflection coefficient (S11) to the meas-

ured value. A detailed procedure based on transmission line

theory is described in the literature.3,19,22 Figure 12 com-

pares the calculated and measured S11. The measured data

(open circles) agreed well with the calculated data (solid

lines) at certain plasma impedances. The impedance of the

Ar plasma was 860-j160, 831-j596, and 790-j710 X at 0.9,

1.4, and 2.45 GHz, respectively (Table I). The real part of

the impedance decreased, and the imaginary part increased

as the frequency increased. The impedance of the He plasma

was 3550-j1530, 2990-j2357, and 2815-j3100 X at 0.9, 1.4,

and 2.45 GHz, respectively (Table I). The impedances of the

He plasma were four times those of the Ar plasma.

The electron density (ne) can be estimated using the fol-

lowing equation:3,19,22,27

ne ¼
Lbulkmet
Rpq2Abulk

: (1)

FIG. 10. Breakdown powers (solid lines) and minimum sustain powers

(dotted lines) of Ar (red solid squares) and He (blue open squares) plasmas.

FIG. 11. UV–visible emission spectra

of microwave (a) Ar and (b) He

plasmas.
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Lbulk and Abulk are the length and area of the discharge,

respectively. The discharge geometry was assumed to be cy-

lindrical for Ar plasmas and ring-shaped for He plasmas.

Further, me is the electron mass and t is the electron collision

frequency. The electron collision frequencies were 5.49451

� 1012 and 6.28931� 1012 for Ar and He, respectively, at

310 K and atmospheric pressure.28 Rp is the real part of the

plasma impedance. The electron density increased as the fre-

quency increased (Table I), and the Ar plasmas showed

approximately 2.5 log-order larger electron densities than

the He plasmas. The higher electron densities in Ar plasmas

are consistent with previous studies.29,30

The efficiency of the CTLRs could be estimated by

transmission line theory. The power transferred by the

plasma can be expressed as the sum of the incident waves to

the open end including reflected waves from the shorted

end. The detailed procedure is described in the literature.3,19

As shown in Eq. (8) in Ref. 3, the reflection coefficient

[C¼ (ZP � Z0)/(ZP þ Z0)] and the quality factor [Q¼ fC/(f2
� f1)] are important components of the efficiency. ZP is the

plasma impedance, and Z0 is the characteristic impedance

of the CTLRs. The frequency variables, fC, f1, and f2, are the

central resonance frequency, lower �3 dB frequency, and

upper �3 dB frequency, respectively. They were chosen

from the measured S11 profiles (Figure 12). The efficiencies

of the CTLRs are presented in Table I for each working gas.

Ar plasmas were more efficient than He plasmas, and the

efficiencies decreased as the frequency increased.

F. Gas temperature

The gas temperature is an important consideration for

biomedical applications. Because the plasmas generally con-

tact or are located near the target for treatment, there should

be no thermal damage. Figure 13 shows the measured gas

temperatures of the Ar and He plasmas. In contrast to the

case for low-frequency systems, the He plasmas showed

higher gas temperatures than the Ar plasmas. The gas tem-

peratures of the Ar plasmas were 47.9, 50.4, and 39.2 �C at

0.9, 1.4, and 2.45 GHz, respectively, and those of the He

plasmas were 67.3, 69.1, and 66.5 �C at 0.9, 1.4, and

2.45 GHz, respectively. The temperatures of both the Ar and

He plasmas were lowest at 2.45 GHz. This might be caused

by the abnormal plasma formation at 2.45 GHz in both Ar

and He.

IV. DISCUSSIONS

A. Distinctive formation of Ar and He discharges in
microwave frequency band

Microwave Ar plasmas showed distinct formation from

low frequency plasmas such as radial contraction, random

motion, fluttering, and radial striation pattern. Radial con-

traction in microwave Ar plasmas is known to be mainly

related to radially non-uniform heating.7 Previous research-

ers suggested low thermal conductivity, high electron den-

sity, and the skin effect of a high-frequency E-field as factors

in the radial non-uniformity, and these factors led to contrac-

tion.7 Their suggestions are consistent with our experimental

results because Ar has a relatively low thermal conductivity

(17.72� 10�3 W�m�1�K�1), a microwave Ar plasma gener-

ates abundant electrons, and the skin effect is considerable at

microwave frequencies.3,20 Moreover, as the frequency

increased, the bulk region increased, and the power dissi-

pated in the bulk region also increased (a mode). This led to

less efficient ionization and a reduction in the plasma volume

as the frequency increased, owing to frequent elastic

FIG. 12. (a) Comparison of measured

and calculated S11 with the plasma

impedances.

TABLE I. Estimated plasma impedance, electron density, and efficiency of

CTLRs for each frequency.

Plasma

impedance (X)

Electron

density (cm�3)

Efficiency

(%)

Frequency

(GHz) Ar He Ar He Ar He

0.9 860-j160 3550-j1530 9.53 � 1014 3.81 � 1012 71.15 52.54

1.4 831-j596 2990-j2357 1.80 � 1015 5.33 � 1012 65.61 25.92

2.45 790-j710 2815-j3100 4.16 � 1015 6.74 � 1012 64.61 21.19 FIG. 13. Measured gas temperatures at the end of the plasma plumes for dif-

ferent frequencies for Ar (black squares) and He (red circles).
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collisions in the bulk.20 These reasons could explain the

increasing contraction of the microwave Ar plasma with

increasing frequency. The detail will be discussed in the He

discharge cases.

Random motion and fluttering of the plasma plume in

the 2.45-GHz Ar plasma were reported in several microwave

Ar discharge systems, including surface-wave-sustained

plasmas.6,32,33 The phenomenon, called filamentation, is

known to be related to the radial non-uniformity of the

microwave E-field. Kabouzi et al. showed that the frequency

was an effective factor in filamentation.7 In addition, fila-

mentation might be closely related to contraction phenom-

enon. As the size of the discharge initiation area decreased

with increasing frequency, the E-field distribution became

more uniform. Plasma has a finite conductivity. Thus, the

area in contact with the plasma had a weaker E-field than the

surroundings. As the discharge area increased, the E-field

distribution on the cross section of the inner electrode exhib-

ited increasing interference. The cross section of the inner

electrode could maintain the E-field strength when the dis-

charge initiation area was small. Thus, the Ar discharge

could be sustained at all the points of the cross section of the

inner electrode end, and the filament could move randomly.

The radial striation pattern was attributed to the motion

of plasma bullets. The departure of plasma bullets had been

observed around the axial center using an intensified charge-

coupled device technique.34 The bullets were generated

around the axis and merged alternately to the center filament.

The striation pattern and alternating motion may be caused

by the circular E-field distribution and dipole–dipole repul-

sion.35,36 The cross section of the inner electrode had a circu-

lar E-field distribution (Figure 2(a)), and there were vectors

toward the axial direction (Figure 2(b)). Plasma bullets were

generated and moved following this direction. Although the

cross section of the inner electrode had the second strongest

E-field, there was a high possibility that Ar plasma could be

sustained on the cross section owing to the low ionization

level (15.8 eV) and metastable levels (11.5 and 11.7 eV) of

Ar.6,11 Moreover, neutral atoms in the Ar metastable state

excited by electrons between the electrode gap could be

blown in the longitudinal direction by the gas flow and con-

tributed to sustaining the Ar plasma plume.

In contrast to the low-frequency behavior, He plasma

formed a confined plume at microwave frequencies, and

showed bright intensified region closer to electrode.7,37,38

The phenomenon agrees with the result for a capacitively

coupled plasma (CCP) in the RF band in Ref. 37. The study

observed reduction of sheath region with increasing fre-

quency. Power coupled to electrons was increased, and elec-

tron loss by escaping to the electrodes was reduced also

because of rapid change of sinusoidal RF E-field.31 This led

to the constriction of the emitting layer near electrodes.

The results of He discharge formation in 0.9 and

1.4 GHz consistent with the trend in previous researches in

Ref. 37; however, 2.45-GHz He plasma showed extreme vol-

ume reduction and weakened. This result might be caused

from high ionization and excitation energy of He and change

of dominant ionization process with increasing frequency.

McKay et al. reported the reduction in electron density after

mode transition.20 When the operating frequency is over a

criterion, mode transition (c–a) is occurred. Before the mode

transition, electron density increases rapidly with increasing

frequency as mentioned in the explanation of constriction

phenomenon. After that, the electron density decreases grad-

ually as frequency increases. It was caused by the reduction

of sheath region leading to the reduction of secondary elec-

trons and Penning ionization. The influence of the sheath

reduction might exceed that of increasing power coupled to

electrons and reducing electron loss. He has a higher ioniza-

tion energy (25.4 eV) than other noble gases such as Ar

(15.8 eV) and N2 (15.6 eV for X2Rb
þ and 18.7 eV for

B2Ru
þ), and the energy level of He metastable atoms (19.8

and 20.6 eV) is higher than the ionization level of N2.6,11

Thus, Penning ionization of He and N2, and that between

them, was the main mechanism for sustaining He discharge

in low-frequency systems.11–14 As the frequency increased,

the sheath size was reduced, and the power dissipation in the

bulk increased (a mode). This reduced the effective excita-

tion and ionization such as Penning ionization by back-

ground N2 because ionization through background gas are

most active in the sheath regions.20,37 Consequently, direct

impact and stepwise ionization of He became important elec-

tron generation processes in high-frequency systems.9,37

This means that higher-energy electrons were needed with

increasing frequency, and a stronger E-field was required to

sustain the plasma as a result. Accordingly, the 2.45-GHz He

discharge was induced at one side of the inner electrode

where the amplitude of the E-field was the highest.

In low frequency He plasmas, plasma plume is known to

be the propagation of plasma bullets. Many researchers

showed simulated and experimental results to explain the

phenomena.11–16 Continual ionization at the bullet head ena-

ble the propagation of bullets. In the mechanism of continual

ionization, Penning ionization has been regarded as a domi-

nant ionization process in He plasma.11–14 On the other

hand, Naidis et al. showed simulated results of dominant

role of He metastable species, ions, and direct impact ioniza-

tion in DC nanopulsed He plasma.15,16 Although the issue

needs further study, it is true that Penning ionization plays

important role in low frequency He plasmas. Based on our

previous study, high energy electrons for ionize He by direct

impact ionization were very few in the condition.4 Adding

this, when we reduced air contents at the open end of the

CTLR, the breakdown power was increased. We covered a

15-cm long tube at the open end of CTLR. He gas met ambi-

ent air at the end of tube, and there was almost pure He gas

at the open end of CTLR. In this experiment, the breakdown

powers were increased �1.6, �1.5, and �1.2 times in 0.9,

1.4, and 2.45 GHz, respectively. This indicates the important

role of N2 and Penning ionization, and reduction of the

Penning ionization process as frequency increased.

Considering above, the difference of He plasma formation in

low frequency and microwave frequency could be explained

by the sheath reduction and following reduction of Penning

ionization process with increasing frequency in this study.

Interestingly, discharge formation at 1.4 GHz and

2.45 GHz differed significantly for both the Ar and He dis-

charges. This might indicate an optimal boundary of the

123506-9 Lee et al. Phys. Plasmas 20, 123506 (2013)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

141.223.205.210 On: Tue, 26 May 2015 05:01:11



microwave frequency band under the experimental condi-

tions, considering that Kwon et al. presented an optimal fre-

quency by a particle-in-cell simulation in the microwave

frequency band.8

Input power and gas flow effects gave insights for the

distinct discharge formation in microwave bands. It is reason-

able that the effect of the E-field on plasmas is proportional

to the input power level because the input power is directly

related to the E-field at the open end of the CTLRs. Bent and

fluctuating Ar plasma plumes were observed at power levels

above 20 W. Considering that they were more common as the

frequency increased, this result means that the effect of the E-

field increased as the frequency increased. At low powers

(below 1 W), random motion was observed similar to that in

the 2.45-GHz Ar plasma. This can be explained by the vol-

ume reduction of the Ar plasma plume. As mentioned above,

the E-field distribution on the cross section of the inner elec-

trode was less affected as the discharge initiation area became

smaller. For the He plasma, the result can be explained in the

same manner. A strong attraction of the He plasma toward

the outer electrode was observed at high power levels, similar

to that in the 2.45-GHz He plasma. At low power levels, a

reduction in the volume and confinement to one side of the

inner electrode were also observed.

The power coupled to electrons in the bulk increased in

proportion to the operating frequency,8,39 and the abundant

heated electrons moved along the direction of the E-field

ignoring other forces, including the gas flow pressure, owing

to the low mass of electrons. Thus, there was a high possibil-

ity of generating ions and excited species along the direction

of the E-field. This can explain the increasing E-field influ-

ence as the frequency increased. The similarity between the

behavior at low power and in some of the 2.45-GHz plasmas

can be explained by a mode transition with increasing fre-

quency. While the volume reduction was the result of insig-

nificant energy for ionization and excitation at low powers,

contraction or constriction caused the volume reduction at

microwave frequencies.37 The electron generation process

changed from c mode to a mode as the frequency increased,

and the required energy became higher, as mentioned

above.6,9,11,20,37 He plasmas were influenced more signifi-

cantly than Ar plasmas because of their high ionization and

excitation energies.

The gas effect experiments suggested different types of

discharge formation in Ar and He. The Ar plasma was influ-

enced more strongly by gas flow than the He plasma at

microwave frequencies. The different characteristics and

dominant ionization processes of the working gases could be

the main reasons. Owing to the relatively high mass of Ar,

ions and excited species of Ar generated between the inner

and outer electrodes could be forced out longitudinally by

the gas flow.40 Some of the ions and excited species would

be lost diagonally outward, and some of the species would

move in a longitudinal direction or diagonally inward during

repeated excitation and de-excitation through interactions

with other particles. The motion of Ar ions induced ambipo-

lar motion, and excited species contributed to the ionization.

On the other hand, Ar ions and excited species could be gen-

erated on the cross section of the inner electrode, considering

the low ionization and excitation energies of Ar. Thus, there

was a high possibility that abundant ions and excited species

were gathered in the front of the cross section of the inner

electrode. Ar ions are known to have important roles in

forming plasma jets according to Dawson’s theory.14 The

direction of the E-field is another factor in Ar plasma plume

formation. When the Ar plasma plume is generated, the E-

field direction should change to a longitudinal direction

through the plume because the plasma bulk has a finite con-

ductivity. Consequently, excited Ar species and Ar ions felt

a longitudinal force from both the E-field and the gas flow.

This might lead to ionization and longitudinal motion of the

bullets and, as a result, Ar plasma jet formation.

In the He discharges, it was clear that the He plasma

was rarely affected by the gas flow, and the He discharges

required a stronger E-field for sustenance than the Ar dis-

charges in the microwave frequency band. These results

coincide with the above explanation. In the low-frequency

discharges, electron generation occurred mostly in the sheath

region (c mode). Secondary electrons and Penning ionization

cause electron avalanches inside the sheath region.41 As the

frequency increased, the power coupled to electrons

increased, and electron generation occurred outside the

sheath regions; the electrons in the bulk were the dominant

contributors to sustaining the discharge (a mode).8,20 Thus,

much of the energy was transferred through elastic collisions

in the bulk region rather than inelastic collision in the sheath

regions, and ionization and excitation processes through the

background gas become less frequent.20,41 As a result, the

Penning ionization rate between He and N2 decreased, and

the He discharge required a higher E-field than at low fre-

quency. Thus, He discharges could be sustained only at the

edge of the inner electrode; furthermore, the 2.45-GHz He

plasma was generated only at one side of the inner electrode

edge. Another important factor arises from the light mass,

high diffusion constant to air, and high thermal conductivity

of He. These caused a high loss rate of He ions and excited

species to air. There is also a lack of He ions and excited spe-

cies on the front of the inner electrode due to the high ioniza-

tion and excitation energies. Consequently, He discharges

could form only a confined plasma.

B. Frequency effect on electrical properties and
suitability for biomedical applications

The results of breakdown and sustain powers might be

governed by the same underlying physics as the plasma for-

mation results related to the change in the dominant ioniza-

tion process as the frequency increased. In the Ar discharges,

stepwise ionization and direct impact ionization of Ar could

be the main electron generation processes, not only Penning

ionization between Ar metastable species and through N2

metastable species, owing to the low excitation (11.5 and

11.7 eV) and ionization (15.8 eV) energies of Ar.6,11 Thus,

the Ar discharges have advantages over He discharges in

sustaining the discharge at microwave frequencies. The

mode transition (c–a) and reduction in the sheath regions

with increasing frequency increase had a negative effect on

the He discharges owing to the high ionization (25.4 eV) and
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excitation (19.8 and 20.6 eV) energies of He.11,26 The

required energy became higher as the frequency increased

because the Penning ionization through N2 in the sheath

regions was reduced.20,37 This could reverse the breakdown

powers of Ar and He at 2.45-GHz operation. In terms of the

power coupled to electrons, the breakdown or sustain power

should decrease as the frequency increases. However, inter-

estingly, the breakdown and sustain powers of He and the

sustain power of Ar increased at 2.45 GHz, where they were

the highest for each plasma. This might be caused by the

change in the dominant ionization processes, as we men-

tioned above. The influence of the change in the dominant

ionization processes exceeded the influence of the increase

in the power coupled to electrons between 1.4 and 2.45 GHz.

Thus, 1.4 GHz might be the tradeoff point for the two

effects.

Optical emission spectra showed various components

and the change of the components with increasing frequency.

An increase in the N2 second positive band and NO–c band

were common phenomenon in both the Ar and He dis-

charges. The N2 second positive band required more than

11.1 eV; other paths for excitation of N2 could start from

metastable state He and Ar, and they also required higher

energy.11,42–44 The NO–c band was induced by N2 (A3Ru
þ),

mainly by the following reactions:45,46

N2 A3Ru
þ

� �
þ NO X2Pð Þ ! N2 X1Rg

þ� �
þ NO A2Rþð Þ;

(2)

NO A2Rþð Þ ! NO X2Pð Þ þ hv NO-c bandð Þ: (3)

The N2 (A3Ru
þ) state required at least 6.17 eV.46,47 This

result is consistent with the previous finding that the number

of high-energy electrons increased as the frequency

increased.2,8,20,39 Furthermore, the increase in the electron

density and the volume reduction lead to increased collisions

between particles, and this leads to the generation of abun-

dant NO-c and N2 species as the frequency increases.

For biomedical applications, reactive species such as

�OH, atomic O, and NO were important contributors. �OH

and O have been known as key components in sterilization

and tooth whitening,26,48,49 and NO has been known to con-

tribute significantly to wound healing and blood coagula-

tion.5,50 The portion of reactive species changed as the

frequency changed (Figure 14). In the Ar plasmas (Figure

14(a)), the intensity of �OH and NO emissions were propor-

tional to the frequency. �OH and NO emissions increased

approximately two-fold overall from 0.9 to 2.45 GHz. On the

other hand, the intensity of atomic O (777 and 844 nm)

decreased at 1.4 GHz and increased again at 2.45 GHz. It is

possible that the operating frequency can be chosen on the

basis of these results. For example, the 2.45-GHz Ar plasma

is appropriate for wound healing and sterilization owing to

the higher �OH and NO densities than at lower frequencies.

In the He plasmas (Figure 14(b)), the �OH intensity was max-

imum at 0.9 and 1.4 GHz and reduced at 2.45 GHz. The in-

tensity of atomic O (777 nm) showed a similar trend. The

NO emission increased at 1.4 GHz, but there was little differ-

ence between 1.4 and 2.45 GHz. The 1.4-GHz He plasma

showed the best performance among the He plasmas. It can

be applied for sterilization or tooth whitening, considering

that the �OH and O (777 nm) peaks were the highest. The

reduction in the �OH and O peaks at 2.45 GHz might be

caused by the instability of the 2.45-GHz He plasma, includ-

ing extreme constriction. The reduction of He peaks and

increase of N2-related peaks in He plasmas might be related

to the less efficient ionization with increasing frequency.

Impedance, electron density, and power efficiency of the

plasmas estimated from the influence of the plasmas to S11

of CTLR. Because He plasmas have a higher impedance

than Ar plasmas, they have less effect on the performance of

CTLRs. The volume and location of He plasmas could be

one of the reasons, considering that the microwave signal

transmission is significantly influenced by the length of the

conductor. The volume of the He plasmas was small, and the

location was limited to near the edge of the inner electrode,

in contrast to Ar plasma generation as an extension of the

inner electrode.

The electron density is related to the excitation and ioni-

zation energies of the working gases. Because Ar has lower

excitation and ionization energies than He, abundant elec-

trons could be generated in the Ar plasmas. It is noteworthy

that the estimated electron density increased with increasing

frequency; however, breakdown or sustenance became diffi-

cult at 2.45 GHz. This might be caused by the reduction of

the plasma volume because the density is inversely propor-

tional to the volume.

The trend in power efficiency is related to the reduction in

efficient ionization such as Penning ionization as the frequency

increases.20,41 Owing to the high ionization and excitation

FIG. 14. Change in intensity of reac-

tive species �OH, O, NO, and O, and

N2 band for (a) Ar and (b) He plasmas

at different frequencies.
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energies of He, the efficiency decrease was more significant for

the He plasma than for the Ar plasma. The result differs from

the earlier result in Ref. 3, which showed that a He plasma was

more efficient than an Ar plasma. This is reasonable because

the CTLR in that study had a tip to reduce the gap size and

breakdown power. With the small gap (40 lm), the formation

shape of the plasma was totally different.

The higher gas temperatures of He plasmas than Ar plas-

mas might be caused by the higher sustain power of He plas-

mas. This could be explained by the change in the dominant

ionization processes with increasing frequency, as mentioned

above. The occurrence of the lowest temperature at

2.45 GHz in both Ar and He might be related to the noticea-

ble change in discharge formation at 2.45 GHz. The Ar plas-

mas showed rapid random plume motion on the cross section

of the inner electrode, and the He plasmas were extremely

confined to one point of the inner electrode edge. Owing to

the rapid random motion of the Ar plasmas, sufficient heat

could not be transferred to the thermometer probe. This

property enabled the 2.45-GHz Ar plasma to generate inten-

sive plasma without thermal damage. He plasmas would be

appropriate for afterglow treatment.

In our previous works, the gas temperature of the Ar

plasma using 0.9 GHz device was in the range from room

temperature (26 �C) to �45 �C.4,5,51,52 There were no ther-

mal damages on the living targets such as a skin tissue, bac-

teria, and a blood drop. Because the gas temperature strongly

depends on input power and we fixed high enough power for

observation of the characteristics in this study, the gas tem-

perature of microwave Ar plasmas can have easily accepta-

ble gas temperature.

V. CONCLUSION

We demonstrated the distinctive formation of Ar and He

plasmas in the microwave frequency band. We also discussed

the characteristics of the plasmas in terms of biomedical appli-

cations. The phenomena were obviously different from those

of low-frequency (�kHz) plasmas. Ar formed a stable plasma

plume, and He formed a short, circular glow plasma along the

electrode. As the frequency increased, the Ar plasma plume

exhibited contraction and filamentation, and constriction of

the He plasma to the electrode was observed. Experiments on

the effects of the power and gas flow revealed that the influ-

ence of the E-field became dominant as the frequency

increased, and gas flow was dominant only for the Ar plasmas.

We suggested mechanisms for the distinctive formation of

microwave Ar and He plasmas. As the frequency increased,

the dominant ionization processes changed, and direct impact

ionization became more frequent than Penning ionization

through a background gas such as N2.6,8–11,20,37 This change

made it hard to sustain He plasma because He has relatively

high ionization and excitation energies. Consequently, He

plasma could be sustained only at the highest E-field point

and was confined to the edge of the inner electrode.

We measured and estimated the UV–visible emission

spectra and electrical properties, including the plasma im-

pedance. The emission spectra indicated an increase in

high-energy electrons. The �OH peak was proportional to the

frequency in the Ar plasmas; on the other hand, in the He

plasmas, it decreased rapidly at 2.45 GHz. The O peak was

maximum at a frequency of 2.45 and 1.4 GHz for the Ar and

He plasmas, respectively. For biomedical applications, the

operating frequency and working gas could be chosen

according to the type of reactive species, �OH, O, and NO,

depending on the applications. The estimated electron den-

sity and efficiency showed a clear trend with the frequency.

The electron density increased as the frequency increased,

and Ar had a higher electron density than He. The efficiency

decreased as the frequency increased, and Ar plasmas

showed higher efficiency than He plasmas. All the results

could be explained in the same manner as the plasma plume

formation.

The microwave-excited Ar plasmas generally showed

superior properties; however, He plasmas can be employed

as well for low-dose treatment. Our study of the characteris-

tics of microwave-excited plasmas can provide helpful infor-

mation for choosing which frequency and gas will be used in

each biomedical application field.
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