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The discharge mode transition from uniform plasma across the gas gap to the a mode happens at

the rising phase of the pulsed radio frequency capacitively coupled plasma (PRF CCP). This

transition is attributed to the fast increasing stochastic heating at the edge of sheath. In the second

stage with the stable current and voltage amplitude, the consistency between experimental and

numerical spatial-temporal 777 nm emission profile suggests that He* and He2* dominate the

production of O(5p1) through dissociation and excitation of O2. Finally, the sterilization efficiency

of PRF CCP is found to be higher than that of plasma jet. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4733662]

Nowadays atmospheric pressure glow discharges

(APGDs) have received growing attention for many applica-

tions as nanoscience1 and biological sterilization.2,3 APGDs

driven by kilo-Hertz sinusoid4 and pulsed Direct Current

excitations5 are popular in biomedical applications because

they can provide long plasma plume with low gas tempera-

ture. RF APGDs have been demonstrated to produce higher

density of reactive species,6–8 which is attributed to its effi-

cient electron heating between trapped electrons and fast

oscillating RF electric field.9–11 This efficient electron heat-

ing leads to the gas temperature of hundreds degrees prevent

its biomedical application, and the thermal instability of

a! c mode transition.9,12 Although the pulsed RF plasma

has been proposed to limit the gas temperature by shorter

power on duty cycle,13–15 the discharge dynamics in the ris-

ing phase of the PRF CCP with increasing current and volt-

age amplitude has not been studied. On the other hand, the

bactericidal effect of plasma depends on the concentration of

oxidation species such as O3, OH, and O.3 777 nm

(O(5p1)!O(5s2)þ hk) emission intensity is used as an indi-

cator of atomic oxygen concentration of plasma, but the

main mechanism of O(5p1) production has not been ascer-

tained.16 In this letter, we present experimental and numeri-

cal results aimed at elucidating the electron heating effect on

mode transition from uniform plasma to a mode of the PRF

CCP and the main production mechanism of O(5p1). Finally,

the sterilization efficiency of PRF CCP is analyzed.

The experimental setup used in this work consists of

two water cooled parallel stainless steel electrodes, each

being 2 cm in diameter. The discharge gap is fixed at 2 mm

and the system is housed in a Perspex box. A function

generator (Tektronix AFG3021B), an RF power amplifier

(Ruisijieer RSG-K), and a homemade matching network are

used to deliver the pulsed RF power to the power electrode.

The RF frequency is 12.5 MHz and it pulse modulation

frequency is 12.5 kHz. The current and the voltage across the

discharge are measured with a wideband current probe

(Pearson Current Monitor 2877), a wide band voltage probe

(Tektronix P5100), and a digital oscilloscope (Tektronix

TDS 5054B). An intensified charge-coupled device (iCCD)

camera (Andor i-Star DH720) is used to take the images

presented in this letter.

The plasma is simulated by 1-dimensional fluid model

to get better understanding of the physics governing the dis-

charge. The model is an extension of the one used in Refs. 9

and 17. It solves the continuity equation of each plasma spe-

cie (electron, Helium, and oxygen). The inertia of particles is

neglected, and the momentum equation is substituted by the

drift-diffusion approximation. Although the pulse modula-

tion is not considered in the simulation, it still captures the

discharge dynamics in the individual RF cycle and reaches

good agreement with experiment data. Finally, the energy

equation and continuity equation are solved self-consistently

with Poisson’s equation.

Fig. 1 shows the current and voltage characteristics of

the PRF CCP during the power on phase. The peak applied

voltage is around 640 V. The rising phase is characterized by

an increasing RF oscillation amplitude for 5.7 ls. The RF

voltage increased to 640 V at 3.6 ls, which was followed by

FIG. 1. Voltage and current over one power on phase.

a)Author to whom correspondence should be addressed. Electronic mail:

liudw@hust.edu.cn.

0003-6951/2012/101(4)/043705/4/$30.00 VC 2012 American Institute of Physics101, 043705-1
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a small valley for 0.9 ls, but the current amplitude kept

increasing to 154 mA at 5.7 ls. This indicates trapped elec-

trons and ions11 accumulated in the gas gap and intensified

the discharge until the balance between the electrons and

ions production and their wall loss on electrode is matched.

In the second stage, the amplitude of voltage and current was

constant for 12 ls. Afterwards, the reducing voltage leads to

quenching plasma in the decay period for 2 ls. Therefore the

power on duty cycle is 22.5%. The gas temperature was

obtained by comparing the simulated spectra of the C3
Q

u

�B3
Q

gðDv ¼ �2Þ band transition of nitrogen with the

experiment recorded spectra.18 Because of the water cooling,

the gas temperature is 290 6 10 K, which is 20 K less than

that of the pulsed RF plasma jet.

Fig. 2 shows the space and time resolved optical emis-

sion in the rising phase during power on phase. The data

shown were obtained by taking a series of 5 ns exposure time

images at various RF phase, averaging emission profile in

the radial direction, and collating the results to reconstruct

the emission profile time evolution.9,18 Fig. 2(a) is taken at

3.06 ls with peak RF voltage of 520 V and peak current of

90 mA. The uniform plasma bulk is across the gas gap, and

its emission intensity is stronger at the voltage peak.

Although the simulation cannot model all wavelength emis-

sion pattern explicitly, a good agreement is found between

optical emission pattern [Fig. 2(a)] and electron generation

pattern [Fig. 2(b)]. The optical emission and ionization in the

plasma bulk are attributed to penetration of the applied elec-

tric field into the plasma bulk.19 706 nm emission is closely

related to the strong electric field inside the sheath,16,20 and

the filter image at 706 nm suggests the 706 nm emission con-

centrated only in the region less than 0.1 mm from the catho-

de(data not shown). The simulation result of electric field

[Fig. 2(c)] clearly shows the sheath with strong electric field

around 2000 V/cm was close to the electrode within the dis-

tance �0.05 mm. The moderate field across the gas gap facil-

itates the power coupled to electrons through ohm heating,

therefore, the energy deposited in the plasma bulk [Fig. 2(d)]

is in the same pattern as that of optical emission observed in

the experiment [Fig. 2(a)].

As the applied peak RF voltage increased to 640 V and

current increased to 120 mA at 3.6 ls, besides the stronger

emission from the plasma bulk, most emission concentrated

near the sheath edge9,17,21 indicates that the discharge is in

the a mode [Fig. 2(e)]. The electron generation predicted by

the simulation captured this transition explicitly [Fig. 2(f)],

and its underestimation of the emission in the gap centre is

due to the impurities (mostly N2) not considered in the simu-

lation. On the other hand, as the typical discharge in the a
mode,17 the 706 nm emission of this case has the same pat-

tern as that in Fig. 3(b), and the sheath dynamics presented

by the 706 nm emission pattern is also captured by the simu-

lation result of electric field distribution shown in Fig. 2(g).

Both 706 nm emission and electric field distribution suggest

the maximum sheath width is 0.25 mm. The electron power

density presented in Fig. 2(h) indicates that the energy

coupled to the plasma is in the same pattern as that of the op-

tical emission. The high power density region at the expand-

ing and retreating sheath edge are attributed to the stochastic

heating caused by electron interaction with fast moving

plasma-sheath boundary.22,23 The averaged stochastic heat-

ing value is �Sstoc ¼ 0:5me�venu2
sh (ush is the velocity of the

sheath boundary, �ve is the mean electron thermal velocity, n

FIG. 2. (a), (e) Space- and time- resolved optical emission profiles of the

discharge with (a) Ipeak¼ 90 mA, (e) Ipeak¼ 120 mA. (b), (f) Space- and

time-resolved electron generation (numerical result). (c), (g) Space- and

time-electric field (v/cm, numerical result). (d), (h) Power absorbed by the

electrons calculated as JeE (mW/cm3) from the simulation data. Here, Je is

the electron current density and E is the electric field. (b)-(d) correspond

to low current case of (a), (f), (g), and (h) correspond to high current case

of (e).

FIG. 3. Space- and time- resolved optical emission profiles (a) and numeri-

cal electron generation (e) of the discharge with Ipeak¼ 154 mA. Space- and

time- resolved optical emission at 706 nm (experiment (b) and numerical

result (e)), 777 nm (experiment (c) and numerical result (g)). Space- and

time-resolved density profiles of He* (d) and He2* (h) (numerical result).

043705-2 Liu et al. Appl. Phys. Lett. 101, 043705 (2012)
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is the plasma density).23 The 5� increase of sheath leaded to

5� increase sheath velocity ush and 25� increase of stochas-

tic heating value. As the current increased from 90 mA to

120 mA, the ohm heating in the plasma bulk �Sohmb / J2
rf

(Ref. 23) increased by 1.78 times. In addition to that,

the omparison of averaged power density between Fig. 2(c)

and 2(g) suggests that the averaged power density increased

by 21� and 2.5� at the sheath edge and gap centre, respec-

tively, which are in agreement with the theoretical prediction

above.23 Therefore, the fast increasing stochastic heating at

the boundary of enlarging sheath is the key reason for the

transition from the uniform discharge to the a mode.

During the second stage, the optical emission intensity

of plasma became stronger than that in the rising phase [Fig.

3(a)]. Although the working gas is helium only, due to the

gas impurity and the chamber not air tight, the optical emis-

sion spectrum of RF discharge is dominated by the nitrogen

species,24 and the all wavelength emission has the same pat-

tern as that of the 391 nm emission (Nþ2 ðB2
Pþ

g Þ
! Nþ2 ðX2

Pþ
g Þ þ hk), which indicates the large amount of

low energy electrons (e> 3 eV) to produce Nþ2 ðB2
Pþ

g Þ out-

side the sheath17 as the result of stochastic heating, On the

other hand, the 706 nm emission shown in Fig. 3(b) also indi-

cates that much less high energy (e> 22 eV) electrons inside

the sheath.17 Different from all wavelength emission and

706 nm emission, the 777 nm emission pattern shown in Fig.

3(c) suggests that both large amount of low energy electrons

outside the sheath and the few high energy electrons inside

the sheath do not affect the O(5p1) production.

In order to study the electron heating effect on O(5p1)

production mechanism, 20 reactions between He, electron

and oxygen(Table I) chosen from Refs. 16, 25, and 26 are

added to the fluid model. The purity of helium used in the

experiment is 99.9%. Although the gas chamber is not air

tight, the helium gas is kept blowing into the chamber for

10 minutes before the experiment to insure the gas purity.

Therefore, the O2 amount in the experiment is estimated to

be �0.05%, so the 0.05% O2 is used in the simulation. The

comparison of the all wavelength emission pattern, electron

generation pattern [Figs. 3(a) and 3(e)], and experimental

and numerical 706 nm emission pattern [Figs. 3(b) and 3(f)]

suggested the accuracy of the simulation. The 777 nm emis-

sion obtained by simulation [Fig. 3(g)] is in the same pattern

as that of the experiment [Fig. 3(c)], except a little more

emission outside the sheath which might be out of resolution

of the CCD camera. To help with the interpretation of Fig.

3(c), the contribution of reactions related to O(5p1) produc-

tion and consumption are compared in Fig. 4. The reaction

number of Fig. 4 and Table I are the same. The dissociation

and excitation of O2 by He* and He2* (Reactions 45 and 46)

are significantly larger than electron dissociation and excita-

tion of O2 (Reaction 44). The spatial and temporal evolution

of He* and He2* density shown in Figs. 3(d) and 3(h) sug-

gests that the negligible effect of the sheath on the He* and

He2* density distribution, which result in uniform 777 nm

emission. The electron dissociation and excitation of O2

(Reaction 44) contributed to the small 777 nm emission out-

side the sheath in the numerical result, and the contribution

of ground state O excitation by electrons (Reaction 47) is

negligible.

This PRF CCP provides an efficient way to decontami-

nate large area heat sensitive materials. In this study, its

TABLE I. Reactions between He and O2 related with O(5p1).

No Reaction Rate (cm�3s�1) Ref.

42 eþ O2 ! Oþ þ Oþ 2e 5:3� 10�10T0:9
e exp �20

Te

� �
Ref. 24

43 2eþ Oþ ! Oþ e 5:12� 10�27T�4:5
e Ref. 24

44 eþ O2 ! Oð5p1Þ þOþ e 2:89� 10�10T0:5
e exp �15:9

Te

� �
Ref. 13

45 He� þ O2 ! OþOð5p1Þ þ He 1:0� 10�12 Ref. 13

46 He�2 þ O2 ! OþOð5p1Þ þ 2He 1:0� 10�12 Ref. 13

47 eþ O! Oð5p1Þ þ e 1:51� 10�9T�0:45
e exp �10:73

Te

� �
Ref. 13

48 Oð5p1Þ ! Oð5s2Þ þ hv 3:69� 107 Ref. 13

49 Oð5p1Þ þ He! OþHe 7:0� 10�12 Ref. 13

50 Oð5p1Þ þ O2 ! Oþ O2 1:0� 10�9 Ref. 13

51 eþ O! Oþ þ 2e 9:0� 10�9T0:7
e exp �13:6

Te

� �
Ref. 24

52 eþ O! O� 1:0� 10�15 Ref. 23

53 eþ Oþ O2 ! O� þ O2 1:0� 10�31 Ref. 23

54 O� þ He! Heþ Oþ e 2:5� 10�18ðTg=300Þ0:6 Ref. 23

55 O� þ O! O2 þ e 2:0� 10�10ðTg=300Þ0:5 Ref. 23

56 Oþ þ O� ! 2O 2:0� 10�7ðTg=300Þ�1
Ref. 23

57 3O! OþO2 9:21� 10�34ðTg=300Þ�0:63
Ref. 23

58 2OþO2 ! 2O2 2:56� 10�34ðTg=300Þ�0:63
Ref. 23

59 Heþ þ O! Oþ þ He 5:0� 10�11ðTg=300Þ0:5 Ref. 23

60 Heþ2 þ O! Oþ þ 2He 1:0� 10�9ðTg=300Þ0:5 Ref. 23

61 2OþHe! Heþ O2 1:3� 10�32ðTg=300Þ�1
exp �170

Tg

� �
Ref. 23

62 He� þ O! HeþOþ þ e 4:3� 10�10 Ref. 23

043705-3 Liu et al. Appl. Phys. Lett. 101, 043705 (2012)
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decontamination efficiency on polymers is analyzed. After

an overnight incubation at 37 �C, typical S.au bacteria colo-

nies were selected and diluted into a 108 cfu/ml suspension

using sterile normal saline. Droplets of 100 ll of the solution

were deposited on a cellulose membrane (3 cm� 3 cm) and

slowly desiccated during 5 min prior to the plasma exposure.

The membrane is placed on the bottom electrode and the

treatment time is fixed at 10 s. After the treatment, the cellu-

lose membrane were spread onto the surface of the LB plate

and incubated for 72 h at 37 �C. Fig. 5 shows the control

samples, two cases with working gas of pure helium and

HeþO21%, respectively. The placement of membrane did

not affect the plasma structure. The treatment of ten seconds

in pure helium is sufficient to decontaminate the membrane

with the effective area same as electrode, furthermore, by

keeping the same applied power and increasing the addition

of O2 to 1%, the decontamination area increased by 40%.

This is due to the more production of O and O3 with the

addition of O2.27 Different from the treatment by the plasma

jet, whose treatment time is in minutes scale,28 the 10 s treat-

ment time indicates the higher decontamination efficiency of

the PRF CCP. Not only the high concentration of reactive

species, but also the charged particles and the electric field

between the electrode lead to the high decontamination effi-

ciency of PRF CCP.29

In conclusion, the transition from uniform plasma to the

a mode and the production mechanism of O(5p1) are studied.

The fast increasing stochastic heating as the result of the

expanding sheath is the key reason for this transition. He*

and He2* dominate the production of O(5p1) through dissoci-

ation and excitation of O2; therefore, the effect of sheath on

777 nm emission distribution is negligible. Reactive species,

charged particles, and electric field between electrodes

leaded to higher sterilization efficiency of PRF CCP than

plasma jets.
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20E. Schüngel, J. Schulze, Z. Donkó, and U. Czarnetzki, Phys. Plasmas 18,

013503 (2011).
21D. Liu, F. Iza, and M. G. Kong, IEEE Trans. Plasma Sci. 36, 952–953

(2008).
22V. A. Godyak and R. B. Piejak, Phys. Rev. Lett. 65, 996–999 (1990).
23E. Kawamura, M. A. Lieberman, and A. J. Lichtenberg, Phys. Plasmas 13,

053506 (2006).
24J. J. Shi, D. W. Liu, and M. G. Kong, Appl. Phys. Lett. 90, 031505 (2007).
25D. X. Liu, P. Bruggeman, F. Iza, M. Z. Rong, and M. G. Kong, Plasma

Sources Sci. Technol. 19, 025018 (2010).
26D. Liu, M. Rong, X. Wang, F. Iza, M. G. Kong, and P. Bruggeman, Plasma

Processes Polym. 7, 846–865 (2010).
27Z. Xiong, X. P. Lu, A. Feng, Y. Pan, and K. Ostrikov, Phys. Plasmas 17,

123502 (2010).
28J. Sarrette, S. Cousty, F. Clement, C. Canal, and A. Ricard, Plasma Proc-

esses Polym. 9, 576 (2012).
29M. Laroussi, D. A. Mendis, and M. Rosenberg, New J. Phys. 5, 41 (2003).

FIG. 5. Photographs of S.au samples on cellulose membrane. Plasma work-

ing time is fixed at 10 s. Working gas of pure He and HeþO2(1%) are used.

FIG. 4. Space and time averaged rate of O(5p1) reaction. Positive frequency

means production reactions, and negative frequency means loss reactions.

043705-4 Liu et al. Appl. Phys. Lett. 101, 043705 (2012)

Downloaded 19 Nov 2012 to 211.69.195.192. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissionsView publication statsView publication stats

http://dx.doi.org/10.1088/0022-3727/44/17/174003
http://dx.doi.org/10.1088/1367-2630/11/11/115020
http://dx.doi.org/10.1088/1367-2630/11/11/115012
http://dx.doi.org/10.1109/27.533129
http://dx.doi.org/10.1016/j.surfcoat.2005.02.217
http://dx.doi.org/10.1088/0022-3727/42/22/222003
http://dx.doi.org/10.1063/1.3430636
http://dx.doi.org/10.1063/1.3496474
http://dx.doi.org/10.1063/1.3058686
http://dx.doi.org/10.1088/0963-0252/16/2/020
http://dx.doi.org/10.1063/1.2425045
http://dx.doi.org/10.1063/1.2965453
http://dx.doi.org/10.1063/1.3573811
http://dx.doi.org/10.1063/1.4729730
http://dx.doi.org/10.1088/0022-3727/43/3/032001
http://dx.doi.org/10.1088/0022-3727/43/3/032001
http://dx.doi.org/10.1063/1.3186073
http://dx.doi.org/10.1063/1.3573811
http://dx.doi.org/10.1140/epjd/e2010-00191-7
http://dx.doi.org/10.1063/1.3535542
http://dx.doi.org/10.1109/TPS.2008.922426
http://dx.doi.org/10.1103/PhysRevLett.65.996
http://dx.doi.org/10.1063/1.2203949
http://dx.doi.org/10.1063/1.2432233
http://dx.doi.org/10.1088/0963-0252/19/2/025018
http://dx.doi.org/10.1088/0963-0252/19/2/025018
http://dx.doi.org/10.1002/ppap.201000049
http://dx.doi.org/10.1002/ppap.201000049
http://dx.doi.org/10.1063/1.3526678
http://dx.doi.org/10.1002/ppap.201100096
http://dx.doi.org/10.1002/ppap.201100096
http://dx.doi.org/10.1088/1367-2630/5/1/341
https://www.researchgate.net/publication/257952853

