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Introduction 

  The physical parameter  
   (plasma particles per Debye region): ND 
       PIC: numerical parameters 

a.  Cell size   
b.  Time step  
c.  The number of superparticles per cell, Nc 

  limited by 

a.       should be smaller than                                               (Debye length, s
heath length and Larmor radius)  

b.      should be smaller than                                                (Inverse of plas
ma frequency,  RF driving frequency and maximum collision frequency) 

c. Nc  for atmospheric plasma PIC ? 
d. Physical and Numerical Uses of ND (Debye Number

) in PIC 



Scientific Progress (F Iza) 
Exponential growth of plasma-enabled technologies 
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Biomedical Plasma 

The latest plasma-based revolution 

Processing Plasma 

# of transistors doubles every 2 years 

Microplasmas 

PDP market reaches ~$100 Billion (2007) 

Fusion Plasma 

The triple product doubles every 1.8 years 
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N ~ 5000 

N ~ 1.2e5  PIC-MCC, H.C.Kim et al, 

 Experiment, Godyak et al.(1992) 
 Lieberman & Lichtenberg:  
 Fig. 11-13 (1st ed.) 

New combined PIC-MCC 
I.V. Schweigert et al, PSST (2004) 

PIC-MCC, Vahedi et al, PSST (1994) 

  argon gas 

  current density :  

  gap distance : 2 cm 

Simulation results give quantitative agreement with measurements. 

[Ref.] H.C. Kim, O. Manuilenko and J.K. Lee, Jpn. J. Appl. Phys. 44, 1957 (2005)  

  The main reason for better simul. agreement=superparticle number 



J = 2.65 

  Langmuir 
Probe by Godyak 

  Laser 
Thomson 
Scattering by 
Elsabbagh 

J = 3.8 mA/cm2 

  Using PIC-MCC 
Simulation 

J = 3.8 mA/cm2 

EEDF for CCP: PIC agrees with probe, not with LTS. 

[Ref.] H.C. Kim, F. Iza, S.S. Yang, M. Radmilovic-Radjenovic, and J.K. Lee,  

           J. Phys. D: Appl. Phys. 38 R283-R301 (2005)  



Biomed. plasmas are microplasmas  
at atmospheric pressure 



Electron Kinetics in RF Atmospheric-Pressure Microplasmas 

~ 

J=1A/cm2  
@ 13.56MHz 

L 

He 

[Ref.] F. Iza, J. K. Lee, and M. G. Kong, Phys. Rev. Lett. 99, 075004 (2007) 

Evolution of the electron density profile Evolution of EEPF 

pd ~ 15-6 Torr-cm 



Global model / Fluid / PIC-MCC 

[1] M. A. Lieberman and A. J. Lichtenberg, Principles of Plasma Discharges, 2nd ed. (John Wiley & Sons Inc., 2005) 
[2] J. J. Shi and M. G. Kong, Physical Review Letters 96, 105009 (2006) 
[3] F. Iza, J. K. Lee, and M. G. Kong, Physical Review Letters 99, 075004 (2007) 
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Mobility data obtained by PIC-MCC simulation 

Kiz is obtained numerically with the cross section data used 
in the PIC simulation and assuming a Maxwellian electron 
energy distribution function. 

Global model[1] 

Fluid[2] 

PIC-MCC[3] 
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Sheath 

Sheath 

•  1D RF Voltage-Driven System 

Bulk 
Plasma 

Substrate 

X direction 

Plasma Application 
Modeling @ POSTECH 

Modeling of Plasma Kinetics via PIC 

Potential 

Density of :  
Electron and Ion 



1×102

3.29

1×102 ~1×108

1×10-5

1×105

1×102

1×10-1  ~1×103


Plasma properties with ND

•  Each ND is estimated based on the  eq. (1) 
•  ND  in Low pressure and glow discharge      
  region is about 1~102  

 equation (1)



Plasma region 

Sheath region 

λD   

Ion 

Electron 

Substitution 

Basic concept of ND 

•  Physical definition of Debye number in 3D 

•  Definition of Debye number at the 1D PIC simulation 
Debye number ( ND ) in 1D PIC simulation can be defined as a number of pa
rticle per Debye length (λD ) 



JPD (2005) ICNSP (2009) 



Other references 

Ref.] H.C. Kim, F. Iza, S.S. Yang, M. Radmilovic-Radjenovic, and J.K. Lee, J. Phys. D: Appl. Phys. 38 R283-R301 (2005)  

  Condition 
  Gas : Ar 
  Gap : 2cm 
  Current : 2.65mA/cm2 
  Frequency : 13.56MHz 
  Pressure : 100mTorr 

The electron density and electron temperature for the different numbers of super-partic
les 



Other references 

Ref.] M. M. Turner, PHYSICS OF PLASMAS 13, 033506 2006 

  Condition 
  Gas : Ar 
  Gap : 2cm 
  Current : 30A/m2 
  Frequency : 13.56MHz 
  Pressure : 100mTorr 

  Density 

  Effective electron temperature 

  EEPF 



ND  / NC  ≈  λD  / ΔX 

nc2p Nc Nd 

6.00E+09 2.67E+02 1653.3 

4.00E+09 4.00E+02 2420 

3.50E+09 4.57E+02 2742.85 

2.50E+09 6.40E+02 3840 

2.00E+09 8.00E+02 4760 

1.50E+09 1.07E+03 6346.6 

9.00E+08 1.78E+03 10488.8 

nc2p variation  NC and ND variation 

NC = initn · A · L /nc2p · grid # 

      = initn · A · ΔX  / nc2p   L / grid 
# = ΔX 

Computational Number  

ND = initn · A · λD  / nc2p 
Debye number ( ND ) in 1D PIC simulation  
can be defined as a number of particle per 
Debye length (λD ) 

Physical Number  

Initn  : initial electron density 
    A    : area  
Nc2p : The number of physical particles per computer particle. 

Relation between ND and NC 



Electron Temperature with variations of NC and ND 

  H. C. Kim’s case   H. Y . Kim’s case 
Ref:  J.Phys. D : Appl. Phys. 38 (2005) R 283- R301 

•   Gas pressure: 760 Torr 

•   Gap size: 200 µm  

•   Gas: Ar 

•   Frequency: 500MHz 

•   Voltage : 130V 

•   Grid: 100 

•   Area:  0.01 m2 

Our Simulation condition 

•  Simulation result at the atmospheric pressure shows  
  similar trend with low pressure case ( H.C.Kim’s case ) 

•  Electron density is starting to saturate after 800 of NC  
  ( ≈ 4800 of ND )  



Electron Temperature with variations of NC and ND 

•  Value of ND at where 1D PIC simulation is starting     
  to saturate is on the similar ND region calculated      
  by saturated electron density and electron temperature 

•  It can be new standard for selecting NC  for the  
  reliable results from simulation  

Take the ND value   
on that domain 

Get the NC value   
using  the relation  
between NC and ND 

 Selecting the  
  simulation domain  

on the ND plane 

ND  / NC  ≈  λD  / ΔX 



Global modelings of two experiments 

   Experimental condition

  Type : Direct treatment  
  Gas : H2O2 / Ar  
  Pressure : 760 Torr  
  Power : 10 W 
  Method : H2O2 vapor system 
  (water concentration is less than 1000 ppm
)  

   Experiment 2 

4/8 

  Experiment 1 

  Type : Direct treatment 
  Gas : H2O2 or H2O / Ar 
  Pressure : 760 Torr  
  Power : 4 W 
  Method : H2O2 or H2O liquid system 
        (water concentration is more than 1000 ppm) 

   Experimental condition



Global Model: Particle and Energy Balance in Discharges 

Uniform density discharge model 

: Electron and neutral gas temperature (K) 

: Generation rate due to the 
  chemical reactions 

: Loss rate due to the chemical 
  reactions 

: Flux into the boundary 

Particle balance equation

: Total energy of species in the discharge 

: Electron density 

: Input power density 

: Power loss of electrons due to the 
  chemical reactions 

Power (or energy) balance equation



Ar/N2/O2/H2O/H2O2 Discharge: 73 Species & 481 Reactions 
Input gas (5)  Ar, N2, O2, H2O2, H2O 

Neutral radicals (29) 
Ar*, Ar**, O2*, O, O*, O3, O**, O2(A), O2(B), OH, OH(A), H, H2, H

(2), H(3), HO2,  NO, N, NH, HNO, NH2, NH3, N2H2, N2H3, N2H4, N

NH, NO2, N2O, NO3 

Charged sp

ecies 

Positive (29) 
Ar+, Ar2

+, O2
+, O+, OH+, H2

+, H+, O4
+, H3

+, H2O+, H3O+, H5O2
+, H4O

2
+, H2O3

+, H7O3
+, H9O4

+, H11O5
+, H13O6

+, H15O7
+, N4

+, HN2
+, NO2

+,

 N2
+, NO+, NH3

+, NH4
+, N3

+, N+, N2O+ 

Negative (10

) 
electron, O2

-, O-, O3
-, OH-, H-, NO2

-, NO3
-, NO-, N2O- 

Ref: H. W. Lee et al., J. Phys. D: Appl. Phys. 44 (2011), 053001 



Case 1 : Ar discharge with Submerged Sample 

• Gas temperature: 300 K 
• Pressure: 1 atm (= 760 Torr) 
• Relative humidity: 25 % (+70 %) 
• Gas content 

  : Ar + 3% H2O2 (+97% water)= 99 
% 
    Humid air = 1 % 
         (0.77% N2 + 0.22% O2 + 0.00
8% H2O) 

• Electron density: 3x1011 cm-3 

Simulation Condition 

30 % Ar + 70 % Liquid solution 
Power 

Liquid solution 
(x % H2O2 + (1-x) % water) 

Gas content in the simulation 

Ar 

Ar 
+ Air 
(30 %) 

Liquid 
(70 %) 

H2O 
(1-x %) 

H2O2 (x %) 



Case 1 : Ar discharge with Submerged Sample 

•  As H2O2 increases, OH, O and NO incre
ase, while O2

- and O3 decrease. 

•  O3 reduction by X30 with 3 % H2O2 

Experimental results GMoo result 

H2O2 

H2O 

1E+09 
1E+10 
1E+11 
1E+12 
1E+13 
1E+14 
1E+15 
1E+16 
1E+17 
1E+18 

OH O O2- NO O3 C
on
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nt
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tio
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(c

m
-3

) 

0 0.75 1.5 2.25 3 H2O2 % : 



Case 1 : 3% H2O2 vs. Water (Result of GMoo Simulation) 

•  The 3% of H2O2 case shows higher densities of OH and O, and their
 generation (and loss) rates by X 11-18 than those of water case. 

•  This might explain the higher sterilization rate with H2O2 than H2O, t
hat had been observed experimentally. 

0 

2E+16 

4E+16 

6E+16 

8E+16 

1E+17 

OH O 

Water 3% H2O2 

-1.34E+08 

1E+23 

2E+23 

3E+23 

4E+23 

OH O 

Water 3% H2O2 

Density (cm-3) Generation & Loss rate (cm-3 s-1) 

x4.5 

x2.3 x18.2 

x11.4 



Case 2 : Ar discharge in Humid Air + H2O2 Bubbler 

• Gas temperature: 300 K 
• Pressure: 1 atm (= 760 Torr) 
• Relative humidity: 25 % (+70 %) 
• Gas content 

  : Ar + 3% H2O2 (+97% water)= 99 
% 
    Humid air = 1 % 
         (0.77% N2 + 0.22% O2 + 0.00
8% H2O) 

• Electron density: 3x1011 cm-3 

Simulation Condition 

(1-x) % Ar + x % Liquid solution (3% H2O2 + 97% water or 100 % water) 

Power Discharge region 
(Simulation domain) 

Ambient humid air 

Ar + H2O2 
(99 %) 

Humid air 
     (1 %) 

N2 
(0.77 %) 

O2 
(0.22 %) H2O 

(0.008 %) 
= 80 ppm 

Gas content in the simulation 

3% H2O2 bubbler 

Ar 



Case 2 : OH and O density: Experiments vs. GMoo 

•  Result of GMoo shows good agreement with the experimental meas
urement. 

•  OH density shows its maximum value at 0.6 % of H2O2. 
•  O density decrease as H2O2 concentration increases. 

[ Experimental measurement
 ] 

[ GMoo ] 

* Water = 80 ppm 



Case 2 : H2O2 + H2O Plasma vs. H2O Plasma: OH Density 

•  When the water concentration is 100 ppm, OH density in H2O2 plasma is fiv
e times higher than that in H2O plasma. This difference is because H2O2 is t
he main source of OH generation. 

•  As the water concentration increases, the ratio of OH density in H2O2 plasm
a to that in H2O plasma decreases. 

5 times (H2O2 + plasma > H2O + pla
sma)  

Result of GMoo Ratio of OH density 



 ND/ Nc = 6 

     λD  is 6 times higher than ΔX  

 Observation 



Summary 
ND  / NC  ≈  λD  / ΔX 



  Depending on SEEC,  the main mechanism for EEDF change differs. 

•  W/O SEEC :  
from collisional (Ohmic) to co
llisionless (stochastic) 

•  With SEEC : 
α-γ mode trans
ition 

Dual-Freq. CCP: Electron Heating Mechanism 

[Ref.] H.C. Kim and J.K. Lee, Phys. Rev. Lett. 93, 085003 (2004).  

  Jh :fixed, 100 mTorrr 



10 MHz: BR heating not observed because the energy 
gained in one bounce drives the electrons out of resona
nce.  

13.56 MHz: BR heating results in the formation of a pl
ateau in the EEPF for electrons that satisfy ΩBounce(εx) 
≈ ωrf / 2π. 

20 MHz: BR heating not observed because collisions p
revent subsequent coherent interactions with the electri
c field  

Gap : 4 cm 
P : 25 mTorr 

Electron Bounce Resonance in CCP 
•  Evolution of EEPF with driving frequency 
  Reflects the Electron Bounce Resonance heating of low-energy electrons 
 with electric field in the bulk, not in the sheath (electron cannot touch the rf sheath) 

[Ref.] G.Y. Park, S.J. You, F. Iza, and J.K. Lee, Phys. Rev. Lett. 98, 085003 (2007).  

e 
e 

sheath 
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Plasma: Potential and challenge 

Electrical power: 
DC, pulsed, DBD, RF, µwave…  

Source Configuration: 
Electrodes, coils, waveguides,… 
Chemistry: 
Ar, He, O2, N2, NH3, air, … 

Reactivity 
Selectivity 
Stability 

Efficiency 
Lifetime 

… 

1950 1960 1970 1980 1990 2000 2010 

FUSION PLASMA: 
Power generation 
Millions of degree K 
Size scale: m 
TECHNOLOGICAL PLASMA : 
Material processing 
Hundreds of degree K 
Size scale: cm 

HIGH PRESSURE MICROPLASMA: 
Biomedical/industrial applications 
Room temperature 
Size scale: µm 

Radicals 
Ions 

Electrons 
Photons 
Currents 

… 

Plasma Fundamental 
plasma physics 

Application 
specific criteria 



Medical plasma 

Sterilization/disinfection Oral care – tooth bleaching Skin care  Wound healing 

Various plasma techniques  Existing market for medical equipments 



대기압 플라즈마의 강력한 박테리아 제거 

 Air Plasma  Ar Plasma 

55mm 

 Ar Plasma 처리 전  Ar Plasma 처리 후 

90% 살균:  
10초 소요 

 He Plasma 

Surface Plasma  
(메디플 )  



Case 2 : Reactions which are R
elated to H2O2 Liquid = 100 ppm  

gen loss gen loss 

Liquid = 10,000 ppm  

gen loss 
gen loss 

Directly related to H2O2:  

Secondary related to H2O2:  

Generation (49.2 %) 

Loss (0.7 %) 

5.9 % 

43.3 % 

Generation (57.3 %) 
25.8 % 

31.5 % 

Loss (64 %) 
44.9 % 

19.1 % 



Indirect Treatment: Considering 
Half-life Time and Diffusion 

•  In the indirect treatment case, O3 and O2
- might play a crucial role in the sterilization,

 because 
–  1. It is known that they have germicidal effects*a and are biologically toxic*b. 

•  *a. Laroussi M 2009, IEEE Trans. Plasma Sci. 37 714-25 
•  *b. Thannickal V J et al. 2000, Am. J. Physiol. Lung Cell. Mol. Physiol. 279, L1005-28 

–  2. Their half-life distances (> 100m) are much larger than the usual distance (~cm) between the 
    plasma nozzle and a treated sample, so their density is sufficient to show effects. 

–  3. They have maximum density point (O2
-: 0.5 % and O3: 0.7 % of H2O2) in common, which show good 

    agreement with sterilization experiment results. 

•  On the other hand, OH density decreases rapidly as the distance increases becaus
e its half-life distance is too short (~0.02 cm). But it might still be crucial in direct pla
sma treatment case. 

At the end of the nozzle (x=0) At the distance of 1 cm 



 Onset of field emissions 

[Ref.] M. Radmilovic-Radjenovic, JK Lee, et al., J. Phys. D 38, 950 (2005) 

2. Departure from Paschen in Microgaps: PIC Results before Expt. 

WILEY-VCH Verlag Berlin GmbH 

5th June 2007 

Helium at 1 atm 

Argon at 1 atm 



Slope of linear fitted line = 5.86 

Nd / Nc = 5.86 

Similar with difference between  
ΔX  and λD  (Debye length)  

 λD  / ΔX = 6.007 

Relation between ND and NC 

•  Relation between calculated ND and NC is similar with relation betw
een        
   calculated λD  and NC . 

ND  / NC = 5.86  ≈  λD  / ΔX = 6.007 



•  Simulation result at the atmospheric pressure shows  
  similar trend with low pressure case ( H.C.Kim’s case ) 

•  Electron density is starting to saturate after 800 of NC  
  ( ≈ 4800 of ND )  

Ref:  J.Phys. D : Appl. Phys. 38 (2005) R 283- R301 

Electron density with variations of NC and ND 

  H. C. Kim’s case   H. Y . Kim’s case 

•   Gas pressure: 760 Torr 

•   Gap size: 200 µm  

•   Gas: Ar 

•   Frequency: 500MHz 

•   Voltage : 130V 

•   Grid: 100 

•   Area:  0.01 m2 

Our Simulation condition 


