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Abstract: A study of an atmospheric pressure 
direct current microplasma discharge in He/N2 is 
performed using COMSOL Multiphysics. The 
calculation of heat transfer is fully coupled with 
the plasma simulation so as to resolve the gas 
heating in discharges. A simple circuit model is 
used to decide the discharge voltage so that the 
current-voltage (I-V) characteristics are obtained. 
The I-V characteristics in He agree well with the 
available experimental data and it is found that 
with the addition of some amount of N2 to He, 
N2 is highly ionized. N2 ions play an important 
role in the discharge kinetics, even if its amount 
is very small such as 0.002~0.02%. 
 
Keywords: Microplasma, Atmospheric pressure, 
DC discharge, Gas heating. 
 
1. Introduction 
 

Microplasmas are characterized by their 
small size (characteristic dimensions, of tens to 
hundreds of microns) and high gas pressure (100 
Torr1 atm), yielding nonequilibrium plasmas[1]. 
Recently, atmospheric pressure nonequilibrium 
plasmas (APNEPs) have been widely studied for 
environmental and biological applications as 
well as material processing [2,3]. The 
atmospheric pressure direct current (dc) micro-
discharge, generally across a short gas gap 
between metal electrodes, is one of the easy 
methods of generating an APNEP.  

For the extensive use of dc microplasmas at 
atmospheric pressure to meet industrial needs, it 
is essential to generate plasmas more efficiently 
and to understand the discharge properties, such 
as discharge current-voltage (I-V) characteristics, 
discharge gas composition, as well as the effect 
of gas temperature. The dc microdischarges at 
atmospheric pressure have been investigated in a 
He flow [1,4,5]. Wang and co-workers [1] used 
the fluid approach to simulate a dc atmospheric 
pressure microdischarge in He and they found 
that the microdischarge resembled a macroscopic 
low pressure dc discharge in many respects. 
They also indicated that gas heating played an 

important role in atmospheric pressure micro-
discharges, in which the peak gas temperature 
increased from 370 to 650 K. Choi and co-
workers [4] used the particle-in-cell Monte Carlo 
method to obtain the electron and ion kinetics in 
a dc atmospheric pressure microdischarge in He. 
A constant gas temperature of 300 K was used in 
their study. Belostotskiy and co-workers [5] 
reported their research about the effect of gas 
heating on the I-V characteristics in dc 
microdischarge in He at different operating 
pressures (300-800 Torr). Arkhipenko and co-
workers [6] studied the effect of cathode 
temperature on atmospheric pressure dc glow 
discharges in He and they found that the cathode 
temperature varied from 350 to 900 K for the 
uncooled cathodes.  

Some investigations of atmospheric pressure 
discharges in He/N2 mixtures have also been 
carried out for analytical spectrometry [3,7,8]. 
The addition to He of some amount of a doping 
gas such as N2 is shown to have a significant 
influence on the emission intensity of the 
analytes. Martens and co-workers [3] reported 
their research on atmospheric pressure glow 
discharge in He, including 10 ppm of nitrogen, 
by using fluid and Monte Carlo simulations. 
They indicated that at atmospheric pressure the 
positive column region became the dominant and 
that the He2

+ ions played an important role. 
Wang and co-workers [7] performed their 
measurements by adding a small amount 
(0.02mol%) of N2 to the He gas feed. The 
measured I-V characteristics were presented and 
the maximum gas temperature was found to be 
about 550 K. Petrov and co-workers [8] studied 
the capillary surface wave discharges at 
atmospheric pressure in He/N2. They indicated 
that the N2 molecules were highly ionized 
through Penning ionization with the metastable 
He atoms.  

However, the role of N2 in He/N2 micro-
discharges is still not completely clear, e.g., the 
effect on the I-V characteristics. In this work, 
different small amounts of N2 are added to the 
He gas to study the effect of gas composition on 



dc m
calcu
trans
The 
chara
 
2. N
 

T
disch
disch
gives
types
etc) 
betw
rate 
charg
a dec
an in

F

T
plasm
= 0 a
powe
Rb ar
the d
curre
 
ܸ ൌ
 
wher
work
with 
obtai
simu
obtai
equat
neutr

microdischarge
ulated by so
fer, coupled 
effect of cat

acteristics is al

umerical M

The model stu
harges is n
harges. It is k
s rise to more
s of collisions 
[3]. In He/N2 

ween He and N
coefficients o

ge transfer rea
crease of He m
ncrease of N2 i

Figure 1. Schem

The schematic
ma model is sh
at cathode an
er supplied vo
re used to gen
discharge vol
ent density. Vd

ௗܸ ൅    ,௕ܴܣ݆

re A is the ar
k, A is set 0.

that used in t
ined Vd is 

ulation as a bou
ined from th
tions include
ral species, an

e properties. T
olving the eq

with the pla
thode tempera
lso studied. 

odel 

udy for atmo
ot similar 
known that th
e collisions a
(such as three
mixtures, a s

N2 species take
of Penning io
actions are exp
metastable ato
on density.   

 

 
matic of a micro

 
c of a para
hown in Fig. 
d x = 200 m
oltage V and 
nerate a micr
ltage and j 

d is solved by  

    

rea of each e
006 cm2, wh
the earlier exp

inputted in
undary potent

he solution o
ed transport 
nd Poisson’s 

The gas heatin
quation of h
asma simulati
ature on the

ospheric press
to low-press
he high press
and also to ot
e-body collisio
strong interact
es place. The h
onization and
pected to resul
om density and

 

oplasma model.

allel-plate mic
1. In this wor

m at anode. A
a ballast resi
odischarge. V
is the discha

   (

electrode. In 
hich is consis
periment [7]. T
nto the plas
tial condition. 

of the govern
of charged 
equation for 

ng is 
heat 
ion. 
I-V 

sure 
sure 
sure 
ther 
ons, 
tion 
high 
d of 
lt in 
d in 

cro-
rk, x 
A dc 

stor 
Vd is 
arge 

(1) 

this 
tent 
The 
sma 
j is 

ning 
and 
the 

e
M
ta
H
H
S
e
a
th
in
w
c
ta
c
n

T

N

1
2
3
4
5
6
7
8
9
1
1
1
1
1

1
1
1
1
1
2
2

T

ߩ

electric field, w
Module in CO
aken into acco

He+, He2
+, N

He(21S), He(2
Since only a 
excited N2 mo
and the ions N
his work [2]
ncluded in th

which the cro
coefficients k
aken from r

coefficients k
neutral species

Table 1: The rea

No. Reaction

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

15 
16 
17 
18 
19 
20 
21 

e− +He→
e− +He→
e− +He→
e− +He(2
e− +He(23

2e− +He+→
2e− +He+→
e− +He2

+→
e− +N2→2
e− +N2

+→
He+ +2He
He(21S)+
He(23S)+
He(23S)+

+He
He+ +N2→
He2

+ +N2

He+ +N2+
He2

+ +N2

He(23S)+
He(21S)+
He(23S)+

+2H

The heat transp

௣ܿߩ
డ்

డ௧
ൌ ׏ ∙ ሺ݇

which is perfo
OMSOL Multi
ount in the mo
N2

+, the met
23S), He*, as
small amount

olecules, the d
N+, N4

+, N3
+, a

]. The reacti
he model are 
oss sections 
for electron i

ref. [3,9,10]. 
among heav

s) are taken fro

actions included

→e− +He(21S)  
→e− +He(23S)
→2e− +He+ 

1S)→2e− +He+

3S)→2e− +He+

→e− +He 
→e− +He* 
→He +He* 
2e− +N2

+ 
→N2 

e→He2
++He

+He→2He+hv 
+2He→He2+H
+He(23S)→He
e  +e− 
→N2

++He 
→N2

++2He
+He→N2

++2H
+He→N2

++3H
+N2→N2

++He+
+N2→N2

++He+
+N2+He→N2

+ 

He +e− 

port of the gas

ሻܶ׏݇ ൅ ܳ, 

formed in the 
iphysics. The 
odel include t
tastable He 
s well as ele
t of N2 is us
dissociated N 
are not consid
ions among 
given in Tabl
 and reacti
impact collisi

The reactio
vy species (io
om ref. [2,3,8]

d in the model. 

 / k  
(cm3 s-1/ c

+ 
+ 

He 
+ 

He 
He 
+e− 
+e− 

f() 
f() 
f() 
f() 
f() 
3×10-20 (Tg

3×10-20 (Tg

8.9×10-9(T
f() 
4.8×10-7(T
6.5×10-32 

6.0×10-15 

2.5×10-34 

2.9×10-9 

 

1.3×10-9 
1.1×10-9 
2.2×10-29 

1.6×10-29 

6.3×10-11 

1.5×10-10 

2.9×10-30 

s is solved by 

    

Plasma 
species 

the ions 
atoms: 

ectrons. 
sed, the 

atoms, 
dered in 
species 
le 1, in 
on rate 
ions are 
on rate 
ons and 
]. 

cm6 s-1)

Tg/Te)
4 

Tg/Te)
4 

Tg/Te)
1.5

Tg/Te)
0.5

(2) 



wher
temp
therm
sourc
Table
 
3. R
 
3.1 C
      
     Fi
chara
electr
the c
temp
350 
coeff
exper
for 
chara
in go
The 
micro
temp
calcu
0.002
seen 
(0.00
are s
added
decre

 
Figur
He/0.
 
3.2 D
 

D
is

ch
ar

ge
vo

lta
ge

(V
)

re  is the 
perature, cp is
mal conductivi
ce term summ
e 1. 

esults  

Current-volta

igure 2 sho
acteristics. T
ric field calcu
cathode and 

perature for bo
K. The s

ficient is decid
rimental data 
ions He+ an
acteristics for 
ood agreemen
same  value 
odischarges. 

perature are a
ulations are p
2%N2, He/0.

in Fig. 2, e
02% mol) N2 i
still affected. 
d in He, th
ease.  

re 2. Current-vo
.002%N2, and H

Discharge stru

120

140

160

180

200

220

240

0 4

D
is

ch
ar

ge
 v

ol
ta

ge
 (

V
)

D

gas density
s the specific
ity of the gas, 

ming all the re

age (I-V) char

ows the sim
The boundary
ulation is speci

Va = Vd on 
oth electrodes 
econdary ele
ded by compar
[7]. It is foun

nd He2
+, the

pure He mic
nt with the ex

is used for io
The seco

assumed to be
performed fo
02%N2 micr

even if a ver
is added, the I
In the case 

he I-V charac

oltage (I-V) cha
He/0.02%N2 mic

ucture 

8 12 16

ischarge curren

He (experimen
He (this work)
He/0.002%N2 
He/0.02%N2 (

, T is the 
c heat, k is 
and Q is the h

eactions shown

racteristics 

mulated the 
y condition 
ified as Vc = 0
the anode. T
is assumed to

ectron emiss
ring the availa

nd that at  = 0
e calculated 
crodischarges 
xperimental d
ons N2

+ in He
ondary elect
e 5 eV [1]. T

or pure He, 
rodischarges. 
ry small amo
I-V characteris
of 0.02%mol 
cteristics gre

aracteristics for 
crodischarges. 

6 20 24

t (mA)

ntal)

(this work)
this work)

gas 
the 

heat 
n in 

I-V 
for 

0 on 
The 
o be 
sion 
able 
0.11 
I-V 
are 

data. 
e/N2 
tron 
The 
He/ 
As 

ount 
stics 

N2 

atly 

 
He, 

 
d
4
p
c
fr
c
[
c
e
o
r
F
a
a
g

F
e
m

F
H

D
i

(
3 )

   The plasma
discharges at V
4. As can be o
potential incre
cathode to abo
from the cath
called as the c
3]. Figure 3 

column fills m
electron tempe
of 20 eV in t
apidly to muc

Figure 4 show
and ions He+, 
amount (0.02%
generated N2

+ i

Figure 3. Ele
electron temper
microdischarges

Figure 4. Densi
He2

+, and N2
+ in 

0

2E+19

4E+19

6E+19

8E+19

1E+20

1.2E+20

0

D
en

si
ty

 (
m

-3
)

a properties for
V = 420 V are
observed from
ases very quic

out 210 V at 
hode. This sm
cathode dark 

also indicat
most of the di
erature profile
the cathode s
ch smaller val

ws the density 
He2

+, and N2

%mol) of N2 
ions are distrib

ectrical potenti
rature (solid

s.  

ity profiles for 
He/0.02%N2 m

50 100
Distance from c

r He/0.02%N2

e given in Figs
m Fig. 3, the el

ckly from 0 V
a distance of 

mall region ha
space (CDS)

tes a large p
ischarge regio
e shows a ma
sheath and de
lues (about 1~
profiles of el

2
+. Although 
is added to H

buted over a la

al (dashed lin
line) in He/0

electrons and io
microdischarges

150 200
cathode (m)

electron

He+

He2+

N2+

2 micro-
s. 3 and 
lectrical 
V at the 
f 40 m 
as been 
) region 
positive 
on. The 
aximum 
ecreases 
~2 eV). 
lectrons 
a small 
He, the 
arge  

       

 
ne) and 
0.02%N2 

 

ons He+, 
. 

0



discharge region with a maximum of about half 
of those of He+ and He2

+ ions, which could be 
deduced by the high Penning ionization of No. 
19-21 and charge transfer reactions of No. 15-18 
shown in Table 1. 
 
3.3 Effect of cathode temperature  
 

The simulated results for the effect of 
cathode temperature in He/0.02%N2 micro-
discharges are given in Figs. 5-7. The cathode 
temperature is assumed to be 350, 450, and 550K 
and the anode temperature is fixed at 350 K. The 
other calculation conditions are the same as 
section 3.2. With the increase in cathode 
temperature from 350 to 550 K, the peak 
temperatue of gas temperature increase from 580  
to 700 K. It is well known that the electrical 
conductivity  is strongly dependent on 
temperature, which can be approximated by 
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where 0 is the electrical resistivity at T0,  is the 
proportional coefficient, T0 is the reference 
temperature, T is the gas temperature. The 
decrease of  with the increase in temperature 
requests a higher discharge voltage to sustain the 
plasma discharge, as shown in Fig. 6.  

Figure 7 shows the I-V characteristics in 
He/0.02%N2 microdischarges at different 
cathode temperatures. With the increase in 
cathode temperature, the I-V characteristics rise 
up.  
 
4. Conclusions 
 

This paper presents the simulation results of 
atmospheric pressure direct current microplasma 
discharges in He/N2. The fully coupled 
calculation of plasma discharge and heat transfer 
is realized. A simple circuit model is used to 
obtain the discharge voltage regarded as the 
boundary potential condition in the plasma 
simulation.  

 Results show that the present work 
efficiently reveals the plasma properties in He/N2 
microdischarges, especially for the effect of a 
small amount of N2 added to He as well as the 
effect of cathode temperature on the I-V 
characteristics. The present work can provide the 
useful information of the use of COMSOL  

 

 
Figure 5. Gas temperature profiles in He/0.02%N2 
microdischarges at different cathode temperatures.   
 

 
Figure 6. Electrical potential in He/0.02%N2 micro-
discharges at different cathode temperatures.  

 

 
Figure 7. Current-voltage (I-V) characteristics in 
He/0.02%N2 microdischarges at different cathode 
temperatures.  
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Multiphysics in finding the design parameters of 
atmospheric pressure plasma sources for surface 
modification. 
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