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Abstract  The discharge characteristics of pulse-driven coplanar micro barrier discharges for an ultraviolet (UV) light

source using Ne-Xe mixture have been investigated using a two-dimensional fluid simulation at near-atmospheric

pressure. The densities of electrons, the radiative excited states, the metastable excited states, and the power loss are

investigated with the variations of gas pressure and the gap distance. With a fixed gap distance, the number of the

radiative states Xe*(3P1) increases with the increasing driving voltage, but this number shows weak dependency on the

gas when that pressure is over 400 Torr. However, the number of the radiative states increases with the increase of the

gap distance at a fixed voltage, while the power loss decreases. Therefore, a long gap discharge has higher efficiency

for UV generation than does a short gap discharge. A slight change in the electrode tilt angle enhances the number of

radiative species 2 or 3 times with the same operation conditions. Therefore, the intensity and efficiency of the UV light

source can be controlled independently by changing the gap distance and the electrode structure.
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I. Introduction

Micro dielectric barrier discharge (DBD) is a preferable

kind of plasma device operated in atmospheric pressure;

this device can sustain plasmas with a relatively low

voltage and can be expanded to a larger area by parallel

connection of the small volume elements [1]. Glow

discharges at atmospheric pressure can be stably generated

with a dielectric barrier, which helps lower the substation

voltage and prevents the transition to arc discharge from

glow discharge [2]. Wall charges from the plasma are

accumulated on the dielectric barriers, decreasing the

effective voltage difference between the cathode and the

anode; thus, the discharge stops growing toward the arc

regime. In addition, the charge accumulation lowers the

sustain voltage after the polarity of the driving voltage

changes in the next phase. Therefore, a stable low

temperature plasma can be generated with micro DBD

devices. Various types of DBD devices have been

suggested and developed; these devices have been applied

in many research fields such as backlight units of

fluorescent lamps inside liquid crystal displays (LCD),

plasma display panels (PDP), ultraviolet (UV) light

sources, and biomedical plasma devices [3-15].

To ignite plasma from neutral gas, Paschen’s law gives a

discharge criterion that determines the conditions of the

driving voltage, gas pressure, and gap distance between

two parallel electrodes [16]. However, Paschen’s law does

not always satisfy the discharge breakdown condition if the

electrode structure does not consist of two parallel plates.

Therefore, it is difficult to define an obvious condition of

plasma ignition for an arbitrary electrode shape. This is one

of the reasons why plasma simulation has been studied

widely in many fields. In addition, the Paschen curve,

which is the product of the gas pressure (p) and the gap

distance (d) versus the breakdown voltage changes if other

charged species, excited species, and power consumption

also change. Therefore, plasma simulation is necessary to

understand discharge properties in a micro DBD.

A coplanar electrode structure, which has two parallel

electrodes on the same plane surface, is a popular DBD

shape used for light emitting purposes such as in plasma

display panels because it has an open space to allow UV

photons to be emitted in the opposite direction of the

electrodes. In order to control the UV light source, the

properties of the radiative excited species are very

important. Especially if the characteristics of the excited

species intensity over the driving voltage can be analyzed

for the given pressure and device structure, knowledge of

these characteristics is very useful for the design and

development of plasma devices.

In this paper, a multi-purpose UV light source with Ne-

Xe gas mixture is investigated using a fluid simulation. In

Sec. II, we present the simulation method and conditions

under which we performed the fluid simulation for the UV
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light source. In Sec. III, the results are presented for

various gas pressures and gap distances for the two types

of electrode shape. The spatial and temporal evolution of

the plasma properties are summarized in conjunction with

the Paschen curve. Finally, summary and conclusion are

presented in Sec. IV.

II. Simulation Condition

In order to observe the plasma characteristics of a UV

light source, two-dimensional fluid simulation is performed

with an Intel Linux server. The fluid simulation code

utilized in this study was verified and validated by previous

research into back light units and PDPs [17-22]. The

governing equations comprising the continuity equation,

momentum conservation equation, and Poisson’s equation

are used to observe the densities of each species, the

breakdown voltage, and other characteristics of UV emission.

Only xenon and neon gas mixtures are used. Because the gas

pressure is quite high, local field approximation (LFA), which

assumes electron energy distribution as a function of E/p,

where E is the local electric field intensity and p is the neutral

gas pressure, is used.

The continuity equation is solved for the ith species in a

sequential time, 

, (1)

where ni, Γi, and Si are the density, flux, and the source

term of the ith species, respectively. Here, i stands for the

considered charged species such as electrons, Xe+, Ne+,

Xe2

+, Ne2

+, and NeXe+, and the excited species such as

Xe*(3P1), Xe*(3P2), Xe2*(O+
u), Xe2*(1Σ+

u), Xe2*(3Σ+
u),

Xe**, and Ne*. 

Because the collision term of the momentum conservation

equation is dominant in this high pressure, the flux is simply

calculated with a drift-diffusion approximation, 

, (2)

where the sign is plus or minus depending on the charge

of the species, qi, and zero for neutral species. μi is the

mobility, and is obtained from the function of E/p using

BOLSIG code for electrons [23]. The diffusion coefficient

Di is solved from the Einstein relation for the electrons. For

ions, μi is calculated with Blanc’s law from the fixed value.

The mobility values of Xe+ are 0.58 cm2V−1s−1 in Xe and

5.75 cm2V−1s−1 in Ne+, and the mobility values of Ne are

2.0 cm2V−1s−1 in Xe and 4.2 cm2V−1s−1 in Ne at

atmospheric pressure and room temperature. 

The electric potential is calculated using Poisson’s

equation 

(3)

Here, ϕ is the electric potential, ε0 is the vacuum

permittivity, qi is the electrical charge, and ni is the density

of the ith charged species.

In order to observe the electrode effect, the gap distance

between the electrodes and the shapes of the electrodes

were varied. To generate UV light from plasma, a mixture

gas of Ne (90%) and Xe (10%) is used with a pressure of

400 Torr. Gas reaction data is the same as that used in

previous publications [21].

The simulated device structure is shown in Figure 1(a).

Coplanar electrodes, which consist of two facing electrodes

(a cathode and an anode), are periodically laid on the

bottom plate. The transparent electrode is assumed to be

located at the upper plate, in order to stabilize the electric

potential. All electrodes are covered with a dielectric layer,

which protects the metal electrodes and also keeps wall

charge on the surface. The relative permittivity of the

dielectric layer beneath the top electrode is 13; that of the

dielectric layer on the bottom surface is 7. The dielectrics
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Figure 1. (a) Simulation structure for the considered planar
UV light source and (b) the applied voltage waveform on each
electrode. Driving frequency is 50 kHz with a duty ratio of
50%, and the pulse rise and fall times are set at 0.1 µs.



140 Hyowon Bae, Ho-Jun Lee, and Hae June Lee

www.e-asct.org//DOI:10.5757/ASCT.2016.25.6.138

induce secondary electron emission when the surface is

bombarded with ions. The secondary electron emission

coefficients (SEECs) was set at 0.05, 0.5, 0.025, and 0.25

for Xe+, Ne,+ Xe2
+, and Ne2

+, respectively. For excited

species, the Auger process is approximated so that the

SEECs are simply set at 0.00417 for all Xe excited species

and 0.0417 for all Ne excited species.

In this structure, plasmas are generated near the bottom

surface, controlled by Y and Z electrodes. Of course, X

electrodes also contribute to sustaining discharge, but the

bottom electrodes dominate this surface discharge. Two

types of bottom electrodes were used in this study. One had

a coplanar structure that has two electrodes of flat shape.

The other one had a concave structure that had electrodes

tilted by 9 degree to form a concentrated electric field.

Pulse waveforms of the driving voltage, with a frequency

of 50 kHz, were used in this simulation, as shown in Figure

1(b). One pulse width is 10 μs; the pulse polarity alternates

for the Y and Z electrodes. The voltage at the X electrode

is set at the average value of the voltages at the Y and Z

electrodes for every cycle, in order to maintain symmetry. 

II. Results

The driving voltage for discharge should be determined

by the gas pressure, the gap distance between electrodes,

the device structures, the driving frequency, and so on. In

this paper, the gap distance, gas pressure, and electrode

structures are varied in order to determine the firing and

sustaining voltages of the coplanar micro discharge. The

firing voltage is defined as the required minimum voltage

to start a discharge without a wall charge (that is to say, in

the 1st cycle); the substation voltage is defined as the

minimum voltage to sustain the discharge after wall

charges are accumulated on the dielectric surfaces. The

firing voltage is higher than the sustain voltage because

micro-DBD keeps the wall charge at the dielectric surface.

Simulated firing voltages and sustain voltages are depicted

in Figure 2 for a given pressure and gap distance for the

coplanar and concave electrodes. The firing voltage

increases with the gas pressure because the mean free path

of the electrons decreases with the increase of the collisions

with neutral particles. The firing voltage in the concave

structure is slightly lower than that of the coplanar structure

because the dielectric thickness becomes gradually thinner

at the edge compared with the center, which contributes to

the increase of the electric field between the two electrodes

over a wide region. The sustain voltage is much lower in

the concave structure than in the coplanar structure. Much

more wall charges accumulate in the concave structure,

especially at the edge area, which means that the plasma

can be sustained for a longer time with a lower applied

voltage than is the case for the coplanar structure. 

The growth and the decay of the number of excited and

charged species is important to explain how plasma can be

created and dissipated. Figure 3 shows the time-dependent

rise and descent of the number of excited and charged

species in the considered simulation domain. It should be

kept in mind that this figure shows the tendency of the

spatial average of the densities. The amount of Ne+ is small

compared with the amounts of electrons and Xe+, and it

decays fast. The decay of Xe+ is next, and electrons stay for

Figure 2. Firing voltage and sustain voltage are plotted for the
coplanar and the concave structures for the variation of gas
pressure at fixed gap sizes of (a) 70 µm and (b) 150 µm, and (c)
for the variation of gap distance with a fixed gas pressure of
400 Torr.
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long time because diatomic ions like Xe2
+ stay longer,

although this is not shown in the figure. The ionization

threshold energy of Xe+ is lower than that of Ne, and thus

it can be generated easily at small energy. Moreover, Xe+

is also created from Penning ionization by the collision of

neutral Xe and Ne*(excited species of neon); this latter is

generated at the initial phase when the electric field is

strong. When this graph is observed in a semi-log plot, the

Figure 3. Time evolution of the total number of dominant (a)
charged species and (b) excited species at steady state.

Figure 4. Spatio-temporal evolutions of the density of electrons
and the radiative excited state, Xe*(3P1), are shown for the
time interval from the pulse-on time.

Figure 5. Shown are contour plots of the peak numbers of (a),
(b) electrons, (c), (d) radiative excited species, (e), (f)
metastable excited states, and (g), (h) power consumption for
the variation of gas pressure. Plots in the left-hand-side
column are for a gap size of 70 µm and those in the right-
hand-side column are for a gap size of 150 µm. 
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decay times, defined as [dlogNs/dt]
−1, are 6.413×10−8,

1.179×10−7, and 5.315×10−7 s for Ne+, Xe+, and electrons,

respectively. Here, Ns is the total particle number of the

considered species in the simulation domain. The radiative

state Xe*(3P1) decays faster than the metastable state

Xe*(3P2) because of spontaneous emission and radiation

transport [17], where the decay times are 6.15×10−7 and

3.703×10−6 s, respectively. The excited species are

transported only by diffusion without a drift term along

with the electric field, and thus they stay longer than the

charged species in the discharge region.

Plasma is generated by the collisions between electrons

and neutrals and disappears by diffusion to the wall. In the

simulation, the plasma begins to be created near the anode

and extends to the cathode, as shown in Figure 4. Electrons

and Xe*(3P1) are found near the anode from the beginning,

and expand to the cathode. When the peak position of the

electrons approaches the cathode, the electrons near the

anode disappear because these electrons are mainly created

at the position of the cathode sheath, which has high

electric field intensity. Meanwhile, Xe*(3P1) remains near

the anode when the position of Xe*(3P1) extends to the

cathode because the decay of Xe*(3P1) is slower than that

of the electrons, which have strong drift and diffusion

terms. 

The peak density of each species changes with the

variation of the gas pressure, the gap distance, and the

applied voltage. In Figure 5, contour plots of the peak

numbers of several species are shown for the variation of

the driving voltage and the gas pressure. The left column

figures are for a short gap distance of 70 μm; the right

column figures are for a long gap distance of 150 μm. In

general, due to the increase of the discharge path, long gap

discharge has higher density than short gap discharge under

the same conditions. For electrons, the effect of the gas

pressure is dominant for the increase of the peak number

when p<200 Torr. With the same voltage above 200 V, the

gas pressure determines the electron density in this regime.

Although in this regime the electric field intensity becomes

strong with the increase of the driving voltage, the

ionization does not significantly change in the source term

of the continuity equation because the mean free path of

ionization collision is very large. That is to say, ionization

events are more dependent on the probability of collision

than they are on the energy of an electron. However,

voltage dependency is a more important issue for the

increase of the electron number when p>300 Torr. In this

regime, the electrons collide with neutrals easily due to the

short mean free path. Therefore, electron energy should be

increased by increasing the driving voltage to induce

sufficient ionization. Moreover, Penning ionization also

contributes to the rapid increase of the electrons with the

gas pressure. The results for Xe*(3P1) also show that the

driving voltage is more important than other factors for the

increase of the number of Xe*(3P1), as depicted in Figs.

5(c) and 5(d). However, the number of Xe*(3P2) shows a

different tendency in Figs. 5(e) and 5(f). When the gas

pressure is over 200 Torr, the number of metastable states

decreases with the increase of the gas pressure. As the

metastable states stay for a long time compared with the

electrons and the radiative states, they have enough chance to

collide with other neutrals with the increase of gas pressure,

which contributes to the quenching of the metastable states

Figure 6. Contour plots of the peak number of (a), (b)
electrons, (c), (d) radiative excited species, (e), (f) metastable
excited states; (g), (h) show the power consumption for the
variation of the gap distance. Plots in the left-hand-side
column are for the coplanar structure and those in the right-
hand-side column are for the concave structure.
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by three-body collisions. Power consumption per period in

the steady state is mainly determined by the driving voltage,

as can be seen in Figures 5(g) and 5(h). This means that the

current is almost constant at fixed voltage.

The change of the gap distance between the two

electrodes is another knob that can be used to control the

results. Moreover, even with a fixed device size, a slight

change of the electrode tilt angle can affect the electric

field profile and lead to different results. Figure 6 provides

a contour plot of the peak numbers of each species for

coplanar and concave structures with the variation of the

gap distance. The left column figures are for the coplanar

structure; the right column figures are for the concave

structure at a fixed gas pressure of 400 Torr. In the coplanar

structure, the change of the gap distance is not so dominant

for the increase of the electron number, while the driving

voltage is dominant in determining the number of electrons

below 260 V, as depicted in Figure 6(a). However, the gap

distance also influences the increase of the number of

electrons if the driving voltage is more than 280 V because

electrons with higher energy result in more ionization in a

longer discharge path. Figure 6(b) shows that the concave

structure shows results different from those of the planar

structure. First, the number of electrons increases more

rapidly with the increase of the driving voltage. Second,

the dependency of the gap distance increases. The number

of electrons increases with the increase of the gap distance

up to 170 μm; it then decreases with the increase of the gap

distance, as shown in Figure 6(b). Especially, the edge area

of the electrode in the concave structure performs a crucial

role of creating and sustaining plasma, as shown in Ref.

[21]. This contribution becomes weak over the gap

distance of 170 μm because the wall loss increases. Results

for the radiative and the metastable excited species show a

similar tendency, as shown in Figs. 6(c)-6(f). Both the gap

distance and the applied voltage increase the number of the

excited states. The number of the metastable species,

Xe*(3P2), is 10 times larger than that of Xe*(3P1). The

densities of Xe*(3P1) and Xe*(3P2) show a tendency similar

to that of electrons for each gap distance and applied

voltage for the concave electrodes. Although the number of

charged and excited species increases with the gap distance

in the coplanar structure, the power consumption for one

period decreases with the increase of the gap distance at a

given voltage, which means that particle loss to the wall

decreases with increasing gap distance. Therefore, the

change of the gap distance is an effective tool to control the

efficiency of the UV source. Power in the concave

structure also shows a tendency simlar to that in the

coplanar structure. Overall, the numbers of charged species

and excited species in the concave structure are 2 to 3

times larger than those in the coplanar structure. A detailed

explanation of the electrode tilt angle was reported by

Shim et al. [21]. 

IV. Conclusions 

The discharge characteristics of a coplanar micro-DBD

for UV light sources were investigated for the variation of

the gas pressure, the gap distance, the electrode shape, and

the driving voltage using a two-dimensional fluid simulation

[17-21]. The spatial and temporal evolutions of the electrons,

ions, radiative excited states, and metastable states were

simulated in order to explore the discharge mechanism of the

micro-DBDs. By varying the electrode structures from

coplanar structure to concave structure, the sustain voltage

decreased due to enlarged wall charge accumulation at the

edge of the electrode. 

From the analysis of the contour plots of the peak

numbers of electrons and excited states versus gas

pressure, depicted in Fig. 5, it was found that the number

of electrons has two different regimes, where the increase

of the electron number is dominated by the gas pressure

(when p<200 Torr) or by the driving voltage (when p>300

Torr). The number of the radiative excited states also

shows a tendency similar to that of the electron number,

but the dependency on the voltage is more dominant.

However, because of quenching loss by three-body

collisions, the number of metastable states decreases with

the increase of the gas pressure for p>200 Torr. For a given

gap distance, the power loss is mainly controlled by the

applied voltage rather than by the gas pressure. 

The effect of gap distance and electrode shape is

presented in Fig. 6. The number of radiative states

increases slightly with the increase of the gap distance at a

fixed pressure of 400 Torr, but the power loss decreases

with the increase of the gap distance. Therefore, a long gap

discharge has a higher efficiency for UV generation than

does a short gap discharge. With the concave structure, the

numbers of charged species and excited species become 2

to 3 times larger than those in the coplanar structure.

However, in the concave structure, the number of species

decreases rapidly again if the gap distance is too long,

because the loss to the wall is enhanced at the edge.
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