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Enhancement of vacuum UV emission (172 nm VUV) from a coaxial xenon excimer UV lamp (EUV) driven by
distorted 50 kHz bipolar square voltages, as compared to that by sinusoidal voltages, is investigated numerically
in this paper. A self-consistent radial one-dimensional fluid model, taking into consideration non-local electron
energy balance, is employed to simulate the discharge physics and chemistry. The discharge is divided into two
three-period portions; these include: the pre-discharge, the discharge (most intense at 172 nm VUV emission)
and the post-discharge periods. The results show that the efficiency of VUV emission using the distorted
bipolar square voltages is much greater than when using sinusoidal voltages; this is attributed to two major
mechanisms. The first is the much larger rate of change of the voltage in bipolar square voltages, in which only
the electrons can efficiently absorb the power in a very short period of time. Energetic electrons then generate a
higher concentration of metastable (and also excited dimer) xenon that is distributed more uniformly across the
gap, for a longer period of time during the discharge process. The second is the comparably smaller amount of
“wasted” power deposition by Xe+2 in the post-discharge period, as driven by distorted bipolar square voltages,
because of the nearly vanishing gap voltage caused by the shielding effect resulting from accumulated charges
on both dielectric surfaces.

c© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Because of its relatively low cost and low pollution, the excimer ultraviolet (EUV) lamp has found wide ap-
plications since its debut in a form of dielectric barrier in xenon gas in 1988 [1]. These include, for example,
surface cleaning [2], plasma display [3], LCD backlighting [4], water quality purification [5], material deposition
[6] and material processing [7] in the semiconductor industry. EUV lamp emission is caused by the excimer
falling from excited states to the ground state. An excimer (originally short for excited dimer) is an unstable
dimeric with a lifetime of about 10 ns. The important features of an excimer include: emission with narrow
wavelength bandwidth, high efficiency and without constraint of radiation of direction. Two typical examples
are the formation of Xe∗2 or XeC1∗ excimer complexes. The EUV lamp has a dielectric barrier-type discharge
which is a high-pressure non-equilibrium transient discharge. A primary function of the dielectric barrier is that
it can suppress the occurrence of arc discharge, thereby preventing damage to the metallic electrodes. Because
the plasma physics and chemistry inside the EUV lamp are complex and thus difficult to measure, its design still
heavily depends on the trial-and-error method that is both time-consuming and costly. Thus, detailed simulation
of excimer discharge physics and chemistry could become a viable method for understanding the complicated
plasma physics inside the lamp which, in turn, would lead to a better design.

Traditional xenon DBD lamps are driven by sinusoidal voltage waveforms, with discharge efficiency typically
in the range of 10-20 %, and the discharge consisting of multiple narrow filamentary channels [8]. A dramatic
increase in efficiencies of up to 40 % has been demonstrated experimentally (included transmission losses through
the quartz and geometric loss) by using short pulsed voltages (<750 ns) interrupted by long idle periods (∼ 40μs)
[9]. Simulation of xenon DBD driven by sinusoidal voltage waveforms using the one-dimensional planar fluid
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modeling has been proposed with gas pressures and frequencies in the range of 10-400 torr and 50 kHz – 1 MHz,
respectively, by Oda et al. [10]. Zvereva and Gerasimov [11] computed the species population in a xenon barrier
discharge under various E/Ns. Carman and Mildren [12] found that VUV generation efficiency could reach 61
% using very short voltage pulses through one-dimensional planar fluid modeling. Beleznai et al. [13] compared
the simulations results of a xenon EUV lamp (75 torr, driven by short voltage pulses) with the experimental data
to validate their model using one-dimensional planar fluid modeling with complex plasma chemistry in up to
99 reaction channels. Avtaeva and Kulumbaev [14] have analyzed the difference of simulations between two
different chemical reaction processes. Jou et al. [15] conducted extensive parametric study of the VUV emission
(172 nm) from a co-axial excimer xenon lamp driven by realistic pulsed voltages. Results show that larger rate of
voltage rising will improve the absorption of electric power by electrons, which leads to a higher VUV emission
efficiency. However, detailed studies about a coaxial EUV lamp driven by pulsed voltages that has explored VUV
emission enhancement as compared to that driven by sinusoidal voltages is still lack in the literature, although
this type of lamp may be one of the most popular types in practice.

Thus, the aim of the present study is to provide detailed simulation results of the discharge physics and
chemistry in a popular coaxial-type xenon EUV lamp driven by distorted bipolar square voltages through self-
consistent radial one-dimensional fluid modeling. Enhancement of VUV emission, based on the simulation
results as compared to the sinusoidal case, is emphasized in this paper.

The remainder of the paper has been organized as follows. Fluid modeling is introduced next, comprising
modeling equations, numerical method, use of plasma chemistry and simulation conditions. The results are then
presented and discussed where applicable. Finally, major findings of the present study are summarized.

2 Numerical Method

2.1 Fluid Modeling

The fluid modeling for a homogenous radial one-dimensional discharge includes a self-consistent solution of
the continuity equations (electron, ions and neutrals), the electron energy density equation and the electrostatic
Poisson equations. Finite difference method is used to discretize these equations. Discretized equations are
solved implicitly. Corresponding numerical schemes and estimation of transport coefficients and rate constants
of reaction channels are described in detail in [15, 16] and are not repeated here for brevity.

2.2 Discharge Current, Dielectric Voltage and Gap Voltage

The discharge current iT(t) is the sum of the conduction current iC(t) and the displacement current iD(t):

iT(t) = iC(t) + iD(t) (1)

The voltage between the electrodes Vs(t) is given as:

Vs(t) = Vd(t) + Vg(t) (2)

where Vd(t) is the dielectric voltage and Vg(t) is the gap voltage.

2.3 Accumulated charge

Evolution of surface charge density (σ) on the dielectric barrier is calculated by integrating the fluxes of charged
particles directed to the barrier surface as

∂σ

∂t
=

∑
e
(
�Γi − �Γe

)
· �n (3)

where �Γi and �Γe are the incident ion and electron flux vectors, respectively, at the barrier surface, and �n is the unit
normal vector of barrier surface. Note it is assumed that charges remain on the barrier surface until recombining
with charges of opposite sign.

www.cpp-journal.org c© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



908 J.S. Wu et al.: Enhancement of VUV emission from a coaxial xenon excimer ultraviolet lamp driven by . . .

2.4 VUV Emission Efficiency

Since we only considered one-dimensional radial fluid modeling, the input power density, Pin (or dissipated
power), to the discharge is thus defined as:

Pin =
2

T (r22 − r21)

∫ T

0

∫ r2

r1

jc(r, t)rdrdt (4)

where T is the period of the applied voltage and jc is the conduction current density caused by the electrons and
ions. Note that r1 and r2 are the inner and outer radii of the gas gap, and are fixed as 0.8 and 1.25 cm, respectively,
in the current study. The VUV (vacuum UV) light output power density, Pout,k , generated from the kth kind of
excited species, is defined as:

Pout,k =
hνk

T (r22 − r21)

∫ T

0

∫ r2

r1

nk(r, t)

τk
rdrdt (5)

where hνk, τkk and nk are the photon energy of the VUV light, lifetime and concentration of the excimer species,
respectively. Thus, the VUV emission efficiency due to kth excimer species is given as:

ηk =
Pout,k

Pin
. (6)

2.5 Xenon Plasma Chemistry

In the current study, we have selected the xenon plasma chemistry that is basically the same as that used in Oda
et al. [10], which consists of 9 species and 24 reaction channels, as listed in Table 1. These reaction channels
included electron-neutral elastic collision (No. 1 in Table 1), direct electron impact ionization (No. 2 in Table 1),
excitation (No. 3-5 in Table 1), stepwise ionization (No. 6 in Table 1), recombination (No. 7 in Table 1), heavy
particle collision (No. 8-18 in Table 1) and radiation process among electrons, ions, associated excited atoms,
excimer xenon and ground-state xenon atoms (No. 19-24 in Table 1). Fig. 1 shows schematically these reaction
channels using the energy diagram for a better overview of the inter-relation among the species.

Fig. 1 Reaction processes in a Xe discharge.
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Table 1 Reaction channels of the xenon discharge

Reaction εe (eV) Reaction rate

No

Momentum transfer
1 e− +Xe → Xe+ e− 0.0 Bolsig [15]

Imoact ionization
2 e− +Xe → Xe+ + 2e− 12.1 Bolsig [15]

Excitation
3 e− +Xe → Xe∗(ex) + e− 9.57 Bolsig [15]
4 e− +Xe → Xe∗(res) + e− 8.44 Bolsig [15]
5 e− +Xe → Xe∗(met) + e− 8.32 Bolsig [15]

Stepwise ionization
6 e− +Xe∗(met) → Xe+ + 2e− 3.44 Bolsig [15]

Recombination
7 e− +Xe+2 → Xe∗(ex) +Xe 11.1 2.0×10−7 T−0.5

e cm3s−1 [10]
Conversion to excited
state
8 Xe∗(ex) +Xe → Xe∗(res) +Xe 0.0 2.0×10−11 cm3s−1 [10]
9 Xe∗(ex) +Xe → Xe∗(met) +Xe 0.0 2.0×10−11 cm3s−1 [10]

10 Xe∗(res) +Xe → Xe∗(met) +Xe 0.0 2.2×10−14 cm3s−1 [10]
11 Xe∗(met) +Xe → Xe∗(res) +Xe 0.0 1.5×10−15 cm3s−1 [10]
Conversion to dimers
12 Xe∗(res) + 2Xe → Xe∗2(o

+
u ) +Xe 0.0 1.55×10−31 cm6s−1 [10]

13 Xe∗(met) + 2Xe → Xe∗2(
3∑+

u ) +Xe 0.0 8.53×10−32 cm6s−1 [10]
14 Xe∗2(O

+
u ) +Xe → Xe∗2(

1∑+
u ) +Xe 0.0 8.7×10−11 cm3s−1 [10]

Excited -excited collision
induced ionization
15 Xe∗(res) +Xe∗(res) → Xe+ +Xe+ e− 0.0 5.0×10−10 cm3s−1 [10]
16 Xe∗(met) +Xe∗(met) → Xe+ +Xe+ e− 0.0 5.0×10−10 cm3s−1 [10]
17 Xe∗(res) +Xe∗(met) → Xe+ +Xe+ e− 0.0 5.0×10−10 cm3s−1 [10]
Ion conversion
(three-body collision)
18 Xe+ +Xe+Xe → Xe+2 +Xe 0.0 8.0×10−32 cm6s−1 [10]
VUV emission
19 Xe∗2(

1∑+
u ) → 2Xe+ hν(172nm) 0.0 1.82×108 s−1 [10]

20 Xe∗2(
3∑+

u ) → 2Xe+ hν(172nm) 0.0 1.0×107 s−1 [10]
21 Xe∗2(O

+
u ) → 2Xe+ hν(152nm) 0.0 9.0×106 s−1 [10]

22 Xe∗(res) → Xe+ hν(147nm) 0.0 4.3×105 s−1 [10]
Radiation to lowerlevel
(visible and infrared)
23 Xe∗(ex) → Xe∗(res) + hν′ 0.0 2.7×107 s−1 [10]
24 Xe∗(ex) → Xe∗(res) + hν′′ 0.0 2.53×107 s−1 [10]

2.6 Simulation Conditions

Fig. 2 depicts a sketch of the coaxial xenon excimer lamp simulated in the present study. The tube length is
70 cm, the gap distance in the radial direction is 4.5 mm, and both the inner and outer quartz tubes are 1 mm
thick. An inner-powered electrode with a radius of 7 mm, is placed in direct contact with the inner quartz tube
and an outer mesh grounded electrode (∼ 92 % in porosity) with a radius of 13.5 mm, is placed outside the outer
quartz tube. The complicated three-dimensional geometrical structure is simplified as a one-dimensional radial
coordinate system in the current study, as the first step in understanding the discharge physics and chemistry
without the complications of geometry. The dielectric constant of the quartz tube is 4.0, and pulsed power supply
frequency f and xenon gas pressure p are fixed at 50 KHz and 380 torr, respectively, throughout the study. Note
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that we have only presented the detailed discharge properties for the case of distorted square voltages, since the
results of the case of sinusoidal voltages are essentially similar.

Fig. 2 The configuration of a DBD lamp.

In the simulations, time step size varies automatically based on the constrained CFL condition and dielectric
relaxation time step. Since we employed fully implicit algorithm for solving the coupled discretized equations,
our experience shows that the resulting time step size is generally 5-10 times larger than the above two mentioned
constrained conditions. Initial conditions are generally set up as a uniform quasi-neutral distribution of charged
particles with the order of 1011cm−3. Generally 3-5 cycles are found to be enough for reach quasi-steady state
as presented in the current study.

3 Results and Discussion

3.1 Qualitative Validation of the Model

Fig. 3 The comparison with simulated result and experimental
data.

Fig. 3 shows the qualitative comparison of the simulated and the experimental discharge currents in a cycle.
Note that the experiments will be described in detail in another study in the near future. Several fast oscillating
current spikes are found from the measured currents, while only a single major spike is found from the simulated
data. The former shows that it is a typical type of microdischarge. Interestingly, the magnitude of the simulated
spike is qualitatively comparable to that of the measured data. Note that the actual EUV lamp had a very com-
plex three-dimensional geometric structure with a highly porous outer grounded electrode. Also, the measured
voltages are slightly more positive at the inner electrode than at the outer electrode in the post-discharge period,
which is attributed to the auto-DC-bias effect because of the unequal area of the inner and outer electrodes (∼ 5
to 1). Note that the slightly negative current is within the experimental uncertainties of the current probe. In the
current study, we did not take this into account in the simulation. In brief summary, we should take the above
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comparison qualitatively since it is obviously the 1D fluid modeling cannot model correctly the complex 3D mi-
crodischarge behavior as expected. However, we believe that the use of the one-dimensional radial fluid model
should capture qualitatively the major discharge physics inside the real EUV lamp in a global sense.

3.2 Discharge Physics and Chemistry

In this section, we have only described the discharge physics and chemistry of the xenon lamp driven by realistic
bipolar square voltages in detail, while describing the corresponding phenomena by sinusoidal voltages based on
the necessity and the comparison purpose. We will first describe the overview of the discharge using the phase
diagrams of several key discharge properties, then the details of the discharge in each period and, finally, the
temporal variation of several important spatial-averaged discharge properties.

Phase diagrams of key discharge properties

Fig. 4 shows the phase diagrams of the concentrations of the charged species electron, Xe∗2(
3
∑+

u ) and
electron temperature. Note that we have only shown the results of Xe∗2(

3
∑+

u ), instead of Xe∗2(
1
∑+

u ), because
the concentration of the former is much greater than the latter. We divide these phase diagrams into six periods
in the temporal direction according to the temporal variation of electron number density, as only electrons can
respond immediately to variations in the electric field. Periods I and IV are pre-discharge regions, Periods II and
V are discharge regions and Periods III and VI are post-discharge regions. Periods II and V are further divided
into two sub-periods (II-1 and II-2; V-1 and V-2). The trends of discharge in the first half cycles (I, II and III)
are very similar to those of the second half cycles (IV, V and VI), except that the discharge currents are opposite
to each other and there are some slight differences in the properties because of the different areas of the inner
and outer electrodes. For brevity, we have only described the discharge physics and chemistry in the first half
cycles (I, II and III) in detail, as those in the second half cycles are fundamentally the same, with the exception
as mentioned earlier.

Fig. 4 Spatiotemporal diagram of number densities of ex-
cited species: electron (upper), Xe∗2(

3∑+
u ) (middle) and

electron temperature (bottom).
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Period I
In this pre-discharge period, the spatial-averaged number of electrons decreased slightly with time because

the electrons are attracted to the anode side (inner electrode) and accumulated on the inner dielectric tube due
to its rising voltage. In the earlier part of Period I (negative applied voltage, 19.6 – 20 μs in both Fig. 4), the
concentrations of all species are low, especially the excited and meatastable xenon, because the electron energy
is still low in this period.

In the later part of Period I, although the electron temperatures are very high near the outer dielectric tube
(cathode side) (see bottom of Fig. 4) due to the rising voltage at the inner electrode, breakdown does not occur
because of the very small number of electrons existing in that region (see top of Fig. 4). At the same time, the
concentrations of Xe∗2(

3
∑+

u ) increase to the order of ∼ 1010 (cm−3) in the central region of the gap.

Period II
This discharge period is further divided into two sub-periods, II-1 and II-2. In Period II-1, the breakdown

occurs at r≈ 1 cm, where the number of electrons increased dramatically and electrons move towards the outer
quartz tube at a speed of ∼ 7,000 m/s (from anode towards cathode) by direct electron impact ionization. We
term this the “cathode-directed streamer-like” ionization wave, in which the details will be elucidated later. The
number of electrons rapidly increases to the maximal value (>2 x 1012cm−3) within ∼ 0.3 μs at r ≈ 1.22 cm,
and then decreases gradually afterwards. The amount of Xe∗2(

3
∑+

u ) is abundant across the gap because of the
excitation of ground-state xenon by the still energetic electrons: Te > 3 eV (Nos. 4 and 5 in Table 1).

In Period II-2, which lasts less than 4 μs, the quasi-neutral region forms across the gap with a very high plasma
density (> 5 x 1011cm−3) between the r ≈1.1-1.2 cm, and electrons move slowly from the cathode side (outer
grounded) to the anode side (inner powered); Xe∗2(

3
∑+

u ) begins to disappear because of the intense photonemis-
sion: 172 nm (No. 20 in Table 1) in Period II-2. In the region of r ≈ 1.05-1.2 cm, having started in the later period
of Period II-1, the electron temperature decrease rapidly with time because of the energy loss by ionization and
excitation of the ground-state xenon. This will be made clear later using the snapshots of the discharge properties.

Period III
The discharge extinguished through a vanishing electric field across the gap (nearly zero) by the shielding

effect, although the applied voltage is still as high as 2 kV, as will be seen clearly later through the snapshots
of discharge properties. In the latter part of Period III, the electrons begins to move away from the anode side
(inner) towards the cathode side (outer) at t=5-6 μs, when the applied voltage decreases from the peak (top of
Fig. 6). Xe∗2(

3
∑+

u ) decreases to a very small amount (<108cm−3), except in the early part near the cathode
(outer), because the electron temperatures are very low, down to even 0.1 eV, in most of the region in Period III.

Snapshots of key discharge properties

To gain more insight into the discharge physics and chemistry, two sequential snapshots of the several key
discharge properties in each period (I, II and II) are presented in Fig. 5 and described in detail in the following.

Period I
Figs. 5a and 5b show two typical snapshots of important discharge properties in the earlier and later stages of

Period I, respectively. They show that the peak plasma density (∼ 8 x 1010cm−3) is close to the anode (inner)
at r ≈ 0.84 cm, and that it stayed nearly stationary in space, but with a very low density as compared to that of
Period II, as will be shown later. However, the figures also clearly demonstrate that the electrons are attracted to
the anode (inner), with the gap voltage increasing from 0.4 (Fig. 5a) to 2 kV (Fig. 5b). In the region around r ≈
1 cm, the rapid growth of atomic ions, excited species (Xe∗(met)) and excimer species (Xe∗2(O

+
u ), Xe∗2(

1
∑+

u )

and Xe∗2(
3
∑+

u )) could be seen due to a series of collisions by energetic electrons (∼ 4 eV) moving towards the
anode side (inner). On the other hand, the amount of Xe∗(res) decreased through the reactions of conversion to
metastable (No. 10 in Table 1) and conversion to dimers (No. 12 in Table 1). The main collision processes of
generating excited and metastable species occurred through the excitation collision channels, such as Nos. 3 and
5 in Table 1. These in turn promoted the growth of excimers through the reaction channels, such as No. 13 in
Table 1, with zero threshold energy. Interestingly, the atomic ions and electrons moved towards the cathode side
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(outer), which will be more clearly shown in the details of Period II. A peak value of ∼ 2 x 109cm−3 of atomic
ions (Fig. 5b) occurred at r ≈ 1.08 cm through the contribution of collision channels, such as Nos. 1, 6 and 16
in Table 1. Of these, the most productive channel is the electron impact ionization (No. 1 in Table 1) due to the
rapid increase in voltage. As the density of the metastable species grew to a certain level, the other two channels
began to contribute more in generating atomic ions.

Fig. 5 Two snapshots of total species of (a) and (b) in the period I, (c) and (d) in the period II-1, (e) and (f) in the period II-2,
(g) and (h) in the period III.

a) b)

Period II
Figs. 5c and 5d present two typical snapshots of important discharge properties at earlier and later times in

Period II-1, respectively. They show that the potential field is highly distorted near the cathode (outer) due to
the shielding of the narrow quasi-neutral region (between r ≈ 1.1-1.2 cm) close to the cathode side; this in turn
accelerated the few electrons near the cathode side (outer) and reached a very high electron temperature (∼ 5-6
eV) (Figs. 5c and 5d) at the edge of sudden change of the electric field (r≈ 1.16 cm in Fig. 5c and r ≈ 1.18 cm
in Fig. 5d). These energetic electrons thus ionized and excited the ground-state xenon according to the reaction
channels, such as Nos. 2-5 in Table 1, which could be seen clearly from the peaks of charged and excited species
around r = 1.16 cm and r = 1.18 cm in Figs. 5c and 5d, respectively. At the same time, the molecular xenon ions
increasingly formed through the three-body ion conversion reaction channel (No. 18 in Table 1) which reduced
the atomic ions behind the right-moving head, but still maintained strict quasi-neutrality. In general, the densities
of Xe∗(met) and Xe∗(res) correlated very well with the density of electrons in Period II-1, which meant that
they are generated through direct electron impact reactions. An interesting phenomenon, the so-called “cathode-
directed streamer-like” ionization wave, moving to the cathode is observed, in which the peak of atomic ions is
ahead of that of the electrons with a speed of ∼ 7,000 m/s, which is far less than that of a real streamer [17].

c) d)
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Figs. 5e and 5f present two typical snapshots of important discharge properties at earlier and later times,
respectively, of Period II-2. In this period, the applied voltage almost reached its peak and the gap decreased
slightly, but the stream-like ionization wave moved to a location very close to the cathode dielectric surface
(outer) and stayed almost stationary in Period II-2. The peak value of electrons greatly increased to a level of
∼ 2.7 x 1012cm−3 at the position of r=1.22 cm, while the dominating ion species became Xe+2 instead of Xe+

through the increasingly important three-body ion conversion channel (No. 18 in Table 1). Accordingly, this
rapidly consumed Xe+. In addition, the amount of Xe∗(met) and Xe∗(ex) are greatly reduced from values of 4
x 1012cm−3 and 2.7 x 1012cm−3, respectively, down to 1.5 x 1012cm−3 and 5 x 1011cm−3, respectively, due to
the less energetic electrons; this is caused by the reduced electric field due to the shielding by the accumulated
ions at the cathode dielectrics (outer); this led to the slight reduction of Xe∗2(

3
∑+

u ) from 2.5 x 1012cm−3 to 2 x
1012 cm−3, which is the most important species for VUV (172 nm) emission, across the gap. After Period II-2,
the discharge became more diminished, as described next.

e) f)

Period III
Figs. 5g and 5h present two typical snapshots of important discharge properties at earlier and later times of

Period III, respectively. In this period, the quasi-neutral region expanded slowly from the cathode side (outer)
towards the anode side (inner) with greatly decreasing plasma density in the peak (from 8 x 1011cm−3 to 1.1 x
1011cm−3) close to the cathode (outer); this is attributed to the decreasing electron temperature caused by the
reduced electric field in the sheath on both sides. Especially, the electron temperature in Fig.5h is reduced to
nearly zero because of the very small electric field in the sheaths. The major species in Period III are electrons
and Xe+2 , while the other species almost disappeared (<109cm−3) and came into a post-discharge period (ex-
tinguished). After Period III, the polarity of the applied voltage changed and the above described pre-discharge
(Period I), discharge (Period II) and post-discharge (Period III) repeated temporally with opposite direction and
location because of the higher plasma density and more abundant excited species due to the stronger electric field
near the inner electrode caused by the small radius of curvature.

g) h)
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Temporal variation of discharge properties

To further elucidate the discharge physics described above, we have presented the temporal variation of other
discharge properties together in Fig. 6, which include: a) the applied voltage (Va), the dielectric voltage (Vd)
and the gap voltage (Vg); and b) the discharge current density at the inner side (r = 0.8 cm) and the accumulated
charges (Qa) at both dielectric surfaces (r = 0.8 and 1.25 cm). Note that the dielectric voltage is defined as the
sum of voltages across both quartz tubes. Several important characteristics are drawn from Fig. 6, as follows.
“Memory effects” are clearly seen throughout the cycle. For example, in Period I, the gap voltage led the applied
voltage (see Fig. 6a) because of the shielding caused by the positive accumulated charges at the anode dielectric
surface (inner) remnant from the previous cycle (see Fig. 6b). During the discharge period (Period II), the
electrons rapidly accumulated on the inner anode dielectric surface (see Fig. 6b), which resulted in a much
smaller gap voltage (see Fig. 6a) by shielding out the applied voltage. Throughout Period III, the gap voltage is
almost zero (see Fig. 6a) as the surface charge density remained roughly the same on both dielectric surfaces (see
Fig. 6b), although the applied voltage is almost as high as 2 kV. In addition, the magnitude of the accumulated
surface charge density and current density at the inner dielectric surface is always greater than that at the outer
dielectric surface because of the smaller inner area.

Fig. 6 The temporal variations of (a) applied voltage
(Va), dielectric voltage (Vd) and gap voltage (Vg) in
upper figure (b) discharge current density at inner side
( r= 0.8 cm) and accumulated charge (Qa) in bottom
figure utilizing distorted square voltages over a cycle.

Fig. 7 provides a general view of the discharge across the gap and the exposure view of several important
spatial-averaged discharge properties in the first 2 μs, in which the discharge occurred. During the discharge
process (Period II), from 0.4 to 1.14 μs, the molecular xenon ions initially outnumbered the atomic xenon ions.
The trend did not change until 0.46 μs and lasted through 0.6 μs, in which the discharge occurred. It is also clear
that the molecular xenon ions are the dominant ion species at all times, except in the very initial period of the
breakdown process, as mentioned above (0.46-0.6 μs). As for the trend of spatial-averaged electron temperature,
it is raised to a value of ∼ 4.1 eV prior to when the discharge occurred, and decreased to less than 1 eV right after
the discharge process because of the loss of most of the energy via ionizations and excitations. In addition, the
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peaks of Xe∗(met) (8.6 x 1011cm−3) and Xe∗2(
3
∑+

u ) (5.6 x 1011cm−3) both occurred in the early part of the
discharge period (Period II-1), although the latter lagged behind the former by ∼ 1 μs.

Fig. 7 The temporal variations of spatially averaged number
density of electron, the ion species Xe+ and 2Xe+2 , the main ex-
cited species Xe∗ (met), the main excimer species Xe∗2(

3∑+
u )

and Te during the period t = 0 ∼ 2 (μs).

Characteristics of Power Deposition and VUV Emission

Fig. 8 presents the volumetric power densities of various VUV emission lines and absorption by charged
species over a cycle. Fig. 8a shows that the 172 nm line of VUV is the major source of VUV emission, as
compared to the other two lines (147 and 152 nm). The VUV light emission originated from the process whereby
both the excimer species Xe∗2(

1
∑+

u ) (less dominating) and Xe∗2(
3
∑+

u ) (most dominating) from an excited state
fall to ground state. In addition, the major periods of 172 nm VUV emission occurred in Period II-1 in the first
half cycle and in Period V-1 in the second half cycle, which corresponded to when Xe∗(met) and Xe∗2(

3
∑+

u ) are
most abundant, as shown in Fig. 7. It is noted that the emitted power of 172 nm is greater in Period II-1 than in
Period V-1 because of the “integration effect” of larger circumferential volume near the outer dielectric surface
where the intense VUV emission occurred with a smaller value in Period II-1.

Fig. 8 The spatially integrated power emission (upper figure) and
corresponding power deposition (lower figure) utilizing distorted
square voltages over a cycle.
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Fig. 8b shows that the volumetric absorbed power is first deposited through the electrons for a very high power
density (peak value of 45 Wcm−3) in a very short period of time (∼ 0.35 μs) during discharge Period II-1, then
partly through Xe+ for a low power density (peak value of 12 Wcm−3) in a very short period of time (∼ 0.35
μs), and finally through Xe+2 for a medium power density (peak value of 18 Wcm−3) for a longer period of time
(∼ 0.4 μs). Again the electrons absorbed more volumetric power in the first half cycle (Period II) than in the
second half cycle (Period V), for a similar reason as mentioned above.

Comparison of VUV Emission Efficiency between Sinusoidal and Distorted Sinusoidal Voltages

Fig. 9 shows: a) P172 and corresponding efficiency of 172 nm VUV as defined earlier in Eq. (6); and b)
the power deposition and corresponding fraction in different charged species for the two types of power source
(sinusoidal and distorted bipolar square) under the same test conditions (p=380 torr; f=50 kHz; d=4.5 mm). Note
that P172 is defined as the total VUV emission power as referred in Eq. (5). Fig. 10a shows that the emitted power
density for 172 nm using distorted bipolar square voltages increased 2.5 times (from 49.2 to 124.8 mW/cm2) more
than when using idealistic sinusoidal voltages, while the corresponding efficiency increased from 13.4 % to 28.9
%. Fig. 9b clearly shows that the fraction of power deposition through the electrons using distorted bipolar square
voltages is nearly 2 times greater (22.7 % to 43.5 %) than when using idealistic sinusoidal voltages. In other
words, the fraction of total power deposition through the two types of ions decreased from 76.9 % (sinusoidal
case) to 56.5 % (distorted bipolar square case). Note that this dramatic increase of power deposition through
the electrons is responsible for the large increase of the 172 nm VUV emission, as found in Fig. 9a, in which
the energetic electrons efficiently excited the ground-state xenon and generated much more abundant excimers to
emit 172 nm VUV photons.

a) b)

Fig. 9 The efficiency and P172 under different power source. (b) The deposition power and power partition under different
power source.

To further understand the reason for the increase in VUV emission using distorted bipolar square voltages as
compared to idealistic sinusoidal voltages, phase diagrams of 172 nm VUV emission power distribution for both
cases are shown in Fig. 10. The results show that VUV emission occurred much earlier, with greater intensity
and more uniformity across the whole gap during the discharge process in the former case. This is attributed to
the rapidly rising voltage of the distorted bipolar square voltages and thus, higher energy absorption efficiency
by the electrons, which then generated abundant Xe*(met) and, thus Xe∗2(

3
∑+

u ) for the 172 nm VUV photon
emission.

Fig. 11 shows the temporal variation of power deposition through the charged species along with the gap
voltage of the sinusoidal case. It is found, for example, that in the first half cycle (Period II-1), the electron power
deposition of distorted bipolar square voltages is much higher than that of the sinusoidal ones (see bottom of Fig.
8) (45 Wcm−3 vs. 13 Wcm−3) because of the much larger |dVg/dt| (∼ 3.8 times) in the pre-discharge period.
The larger value of |dVg/dt| represents the shorter period prior to the breakdown gap voltage (∼ 2.4 kV), during
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which only the electrons could respond instantly (almost without inertia) and gain energy from the field efficiently
without much elastic collision loss. This is shown in Fig. 12, in which the electrons gain energy through ohmic
heating and lose energy mostly through inelastic collisions, especially the excitations of ground-state xenon (No.
4 and 5 in Table 1). In the case of distorted bipolar square voltages, the electron temperature in Period I increased
up to ∼ 4 eV (see Fig. 7), while it only reached 2-3 eV in the case of sinusoidal voltages (not shown here). This
also explained why the atomic xenon ions absorbed the energy with some phase lag, as compared to the electrons,
because of the inertia effects in both cases. As for the power deposition through Xe+2 , it is still quite appreciable
and extended for a relatively long period, even in the post-discharge period for the sinusoidal case; this is caused
by non-vanishing gap voltages in this period which are beneficial for the power absorption of Xe+2 , unlike the
nearly vanishing gap voltage in the same period for the case of distorted bipolar square voltages. In addition,
Figure 12 shows that the divergence of electron energy flux density deviates from zero, this quantity indicates
a real transport effect in the range of r = 0.95 to 1.02 and values in the range r = 0.8 to 0.9 may be affected by
numerical inaccuracy caused by known difficulties in evaluation of divergence terms which demonstrates that use
of non-local electron energy density equation for a proper fluid modeling of xenon discharge is necessary in the
present study.

Fig. 10 The comparison of light power emission (P172) be-
tween sinusoidal voltages (the upper figure) and distorted
square voltages (the bottom figure).

Fig. 11 The variation of power deposition of charged
species in a xenon excmier discharge using sinusoidal volt-
ages.

Fig. 12 A snapshot of distributions of electron energy com-
ponents using distorted square voltages.
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4 Conclusion

In this paper, enhancement of vacuum UV emission from a coaxial xenon excimer UV lamp (EUV) driven by
50 kHz distorted bipolar square voltages, rather than by sinusoidal voltage waveforms, has been investigated
numerically. A self-consistent radial one-dimensional fluid model, taking into consideration non-local electron
energy balance, is employed to simulate the complicated discharge physics and chemistry. The discharge is
divided into two portions of three breakdown periods, which included the pre-discharge, the discharge (most
intense 172 nm VUV emission) and the post-discharge periods. An interesting “cathode-directed streamer-like”
ionization wave, having atomic xenon ions at the head and the electrons at the tail, is found to move at a speed of
∼ 7,000 m/s in the early part of the discharge period (Period II-1).

The results show that the efficiency of VUV emission using distorted bipolar square voltages is much higher
than that using sinusoidal voltages (28.9 % vs. 13.4 %). This is attributed to the two following two mechanisms.
The first is the greater rate of voltage increase in bipolar square voltages as compared to sinusoidal voltages,
which allowed only electrons to efficiently absorb the power in a short period of time without much elastic
collision loss. Energetic electrons then generated higher amounts of excimer (and also metastable) xenon with
more uniform distribution across the gap for a longer period of time during the discharge process. The second
is the comparably smaller amount of “wasted” power deposition by Xe+2 in the post-discharge period driven by
distorted bipolar square voltages because of the nearly vanishing gap voltage, which is caused by the shielding
effect due to the accumulated charges on both dielectric surfaces.
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