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Ion Energy Distribution in Alternating-Current Plasma Display Panel Cell
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In an alternating-current plasma display panel cell, elastic collisions between the neutral gas and ions keep most ion energies
much lower than the applied voltage. Two-dimensional kinetic simulation reveals that the majority (90%) of the plasma ions
impinging on the dielectric layer have energy at or below 10% of the applied voltage of 250 V calling for the need for measurement of the secondary electron emission-coefficient below 50 eV. The kinetic potential and density profiles compare well with
those of a two-dimensional fluid simulation.
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Plasma display panel (PDP) is one of the most promising
candidates for high definition color television (HDTV).1) Because fluid simulations2–5) employ only the quantities averaged over the velocity distribution, they have limitations when
it comes to examine the kinetic phenomena inside the cell.
Kinetic phenomena occur in the sheath whose size is comparable with the cell size. Kinetic simulations have a unique capability of calculating the energy distributions, which are important in order to understand the characteristics of the PDP
cell. The ion energy distribution is an important factor during
determination of the ion current density, which is obtained by
integrating the distribution function over the velocity space
and affects the erosion rate of the dielectric layer and the secondary electron emission-coefficient γse . The elastic meanfree path of an ion is in the sub-micrometer range in a typical
PDP cell. Ions undergo many collisions with neutral gases as
they are accelerated by the electric potential difference toward
the dielectric layer. The energy of ions impinging on the dielectric layer is calculated to be much lower than the applied
voltage.
The cell geometry is shown in Fig. 1(a), where the cell size
is 1260×210 µm2 . The neutral gas is neon with the gas pressure of 500 Torr and an external voltage of 250 V is applied to
the Vx electrode. Vy and Va electrodes are grounded. Dielectric layers of 30 µm thickness are deposited above the electrodes, the dielectric constant is 10. MgO serves as the protective layer and the source of the secondary electrons emitted
with γse . We consider the MgO effect with γse of the dielectric
layer, which is assumed to be γse = 0.5 for neon. In our simulation, we use a particle-in-cell/Monte Carlo (PIC/MC) twodimensional simulation code, OOPIC.6) OOPIC code uses the
Monte Carlo collisions with three velocity components, vx ,
v y , and vz , to obtain the collision rates. The simulated particles which correspond to the density of 1.89 × 1015 m−3
have velocities and positions that are calculated self consistently. Figure 1(b) shows the number of ions and electrons
as a function of time. A difference in density between ions
and electrons occurs near the cathode shown in Figs. 3(b) and
3(c).
Electron and ion energy distributions are important for
many practical purposes. We calculate the distribution of
the y-component of the particle velocity in a given region
at a specified y-location. Figures 2(a)–2(d) show the ion energy distribution function (IEDF) at two different positions, in
front of the dielectric layer at the cathode side and in the bulk
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plasma, at two different times. Each particle has a velocity
and a position at any given time. We obtain a phase space plot,
the velocity distribution along the y direction, from which the
energy distribution is obtained by arranging and squaring the
velocities in a given region 1y. Ion energy distributions are
plotted in a semi-log scale with the energy indicated in the
abscissa which is divided into 150–200 cells. The number of
particles at the corresponding energy region is shown in the
ordinate. The total area below the points is the total number of particles existing in a given region. The IEDFs of the
bulk plasma are shown in Figs. 2(a) and 2(b). Figure 2(a) is
the IEDF at the initial stage of ionization at t = 22 ns. 90%
of the ions located between 100 µm and 180 µm have energy below 1 eV. The bulk plasma is nearly field free with
the accomplishment of charge neutrality. The distribution is
Maxwellian other than at the cathode sheath. The charge accumulation in the dielectric layer results in a drop of the applied voltage during migration of the ions to the cathode. The
region of the flat potential moves to the cathode in a fashion similar to the ionization wave shown in Fig. 3(a). The
IEDF between 55 µm and 180 µm at t = 37 ns is shown in
Fig. 2(b). The result is similar to that of Fig. 2(a).
The results of Figs. 2(c) and 2(d) show that the ion energy
distributions have two slopes. Figure 2(d) shows the IEDF
when the number density is maximum at 37 ns. Generally,
the sheath voltage is nearly equal to the gap voltage, thus
ions can be accelerated to the gap voltage. The majority of
ion energy in the simulation is below 50 eV. The reasons
for low ion energy are as follows. First, high neutral gas of
300–600 Torr causes many elastic collisions with the ions.
The elastic mean-free path is λel = 1/n g σel , with neutral gas
density, n g = 3.26 × 1016 p Torr·cm−3 , and elastic cross sec-

Fig. 1. (a) Cell geometry, 1260×210 µm2 , Vx = 250 V, Vy = Va = 0 V,
dielectric constant ²r = 10. (b) Kinetic simulation of number of
ions (solid) and electrons (dashed), each particle represents the density
1.890 × 1015 m−3 .
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Fig. 2. Kinetic energy distributions: (a) and (b) for the ion energy distribution in the bulk plasma at 22 ns (100–180 µm) and 37 ns
(55–180 µm), (c) and (d) for the ion energy distribution of the cathode sheath at 22 ns (30–35 µm) and 37 ns (30–35 µm), (e) and (f)
for the electron velocity distribution in bulk plasma at 22 ns and in the cathode sheath at 37 ns.

Fig. 3. Kinetic simulations, the cross section along the y-direction at the center of Vx electrode: (a) potential profile at 22 ns (solid), 37
ns (dotted) dielectric layer (solid and dotted), (b) and (c) electron (solid) and ion (dotted) density cross section at the center of the
electrode at 22 ns and 37 ns, (d) the normalized potential profile, comparison of the results obtained from theory (solid) with those
from the simulation (dots for 22 ns and dotted line for 37 ns).
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tion σel = 5–20 × 10−16 cm2 for neon.7) From these data,
the elastic mean-free path of an ion is in the range of 0.3–
1.2 µm. Ions are highly collisional inside the sheath because
the sheath size is 10–50 µm. Although a high electric field
is applied in the sheath region, ions do not obtain sufficient
energy from the electric field because of the frequent elastic
collisions with the neutral gas. In a magnetron discharge, a
gas pressure of 5–20 mTorr is required to make the system
collisionless. The ions in the cathode region are accelerated
to 300–350 volts, which is 80–90% of the applied voltage.8)
Another reason for the low ion energies is the potential drop
across the cell. Figure 3(a) shows that the potential difference
at 37 ns between 30 and 50 µm is less than 50 eV, which is
the energy to accelerate an ion from the bulk (flat potential
region) to the dielectric layer at 30 µm. This is because of the
charge accumulations on both sides of the dielectric surfaces.
Most experiments measuring γse are performed above 50 eV9)
while the energy of ions impinging on the dielectric is below
50 eV. For neon, when the energies of incident ions at the
MgO are 50, 100, and 150 eV, γ 0 s are 0.08, 0.11, and 0.13,
respectively according to the published data in ref. 10. γ plays
an important role in discharge initiation and self-sustainment.
An accurate measured value for γ in the low-energy range
below 50 eV is needed for many purposes including simulations.
We obtain the space and time dependent distribution function for electrons as well as for ions; this is different from the
fluid model using the assumed distribution. The kinetic distribution of electrons generates more accurate collision rates.
Figures 2(e) and 2(f) are the electron velocity distributions
in the bulk at 22 ns and the sheath regions at 37 ns, respectively. Electron velocity distributions are Maxwellian except
for in the sheath region. Ion and electron density profiles are
shown in Figs. 3(b) and 3(c). Charge neutrality is accomplished with a flat potential. It is not necessary to use the
two-dimensional simulation; the qualitative nature is similar
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in the one-dimensional simulation which we also carried out.
If we require the current density profile which plays an important role in the erosion rate at the cathode, we need to perform
two-dimensional simulations. The plot along the y direction
at the center of the Vx electrode shows the density profile, the
degree of the charge neutrality, and the potential profile as a
function of time. As the discharge proceeds, the charge neutrality is accomplished.
We verify the elastic collision effect in the sheath with the
model of the collisional sheath whose ion current density Ji 7)
is
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Here, M, V0 , s, and ²0 are ion mass, sheath voltage, sheath
size, and permittivity of free space, respectively. Ji values
are 49.3 mA/cm2 and 142.4 mA/cm2 taking λi = 0.7µm at 22
ns and 37 ns, respectively. Sheath potentials are 225 V and
52.3 V, sheath sizes are 110 µm and 30 µm at two different
times, 22 ns and 37 ns, respectively. We obtain the potential profile in the sheath region integrating Poisson’s equation
assuming that the ionization within the sheath region is negligible and the current density is constant in the region. The
potential profile in the sheath is
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φ
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where x = 0 is the plasma-sheath edge and x = 1 the dielectric layer. Figure 3(d) shows the normalized potential
profile in the sheath region. Solid, dashed, and dotted lines
indicate the theoretical curve given by eq. (2), at 22 ns and
37 ns, respectively. The potential is normalized with the voltage difference between the plasma-sheath edge and the dielectric layer. Simulation results coincide well with the theoretical curve. The high normalized potential results from the

Fig. 4. Fluid simulation, the cross section along the y-direction at the center of Vx electrode: (a) potential, (b) electron and ion density,
(c) potential difference between dielectric layers, (d) average electron density with γNeon = 0.5 (dotted) and 0.05 (solid).
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ionization in the sheath, which is neglected in the theoretical
model. The ionization avalanche occurs at 22 ns, when many
ionization events exist, especially in front of the flat potential in x = 0–0.2. Electrons created by ionization leave the
sheath region faster than ions because of their large mobilities and large elastic mean-free path which is on the order of
1.4–4.3 µm. Thus, the sheath region has many ions more than
the theoretical model neglecting the ionization in the sheath.
These ions results in the high potential.
We use the fluid simulation to show the effect of variation
of γse due to the low energy of ions impinging on the dielectric layer. Figures 4(a) and 4(b) show the fluid simulation using the input parameters of the kinetic simulation except for
Ne–Xe (90/10 %) mixed gas with the potential and the density profiles at different times, similar to those of the kinetic
simulation. For the mixed gas, the low ionization energy of
xenon gas increases the plasma densities. Since the majority
(90%) of the plasma ions impinging on the dielectric layer
have energy at or below 10% of the applied voltage of 250 V,
another fluid simulation with γNeon set to 0.05 is performed
for comparison and showing the important role of γse in the
discharge. Figure 4(c) shows the voltage transferred to the dielectric layer for γNeon = 0.5 and 0.05. 60% of the applied
voltage is transferred to the dielectric layer for γNeon = 0.05
while 100% of the applied voltage is transferred to the dielectric layer for γNeon = 0.5. After the discharge is extinguished,
the remaining voltage in the case of γNeon = 0.5 breaks the
charge neutrality. Figure 4(d) shows the average electron density with γNeon = 0.5 and 0.05, respectively. The average
electron density is reduced to 5% of the γNeon = 0.5 result.
In summary, the ion energy-distributions near the dielectric
layer were obtained using the kinetic code shown in Fig. 2.
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Short elastic mean-free path and charge accumulations on the
dielectric layers caused very low ion energies at the dielectric
layer near the cathode. Most of the ion energies in the cathode
sheath were below 50 eV. This low energy affected γse . The
fluid result of varying γNeon for neon showed the important
role of γ in discharge initiation and wall voltage transfer. As
there are no γse measurements on MgO available at present for
the energy of impinging ions of below 50 eV, we showed the
need for γse measurement in the future in the region of low ion
energy. We compared the potential profile with the collisional
Child’s law to verify the collisional sheath. The details of the
ion energy-distribution are also important in connection with
sputtering and erosion of the layer.
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