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We investigate the performance of several nonstandard plasma display panel cell geometry designs
involving two-dimensional variations of the standard coplanar-electrode design. A cell design with
a modified shape of sustain electrodes is found to have ⬃20% larger visible light generation
efficiency without substantial increase of the operating voltages. Similar performance improvement
is achieved by designs with different shapes of the upper dielectric, or by those involving two
different dielectric layers. The dependence of cell performance on the design parameters of these
structures is investigated. © 2002 American Institute of Physics. 关DOI: 10.1063/1.1511272兴
I. INTRODUCTION

of the PDP cell and are converted into visible photons. Each
cell contains a specific type of phosphor that emits one primary color, red, green, or blue.
The most common type of color plasma display is the
coplanar-electrode PDP. In this PDP type, each cell is formed
by the intersection of a pair of transparent sustain electrodes
on the front plate, and an address electrode on the back plate.
During operation, a periodic voltage with a frequency of 50–
350 kHz is continuously applied between each pair of sustain
electrodes. The amplitude of the sustain voltage is below the
breakdown voltage. A cell is turned ON by applying a write
voltage pulse between the address electrode and one of the
sustain electrodes. The discharge which is initiated results in
the deposition of surface charge on the dielectric layers covering these two electrodes. The superposition of the electric
field induced by the deposited surface charge and of the electric field of the applied sustaining voltage results in the ignition of sustain discharges between the pair of sustain electrodes.
Several alternative designs have previously been proposed as a way to increase the luminous efficiency of the
PDP. These designs modified the arrangement of individual
cells of the display or the three-dimensional structure of the
electrodes.4,5 Other methods were based on rf discharge6 or a
different mixture composition.7 However, the effect of simpler two-dimensional variations of the PDP cell geometry on
the performance of the device has not been investigated in
detail, although some two-dimensional variations have been
proposed.8,9 In this article, we consider several nonstandard
cell geometry designs and investigate in detail the effect of
variations of the cell geometry design on the operating voltages and the efficiency of the device. The alternative cell
designs are variations of the standard coplanar-electrode cell
design used in most PDPs. In addition, we put forth new cell
structures that result in optimum device performance and
evaluate the dependence of PDP performance on the design
parameters of these structures. We use a two-dimensional
共2D兲 self-consistent model to simulate the microdischarges
in PDP cells, which is briefly described in Sec. II. The results
obtained using this model for the various cell geometry designs are presented in Sec. III, while our conclusions are
summarized in Sec. IV.

Plasma display panels 共PDPs兲 are one of the leading candidates in the competition for large-size, high-brightness,
high-contrast-ratio flat panel displays, suitable for high definition television 共HDTV兲 wall-mounted monitors.1,2 Their
advantages are high resolution, wide viewing angle, low
weight, and simple manufacturing process for fabrication.
Recent progress of PDP technology development and manufacturing has been remarkable.3,4 However, there are still
problems that need to be resolved to popularize the PDP as a
home commodity. One of the most critical issues in ongoing
PDP research is the improvement of the luminous efficiency,
which is still low compared to conventional cathode ray tube
displays. Another important problem is the relatively high
operating voltages.
PDP cells are small 共cell height is ⬃150 m兲 and provide limited access for diagnostic measurements. As a result,
experimental studies of the transient plasma discharges in
PDPs are extremely difficult, and computer-based modeling
is currently essential for understanding PDP physics and optimizing its operation. Computer simulations are effective in
identifying the basic properties of the discharge dynamics
and the dominant mechanisms of light emission. In addition,
simulation models are usually successful in predicting the
effects on the performance of the device of variations in
design parameters, such as cell geometry, applied voltage
waveforms, and gas mixture. Although simulation results are
usually in qualitative rather than quantitative agreement with
experimental display measurements, they are used very effectively to provide directions for future PDP design.
Typical color plasma displays consist of two glass plates,
each with parallel electrodes deposited on their surfaces. The
electrodes are covered with a dielectric film. The plates are
sealed together with their electrodes at right angles, and the
gap between the plates is first evacuated and then filled with
an inert gas mixture. A protective MgO layer is deposited
above the dielectric film. The primary role of this layer is to
decrease the breakdown voltage due to the high secondaryelectron emission coefficient of MgO. The UV photons emitted by the discharge hit the phosphors deposited on the walls
a兲
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FIG. 1. 共a兲 Schematic of the standard coplanarelectrode plasma display panel 共PDP兲 cell. 共b兲 Driving
scheme used in the simulations showing the voltage applied to the X, Y, and A electrodes. Initially, 2 s address pulses are applied, followed by a sequence of alternating polarity sustain pulses. The sustaining
frequency is 125 kHz. The address electrode is biased
to a voltage of V S /2 during the sustaining phase. 共c兲
Schematic of the electrode-shaping geometry. 共d兲 Schematic of the dielectric-shaping geometry. 共e兲 Schematic
of a geometry design involving two different dielectric
layers. 共f兲 Schematic of a geometry design with modified shape of the lower dielectric layer.

II. MODEL DESCRIPTION

We provide only a brief description of the self-consistent
fluid model used to simulate the microdischarges in the PDP
cell, since this model has been described in detail
elsewhere.10
The continuity equations are solved for electrons, atomic
⫹
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drift–diffusion equation as an approximation to the momentum equation. The electric field within the cell is selfconsistently calculated by solving Poisson’s equation. Electron impact reaction rates and transport coefficients are
assumed to be functions of the electron mean energy which
is determined by solving the electron energy equation. We
use a finite difference method to solve the system of partial
differential equations. The continuity equations and the electron energy equation are solved implicitly, while semiimplicit methods are used for the integration of the coupled
continuity and field equations, and for the source term in the
electron energy equation. The electron impact ionization and
excitation frequencies as well as the electron mobility are
calculated using the Boltzmann code ELENDIF.11 Electron–
atom collision cross sections for Ne and Xe are taken from
the SIGLO series.12 Rate coefficients for Penning ionization,
dimer ions formation, charge exchange, recombination, and
neutral kinetics reactions, as well as excited species lifetimes
are taken from Ref. 13.
In order to calculate the visible light output of the PDP
cell, we implement a radiation transport model, similar to the
one described in Ref. 14. The source functions for UV pho-

tons are computed by the plasma dynamics fluid model. We
assume that UV photons are emitted isotropically, and calculate their fluxes on the phosphor surface using ray-tracing
techniques. A unity UV-to-visible conversion efficiency is
assumed for the phosphor. The fluxes of visible photons on
the output window are also calculated using ray-tracing techniques, assuming Lambertian emission from the phosphor
surface.
III. RESULTS

The geometry of the standard coplanar-electrode PDP
cell used in the simulations is shown in Fig. 1共a兲. The cell
consists of two sustain electrodes, X and Y, separated from
the gas by a dielectric layer. An MgO layer is deposited on
the dielectric film. The bottom of the cell consists of the
address electrode A separated from the gas by a dielectric
layer with a phosphor layer on top. The output window of the
device is supposed to be the top side of the upper dielectric
layer, noting that the sustain electrodes are transparent. In all
cases, the gas mixture filling the region between the dielectrics is a Xe–Ne mixture with 4% Xe at a pressure of 500
Torr. The height and width of the cell are H⫽210 m and
L⫽1260 m, respectively. Our reference case is characterized by the parameter values g⫽100 m, w⫽300 m,
d 1 ⫽30 m, d 2 ⫽30 m, and ⑀ r ⫽10, where g is the electrode
gap length, w is the sustain electrode width, d 1 ,d 2 are the
lengths of the upper and lower dielectric layers, respectively,
and ⑀ r is the dielectric constant. This reference case was one
of the cases considered in Veronis and Inan.10
The voltages applied to the three electrodes during the
simulation are shown in Fig. 1共b兲. Initially, a data pulse V D
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and a base-write pulse ⫺V SW are applied simultaneously to
the A and Y electrodes, respectively. These are followed by a
sequence of alternating sustaining voltage pulses V S between
the two sustain electrodes X and Y. During the sustain phase,
the address electrode A is biased to a voltage of V S /2 to
prevent undesired discharges between the address electrode
and the sustain electrodes. The frequency of the sustaining
waveform is 125 kHz and the rise and fall times of all pulses
are 100 ns. The duration of the address pulses
is 2 s.
A. Calculation of voltage margin and visible light
generation efficiency

As in Veronis and Inan,10 we focus our attention on the
operating voltages and the visible light generation efficiency
of the PDP cell. PDP cells can operate only if the applied
sustaining voltage is held within certain limits. The initial
address pulse triggers a discharge between the A and Y electrodes. This discharge is quenched by surface charges accumulated on the dielectrics. Subsequent sustain discharges occur only in the addressed cells, since the sustaining voltage
V S is below the breakdown voltage, as discussed above. The
minimum sustaining voltage V Smin is defined as the minimum value of V S which leads to a steady sequence of sustaining discharges in an addressed cell.15 The firing voltage
V f is defined as the breakdown voltage in an unaddressed
cell. The sustaining voltage V S must at all times be less than
V f in order to avoid discharges in cells which are not addressed. V Smin and V f define the voltage margin of the cell.
In real PDPs, these voltages exhibit some statistical variation, since cells have slightly different dimensions.15 The
voltage margin of the cell should therefore be as large as
possible to ensure reliable operation of the display.
In our studies, we investigate the effect of cell geometry
design on the numerical values of V Smin and V f . The calculation of V Smin and V f is done as in Veronis and Inan10 and is
repeated here for completeness. For the calculation of V f , a
sustain pulse V S is applied to one of the sustain electrodes
and A is biased to V S /2, as described above. We use the full
2D model to iteratively calculate 共to within an accuracy of 1
V兲 the minimum voltage V f which leads to breakdown. In all
cases, the breakdown occurs between the two sustain electrodes.
For the calculation of V Smin , we first apply the address
pulses V D and ⫺V SW described above. In all cases, we use
V SW ⫽150 V, and for the reference case V D ⫽80 V. In all
other cases, V D is chosen so that the breakdown parameter16
 ⫽( ␣ Ne␥ Ne⫹ ␣ Xe␥ Xe) 关 e ( ␣ Ne⫹ ␣ Xe)D ⫺1 兴 /( ␣ Ne⫹ ␣ Xe) is constant, where ␣ Ne and ␣ Xe are the partial first Townsend ionization coefficients for Ne and Xe, respectively, ␥ Ne and ␥ Ne
are the secondary-electron emission coefficients for Ne and
Xe ions, respectively, on MgO, and D is the discharge gap
length 关Fig. 1共a兲兴. In cases of nonconstant discharge gap
length 关e.g., Fig. 1共d兲兴, we use the minimum value of the gap
length. A sequence of sustaining pulses V S is then applied
between the sustain electrodes 关Fig. 1共b兲兴. We once again use
the full 2D model 共in an iterative fashion兲 to calculate 共to
within an accuracy of 1 V兲 the minimum voltage V Smin
which leads to a steady sequence of sustain discharges. In
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other words, we lower the sustain voltage until the discharge
distinguishes.
The UV photons which excite the phosphors are emitted
by certain excited states of Xe 关 Xe*( 3 P1) 共resonant state兲 at
⫹
3 ⫹
1 ⫹
147 nm, Xe*
2 共Ou ) at 150 nm, Xe2*( 兺 u ) and Xe*
2 ( 兺 u ) at
13
173 nm 共excimer states兲兴. The excited phosphors in turn
emit visible photons. We define the visible light generation
efficiency of the cell as the ratio of total visible photon energy which reaches the output window to the total energy
dissipated during a sustaining period (T⫽8 s兲

⫽

兰 T dt 兰 Soutds⌫ ph⑀ ph
N

ion
兰 T dt 兰 V d v共 Je ⫹ 兺 i⫽1
Jioni 兲 •E

,

共1兲

where ⌫ ph is the number of visible photons reaching the
output window per unit area and per unit time, ⑀ ph is the
visible photon energy, Je and Jioni are the electronic and
ionic current 共of ion i兲 respectively, and E is the electric
field. We assume that the visible photon wavelength is 550
nm.
For the calculation of efficiency, the voltage waveform
shown in Fig. 1共b兲 is applied in all cases to the cell electrodes. As in Veronis and Inan,10 the sustaining voltage is
chosen to be the midmargin voltage, defined as V Sm
⫽(V Smin⫹V f )/2. The midmargin voltage is usually chosen as
the point of operation of the PDP to ensure reliability. We
calculate the efficiency of the PDP cell in the periodic steady
state, typically involving the application of at least five sustaining pulses.
B. Electrode-shaping geometry

In the standard coplanar-electrode geometry, there is a
trade off between high light generation efficiency and low
operating voltages.10 In Fig. 2, we show the effect of the
variation of the sustain electrode gap length g 关Fig. 1共a兲兴 on
the visible light generation efficiency  and the midmargin
voltage V Sm of the PDP cell. We observe that larger values of
g result in larger values of both  and V Sm . Similarly, larger
values of the length of the upper dielectric d 1 关Fig. 1共a兲兴
results in larger values of both  and V Sm .
Figure 2 also shows the visible light generation efficiency  and midmargin voltage V Sm for alternative cell geometry designs. In Fig. 1共c兲 we show a PDP cell geometry
with modified shape of sustain electrodes which for brevity
will heretofore be referred to as the electrode-shaping geometry. This design is characterized by the design parameters a 1
and a 2 . Fig. 2 shows  and V Sm for this electrode-shaping
geometry with a 1 ⫽100 m and a 2 ⫽22.5 m, all other parameters being the same as in the reference case. We observe
that the midmargin voltage V Sm is essentially the same as in
the reference case, while the visible light generation efficiency  increases by ⬃16%. If a 1 and a 2 are kept constant,
and the sustain electrode width w is increased from 300 to
400 m, the increase in the visible light generation efficiency  with respect to the reference case is found to be
⬃20%, while the operating voltage increases by only a few
volts. It should be noted that the substantial increase in  for
the electrode-shaping geometry, when w is increased, is not
observed in the standard coplanar-electrode geometry, as
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FIG. 2. Visible light generation efficiency  and midmargin voltage V Sm of
various cell geometry designs. Results are shown for the standard coplanarelectrode, the electrode-shaping, and the dielectric-shaping geometries. The
effect of the variation of the sustain electrode gap length g and of the upper
dielectric layer length d 1 is shown for the standard geometry. All other cell
parameters are the same as in the reference case. Note that the reference case
corresponds to the intersection point of the two curves.

shown in Fig. 2. It should also be noted that for a given cell
width L the sustain electrode width w has to be small enough
to ensure that no undesired discharges occur with sustain
electrodes of adjacent cells. Thus, there is a limit to the increase in efficiency that can be achieved in the electrodeshaping geometry by increasing w.
It is obvious from the results presented in Fig. 2 that the
electrode-shaping geometry has a better performance than
the standard coplanar-electrode geometry of Fig. 1共a兲. It results in an increase in visible light generation efficiency
without a substantial increase of the operating voltages. The
operating voltages remain the same because the structure in
the middle of the cell is the same in both the standard
coplanar-electrode and electrode-shaping geometries. Figures 3共a兲 and 3共b兲 show equipotential lines for the standard
and the electrode-shaping geometries, respectively. We observe that in both cases the electric field in the gap is maximum in the region between the two sustain electrodes in the
cell center. As the applied voltage is increased, the breakdown condition first occurs in discharge paths in this highfield region. We observe that the electric field structure is the
same for both designs in the high-field region and that the
breakdown voltage is therefore not significantly different. In
other words, the different shape of sustaining electrodes of
the new structure does not significantly perturb the electric
field distribution in the region where breakdown first occurs.
In order to better understand the reasons for the increase
in the visible light generation efficiency, we focus our attention on the excitation efficiency. The visible light generation
efficiency defined in Eq. 共1兲 can also be written as

 ⫽  1 2 3 4 ,
 1 ⫽ ⑀ el / 共 ⑀ el⫹ ⑀ ion兲 ,
 2 ⫽ ⑀ exc/ ⑀ el ,
 3 ⫽ ⑀ UV / ⑀ exc ,
 4 ⫽ ⑀ vis / ⑀ UV ,

共2兲

FIG. 3. 共a兲–共c兲 Equipotential lines for the standard, the electrode-shaping,
and the dielectric-shaping geometries, respectively, at the end of a sustaining
period 共t⫽18 s兲. The increment between the contours is 20 V.

where ⑀ el and ⑀ ion are the total energies dissipated per period
by electrons and ions, respectively, ⑀ exc is the total energy
lost by electrons per period in collisions that lead to the
production of UV emitting excited states of xenon, ⑀ UV is the
total UV emitted energy per period, and ⑀ vis is the total visible light energy reaching the output window. Physically,  1
is the efficiency of the discharge in heating the electrons,  2
is the efficiency of electrons in producing UV emitting states
of xenon, and  3 is the efficiency of emission of UV photons
by xenon excited atoms and molecules. Finally,  4 is an
additional factor in the overall visible light generation efficiency , related to the efficiency of transport of UV photons
to the phosphor layer and of the visible photons to the output
window, and to the UV-to-visible conversion efficiency of
the phosphor. Our analyses indicate that the effect of cell
geometry variations on  3 is small, because the rates of the
reactions that lead to emission of UV photons from xenon
excited states are solely determined by the gas mixture composition. Similarly, the effect of cell geometry variations on
 4 is small. Although we might expect that geometry variations could result in UV emission closer to the phosphor
layer, and therefore higher  4 , the increase in  4 is relatively
small for the 2D cell geometry variations considered herein.
We therefore focus our attention on the excitation efficiency
defined as  exc⫽  1  2 representing the components of the
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FIG. 4. 共a兲 and 共b兲 Dissipated ion power P ion , dissipated electron power P el , and power spent on Xe excitation P exc per unit length for the standard and
electrode-shaping geometries, respectively. 共c兲 and 共d兲
Normalized power spent for xenon excitation, integrated over 5 ns consecutive time intervals, for the standard and electrode-shaping geometries, respectively.
The starting time for integration is 75 ns and 70 ns after
the beginning of a sustaining period for the standard
and electrode-shaping geometries, respectively. The
maximum in the gray scale corresponds to 1.73
⫻107 m⫺2. The contours correspond to 0.05, 0.1, 0.15,
0.2, 0.5, and 0.8 of the maximum value. Note the different vertical scale in each plot. In all cases, height is
measured from the MgO layer surface.

overall efficiency most significantly affected by geometry
variations. The excitation efficiency is therefore given by
N

 exc⫽

exc
兰 T dt 兰 V d v 兺 i⫽1
n e *
i ⑀ exci

N

ionJ
兰 T dt 兰 V d v共 Je ⫹ 兺 i⫽1
ioni 兲 •E

,

共3兲

where n e is the electron density,  i* is the excitation frequency of excited state of Xe i which leads through a series
of reactions to UV photon production, and ⑀ exci is the corresponding electron loss energy.
In Figs. 4共a兲 and 4共b兲, we show the dissipated ion power,
dissipated electron power, and power spent on Xe excitation
in the PDP cell per unit length of the standard 关Fig. 1共a兲兴 and
electrode-shaping 关Fig. 1共c兲兴 geometries, respectively. Results are shown as a function of time, during the discharge
caused by the fifth sustain pulse applied to the Y electrode
starting at t⫽18 s. We observe that the duration of the

discharge is shorter for the electrode-shaping geometry and
that the peak power dissipation is higher by almost a factor
of 3.
We may note that the excitation efficiency can also be
written as10

 exc⫽

冕 冋冕
dv

V

T

dt

册

p exc
,
⑀ tot

共4兲

N

exc
where p exc⫽ 兺 i⫽1
n e  i* ⑀ exci , and ⑀ tot⫽ 兰 T dt 兰 V d v p, where
N ion
p⫽(Je ⫹ 兺 i⫽1 Jioni )•E. Equation 共4兲 suggests that the excitation efficiency  exc is obtained by integrating 共over space
and time兲 the power spent for xenon excitation (p exc) normalized by the total energy dissipated in the discharge ( ⑀ tot).
For purposes of brevity, this quantity, which is directly related to the excitation efficiency, will heretofore be referred
to as the normalized power spent for xenon excitation. In
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FIG. 5. The electron excitation efficiency  2 as a function of the electron
mean energy.

Figs. 4共c兲 and 4共d兲, we show the normalized power spent for
xenon excitation, integrated over 5 ns time intervals, for the
standard 关Fig. 1共a兲兴 and electrode-shaping 关Fig. 1共c兲兴 geometries, respectively. We observe that high excitation occurs
both in the cathode sheath–plasma interface and in the bulk
plasma regions.17 The bulk plasma excitation region is wider
in the electrode-shaping geometry 关snapshots 2, 3, and 4 of
Figs. 4共c兲 and 4共d兲兴, for which the outer ends of the sustain
electrodes are closer to the gap 关Fig. 1共c兲兴 so that the electric
field is enhanced in the corresponding gap region. Due to the
enhancement of the electric field in the outer parts of the gap,
wider discharge paths become increasingly favorable in this
structure. We note that wider plasma region results in higher
discharge efficiency. The cathode ion sheath region is characterized by high electric fields and high electron temperatures, while the bulk plasma region is characterized by much
lower electric fields and consequently lower electron temperatures. In Fig. 5, we show  2 as a function of electron
mean energy, in constant uniform electric fields, obtained
using ELENDIF.11 We observe that  2 is maximized at ⬃4 eV.
Our analyses indicate that, during the discharge, the electric
field is high enough to sustain electron temperatures above
this threshold in all regions of significant excitation. Excitation efficiency is therefore a decreasing function of electron
temperature for PDP discharge conditions. It is for this reason that the bulk plasma region of the discharge is more
efficient than the sheath region, and that wider plasma region
results in higher efficiency. In addition, we observe that the
bulk plasma region in the electrode-shaping geometry is
more efficient than the bulk plasma region of the standard
structure 关snapshots 2 and 3 of Figs. 4共c兲 and 4共d兲兴, due to
lower electric fields and consequently lower electron temperatures in the bulk plasma region. Finally, we observe that
the cathode sheath region is also more efficient in the
electrode-shaping design 关snapshots 4 and 5 of Figs. 4共c兲 and
4共d兲兴. Excitation is more confined in the cathode region of
the standard structure. As mentioned above, the electric field
is higher in the outer part of the gap in the electrode-shaping
geometry. Electron temperatures are therefore higher and  2
is lower. However, the excitation region in the cathode ion
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sheath for the electrode-shaping geometry includes a ‘‘tail’’
region 关snapshots 4 and 5 of Fig. 4共d兲兴 so that the cathode
region is overall more efficient for this new structure. We
found that the tail excitation region is due to longer discharge
duration in individual discharge paths in the electrodeshaping geometry, because it takes more time to produce 共via
ionization兲 the charge required to quench the discharge. For
example, in the case presented in Fig. 4, the distance of the
outer part of the sustain electrodes from the gap for the
electrode-shaping design is 7.5 m, while that for the standard design is 30 m. The equivalent capacitance and therefore the charge required to quench the discharge is thus four
times larger in the electrode-shaping geometry. Although the
electric field in the ion sheath is also much larger in the
electrode-shaping geometry, the time required to quench the
discharge is longer due to the highly nonlinear saturation
effect of the ionization coefficient at high electric fields.18
The partial covering of the dielectric layer with charge results in a prolonged discharge in a low electric field regime
which favors high efficiency, as mentioned above. In summary, the electrode-shaping geometry 关Fig. 1共c兲兴 is more efficient than the standard coplanar-electrode geometry 关Fig.
1共a兲兴, because the excitation efficiency is higher in both the
cathode ion sheath and the bulk plasma region, and because
the more efficient bulk plasma region is wider.
As we noted, the overall duration of the discharge is
shorter in the electrode-shaping geometry 关Figs. 4共a兲– 4共d兲兴.
Once the sustain voltage pulse is applied, the time required
to reach breakdown is shorter in discharge paths below the
outer parts of the sustain electrodes in this structure, due to
the larger overvoltage.19 Thus, the discharges in individual
discharge paths in the electrode-shaping geometry initiate
earlier but last longer.

C. Dielectric-shaping geometry

In Fig. 1共d兲, we show a PDP cell with modified shape of
the upper dielectric which for brevity will heretofore be referred as the dielectric-shaping geometry. This design was
first proposed 共without the performance analysis presented
here兲 in Ref. 9 as a way to improve the efficiency of the PDP
cell. The dielectric-shaping geometry is characterized by the
design parameters a 3 and a 4 . In Fig. 2, we show  and V Sm
for the dielectric-shaping geometry with a 3 ⫽260 m and
a 4 ⫽22.5 m. All other parameters are the same as in the
reference case. We observe that the midmargin voltage V Sm
is essentially the same as in the reference case, while the
visible light generation efficiency  increases by ⬃14%. As
in the electrode-shaping geometry, if a 3 and a 4 are kept constant, and the sustain electrode width w is increased from 300
to 400 m, the increase in the visible light generation efficiency  with respect to the reference case is found to be
⬃17%, while once again the operating voltage increases by
only a few volts.
The dielectric-shaping geometry 关Fig. 1共d兲兴 has an obviously better performance than the standard coplanarelectrode geometry 关Fig. 1共a兲兴 and results in larger visible
light generation efficiency without substantial increases of
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FIG. 7. 共a兲 Visible light generation efficiency  as a function of parameter
a 1 of the electrode-shaping geometry for a 2 ⫽20 m 关Fig. 1共c兲兴. All other
cell parameters are the same as in the reference case. 共b兲  as a function of
parameter a 2 of the electrode-shaping geometry for a 1 ⫽100 m 关Fig. 1共c兲兴.
All other cell parameters are the same as in the reference case. 共c兲 The firing
voltage V f and the minimum sustaining voltage V Smin as a function of a 1 .
The dashed line shows the midmargin sustaining voltage V Sm used for the
calculation of the efficiency. 共d兲 V f , V Smin , and V Sm as a function of a 2 .

FIG. 6. 共a兲 Dissipated ion power P ion , dissipated electron power P el , and
power spent on Xe excitation P exc per unit length for the dielectric-shaping
geometry. 共b兲 Normalized power spent for xenon excitation, integrated over
a 5 ns time interval, for the dielectric-shaping geometry. The starting time
for integration is 80 ns after the beginning of a sustaining period. The
increment between the contours and maximum in gray scale are the same as
in Figs. 4共c兲 and 4共d兲. Note the different vertical scale. Height is measured
from the MgO layer surface.

the operating voltages, similar to the electrode-shaping geometry 关Fig. 1共c兲兴. The similar behavior of the two structures
could be expected since, in both cases, the modification in
cell design basically results in a larger equivalent capacitance
of the outer part of the sustain electrodes. We found that the
increase in the efficiency without any substantial increase of
the operating voltages for the dielectric-shaping geometry
can be interpreted in the same way as the improved performance of the electrode-shaping geometry, which was described above in detail. We should nevertheless note two
important differences in the performance of these two structures. First, we observe in Fig. 2 that the electrode-shaping
geometry has a higher visible light generation efficiency than
the dielectric-shaping geometry. Our analyses indicate that
 4 is higher for the electrode-shaping design. The region of
high excitation and consequently high UV emission directly
below the upper dielectric layer is closer to the phosphor
layer in the case of the electrode-shaping design, so that
more emitted UV photons reach the phosphor. Second, in
Fig. 6共a兲, we show the dissipated ion power, dissipated electron power, and power spent on Xe excitation in the PDP cell
per unit length for the dielectric-shaping geometry. We observe that the peak ionic current is much higher in the
dielectric-shaping geometry in comparison with the

electrode-shaping geometry. The very large increase in ionic
current in the dielectric-shaping geometry is observed when
the discharge in the cathode region reaches the point at
which the upper dielectric layer length becomes shorter 关Fig.
1共d兲兴. We note that both of the alternative structures are characterized by points of sharp variation of either the electrode
shape 关Fig. 1共c兲兴 or the upper dielectric shape 关Fig. 1共d兲兴.
The electric field is very large in the vicinity of the sharp
points as is shown in the equipotential contours in Figs. 3共b兲
and 3共c兲 for the electrode-shaping and the dielectric-shaping
geometries, respectively. However, in the case of the
electrode-shaping geometry, the sharp point is inside the dielectric layer so that the increase in the ionic current in the
cathode sheath region is not as dramatic as that observed in
the dielectric-shaping geometry. Finally, in Fig. 6共b兲, we
show the normalized power spent for xenon excitation, integrated over a 5 ns time interval, for the dielectric-shaping
geometry for comparison with the standard 关Fig. 4共c兲兴 and
the electrode-shaping geometries 关Fig. 4共d兲兴.
D. Dependence of cell performance on design
parameters

We now investigate the effect of the design parameters
of the PDP cell structures on the visible light generation
efficiency and the operating voltages of the PDP cell. Figures
7共a兲 and 7共c兲 show the dependence of , and of V f , V Smin ,
and V Sm , respectively, on parameter a 1 of the electrodeshaping geometry 关Fig. 1共c兲兴. We note that a 1 ⫽0 corresponds to a cell design with the sustain electrodes fully inserted in the upper dielectric layer. As expected, analyses
indicate that this design has essentially no difference in performance from a standard coplanar-electrode design 关Fig.
1共a兲兴 having the same distance of sustain electrodes from the
gap. We also note that a 1 ⫽w corresponds to the standard
coplanar-electrode design. We observe that as a 1 is increased, both the efficiency and the operating voltages in-
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FIG. 8. 共a兲 Visible light generation efficiency  as a function of parameter
a 4 of the dielectric-shaping geometry for a 3 ⫽260 m 关Fig. 1共d兲兴. All other
cell parameters are the same as in the reference case. 共b兲  as a function of
the dielectric constant ⑀ r2 of the geometry of Fig. 1共e兲 for a 5 ⫽200 m. All
other cell parameters are the same as in the reference case. 共c兲 The firing
voltage V f and the minimum sustaining voltage V Smin as a function of a 4 .
The dashed line shows the midmargin sustaining voltage V Sm used for the
calculation of the efficiency. 共d兲 V f ,V Smin , and V Sm as a function of ⑀ r2 .

crease. The efficiency is maximized for a 1 ⫽100 m, with
any further increases of a 1 leading only to increase in the
operating voltages. We conclude that the electrode-shaping
geometry has better performance than both the standard
coplanar-electrode design 关Fig. 1共a兲兴 and the equivalent design with the standard sustain electrodes fully inserted in the
upper dielectric layer. In addition, for a specific value of a 2
there appears to be an optimum value of a 1 . In Figs. 7共b兲 and
7共d兲, we show the dependence of , and of V f , V Smin , and
V Sm , respectively, on the parameter a 2 of the electrodeshaping geometry, noting that a 2 ⫽0 corresponds to the standard coplanar-electrode design. We observe that the visible
light generation efficiency of the PDP cell increases substantially as a 2 is increased, while the operating voltages remain
essentially the same. The interpretation of the improved performance of this structure 关Fig. 1共c兲兴 was discussed in detail
in Sec. III B. Figure 7 further shows that the increase in
efficiency is maximized for a 2 ⫽22.5 m. Analyses indicate
that for large values of a 2 , the efficiency of the discharge in
heating the electrons  1 is a decreasing function of a 2 . As a 2
is increased, the electric field in the ion sheath region increases and the sheath length decreases. As a result, the efficiency of the discharge in heating the electrons in the
sheath region is a decreasing function of a 2 . This effect
dominates for large values of a 2 and results in a decrease of
 1 and subsequently of .
Figures 8共a兲– 8共d兲 show similar results for the dielectricshaping design and the equivalent design of Fig. 1共e兲 respectively. The structure of Fig. 1共e兲 was first proposed 共without
the performance analysis presented here兲 in Ref. 9 as a way
to improve the efficiency of the PDP cell. The increase of the
equivalent capacitance of the outer part of the sustain electrodes in this case is achieved by using a material with a
larger dielectric constant ⑀ r in parts of the upper dielectric
layer. Figures 8共a兲 and 8共c兲 show the dependence of , and
of V f , V Smin , and V Sm , respectively, on parameter a 4 of the
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dielectric-shaping geometry 关Fig. 1共d兲兴, while Figs. 8共b兲 and
8共d兲 show the dependence of , and of V f , V Smin , and V Sm ,
respectively, on the dielectric constant ⑀ r2 of the geometry of
Fig. 1共e兲. In both cases, we observe dependences that are
similar to those noted for the electrode-shaping geometry. In
all three cases, the larger equivalent capacitance of the outer
part of the sustain electrodes results in larger visible light
generation efficiency of the PDP cell without significant
change in the operating voltages. The increase in the efficiency of the device is maximized for a specific value of the
corresponding design parameter in each case for reasons described above.
We note that combination of the three different ways of
increasing the equivalent capacitance of the outer part of the
sustain electrodes does not result in further increase in efficiency. For example, Fig. 7 shows that the efficiency of the
electrode-shaping geometry is maximized for a 2 ⫽22.5 m.
If the equivalent capacitance is further increased by increasing a 2 , the efficiency decreases. We verified that, as expected, if the equivalent capacitance is increased, by either
the dielectric-shaping or the dielectric constant methods, the
efficiency still decreases.
For the 2D cell geometry variations considered in this
article, the electrode shape of the structure of Fig. 1共c兲 is
found to be optimal. For this purpose, we considered alternative shapes of sustain electrodes, for example, a cell design
with slanted sustain electrodes.8 In such a design, the equivalent capacitance increases linearly with distance rather than
sharply as in Fig. 1共c兲, and results in lower efficiency. The
structure of Fig. 1共c兲 is optimal because it is identical to the
standard structure in the middle of the cell 关Fig. 1共a兲兴, so that
the operating voltages do not change, while in the outer part
of the cell, it results in higher equivalent capacitance and
higher visible light generation efficiency. We also examined
the effect of variations of the lower dielectric layer on the
performance of the cell, for example as shown in Fig. 1共f兲.
Such a design results in a wider discharge area and consequently higher excitation efficiency  exc for the reasons described above. However, the overall efficiency  is not larger
than the efficiency of the standard structure 关Fig. 1共a兲兴.
Analyses indicate that the modification of the lower dielectric layer shape and, consequently, of the phosphor layer
shape in the structure of Fig. 1共f兲 results in lower  4 . This
result could be expected, since most of the visible photons
emitted from the vertical sides of the phosphor layer are lost.
IV. SUMMARY

We used a 2D self-consistent simulation model to investigate the performance of several nonstandard plasma display
panel cell geometry designs, by focusing our attention on the
operating voltages and the visible light generation efficiency
of PDP cell designs. The model was used to calculate the
voltage margin and the steady-state visible light generation
efficiency of PDP cells at their midmargin sustaining voltage.
A cell design with a modified shape of sustain electrodes was
found to have ⬃20% larger visible light generation efficiency, without a substantial increase of the operating voltages, when compared to the standard coplanar-electrode de-
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sign. A cell design with modified shape of the upper
dielectric was found to have ⬃17% larger visible light generation efficiency, once again without a substantial increase
of the operating voltages. A similar performance improvement is achieved by a design involving two different dielectric layers. These geometries are more efficient than the standard coplanar-electrode geometry, because the excitation
efficiency is higher in both the cathode ion sheath and the
bulk plasma region, and because the more efficient bulk
plasma region is wider, due to the increase of the equivalent
capacitance of the outer part of the sustain electrodes. A detailed investigation of the dependence of cell performance on
the design parameters of these structures indicates that the
increase of visible light generation efficiency is maximized
for specific values of the corresponding design parameter in
each case. Other designs involving alternative shaping of the
sustain electrodes or of the lower dielectric layer were found
to be less efficient.
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