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Cell geometry designs for efficient plasma display panels
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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.@DOI: 10.1063/1.1511272#
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I. INTRODUCTION

Plasma display panels~PDPs! are one of the leading can
didates in the competition for large-size, high-brightne
high-contrast-ratio flat panel displays, suitable for high de
nition television ~HDTV! wall-mounted monitors.1,2 Their
advantages are high resolution, wide viewing angle, l
weight, and simple manufacturing process for fabricati
Recent progress of PDP technology development and m
facturing has been remarkable.3,4 However, there are stil
problems that need to be resolved to popularize the PDP
home commodity. One of the most critical issues in ongo
PDP research is the improvement of the luminous efficien
which is still low compared to conventional cathode ray tu
displays. Another important problem is the relatively hi
operating voltages.

PDP cells are small~cell height is;150 mm! and pro-
vide limited access for diagnostic measurements. As a re
experimental studies of the transient plasma discharge
PDPs are extremely difficult, and computer-based mode
is currently essential for understanding PDP physics and
timizing its operation. Computer simulations are effective
identifying the basic properties of the discharge dynam
and the dominant mechanisms of light emission. In additi
simulation models are usually successful in predicting
effects on the performance of the device of variations
design parameters, such as cell geometry, applied vol
waveforms, and gas mixture. Although simulation results
usually in qualitative rather than quantitative agreement w
experimental display measurements, they are used very
fectively to provide directions for future PDP design.

Typical color plasma displays consist of two glass plat
each with parallel electrodes deposited on their surfaces.
electrodes are covered with a dielectric film. The plates
sealed together with their electrodes at right angles, and
gap between the plates is first evacuated and then filled
an inert gas mixture. A protective MgO layer is deposit
above the dielectric film. The primary role of this layer is
decrease the breakdown voltage due to the high second
electron emission coefficient of MgO. The UV photons em
ted by the discharge hit the phosphors deposited on the w
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of the PDP cell and are converted into visible photons. E
cell contains a specific type of phosphor that emits one
mary color, red, green, or blue.

The most common type of color plasma display is t
coplanar-electrode PDP. In this PDP type, each cell is form
by the intersection of a pair of transparent sustain electro
on the front plate, and an address electrode on the back p
During operation, a periodic voltage with a frequency of 5
350 kHz is continuously applied between each pair of sus
electrodes. The amplitude of the sustain voltage is below
breakdown voltage. A cell is turned ON by applying a wri
voltage pulse between the address electrode and one o
sustain electrodes. The discharge which is initiated result
the deposition of surface charge on the dielectric layers c
ering these two electrodes. The superposition of the elec
field induced by the deposited surface charge and of the e
tric field of the applied sustaining voltage results in the ig
tion of sustain discharges between the pair of sustain e
trodes.

Several alternative designs have previously been p
posed as a way to increase the luminous efficiency of
PDP. These designs modified the arrangement of individ
cells of the display or the three-dimensional structure of
electrodes.4,5 Other methods were based on rf discharge6 or a
different mixture composition.7 However, the effect of sim-
pler two-dimensional variations of the PDP cell geometry
the performance of the device has not been investigate
detail, although some two-dimensional variations have b
proposed.8,9 In this article, we consider several nonstanda
cell geometry designs and investigate in detail the effec
variations of the cell geometry design on the operating v
ages and the efficiency of the device. The alternative
designs are variations of the standard coplanar-electrode
design used in most PDPs. In addition, we put forth new c
structures that result in optimum device performance a
evaluate the dependence of PDP performance on the de
parameters of these structures. We use a two-dimensi
~2D! self-consistent model to simulate the microdischarg
in PDP cells, which is briefly described in Sec. II. The resu
obtained using this model for the various cell geometry
signs are presented in Sec. III, while our conclusions
summarized in Sec. IV.
7 © 2002 American Institute of Physics
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FIG. 1. ~a! Schematic of the standard coplana
electrode plasma display panel~PDP! cell. ~b! Driving
scheme used in the simulations showing the voltage
plied to theX, Y, andA electrodes. Initially, 2ms ad-
dress pulses are applied, followed by a sequence of
ternating polarity sustain pulses. The sustaini
frequency is 125 kHz. The address electrode is bia
to a voltage ofVS/2 during the sustaining phase.~c!
Schematic of the electrode-shaping geometry.~d! Sche-
matic of the dielectric-shaping geometry.~e! Schematic
of a geometry design involving two different dielectri
layers.~f! Schematic of a geometry design with mod
fied shape of the lower dielectric layer.
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II. MODEL DESCRIPTION

We provide only a brief description of the self-consiste
fluid model used to simulate the microdischarges in the P
cell, since this model has been described in de
elsewhere.10

The continuity equations are solved for electrons, atom
(Ne1,Xe1) and molecular (Ne2

1 ,Xe2
1 ,NeXe1) ions, and ex-

cited species @Nem* ,Xe* (3P1),Xe* (3P2),Xe** ,Xe2* (Ou
1),

Xe2* (3(u
1),Xe2* (1(u

1)# for a Ne–Xe mixture. We use th
drift–diffusion equation as an approximation to the mome
tum equation. The electric field within the cell is se
consistently calculated by solving Poisson’s equation. E
tron impact reaction rates and transport coefficients
assumed to be functions of the electron mean energy w
is determined by solving the electron energy equation.
use a finite difference method to solve the system of pa
differential equations. The continuity equations and the e
tron energy equation are solved implicitly, while sem
implicit methods are used for the integration of the coup
continuity and field equations, and for the source term in
electron energy equation. The electron impact ionization
excitation frequencies as well as the electron mobility
calculated using the Boltzmann codeELENDIF.11 Electron–
atom collision cross sections for Ne and Xe are taken fr
the SIGLO series.12 Rate coefficients for Penning ionization
dimer ions formation, charge exchange, recombination,
neutral kinetics reactions, as well as excited species lifetim
are taken from Ref. 13.

In order to calculate the visible light output of the PD
cell, we implement a radiation transport model, similar to
one described in Ref. 14. The source functions for UV p
Downloaded 12 Jan 2007 to 171.64.90.69. Redistribution subject to AIP
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tons are computed by the plasma dynamics fluid model.
assume that UV photons are emitted isotropically, and ca
late their fluxes on the phosphor surface using ray-trac
techniques. A unity UV-to-visible conversion efficiency
assumed for the phosphor. The fluxes of visible photons
the output window are also calculated using ray-tracing te
niques, assuming Lambertian emission from the phosp
surface.

III. RESULTS

The geometry of the standard coplanar-electrode P
cell used in the simulations is shown in Fig. 1~a!. The cell
consists of two sustain electrodes,X and Y, separated from
the gas by a dielectric layer. An MgO layer is deposited
the dielectric film. The bottom of the cell consists of th
address electrode A separated from the gas by a diele
layer with a phosphor layer on top. The output window of t
device is supposed to be the top side of the upper dielec
layer, noting that the sustain electrodes are transparent. I
cases, the gas mixture filling the region between the die
trics is a Xe–Ne mixture with 4% Xe at a pressure of 5
Torr. The height and width of the cell areH5210 mm and
L51260 mm, respectively. Our reference case is charac
ized by the parameter valuesg5100 mm, w5300 mm,
d1530 mm, d2530 mm, ande r510, whereg is the electrode
gap length,w is the sustain electrode width,d1 ,d2 are the
lengths of the upper and lower dielectric layers, respectiv
ande r is the dielectric constant. This reference case was
of the cases considered in Veronis and Inan.10

The voltages applied to the three electrodes during
simulation are shown in Fig. 1~b!. Initially, a data pulseVD
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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and a base-write pulse2VSW are applied simultaneously t
theA andY electrodes, respectively. These are followed b
sequence of alternating sustaining voltage pulsesVS between
the two sustain electrodesX andY. During the sustain phase
the address electrodeA is biased to a voltage ofVS/2 to
prevent undesired discharges between the address elec
and the sustain electrodes. The frequency of the sustai
waveform is 125 kHz and the rise and fall times of all puls
are 100 ns. The duration of the address pul
is 2 ms.

A. Calculation of voltage margin and visible light
generation efficiency

As in Veronis and Inan,10 we focus our attention on th
operating voltages and the visible light generation efficien
of the PDP cell. PDP cells can operate only if the appl
sustaining voltage is held within certain limits. The initi
address pulse triggers a discharge between theA andY elec-
trodes. This discharge is quenched by surface charges a
mulated on the dielectrics. Subsequent sustain discharge
cur only in the addressed cells, since the sustaining volt
VS is below the breakdown voltage, as discussed above.
minimum sustaining voltageVSmin is defined as the mini-
mum value ofVS which leads to a steady sequence of s
taining discharges in an addressed cell.15 The firing voltage
Vf is defined as the breakdown voltage in an unaddres
cell. The sustaining voltageVS must at all times be less tha
Vf in order to avoid discharges in cells which are not a
dressed.VSmin andVf define the voltage margin of the cel
In real PDPs, these voltages exhibit some statistical va
tion, since cells have slightly different dimensions.15 The
voltage margin of the cell should therefore be as large
possible to ensure reliable operation of the display.

In our studies, we investigate the effect of cell geome
design on the numerical values ofVSmin andVf . The calcu-
lation of VSmin andVf is done as in Veronis and Inan10 and is
repeated here for completeness. For the calculation ofVf , a
sustain pulseVS is applied to one of the sustain electrod
andA is biased toVS/2, as described above. We use the f
2D model to iteratively calculate~to within an accuracy of 1
V! the minimum voltageVf which leads to breakdown. In a
cases, the breakdown occurs between the two sustain
trodes.

For the calculation ofVSmin , we first apply the addres
pulsesVD and 2VSW described above. In all cases, we u
VSW5150 V, and for the reference caseVD580 V. In all
other cases,VD is chosen so that the breakdown paramete16

m5(aNegNe1aXegXe)@e(aNe1aXe)D21#/(aNe1aXe) is con-
stant, whereaNe andaXe are the partial first Townsend ion
ization coefficients for Ne and Xe, respectively,gNe andgNe

are the secondary-electron emission coefficients for Ne
Xe ions, respectively, on MgO, andD is the discharge gap
length @Fig. 1~a!#. In cases of nonconstant discharge g
length@e.g., Fig. 1~d!#, we use the minimum value of the ga
length. A sequence of sustaining pulsesVS is then applied
between the sustain electrodes@Fig. 1~b!#. We once again use
the full 2D model~in an iterative fashion! to calculate~to
within an accuracy of 1 V! the minimum voltageVSmin

which leads to a steady sequence of sustain discharge
Downloaded 12 Jan 2007 to 171.64.90.69. Redistribution subject to AIP
a

ode
ng
s
s

y
d

cu-
oc-
ge
he

-

ed

-

a-

s

y

l

ec-

d

p

In

other words, we lower the sustain voltage until the discha
distinguishes.

The UV photons which excite the phosphors are emit
by certain excited states of Xe@Xe*(3P1) ~resonant state! at
147 nm, Xe2* ~Ou

1) at 150 nm, Xe2*(3(u
1) and Xe2* (1(u

1) at
173 nm ~excimer states!#.13 The excited phosphors in tur
emit visible photons. We define the visible light generati
efficiency of the cell as the ratio of total visible photon e
ergy which reaches the output window to the total ene
dissipated during a sustaining period (T58 ms!

h5
*Tdt*SoutdsGpheph

*Tdt*Vdv~Je1( i 51
NionJioni !•E

, ~1!

where Gph is the number of visible photons reaching th
output window per unit area and per unit time,eph is the
visible photon energy,Je and Jioni are the electronic and
ionic current ~of ion i! respectively, andE is the electric
field. We assume that the visible photon wavelength is 5
nm.

For the calculation of efficiency, the voltage wavefor
shown in Fig. 1~b! is applied in all cases to the cell elec
trodes. As in Veronis and Inan,10 the sustaining voltage is
chosen to be the midmargin voltage, defined asVSm

5(VSmin1Vf)/2. The midmargin voltage is usually chosen
the point of operation of the PDP to ensure reliability. W
calculate the efficiency of the PDP cell in the periodic stea
state, typically involving the application of at least five su
taining pulses.

B. Electrode-shaping geometry

In the standard coplanar-electrode geometry, there
trade off between high light generation efficiency and lo
operating voltages.10 In Fig. 2, we show the effect of the
variation of the sustain electrode gap lengthg @Fig. 1~a!# on
the visible light generation efficiencyh and the midmargin
voltageVSm of the PDP cell. We observe that larger values
g result in larger values of bothh andVSm. Similarly, larger
values of the length of the upper dielectricd1 @Fig. 1~a!#
results in larger values of bothh andVSm.

Figure 2 also shows the visible light generation ef
ciencyh and midmargin voltageVSm for alternative cell ge-
ometry designs. In Fig. 1~c! we show a PDP cell geometr
with modified shape of sustain electrodes which for brev
will heretofore be referred to as the electrode-shaping ge
etry. This design is characterized by the design parametera1

and a2. Fig. 2 showsh and VSm for this electrode-shaping
geometry witha15100 mm anda2522.5 mm, all other pa-
rameters being the same as in the reference case. We ob
that the midmargin voltageVSm is essentially the same as i
the reference case, while the visible light generation e
ciencyh increases by;16%. If a1 anda2 are kept constant
and the sustain electrode widthw is increased from 300 to
400 mm, the increase in the visible light generation ef
ciency h with respect to the reference case is found to
;20%, while the operating voltage increases by only a f
volts. It should be noted that the substantial increase inh for
the electrode-shaping geometry, whenw is increased, is not
observed in the standard coplanar-electrode geometry
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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4900 J. Appl. Phys., Vol. 92, No. 9, 1 November 2002 G. Veronis and U. S. Inan
shown in Fig. 2. It should also be noted that for a given c
width L the sustain electrode widthw has to be small enoug
to ensure that no undesired discharges occur with sus
electrodes of adjacent cells. Thus, there is a limit to the
crease in efficiency that can be achieved in the electro
shaping geometry by increasingw.

It is obvious from the results presented in Fig. 2 that
electrode-shaping geometry has a better performance
the standard coplanar-electrode geometry of Fig. 1~a!. It re-
sults in an increase in visible light generation efficien
without a substantial increase of the operating voltages.
operating voltages remain the same because the structu
the middle of the cell is the same in both the stand
coplanar-electrode and electrode-shaping geometries.
ures 3~a! and 3~b! show equipotential lines for the standa
and the electrode-shaping geometries, respectively. We
serve that in both cases the electric field in the gap is m
mum in the region between the two sustain electrodes in
cell center. As the applied voltage is increased, the bre
down condition first occurs in discharge paths in this hig
field region. We observe that the electric field structure is
same for both designs in the high-field region and that
breakdown voltage is therefore not significantly different.
other words, the different shape of sustaining electrode
the new structure does not significantly perturb the elec
field distribution in the region where breakdown first occu

In order to better understand the reasons for the incre
in the visible light generation efficiency, we focus our atte
tion on the excitation efficiency. The visible light generati
efficiency defined in Eq.~1! can also be written as

h5h1h2h3h4 ,

h15eel /~eel1e ion!,

h25eexc/eel , ~2!

h35eUV /eexc,

h45evis /eUV ,

FIG. 2. Visible light generation efficiencyh and midmargin voltageVSm of
various cell geometry designs. Results are shown for the standard cop
electrode, the electrode-shaping, and the dielectric-shaping geometries
effect of the variation of the sustain electrode gap lengthg and of the upper
dielectric layer lengthd1 is shown for the standard geometry. All other ce
parameters are the same as in the reference case. Note that the referen
corresponds to the intersection point of the two curves.
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whereeel ande ion are the total energies dissipated per per
by electrons and ions, respectively,eexc is the total energy
lost by electrons per period in collisions that lead to t
production of UV emitting excited states of xenon,eUV is the
total UV emitted energy per period, andevis is the total vis-
ible light energy reaching the output window. Physically,h1

is the efficiency of the discharge in heating the electrons,h2

is the efficiency of electrons in producing UV emitting stat
of xenon, andh3 is the efficiency of emission of UV photon
by xenon excited atoms and molecules. Finally,h4 is an
additional factor in the overall visible light generation ef
ciencyh, related to the efficiency of transport of UV photon
to the phosphor layer and of the visible photons to the out
window, and to the UV-to-visible conversion efficiency o
the phosphor. Our analyses indicate that the effect of
geometry variations onh3 is small, because the rates of th
reactions that lead to emission of UV photons from xen
excited states are solely determined by the gas mixture c
position. Similarly, the effect of cell geometry variations o
h4 is small. Although we might expect that geometry var
tions could result in UV emission closer to the phosph
layer, and therefore higherh4, the increase inh4 is relatively
small for the 2D cell geometry variations considered here
We therefore focus our attention on the excitation efficien
defined ashexc5h1h2 representing the components of th

ar-
he

case

FIG. 3. ~a!–~c! Equipotential lines for the standard, the electrode-shapi
and the dielectric-shaping geometries, respectively, at the end of a susta
period ~t518 ms!. The increment between the contours is 20 V.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 4. ~a! and ~b! Dissipated ion powerPion , dissi-
pated electron powerPel , and power spent on Xe exci
tation Pexc per unit length for the standard an
electrode-shaping geometries, respectively.~c! and ~d!
Normalized power spent for xenon excitation, int
grated over 5 ns consecutive time intervals, for the st
dard and electrode-shaping geometries, respectiv
The starting time for integration is 75 ns and 70 ns af
the beginning of a sustaining period for the standa
and electrode-shaping geometries, respectively. T
maximum in the gray scale corresponds to 1.
3107 m22. The contours correspond to 0.05, 0.1, 0.1
0.2, 0.5, and 0.8 of the maximum value. Note the d
ferent vertical scale in each plot. In all cases, height
measured from the MgO layer surface.
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overall efficiency most significantly affected by geome
variations. The excitation efficiency is therefore given by

hexc5
*Tdt*Vdv( i 51

Nexcnen i* eexci

*Tdt*Vdv~Je1(
i 51

N
ionJioni !•E

, ~3!

where ne is the electron density,n i* is the excitation fre-
quency of excited state of Xei which leads through a serie
of reactions to UV photon production, andeexci is the corre-
sponding electron loss energy.

In Figs. 4~a! and 4~b!, we show the dissipated ion powe
dissipated electron power, and power spent on Xe excita
in the PDP cell per unit length of the standard@Fig. 1~a!# and
electrode-shaping@Fig. 1~c!# geometries, respectively. Re
sults are shown as a function of time, during the discha
caused by the fifth sustain pulse applied to theY electrode
starting at t518 ms. We observe that the duration of th
Downloaded 12 Jan 2007 to 171.64.90.69. Redistribution subject to AIP
n

e

discharge is shorter for the electrode-shaping geometry
that the peak power dissipation is higher by almost a fac
of 3.

We may note that the excitation efficiency can also
written as10

hexc5E
V
dvF E

T
dt

pexc

e tot
G , ~4!

where pexc5( i 51
Nexcnen i* eexci , and e tot5*Tdt*Vdvp, where

p5(Je1( i 51
NionJioni)•E. Equation~4! suggests that the excita

tion efficiency hexc is obtained by integrating~over space
and time! the power spent for xenon excitation (pexc) nor-
malized by the total energy dissipated in the discharge (e tot).
For purposes of brevity, this quantity, which is directly r
lated to the excitation efficiency, will heretofore be referr
to as the normalized power spent for xenon excitation.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Figs. 4~c! and 4~d!, we show the normalized power spent f
xenon excitation, integrated over 5 ns time intervals, for
standard@Fig. 1~a!# and electrode-shaping@Fig. 1~c!# geom-
etries, respectively. We observe that high excitation occ
both in the cathode sheath–plasma interface and in the
plasma regions.17 The bulk plasma excitation region is wide
in the electrode-shaping geometry@snapshots 2, 3, and 4 o
Figs. 4~c! and 4~d!#, for which the outer ends of the susta
electrodes are closer to the gap@Fig. 1~c!# so that the electric
field is enhanced in the corresponding gap region. Due to
enhancement of the electric field in the outer parts of the g
wider discharge paths become increasingly favorable in
structure. We note that wider plasma region results in hig
discharge efficiency. The cathode ion sheath region is c
acterized by high electric fields and high electron tempe
tures, while the bulk plasma region is characterized by m
lower electric fields and consequently lower electron te
peratures. In Fig. 5, we showh2 as a function of electron
mean energy, in constant uniform electric fields, obtain
usingELENDIF.11 We observe thath2 is maximized at;4 eV.
Our analyses indicate that, during the discharge, the ele
field is high enough to sustain electron temperatures ab
this threshold in all regions of significant excitation. Excit
tion efficiency is therefore a decreasing function of elect
temperature for PDP discharge conditions. It is for this r
son that the bulk plasma region of the discharge is m
efficient than the sheath region, and that wider plasma reg
results in higher efficiency. In addition, we observe that
bulk plasma region in the electrode-shaping geometry
more efficient than the bulk plasma region of the stand
structure@snapshots 2 and 3 of Figs. 4~c! and 4~d!#, due to
lower electric fields and consequently lower electron te
peratures in the bulk plasma region. Finally, we observe
the cathode sheath region is also more efficient in
electrode-shaping design@snapshots 4 and 5 of Figs. 4~c! and
4~d!#. Excitation is more confined in the cathode region
the standard structure. As mentioned above, the electric
is higher in the outer part of the gap in the electrode-shap
geometry. Electron temperatures are therefore higher anh2

is lower. However, the excitation region in the cathode

FIG. 5. The electron excitation efficiencyh2 as a function of the electron
mean energy.
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sheath for the electrode-shaping geometry includes a ‘‘t
region @snapshots 4 and 5 of Fig. 4~d!# so that the cathode
region is overall more efficient for this new structure. W
found that the tail excitation region is due to longer discha
duration in individual discharge paths in the electrod
shaping geometry, because it takes more time to produce~via
ionization! the charge required to quench the discharge.
example, in the case presented in Fig. 4, the distance of
outer part of the sustain electrodes from the gap for
electrode-shaping design is 7.5mm, while that for the stan-
dard design is 30mm. The equivalent capacitance and the
fore the charge required to quench the discharge is thus
times larger in the electrode-shaping geometry. Although
electric field in the ion sheath is also much larger in t
electrode-shaping geometry, the time required to quench
discharge is longer due to the highly nonlinear saturat
effect of the ionization coefficient at high electric fields.18

The partial covering of the dielectric layer with charge r
sults in a prolonged discharge in a low electric field regim
which favors high efficiency, as mentioned above. In su
mary, the electrode-shaping geometry@Fig. 1~c!# is more ef-
ficient than the standard coplanar-electrode geometry@Fig.
1~a!#, because the excitation efficiency is higher in both t
cathode ion sheath and the bulk plasma region, and bec
the more efficient bulk plasma region is wider.

As we noted, the overall duration of the discharge
shorter in the electrode-shaping geometry@Figs. 4~a!–4~d!#.
Once the sustain voltage pulse is applied, the time requ
to reach breakdown is shorter in discharge paths below
outer parts of the sustain electrodes in this structure, du
the larger overvoltage.19 Thus, the discharges in individua
discharge paths in the electrode-shaping geometry init
earlier but last longer.

C. Dielectric-shaping geometry

In Fig. 1~d!, we show a PDP cell with modified shape
the upper dielectric which for brevity will heretofore be r
ferred as the dielectric-shaping geometry. This design w
first proposed~without the performance analysis present
here! in Ref. 9 as a way to improve the efficiency of the PD
cell. The dielectric-shaping geometry is characterized by
design parametersa3 anda4. In Fig. 2, we showh andVSm

for the dielectric-shaping geometry witha35260 mm and
a4522.5 mm. All other parameters are the same as in
reference case. We observe that the midmargin voltageVSm

is essentially the same as in the reference case, while
visible light generation efficiencyh increases by;14%. As
in the electrode-shaping geometry, ifa3 anda4 are kept con-
stant, and the sustain electrode widthw is increased from 300
to 400 mm, the increase in the visible light generation ef
ciency h with respect to the reference case is found to
;17%, while once again the operating voltage increases
only a few volts.

The dielectric-shaping geometry@Fig. 1~d!# has an obvi-
ously better performance than the standard coplan
electrode geometry@Fig. 1~a!# and results in larger visible
light generation efficiency without substantial increases
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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the operating voltages, similar to the electrode-shaping
ometry@Fig. 1~c!#. The similar behavior of the two structure
could be expected since, in both cases, the modificatio
cell design basically results in a larger equivalent capacita
of the outer part of the sustain electrodes. We found that
increase in the efficiency without any substantial increase
the operating voltages for the dielectric-shaping geome
can be interpreted in the same way as the improved pe
mance of the electrode-shaping geometry, which was
scribed above in detail. We should nevertheless note
important differences in the performance of these two str
tures. First, we observe in Fig. 2 that the electrode-shap
geometry has a higher visible light generation efficiency th
the dielectric-shaping geometry. Our analyses indicate
h4 is higher for the electrode-shaping design. The region
high excitation and consequently high UV emission direc
below the upper dielectric layer is closer to the phosp
layer in the case of the electrode-shaping design, so
more emitted UV photons reach the phosphor. Second
Fig. 6~a!, we show the dissipated ion power, dissipated el
tron power, and power spent on Xe excitation in the PDP
per unit length for the dielectric-shaping geometry. We o
serve that the peak ionic current is much higher in
dielectric-shaping geometry in comparison with t

FIG. 6. ~a! Dissipated ion powerPion , dissipated electron powerPel , and
power spent on Xe excitationPexc per unit length for the dielectric-shapin
geometry.~b! Normalized power spent for xenon excitation, integrated o
a 5 ns time interval, for the dielectric-shaping geometry. The starting t
for integration is 80 ns after the beginning of a sustaining period. T
increment between the contours and maximum in gray scale are the sa
in Figs. 4~c! and 4~d!. Note the different vertical scale. Height is measur
from the MgO layer surface.
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electrode-shaping geometry. The very large increase in io
current in the dielectric-shaping geometry is observed w
the discharge in the cathode region reaches the poin
which the upper dielectric layer length becomes shorter@Fig.
1~d!#. We note that both of the alternative structures are ch
acterized by points of sharp variation of either the electro
shape@Fig. 1~c!# or the upper dielectric shape@Fig. 1~d!#.
The electric field is very large in the vicinity of the sha
points as is shown in the equipotential contours in Figs. 3~b!
and 3~c! for the electrode-shaping and the dielectric-shap
geometries, respectively. However, in the case of
electrode-shaping geometry, the sharp point is inside the
electric layer so that the increase in the ionic current in
cathode sheath region is not as dramatic as that observe
the dielectric-shaping geometry. Finally, in Fig. 6~b!, we
show the normalized power spent for xenon excitation, in
grated over a 5 nstime interval, for the dielectric-shaping
geometry for comparison with the standard@Fig. 4~c!# and
the electrode-shaping geometries@Fig. 4~d!#.

D. Dependence of cell performance on design
parameters

We now investigate the effect of the design paramet
of the PDP cell structures on the visible light generati
efficiency and the operating voltages of the PDP cell. Figu
7~a! and 7~c! show the dependence ofh, and ofVf , VSmin ,
and VSm, respectively, on parametera1 of the electrode-
shaping geometry@Fig. 1~c!#. We note thata150 corre-
sponds to a cell design with the sustain electrodes fully
serted in the upper dielectric layer. As expected, analy
indicate that this design has essentially no difference in p
formance from a standard coplanar-electrode design@Fig.
1~a!# having the same distance of sustain electrodes from
gap. We also note thata15w corresponds to the standar
coplanar-electrode design. We observe that asa1 is in-
creased, both the efficiency and the operating voltages

r
e
e

as

FIG. 7. ~a! Visible light generation efficiencyh as a function of paramete
a1 of the electrode-shaping geometry fora2520 mm @Fig. 1~c!#. All other
cell parameters are the same as in the reference case.~b! h as a function of
parametera2 of the electrode-shaping geometry fora15100mm @Fig. 1~c!#.
All other cell parameters are the same as in the reference case.~c! The firing
voltageVf and the minimum sustaining voltageVSmin as a function ofa1.
The dashed line shows the midmargin sustaining voltageVSm used for the
calculation of the efficiency.~d! Vf , VSmin , andVSm as a function ofa2.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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crease. The efficiency is maximized fora15100 mm, with
any further increases ofa1 leading only to increase in th
operating voltages. We conclude that the electrode-sha
geometry has better performance than both the stan
coplanar-electrode design@Fig. 1~a!# and the equivalent de
sign with the standard sustain electrodes fully inserted in
upper dielectric layer. In addition, for a specific value ofa2

there appears to be an optimum value ofa1. In Figs. 7~b! and
7~d!, we show the dependence ofh, and ofVf , VSmin , and
VSm, respectively, on the parametera2 of the electrode-
shaping geometry, noting thata250 corresponds to the stan
dard coplanar-electrode design. We observe that the vis
light generation efficiency of the PDP cell increases subs
tially asa2 is increased, while the operating voltages rem
essentially the same. The interpretation of the improved
formance of this structure@Fig. 1~c!# was discussed in deta
in Sec. III B. Figure 7 further shows that the increase
efficiency is maximized fora2522.5mm. Analyses indicate
that for large values ofa2, the efficiency of the discharge i
heating the electronsh1 is a decreasing function ofa2. As a2

is increased, the electric field in the ion sheath region
creases and the sheath length decreases. As a result, th
ficiency of the discharge in heating the electrons in
sheath region is a decreasing function ofa2. This effect
dominates for large values ofa2 and results in a decrease
h1 and subsequently ofh.

Figures 8~a!–8~d! show similar results for the dielectric
shaping design and the equivalent design of Fig. 1~e! respec-
tively. The structure of Fig. 1~e! was first proposed~without
the performance analysis presented here! in Ref. 9 as a way
to improve the efficiency of the PDP cell. The increase of
equivalent capacitance of the outer part of the sustain e
trodes in this case is achieved by using a material wit
larger dielectric constante r in parts of the upper dielectric
layer. Figures 8~a! and 8~c! show the dependence ofh, and
of Vf , VSmin , andVSm, respectively, on parametera4 of the

FIG. 8. ~a! Visible light generation efficiencyh as a function of paramete
a4 of the dielectric-shaping geometry fora35260mm @Fig. 1~d!#. All other
cell parameters are the same as in the reference case.~b! h as a function of
the dielectric constante r2 of the geometry of Fig. 1~e! for a55200mm. All
other cell parameters are the same as in the reference case.~c! The firing
voltageVf and the minimum sustaining voltageVSmin as a function ofa4.
The dashed line shows the midmargin sustaining voltageVSm used for the
calculation of the efficiency.~d! Vf ,VSmin , andVSm as a function ofe r2.
Downloaded 12 Jan 2007 to 171.64.90.69. Redistribution subject to AIP
ng
rd

e

le
n-
n
r-

-
ef-

e

e
c-
a

dielectric-shaping geometry@Fig. 1~d!#, while Figs. 8~b! and
8~d! show the dependence ofh, and ofVf , VSmin , andVSm,
respectively, on the dielectric constante r2 of the geometry of
Fig. 1~e!. In both cases, we observe dependences that
similar to those noted for the electrode-shaping geometry
all three cases, the larger equivalent capacitance of the o
part of the sustain electrodes results in larger visible li
generation efficiency of the PDP cell without significa
change in the operating voltages. The increase in the
ciency of the device is maximized for a specific value of t
corresponding design parameter in each case for reason
scribed above.

We note that combination of the three different ways
increasing the equivalent capacitance of the outer part of
sustain electrodes does not result in further increase in
ciency. For example, Fig. 7 shows that the efficiency of
electrode-shaping geometry is maximized fora2522.5 mm.
If the equivalent capacitance is further increased by incre
ing a2, the efficiency decreases. We verified that, as
pected, if the equivalent capacitance is increased, by ei
the dielectric-shaping or the dielectric constant methods,
efficiency still decreases.

For the 2D cell geometry variations considered in th
article, the electrode shape of the structure of Fig. 1~c! is
found to be optimal. For this purpose, we considered al
native shapes of sustain electrodes, for example, a cell de
with slanted sustain electrodes.8 In such a design, the equiva
lent capacitance increases linearly with distance rather t
sharply as in Fig. 1~c!, and results in lower efficiency. Th
structure of Fig. 1~c! is optimal because it is identical to th
standard structure in the middle of the cell@Fig. 1~a!#, so that
the operating voltages do not change, while in the outer p
of the cell, it results in higher equivalent capacitance a
higher visible light generation efficiency. We also examin
the effect of variations of the lower dielectric layer on th
performance of the cell, for example as shown in Fig. 1~f!.
Such a design results in a wider discharge area and co
quently higher excitation efficiencyhexc for the reasons de
scribed above. However, the overall efficiencyh is not larger
than the efficiency of the standard structure@Fig. 1~a!#.
Analyses indicate that the modification of the lower diele
tric layer shape and, consequently, of the phosphor la
shape in the structure of Fig. 1~f! results in lowerh4. This
result could be expected, since most of the visible phot
emitted from the vertical sides of the phosphor layer are lo

IV. SUMMARY

We used a 2D self-consistent simulation model to inv
tigate the performance of several nonstandard plasma dis
panel cell geometry designs, by focusing our attention on
operating voltages and the visible light generation efficien
of PDP cell designs. The model was used to calculate
voltage margin and the steady-state visible light genera
efficiency of PDP cells at their midmargin sustaining voltag
A cell design with a modified shape of sustain electrodes w
found to have;20% larger visible light generation effi
ciency, without a substantial increase of the operating v
ages, when compared to the standard coplanar-electrode
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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sign. A cell design with modified shape of the upp
dielectric was found to have;17% larger visible light gen-
eration efficiency, once again without a substantial incre
of the operating voltages. A similar performance improv
ment is achieved by a design involving two different diele
tric layers. These geometries are more efficient than the s
dard coplanar-electrode geometry, because the excita
efficiency is higher in both the cathode ion sheath and
bulk plasma region, and because the more efficient b
plasma region is wider, due to the increase of the equiva
capacitance of the outer part of the sustain electrodes. A
tailed investigation of the dependence of cell performance
the design parameters of these structures indicates tha
increase of visible light generation efficiency is maximiz
for specific values of the corresponding design paramete
each case. Other designs involving alternative shaping of
sustain electrodes or of the lower dielectric layer were fou
to be less efficient.
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