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Improvement of the Efficiency of Plasma Display
Panels by Combining Waveform and Cell
Geometry Design

G. Veronis, Member, IEEE, and U. S. Inan, Senior Member, IEEE

Abstract—A two-dimensional self-consistent simulation model is
used to investigate the effect of several different sustaining voltage
waveforms on the luminous efficiency of plasma display panel
(PDP) cells. We first show that such a model can reproduce all the
major trends of experimental display measurements concerning
the effect of waveform on PDP efficiency. We then use this model
to put forth new high-efficiency PDP designs. A new sustaining
waveform combining assistant voltage pulses with asymmetric
pulse driving results in ~ 25% maximum increase in efficiency
within the voltage margin of the cell. A new plasma display using
combined waveform and electrode designs is determined to have a
maximum increase in efficiency of ~ 40%.

Index Terms—Dielectric barrier discharges, discharge simula-
tion, microdischarge plasmas, plasma display panel (PDP).

1. INTRODUCTION

HE PLASMA display panel (PDP) is the leading candi-

date in the competition for large-size, high-brightness,
high-contrast-ratio flat panel displays, suitable for high def-
inition television (HDTV) wall-mounted monitors [1]-[3].
Its advantages include high resolution, wide viewing angle,
low weight, and simple manufacturing process for fabrication.
Recent progress in PDP technology development and manufac-
turing has been remarkable [4], [5].

Typical color plasma displays consist of two glass plates, each
with parallel electrodes deposited on their surfaces. The elec-
trodes are covered with a dielectric film. The plates are sealed
together with their electrodes at right angles, and the gap be-
tween the plates is first evacuated and then filled with an inert
gas mixture. A protective MgO layer is deposited above the di-
electric film. The primary role of this layer is to decrease the
breakdown voltage due to the high secondary electron emission
coefficient of MgO. The ultraviolet (UV) photons emitted by the
discharge hit the phosphors deposited on the walls of the PDP
cell and are converted into visible photons. Each cell contains a
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specific type of phosphor that emits one primary color, namely
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 kept
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 thus 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.

One of the most critical remaining issues in ongoing PDP re-
search is the improvement of the luminous efficiency, which is
still low compared to conventional cathode ray tube (CRT) dis-
plays. The research for increased efficiency has been extremely
vigorous as evidenced by the fast increase in the number of pa-
pers published in this domain [3]. A number of different ap-
proaches have been pursued to improve the efficiency of the
standard coplanar-electrode PDP design including the modifi-
cation of the electrode shape and of the cell geometry [4]-[8],
the optimization of the gas mixture composition [9]-[11], and
the use of novel materials [3].

The PDP efficiency can also be increased by modifying the
voltage waveforms applied to the electrodes of the display
during operation. A large number of alternative waveforms
with improved efficiency have been proposed [12]-[21]. Most
of them are based on alternative driving voltage schemes with
frequencies in the conventional 50-350 kHz range [12]-[18].
Recently, the use of radio-frequency (RF) voltages around 50
MHz has been proposed to replace the conventional sustaining
voltage [19], [20]. Other technological challenges must, how-
ever, be overcome before RF waveforms become practical for
PDP applications [3].

In this paper, we consider several different sustaining voltage
waveforms with frequencies in the conventional range, and in-
vestigate the effect of the sustaining waveform on the efficiency
of the PDP cell. We propose a new sustaining waveform based
on combination of two different waveform schemes. We also
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propose a new plasma display design involving a combination
of waveform and electrode designs. We quantitatively demon-
strate that these new designs achieve higher luminous efficiency
when compared with conventional designs.

PDP cells are small (cell height is ~ 150 pym) and provide
limited access for diagnostic measurements. As a result, exper-
imental 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 op-
eration. Simulation results are used very effectively to provide
directions for future PDP design. In this paper, we use a two-di-
mensional (2-D) self-consistent model to simulate the microdis-
charges in PDP cells. We first show that such a model can repro-
duce all the major trends of experimental display measurements
concerning the effect of sustaining waveform on PDP efficiency.
We then use this model to suggest new high-efficiency PDP de-
signs.

This paper is organized as follows. The two-dimensional self-
consistent simulation model is briefly described in Section II.
The results obtained using this model for the various waveform
and cell geometry designs are presented in Section III. Finally,
our conclusions are summarized in Section I'V.

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 [6], [22].

For each species s, the spatial and temporal variations of the
density are calculated by solving the continuity equation

ong
ot

+V.T, =5 (D

where ng is the number density, I'; is the particle flux, and S,
is the source term determined by the particle production and
loss processes. We consider electrons, atomic (Ne™, Xe™) and
molecular (Nej , Xes, NeXe™) ions, and excited species [Ne?,,
Xe*(3P1), Xe*(3Py), Xe**, Xe3 (0F), Xes (38 1), Xes(1X5)]
for a Ne—Xe mixture.

We use the drift-diffusion equation as an approximation to the
momentum equation

I = Sgn((]s)nsﬂsE — D3Vng (2)

where ¢ is the particle charge, ps is the particle mobility, E is
the electric field, and D, is the diffusion coefficient.

The electric field within the cell is self-consistently calculated
by solving Poisson’s equation

V- (cE) = qun. 3)

where ¢ is the dielectric permittivity.

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

dn,
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where n. = n.£ is the electron energy density, n. is the electron
density, Z is the electron mean energy, I, is the electron energy
flux, and S. is the electron energy source term given by

5 5
I'. = _gneNeE - gDevns 5)
and
S.=—el'. 'E —n, Z ViE;. 6)

The summation in the second term is over all of the electron im-
pact reactions with occurrence frequency v;, with ¢; being the
corresponding electron loss energy. We use the more accurate
electron energy equation method instead of the local field ap-
proximation (LFA) for electron impact reaction rates and trans-
port coefficients because the LFA introduces large errors in the
calculation of the discharge efficiency [22], [23].

We use a finite difference method to solve the system of par-
tial differential equations. The continuity equations and the elec-
tron energy equation are solved implicitly, while semi-implicit
methods are used for the integration of the coupled continuity
and field equations, and for the source term in the electron en-
ergy equation. The electron impact ionization and excitation fre-
quencies, as well as the electron mobility, are calculated using
the Boltzmann code ELENDIF [24]. Electron—atom collision
cross sections for Ne and Xe are taken from the SIGLO Series
[25]. Rate coefficients for Penning ionization, dimer ions forma-
tion, charge exchange, recombination, and neutral kinetics reac-
tions, as well as excited species lifetimes are taken from Meu-
nier et al. [26]. Secondary electron emission coefficients are the
same as in Veronis and Inan [22].

As in [26], a Holstein escape factor is used to describe
the lengthening of the apparent lifetime of the resonant state
Xe*(3P1) due to radiation trapping. A more detailed Monte
Carlo simulation of the resonance radiation transport by Hage-
laar et al. [27] showed that this approach is good enough, and
that the escape factor estimated from Holstein’s theory was in
good agreement with the value deduced from the Monte Carlo
simulation.

Electron and ion diffusion coefficients are determined using
the Einstein relation

7 e

D _ kgT )

where kp is the Boltzmann constant, 7" is the particle temper-
ature, and e is the elementary charge. The ion temperature is
assumed to be equal to the gas temperature.

In order to calculate the visible light output of the PDP cell,
we implement a radiation transport model, similar to the one
described in [28].

III. RESULTS
A. Cell Geometry and Calculation of Efficiency

The geometry of the standard coplanar-electrode PDP 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 on the dielectric
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Fig. 1. (a) Schematic of the standard coplanar-electrode PDP cell. (b)
Schematic of the electrode-shaping geometry.

film. The bottom of the cell consists of the address electrode
A, separated from the gas by a dielectric layer with a phos-
phor layer on top. The output window of the device is the top
side of the upper dielectric layer, noting that the sustain elec-
trodes are transparent. In all cases, the gas mixture filling the
region between the dielectrics is a Ne—Xe mixture with 4% Xe
at a pressure of 500 torr. The height and width of the cell are
H =210 pgm and L = 1260 pm, respectively. Other parameter
values are g = 60 um, w = 380 um, d; = 30 um, dy = 30 pum,
and e, = 10, where g is the electrode gap length, w is the sustain
electrode width, d;, do are the lengths of the upper and lower
dielectric layers, respectively, and €, is the dielectric constant.

In Fig. 1(b), 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
was recently proposed by Veronis and Inan [6] as an efficient
cell geometry design. For the electrode-shaping geometry used
in the simulations we have a; = 100 ym and as = 20 pm; all
other parameters being the same as in the standard PDP cell.

The UV photons, which excite the phosphors, are emitted by
certain excited states of Xe [Xe*(®P1) (resonant state) at 147
nm, Xe3(O;) at 150 nm, Xe5(*S}) and Xej(1X:F) at 173 nm
(excimer states)] [26]. The excited phosphors, in turn, emit vis-
ible 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 sus-
taining period

fT dt fSO“t dSI‘phEph

Nion
fT dth dv <Je + Z Jioni> ‘B

) = ®)

i=1

where I',, is the number of visible photons reaching the output
window per unit area and per unit time, e,y is the visible photon
energy, and J ., Jion ; are the electronic and ionic current (of ion
1) respectively. We take the visible photon wavelength to be 550
nm. We calculate the efficiency of the PDP cell in the periodic
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Fig. 2. (a) Self-erase discharge waveform used in the simulations. In all cases,
the waveform period is 7' = 10 ps. Sustaining pulses of magnitude Vs and
duration T's are followed by assistant pulses of opposite polarity with magnitude
Ve and duration T.. (b) Asymmetric pulse waveform used in the simulations.
In all cases, the waveform period is 7' = 10 ps. In the asymmetric pulse
waveform, the pulse-off time ratio is T /T> # 1. (c) Combination of the
self-erase discharge and asymmetric pulse waveforms. Waveform periodis ' =
10 ps.

steady state, typically involving the application of at least six
sustaining pulses.
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Fig. 3. Visible light generation efficiency # as a function of sustaining voltage
Vs for various sustaining waveforms. Results are shown for the standard
coplanar-electrode geometry [Fig. 1(a)]. Sustaining frequency is 100 kHz in all
cases [T = 10 ps in Fig. 2(a)—(c)] and the rise and fall times of all pulses are
100 ns. For our reference waveform W1, we have T, = T/2 = 5 us, T.. = 0.
In all other cases, Ts = 2.5 us. For waveforms W2, W3, and W4, we have
Vie = 0,10V, 20 V, respectively, and Ty, = 700 ns [Fig. 2(a)]. For waveform
W5, we have Ty = 0.2 us, T> = 4.8 us [Fig. 2(b)]. Finally, waveform W6
combines characteristics of both self-erase discharge and asymmetric pulse
waveforms. For W6, we have V.. = 20V, T,. = 700 ns, and 77 = 0.8 us,
T, = 4.2 us [Fig. 2(c)].

B. Self-Erase Discharge Waveform

As we mentioned above, the focus of this paper is the effect
of the sustaining waveform on the efficiency of the PDP cell. We
consider several different sustaining voltage waveforms. The
sustaining frequency is 100 kHz in all cases [T = 10 us in
Fig. 2(a)—(c)] and the rise and fall times of all pulses are 100 ns.
The effect of waveform frequency and risetime on the efficiency
of the device has been investigated elsewhere [23] and will not
be discussed here. However, it should be noted that our model
results reproduce the trends of dependences on frequency and
risetime as reported by Hagelaar ef al. [23].

Fig. 3 shows the efficiency n as a function of sustaining
voltage Vs for several different sustaining waveforms. The
efficiency is calculated using (8) for voltages within the voltage
margin of the cell defined by the minimum sustaining voltage
Vsmin and the firing voltage V; [29]. The calculation of Vgmin
and V; is done as described in Veronis and Inan [22]. We note
that usually in PDP models, the required sustain voltages are
slightly higher (20%) than in reality [23]. Our reference stan-
dard waveform (W1 in Fig. 3) is characterized by T, = T/2,
Tse = 0 [Fig. 2(a)]. We observe that for W1, the calculated
efficiency 7 has a weak dependence on the sustaining voltage
Vs (slightly increases as the voltage increases). We note that
several experimental results concerning the dependence of lu-
minous efficiency on the applied voltage have been previously
reported. Oversluizen et al. [11] report a fairly flat efficiency
as a function of voltage for a Ne-Xe mixture with 3.5% Xe
at a pressure of 487 torr. Chung et al. [30] report a decreasing
efficiency as a function of voltage for a Ne—Xe mixture with
4% Xe at a pressure of 600 torr. Finally, Hagelaar er al. [23]
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report an increasing efficiency as a function of voltage for a
Ne—Xe mixture with 10% Xe. We note, however, that the 10%
Xe percentage in this case is substantially higher than the one in
our simulation mixture, so that comparison is not meaningful.

In recent years, a new class of sustaining waveforms, known
as self-erase discharge waveforms, has been proposed by several
experimenters to increase the efficiency of the PDP cell [12],
[13], [15], [17], [18]. The main idea in all these voltage schemes
is to promote a “self-erase” discharge, which partially erases
the surface charge deposited on the upper dielectric by the pre-
vious discharge. In Fig. 2(a), we show the self-erase discharge
sustaining waveform used in our simulations [13]. In all cases,
Ts = 2.5 us, Tye = 700 ns. In Fig. 3, we show the efficiency
7 as a function of the sustaining voltage Vs for V. = 0, 10,
20 V (waveforms W2, W3, W4, respectively) for the standard
coplanar-electrode geometry [Fig. 1(a)]. We observe that the ef-
ficiency of the self-erase waveform is significantly higher than
the efficiency of the standard waveform at high sustaining volt-
ages. There is an increase in efficiency even for V;c = 0 V. As
Vie is increased, higher efficiency is observed over a wider range
of sustaining voltages, and the maximum increase in efficiency
is larger. For V,, > 20 V, the operation of the cell becomes un-
stable over a sustaining voltage range within the voltage margin.
All these trends are consistent with results of experiments [13].

The visible light generation efficiency defined in (8) can also
be written as [6]

T ="m727374
Eel
1 P EEE——
K (Eel + Eion)
€exc
N2 =
Eel
Euv
n3 =
Eexc
ot
Ny = —— )
Euv

where €. and ¢;,,, are the total energies dissipated per period
by electrons and ions, respectively, €qx is the total energy lost
by electrons per period in collisions that lead to the production
of UV emitting excited states of xenon, eyy is the total UV
emitted energy per period, and ;s is the total visible light en-
ergy reaching the output window. Physically, 7 is the efficiency
of the discharge in heating the electrons, s is the efficiency of
electrons in producing ultaviolet (UV) emitting states of xenon,
and n; is the efficiency of emission of UV photons by xenon ex-
cited atoms and molecules. Finally, 14 is an additional factor in
the overall visible light generation efficiency 7, related to the ef-
ficiency of transport of UV photons to the phosphor layer and of
the visible photons to the output window, and to the UV-to-vis-
ible conversion efficiency of the phosphor. The simulation re-
sults indicate that the effect of the sustaining waveform and cell
geometry on 73 is small, because 73 is mainly determined by
the gas mixture composition. Similarly, the effect of the sus-
taining waveform and cell geometry on 74 is small [6]. We there-
fore focus our attention on the excitation efficiency defined as
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Fig. 4.

(a) Normalized power spent for xenon excitation pex., integrated over 4.8 ns consecutive time intervals, for the self-erase discharge waveform [Fig. 2(a)]

applied to the standard coplanar-electrode geometry [Fig. 1(a)]. Results are shown for waveform W3 (Fig. 3) and Vs = 270 V. Starting time for integration is
759 ns after the application of a sustaining pulse V. (b) Normalized power spent for xenon excitation pex., integrated over 8.5-ns consecutive time intervals, for
our reference standard waveform W1 (Fig. 3) applied to the standard coplanar-electrode geometry [Fig. 1(a)]. Results are shown for Vs = 270 V. Starting time
for integration is 87 ns after the application of a sustaining pulse Vs. Maximum in the gray scale corresponds to 4.09 X107 m~2. Contours correspond to 0.02,
0.05, 0.1, 0.15, 0.2, 0.5, 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.

Texc = 1172, representing the components of the overall effi-
ciency most significantly affected by geometry and waveform
variations. The excitation efficiency is therefore given by

Nexe
fT dt fv dv Y eV eoxci
i=1

Nion
fT dth dv (Jg+ E Jioni) -E

=1

(10)

Tlexc =

where v} is the excitation frequency of excited state of Xe ¢
which leads through a series of reactions to UV photon produc-
tion, and ey ; 1S the corresponding electron loss energy.

‘We may note that the excitation efficiency can also be written

as [22]
Tlexc :/ dv |:/ dt@]
v T  Etot

where pexe = va;’l‘c Nelj€exci» and ewor = [ dt [i, dup,
where p = (J. + Zf\;"l Jioni) - E. Equation (11) suggests that
the excitation efficiency 7.y 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 (et ). For
purposes of brevity, this quantity, which is directly related to the

(11
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excitation efficiency, will heretofore be referred to as the nor-
malized power spent for xenon excitation pex.. In Fig. 4(a) and
(b), we show snapshots of pey., integrated over time, for the self-
erase discharge waveform [Fig. 2(a)] and our reference standard
waveform respectively, applied to the standard coplanar-elec-
trode geometry [Fig. 1(a)]. We observe that the discharge path is
much longer in the self-erase waveform case. It has been shown
in earlier work that the wider the discharge area, the higher the
efficiency [22]. We also observe that in the self-erase waveform
case, the initial discharge path is formed below the outer part
of the sustain electrode in the cathode region [snapshots 1, 2 of
Fig. 4(a)]. In the standard waveform case, the initial discharge
path is formed below the inner part of the electrode, where the
electric field is higher [snapshots 1, 2 of Fig. 4(b)] [6]. The in-
creased efficiency resulting from the use of the self-erase wave-
form is due to this difference in the discharge paths. In order to
interpret this difference, we focus our attention on the surface
charge density deposited on the upper dielectric before the ini-
tiation of the discharge. We observe that in the self-erase wave-
form case, only the portion of the dielectric below the outer
part of the cathode is covered with negative charge [Fig. 5(a)].
In the standard waveform case, the charge distribution is al-
most uniform below the cathode [Fig. 5(a)]. The reason for
this difference is that in the self-erase waveform case the as-
sistant negative voltage pulse of magnitude V. [Fig. 2(a)] trig-
gers a self-erase discharge between the two sustain electrodes
that partially erases the surface charge deposited by the previous
main discharge. The path of the self-erase discharge is formed
below the inner part of the cathode, where the electric field is
higher and, consequently, the surface charge below this inner
part is erased. If V. is low enough (V. < 20 V for our sim-
ulation case), the surface charge is only partially erased. As a
result, when the subsequent main sustaining pulse of magnitude
Vs is applied, the maximum field path is toward the outer part
of the cathode, which is covered with negative surface charge.
Thus, the discharge path is longer and the discharge more effi-
cient. If V. > 20V, the self-erase discharge almost completely
erases the negative charge deposited by the previous main dis-
charge, so that the device is turned off and the cell operation
becomes unstable. We note that in the standard waveform case
all sustaining discharges have the same intensity and efficiency.
In the self-erase waveform case, we have main discharges and
self-erase discharges with different intensities [13]. According
to the simulation results, it is the former that are more effi-
cient, resulting in higher overall efficiency of the device in the
steady state of operation. In summary, in the self-erase wave-
form case, a self-erase discharge partially erases the surface
charge on the upper dielectric resulting in a longer and conse-
quently more efficient path for the main discharge. We note that
this physical mechanism, which results in increased efficiency,
was not identified in the experimental work that introduced this
self-erase waveform [13]. Such mechanisms can only be identi-
fied through computer simulations of or sophisticated diagnostic
measurements within the microscopic PDP cells.

We note that the spatiotemporal variation of the surface
charge distribution was recently measured for the first time
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Fig. 5. (a) Surface charge density on the upper dielectric layer for waveforms
W1 and W3 (Fig. 3). Results are shown for the standard coplanar-electrode
geometry [Fig. 1(a)] before the initiation of a main discharge caused by a
sustaining voltage pulse of magnitude Vs (Fig. 2). Sustaining voltage is
/s = 270 V. (b) Surface charge density on the upper dielectric layer for
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a sustaining voltage pulse of magnitude Vs (Fig. 2). Sustaining voltage is
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using the longitudinal electrooptic amplitude modulation
method [31]. Some aspects of the measured variation of sur-
face charge are not reproduced by our simulation model. In
particular, the measured surface charge density deposited on
the upper dielectric before the initiation of the discharge was
found to be nonuniform in the standard waveform case [31].
In our simulation results, the charge distribution is almost
uniform below the cathode, as mentioned above [Fig. 5(a)].
However, the basic characteristics of the measured spatiotem-
poral variation of surface charge are well reproduced by our
model. More specifically, it was found in the experiment that
the discharge is ignited from the inner edge of the anode and
then moves to the cathode. In addition, electron surface charge
on the cathode is annihilated from the inner to the outer side of
the electrode. Finally, it was found that the ion surface charge
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Fig. 6. Visible light generation efficiency # as a function of the pulse-off time
ratio Ty /T for the asymmetric pulse waveform (Fig. 2(b)). Results are shown
for the standard coplanar-electrode geometry (Fig. 1(a)). In all cases, T' =
10 ps, Ts = 2.5 ps, so that Ty 4+ T = 5 ps. Rise and fall times of all pulses
are 100 ns. Sustaining voltage is Vs = 230 V.

near the discharge gap decreases faster than the electron surface
charge [31]. Our simulation results are in good agreement
with all these experimental findings. We therefore believe that
our interpretation of the increased efficiency of the self-erase
discharge waveform based on the calculated surface charge
distributions is valid.

C. Asymmetric Pulse Waveform

Recently, a new type of sustaining waveform, referred to as
asymmetric pulse driving, has been used in experimental work,
resulting in enhanced PDP efficiency [14]. In Fig. 2(b), we show
the asymmetric pulse sustaining waveform used in our simula-
tions [14]. In all cases, T = 2.5 us, T' = 10 us. In the standard
waveform case, we have T = 15 (17 = 15 = 0 in our refer-
ence case W1 in Fig. 3). In the asymmetric pulse case, we vary
the parameter 77 /T> which will heretofore be referred to as the
pulse-off time ratio [14]. In Fig. 6, we show the efficiency n as a
function of the pulse-off time ratio 7 /75. We observe that the
efficiency increases as the pulse-off time ratio decreases, with
the model once again correctly reproducing the experimental
trends [14]. For the specific value of Vg in Fig. 6, the maximum
increase in efficiency is relatively small. In Fig. 3, we show the
dependence of efficiency on the sustaining voltage Vg for a con-
stant value of the pulse-off time ratio (waveform W5). The de-
pendence of 77 on Vg, and the maximum achievable increase in
7 are similar to the self-erase waveform case.

The improved performance of the asymmetric pulse wave-
form can be interpreted based on the results shown in Fig. 7(a)
and (b). Here we show the integrated density of xenon
metastable atoms and the total volume charge in the cell as a
function of time for different values of the pulse-off time ratio
T, /T>. We observe that the xenon metastable atoms decay
rather slowly compared to charged species and their dynamics
depend on the temporal position of the applied pulses [14]. We
found that their influence on the discharge dynamics through
stepwise ionization processes is significant for small values of
the pulse-off time ratio. The increased density of metastable
atoms, as the pulse-off time ratio decreases, leads also to
intensified UV emission and therefore higher efficiency.
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Fig. 7. (a) Integrated density of xenon metastable atoms and (b) total volume

charge in the cell as a function of time for different values of T for the
asymmetric pulse waveform [Fig. 2(b)]. In all cases, T = 10 ps, Ts = 2.5 ps,
so that 73 4+ 75 = 5 us. Rise and fall times of all pulses are 100 ns. Sustaining
voltage is Vs = 230 V.

When a discharge occurs in the cell, a cathode region
with positive charge and an almost neutral plasma region are
formed so that the total volume charge is positive [26]. After
the discharge, charge densities in the cell decrease with time
constants determined by ambipolar diffusion and recombina-
tion processes. In Fig. 7(b), we observe that in all cases, a
discharge occurs at ¢ ~ 22.2 us shortly after the application
of a sustaining pulse of magnitude Vg at ¢ = 22 us. After
the discharge, the volume charge and the electric field in the
cathode region decay. The electric field induced by the de-
posited surface charge opposes the electric field of the applied
sustaining voltage. Att = 24.5 us, the 2.5-us sustaining pulse
is turned off and the electric field in the gap increases due to the
presence of the uncompensated surface charge. The increase in
the electric field results in increased deposition of the electrons
on the surface of the dielectrics (due to their much higher
mobility) and therefore, an increased volume charge in the cell.
After t = 24.5 us, the charge in the cathode region decays
again. We observe that for T} > 1 s, the volume charge decays
almost completely before the application of the next sustaining
pulse so that the asymmetric pulse driving has almost no effect.
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However, for T1 < 1 us, the volume charge due to the previous
discharge does not decay completely before the next sustaining
pulse is applied, resulting in a more intense and more efficient
discharge.

In [14], it was suggested that charged particles in the dis-
charge volume decay too fast to affect the sequent discharge. On
the contrary, our simulation results suggest that volume charges
have a significant effect on the decay dynamics. We note that
we use a relatively high sustaining frequency (100 kHz) so that
for small pulse-off time ratios, charged particles do not decay
completely before the next pulse is applied. At lower sustaining
frequencies, as those used in the experiment [14], the effect of
charged particles is negligible and the efficiency improvement
is due to the metastables.

D. New PDP Designs

In the previous two subsections, we used the 2-D model to
simulate nonstandard sustaining waveforms, which were pre-
viously shown (in experiments) to increase the efficiency of a
plasma display. We showed that the model can reproduce the
major trends of these experiments and furthermore proves to be
useful in physical understanding of the mechanisms leading to
the improved performance of these waveforms. In this section,
we use the model to propose new efficient PDP designs.

In Fig. 3, we show the efficiency 7 as a function of the
sustaining voltage Vg for a new waveform design (W6), which
combines the characteristics of self-erase discharge and asym-
metric pulse waveforms [Fig. 2(c)]. We use assistant pulses
(Ty. = 700 ns) to promote the self-erase discharge combined
with asymmetric pulse driving (77 = 0.8 us). We observe
that the maximum achievable increase in 7 is higher for this
new waveform when compared to the self-erase discharge and
asymmetric pulse waveforms. For our simulation conditions,
the maximum increase in 7 (with respect to the reference W1)
is found to be ~ 25%. Thus, our results suggest that a combi-
nation of these efficient waveform designs can result in even
further increase in efficiency. It is interesting to note that such
was not the case when individually efficient geometry designs
were combined in our previous work [6].

In Fig. 8, we show 7 for the electrode-shaping geometry of
Fig. 1(b) as a function of Vg for several different sustaining
waveforms. We observe that when our reference standard
waveform is used for both the standard (W1) and the elec-
trode-shaping (W7) geometry, the latter shows an increase in
efficiency with respect to the former which ranges from ~ 4%
to ~ 18%. This result is consistent with the results reported
in [6] for the improved performance achieved with the elec-
trode-shaping geometry. In Fig. 8, we also show the efficiency
of the self-erase discharge (W8) and asymmetric pulse (W9)
waveforms when applied to the electrode-shaping geometry.
The efficiency of these waveforms is significantly higher than
the efficiency of the reference waveform at high sustaining
voltages. For our simulation conditions, the maximum increase
in 7y (with respect to W1) is found to be ~ 38% for the self-erase
discharge waveform (W8) and ~ 36% for the asymmetric pulse
waveform (W9). In other words, the maximum achievable in-
crease in 7 is more than doubled when the self-erase discharge
waveform (W8) is used instead of the standard waveform on the
electrode-shaping geometry. Thus, the simulations suggest that
the combination of improved waveform designs with improved
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Fig. 8. Visible light generation efficiency n as a function of sustaining
voltage Vs for various sustaining waveforms. Results are shown for the
electrode-shaping geometry [Fig. 1(b)]. Sustaining frequency is 100 kHz in all
cases [I" = 10 us in Fig. 2(a) and (b)], and the rise and fall times of all pulses
are 100 ns. Dashed line shows the efficiency for our reference waveform W1
(Fig. 3) applied to the standard coplanar-electrode geometry [Fig. 1(a)]. Case
W7 corresponds to the reference waveform applied to the electrode-shaping
geometry. For waveform W8, we have Ty = 2.5 us, V.. = 0V [Fig. 2(a)]. For
waveform W9, we have T's = 2.5 pus, Ty = 0.2 us, T = 4.8 ps [Fig. 2(b)].

electrode geometry designs can result in further significant
increases in the efficiency of the plasma display.

In Fig. 9(a) and (b), we show the normalized power spent for
Xenon excitation pex., integrated over time, for the self-erase
discharge waveform (i.e., waveform W8 in Fig. 8) and the stan-
dard waveform (i.e., waveform W7 in Fig. 8), respectively, ap-
plied to the electrode-shaping geometry. We observe that the
discharge path is much longer in the waveform W8 case when
compared to the reference waveform W7 case. As we mentioned
above, the wider the discharge area, the higher the efficiency.
We also observe that in the waveform W8 case, the initial dis-
charge path is formed below the inner part of the sustain elec-
trode in the cathode region [snapshot 1 of Fig. 9(a)] but within
~ 5 ns a second discharge path is formed below the outer part of
the cathode [snapshots 2, 3 of Fig. 9(a)]. The difference in dis-
charge paths and, consequently, in efficiency is again interpreted
based on the surface charge density deposited on the upper di-
electric before the initiation of the discharge. In the waveform
W8 case, only the portion of the dielectric below the outer part
of the cathode is covered with negative charge [Fig. 5(b)], be-
cause a self-erase discharge is triggered between the two sustain
electrodes that partially erases the surface charge deposited by
the previous main discharge.

To get more insight into the physical mechanisms that lead
to improved device performance, we note that the calculated
increase in the efficiency of the discharge in heating the elec-
trons 7); is ~ 21% for the cases shown in Fig. 9. The increase
in the efficiency of electrons in producing UV emitting states
of xenon 7 is ~ 7%. The other two factors contributing to the
overall efficiency, 13 and 74 increase by only ~ 1% and ~ 2%,
respectively. Thus, the wider discharge path results mainly in
more efficient heating of the electrons. We also found that the
self-erase discharge waveform results in a ~ 33% reduction in
the total dissipated power for the cases shown in Fig. 9.
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applied to the electrode-shaping geometry [Fig. 1(b)]. Results are shown for waveform W8 (Fig. 8) and Vs = 270 V. Starting time for integration is 715 ns after
the application of a sustaining pulse V. (b) Normalized power spent for xenon excitation pex., integrated over 7.4 ns consecutive time intervals, for our reference,
standard waveform applied to the electrode-shaping geometry [Fig. 1(b)]. Results are shown for waveform W7 [Fig. 8] and Vs = 270 V. The starting time for
integration is 89 ns after the application of a sustaining pulse V5. Increment between the contours and maximum in gray scale are the same as in Fig. 4(a) and (b).
Note the different vertical scale in each plot. In all cases, height is measured from the MgO layer surface.

In the case of the self-erase discharge waveform applied to
the electrode-shaping geometry, our simulations suggest that the
operation of the cell becomes unstable over a sustaining voltage
range within the voltage margin for V;. > 10 V. We found that
for the electrode-shaping geometry sufficiently strong self-erase
discharges occur even for Vs, = 0 V due to the particular shape
of the sustaining electrodes that results in greatly increased sur-
face charge density below their outer part. When this high sur-
face charge density is uncompensated, it results in high elec-
tric field and, consequently, intense self-erase discharges even
without the electric field of the assistant pulses of magnitude
Vse [Fig. 2(a)]. It is for this reason that the threshold value of
Ve for stable operation of the device is much lower in the elec-

trode-shaping geometry compared to the standard geometry. On
the other hand, highly efficient designs based on self-erase dis-
charges can be implemented in the electrode-shaping geometry
without the need for assistant pulses. In other words, another ad-
vantage of the electrode-shaping geometry is that it can operate
in the efficient self-erase discharge regime without additional
complexity in the waveform design.

IV. SUMMARY AND DISCUSSION

We used a 2-D self-consistent simulation model to investi-
gate the effect of several different sustaining voltage waveforms
on the visible light generation efficiency of PDP cells. We first
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showed that such a model can reproduce all the major trends
of previously reported experimental measurements concerning
the effect of waveform on PDP efficiency. In addition, all sim-
ulation parameters other than the applied sustaining waveform
were chosen to be the same for all cases, allowing us to directly
compare the different waveforms and their effect on the effi-
ciency. Such a direct comparison could not be done based on
the reported experimental data since parameters such as cell di-
mensions, gas pressure, and sustaining waveform frequency are
different in each experiment [13], [14]. The use of the model
also allowed us to identify the physical mechanisms that result
in higher efficiency.

We also used the 2-D model to suggest new high-efficiency
PDP designs. A new sustaining waveform based on a combi-
nation of assistant voltage pulses and asymmetric pulse driving
resulted in ~ 25% maximum increase in efficiency within the
voltage margin of the cell with respect to the standard sustaining
waveform. Combination of the self-erase discharge waveform
and electrode-shaping geometry would constitute a new plasma
display, which was found to have ~ 40% maximum increase in
efficiency (with respect to the standard waveform and standard
geometry) within the voltage margin of the cell.
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