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Analysis on Discharge Modes in AC Plasma
Display Panel With Sustain Gap of 200 µm

Jae Young Kim and Heung-Sik Tae, Senior Member, IEEE

Abstract—The Vt close-curve measurement shows that there
exists a surface (X–Y) discharge contour in spite of a large sustain
gap of 200 µm greater than a barrier rib height of 125 µm. This
indicates that there are two different discharge modes, i.e., one
mode is to produce the surface discharge, and the other is to
produce the surface discharge including the plate gap discharge.
The two discharge modes are examined and analyzed based on the
Vt close-curve movement on the cell voltage plane. The two dis-
charge modes show the different discharge characteristics such as
the sustain voltage level, Vt close-curve behavior, luminance, and
luminous efficiency. In addition, the spatial wall charge, electron
density behaviors, and their current flows as a function of time are
investigated in detail using the numerical analysis.

Index Terms—Alternating current plasma display panel
(ac-PDP), different discharge modes, large sustain gap, Vt close
curve.

I. INTRODUCTION

OVER THE PAST few years, a considerable number of
studies have been tried to improve the luminous effi-

ciency of an ac plasma display panel (ac-PDP) [1], [2]. In
the ac-PDP using the microdischarge within a small discharge
volume, efforts to improve the luminous efficiency by extending
the discharge path have been tried [3]–[7]. In a conventional
PDP cell with a sustain gap of about 60–80 µm, the sustain
discharge is directly initiated between two sustain electrodes
because the sustain gap distance is shorter than the barrier
rib height of about 120 µm. However, in a PDP cell with
a large sustain gap of 400 µm greater than the barrier rib
height of about 120 µm, the discharge should be initially
produced between the sustain and address electrodes under an
MgO cathode condition, and then the subsequent main dis-
charge should be sustained between the two sustain electrodes
[3], [7]. These different discharge paths are possible due to the
difference in the relative distances among the three electrodes
under the current PDP cell structure with three electrodes. If
the sustain gap is about 200 µm under the barrier rib height of
about 120 µm, two different discharge modes can be produced
in the same cell structure depending on the sustain driving
waveforms, i.e., one mode is to produce the surface discharge,
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Fig. 1. Discharge cell structure with various sustain electrode gaps such as
100, 200, and 400 µm employed in this paper.

and the other is to produce the surface discharge including the
plate gap discharge. Such a different discharge path causes the
different discharge characteristics, such as luminance, luminous
efficiency, discharge current, and wall charge distribution.

In this paper, two different discharge modes are examined in
the cell structure with a sustain gap of 200 µm by adjusting
the driving waveforms applied to the three electrodes. The
two discharge characteristics are investigated by using the Vt

close-curve analysis. The corresponding IR profile, luminance,
and luminous efficiency are also examined. Furthermore, the
discharge behavior for two different discharge modes, such as
the spatial wall charge behavior, the spatial electron density
behavior, and their current flows as a function of time, is also
numerically examined.

II. VARIOUS SUSTAIN GAPS AND RELATED

DISCHARGE MODES

The firing voltage conditions among the three electrodes
strongly depend on the dimension of the cell structure, espe-
cially the variation in a coplanar sustain gap under a constant
barrier rib height. Fig. 1 shows the discharge cell structure
with various sustain electrode gaps (100, 200, and 400 µm)
employed in this paper. The various sustain electrode gaps (100,
200, and 400 µm) are fabricated in the same test panel for
more accurately measuring the Vt close curve. The detailed
specifications of the 7-in test panel are listed in Table I.

Fig. 2 shows the Vt close curves [8]–[11] with no initial wall
charges as a variation in the sustain electrode gap measured
from the test panel. Fig. 3(a) shows the initializing waveform
for measuring the Vt close curves with no initial wall charge.
First, the ramp-type waveform was applied to erase the wall
charge that was accumulated by the detecting pulse, and the
subsequent square-type waveform with high voltage difference
(≥440 V) between the X–Y electrodes was applied to produce
the strong discharge, thus resulting in completely eliminating
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TABLE I
SPECIFICATIONS OF THE 7-in TEST PANEL

the wall charges by inducing the ensuing strong self-erasing
discharge. The IR emission was monitored to check whether
the self-erasing discharge was produced. In addition, to exclude
the priming effect, the detecting pulse with a ramp type was
applied after 200 µs from an application of the erase pulse. The
complete removal of the wall charges accumulating on the three
electrodes enables the measurement of Vt close curves with no
initial wall charges. To verify the initial state, the measured
firing voltage between the X–Y and Y–X electrodes or between
the Z–X and Z–Y electrodes should be the same. Fig. 3(b)
shows the verification procedure of the initial states in the Vt

close curves that were measured using the initializing waveform
in Fig. 3(a). As shown in (1) and (2) of Fig. 3(b), without
initial wall charges, at points a and b, the potential difference
between the X–Y and Y–X electrodes would be Vs and −Vs,
respectively, whereas the potential difference between the Z–Y
and Z–X electrodes would be 1/2Vs and −1/2Vs, respectively.
Accordingly, the firing voltages at points a and b should be the
same value of Vs without the initial wall charge because of the
surface discharge symmetry under an MgO cathode condition.
Similarly, as shown in (3) and (4) of Fig. 3(b), the firing voltages
at points c and d should be the same value of Vs without the
initial wall charge because of the plate gap discharge symmetry
under an MgO cathode condition. Consequently, the same firing
voltages measured at points a and b and at points c and d can
guarantee the initial state of the measured Vt close curve.

As shown in the Vt close curves of Fig. 2, which were
guaranteed by the verification procedure in Fig. 3, the large
X–Y threshold voltage contours are observed in a sustain gap of
100 µm. However, the X–Y threshold voltage contours shrink
in a sustain gap of 200 µm and finally not observed in a
sustain gap of 400 µm. At a sustain gap of 400 µm with no
X–Y threshold voltage contours, as shown in Fig. 2(c), the
sustain discharge cannot be directly produced between the two
sustain electrodes, which means that the X–Y discharge can be
indirectly produced only with the help of the Z–Y discharge [7].
The presence of the X–Y threshold voltage contour in a sustain
gap of 200 µm implies that the sustain discharge can be directly
produced between the two sustain electrodes if the cell voltage
between the two sustain electrodes is applied over 300 V, as
shown in Fig. 2(b). Furthermore, like a sustain discharge in a
sustain gap of 400 µm, the X–Y discharge can be indirectly
produced with a help of the Z–Y discharge in the case of a
sustain gap of 200 µm.

Fig. 2. Vt close curves with no initial wall charges as variations in sus-
tain electrode gap measured from the test panel. (a) 100 µm. (b) 200 µm.
(c) 400 µm.

Accordingly, if the proper driving conditions are chosen, two
different discharge modes (modes 1 and 2), as shown in Fig. 4,
can be produced in a sustain gap of 200 µm. In mode 1 of
Fig. 4, the initial discharge is directly produced between the
two sustain electrodes when the sustain voltages (VX and VY )
are alternately applied to the X and Y electrodes. On the other
hand, in mode 2 of Fig. 4, the discharge is initiated between
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Fig. 3. (a) Initializing waveform for measuring Vt close curves with no initial wall charge. (b) Verification procedure of initial states in Vt close curves measured
using the initializing waveform in (a).

the address and sustain electrodes, thus inducing the discharge
between the two sustain electrodes when the two voltages (VX

and VZ) are applied to the X and Z electrodes, respectively.
As shown in Fig. 4, in mode 1, the higher sustain voltage (VX or
VY ) is needed, but in mode 2, the discharge is produced under
the low sustain voltage (VX or VY ) due to the application of
an address voltage (VZ). The discharge characteristics in two
different discharge modes are examined based on a control of
the voltage distribution among the three electrodes in a sustain
gap of 200 µm.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Driving Waveforms for Producing Two Different
Discharge Modes

Fig. 5(a) and (b) shows the voltage driving waveforms that
are applied to the three electrodes so as to produce two different

discharge modes (mode 1 and mode 2, respectively). As shown
in Fig. 5(a) and (b), instead of the reset and address driving
waveforms, the firing voltage waveform is applied to produce
the wall charges that are necessary for the sustain discharge
voltage. To produce the discharge mode 1 of Fig. 5(a), voltage
waveforms (VX and VY ) of 300 V are applied to the sustain
electrodes X and Y, whereas no voltage waveform VZ is applied
to the address electrode. To produce the discharge mode 2,
voltage waveforms (VX and VY ) of 190 V are applied to the
sustain electrodes X and Y, whereas the voltage waveform (VZ)
of 100 V is applied to the address electrode. For both cases,
the driving frequency was 50 kHz, and the width of a sustain
pulse (tWX = tWY ) was 8 µs. The address pulse had a width
of 1 µs, and its position coincided with a rising point of the
sustain pulse.

Fig. 6 shows the schematic of voltage distribution among the
three electrodes in a single cell when the voltage waveforms are
applied, as shown in Fig. 5. As shown in (i) of Fig. 6, the firing
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Fig. 4. Two different discharge modes 1 and 2 in the Vt close curve measured
from test panel with sustain gap of 200 µm.

Fig. 5. Voltage waveforms applied to three electrodes in cases of (a) mode 1
and (b) mode 2.

discharge is produced by applying voltages of 300 and 250 V
to the sustain (X or Y) and address (Z) electrodes, respectively.
After firing the cell, the discharge in mode 1 [in (ii) of Fig. 6] is
produced by decreasing only the voltage applied to the address
(Z) electrode from 250 to 0 V, whereas the discharge in mode 2
[in (iii) of Fig. 6] is produced by decreasing both the voltages

Fig. 6. Two different discharge modes depending on the voltage distributions
among the three electrodes, where (ii) mode 1 is produced by only decreasing
the voltage on the address electrode from the (i) firing condition, and (iii) mode
2 is produced by decreasing the voltages on both sustain (X) and address (Z)
electrodes from the (i) firing condition.

applied to the sustain (X or Y, from 300 to 190 V) and address
(Z, from 250 to 100 V) electrodes. The voltage distribution
conditions (VX = 190 V, VY = 0 V, and VZ = 100 V) in mode
2 satisfy the following discharge pathway: prior to the main
X–Y discharge, the trigger discharge is initiated between one of
the sustain electrodes and the address electrode [process (1) in
(iii) of Fig. 6], thus extending toward the other sustain electrode
along the address electrode and producing the main discharge
[process (2) in (iii) of Fig. 6].

B. Vt Close Curve Measured From Two Different Discharge
Modes and Corresponding Wall Charge Behaviors

Fig. 7(a) shows the shrink of the Vt close curves that are
measured after the sustain discharge has been produced in
discharge mode 1 with respect to the reference Vt close curve.
After the discharge between the two sustain electrodes is pro-
duced by applying the sustain pulse (VX ) of 300 V to the
X electrode, the measured Vt close curve in Fig. 7(b) shows
the shrinkage of the Vt close curve instead of the shift of the Vt

close curve. In the general case, the shape of the Vt close curve
only shifts without deformation if one discharge is produced
without additional discharge, such as a self-erasing discharge
per one pulse. However, in this case, i.e., in the wide-gap
structure, a self-erasing discharge that is additionally produced
at a decreasing state of the high sustain pulse of 300 V causes
the elimination of some of the wall charges accumulating on
the three electrodes. As a result of the wall charge variation
induced by the self-erasing discharge, the shape of the Vt close
curve shown in Fig. 7(b) was obtained. A detailed description
is shown in Fig. 8. Similarly, after the discharge between the
two sustain electrodes is produced by applying the sustain pulse
(VY ) of 300 V to the Y electrode, the measured Vt close curve
in Fig. 7(c) also shows the shrinkage of the Vt close curve.

Fig. 8(a) shows the schematics of the wall charges that
are accumulating on three electrodes during the discharges of
mode 1. As shown in Fig. 8(a), the discharge in mode 1 is
produced twice, i.e., one discharge is a (i) main discharge when
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Fig. 7. (a) Shrink of the Vt close curves measured after sustain discharge is
produced in discharge mode 1 with respect to the reference Vt close curve.
(b) Vt close curve measured after applying the sustain pulse VX of 300 V to
the X electrode. (c) Vt close curve measured after applying the sustain pulse
VY of 300 V to the Y electrode.

Fig. 8. Schematics of the wall charges accumulating on three electrodes dur-
ing discharges in (a) mode 1. (b) Vt close curve by wall charges accumulating
among the three electrodes after the main discharge. (c) Vt close curve by wall
charge variation after self-erasing discharge.

applying a high sustain pulse of 300 V, and the other discharge
is a (iii) self-erasing discharge produced only by the wall
charges induced by decreasing a high sustain voltage from
300 to 0 V. Since the self-erasing is dominantly produced by
the X–Z electrodes because of the wide gap structure, many
of the wall charges on the X and Z electrodes are erased, as
shown in (iv) of Fig. 8(a). Fig. 8(b) and (c) shows the Vt close
curve by wall charges accumulating among the three electrodes
after the main discharge and the Vt close curve by the wall
charge variation after self-erasing discharge, respectively. Like
the conventional case, the wall charges accumulating on the
three electrodes shown in (ii) of Fig. 8(a) induce a shift of
the Vt close curve with respect to the reference Vt close curve
with no initial wall charges, as shown in Fig. 8(b). However,
the subsequent self-erasing discharge induces the loss of wall
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charges, especially electrons on the X electrode and ions on
the Z electrode, as shown in (iii) and (iv) of Fig. 8(a), thereby
resulting in the shrinkage of the Vt close curve in both X–Y and
X–Z threshold voltage contours in the first and fourth quadrants
of the cell voltage plane, as shown in Fig. 8(c).

Unlike the discharge in mode 1, the Vt close curves are
shifted with respect to the reference Vt close curve when the
discharge in mode 2 is produced, as shown in Fig. 9. After the
discharge in mode 2 is produced by applying both the sustain
pulse (VX) of 190 V to the X electrode and the address pulse
(VZ) of 100 V to the address Z electrode, the measured Vt

close curve in Fig. 9 shows that the Z–X threshold voltage
contour from the first to third quadrant of the cell voltage plane
enables the subsequent discharge to be produced by applying
both the sustain pulse (VY ) of 190 V to the Y electrode and
the address pulse (VZ) of 100 V to the address Z electrode.
Similarly, as shown in the Vt close curve of Fig. 9(c), which
was measured after applying both the sustain pulse (VY ) of
190 V to the Y electrode and the address pulse (VZ) of 100 V
to the address Z electrode, the Z–Y threshold voltage contour
in the first quadrant of the cell voltage plane enables the sub-
sequent discharge to be produced by simultaneously applying
both the sustain pulse (VY ) of 190 V to the X electrode and the
address pulse (VZ) of 100 V to the address Z electrode.

Fig. 10 shows the schematics of the wall charges that accu-
mulated on three electrodes during the discharge of mode 2.
As shown in Fig. 10, the initial discharge in mode 2 is a
plate gap discharge that is initiated between the Y–Z electrodes
by simultaneously applying both the sustain pulse (VX) of
190 V to the X electrode and the address pulse (VZ) of 100 V
to the Z electrode. During this trigger discharge, as shown in
(i) of Fig. 10, many priming particles are produced within the
discharge space, so that the particles with negative polarity,
that is, the electrons, are transported toward the X electrode
along the Z electrode applied by the positive voltage of 100 V.
The resultant main discharge is produced, as shown in
(ii) of Fig. 10. Finally, as shown in (iii) and (iv) of Fig. 10,
the electrons accumulated on the X electrode, whereas the ions
accumulated on both Y and Z electrodes. Fig. 11 shows the
temporal IR profiles measured in two different discharge modes
of cases (a) and (b). As mentioned above, the self-erasing
discharge is observed in case (a). In addition, the IR profile in
case (b) is more intensive than that in case (a). Consequently,
the luminance in case (b) is higher than that in case (a) during
the sustain period, as shown in Table II. However, the luminous
efficiency in case (a) is higher than that in case (b) thanks to the
self-erasing discharge.

C. Numerical Analysis

To investigate in detail the difference between two discharge
modes during the sustain period, a numerical analysis using
a 2-D fluid model [12], [13] was applied, including Poisson,
continuity, and drift-diffusion equations.

Fig. 12 shows (b) the spatial wall charge distribution,
(c) spatial electron density distribution, and (d) current flowing
in the three electrodes during and after the sustain discharge in
mode 1 (a) when applying the sustain voltage (VX) of 300 V

Fig. 9. (a) Shift of the Vt close curves measured after the sustain discharge
is produced in discharge mode 2 with respect to the reference Vt close curve.
(b) Vt close curve measured after applying both a sustain pulse VX of 190 V to
the X electrode and an address pulse VZ of 100 V to the address Z electrode.
(c) Vt close curve measured after applying both a sustain pulse VY of 190 V to
the Y electrode and an address pulse VZ of 100 V to the address Z electrode.
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Fig. 10. Schematics of wall charges accumulating on three electrodes during
discharges in mode 2.

Fig. 11. Temporal IR profiles in two different discharge modes. (a) Mode 1.
(b) Mode 2.

to the X electrode. As shown in Fig. 12(b), the wall charges
accumulating on the three electrodes prior to the main discharge
(i) are considerably increased through the main discharge
(ii) but are greatly decreased when the applied sustain pulse
VX decreases from 300 to 0 V (iii). This reduction of the wall
charges is mainly due to the self-erasing discharge induced by
the plate gap discharge between the X and Z electrodes, which
is confirmed by the current data (v) in (d) of Fig. 12. Moreover,

TABLE II
COMPARISON OF LUMINANCE AND LUMINOUS EFFICIENCY BETWEEN

TWO DIFFERENT DISCHARGE MODES 1 AND 2

Fig. 12. (a) Voltage and current waveforms applied to three electrodes in
mode 1. (b) Simulation results for spatial wall charge distributions (i, ii, and
iii). (c) Spatial electron density distribution (iv and v). (d) Discharge current
distributions (iv) during and (v) after sustain discharge.

considering the trajectory of the electrons shown in Fig. 12(c), it
is confirmed that the main discharge is produced between the X
and Y electrodes, while the self-erasing discharge is produced
between the X and Z electrodes.
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Fig. 13. (a) Voltage and current waveforms applied to three electrodes in
mode 2. (b) Simulation results for spatial wall charge distributions (i and ii).
(c) Spatial electron density distribution (iii). (d) Discharge current distributions
during (iii) sustain discharge.

Fig. 13 shows the (b) spatial wall charge distribution,
(c) spatial electron density distribution, and (d) current flowing
in the three electrodes during the sustain discharge in mode 2
(a) when applying both the sustain voltage (VX) of 190 V to
the X electrode and the sustain voltage (VZ) of 100 V to the

Z electrode. Fig. 13(b) shows the wall charges accumulating
on the three electrodes (i) prior to and (ii) after the main
discharge, respectively. The discharge is produced once per
sustain pulse, and the wall charges accumulating on the three
electrodes after the main discharge are well distributed for the
next sustain discharge. Fig. 13(c) and (d) shows the trajectory
of the electron density and the discharge current flowing in
the three electrodes during the sustain discharge in mode 2.
As shown in Fig. 13(d), prior to the main X–Y discharge, the
trigger discharge is initiated between the Y and Z electrodes,
then extending toward the other X sustain electrode along the
address electrode, and finally producing the main discharge.
This sustain discharge in mode 2 is typically similar to that
in a larger coplanar gap (> 400 µm) discharge. The numerical
analysis confirms the different discharge characteristics, such
as wall charge accumulations, electron density behavior, and
current flowing in the three electrodes, for discharge modes 1
and 2.

IV. CONCLUSION

The discharge characteristics have been examined base on
the variation in the voltage distribution among the three elec-
trodes in the ac-PDP cell with a sustain gap of 200 µm. It
has been observed that the two different discharge modes can
be produced depending on the driving waveform. The two
discharge modes have been examined and analyzed based on
the Vt close-curve movement on the cell voltage plane. The two
discharge modes show the different discharge characteristics,
such as sustain voltage level, Vt close-curve behavior, lumi-
nance, and luminous efficiency. In addition, the spatial wall
charge, electron density behaviors, and their current flows as
a function of time have been investigated in detail using the
numerical analysis.
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