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Discharge Characteristics of Cross-Shaped
Microdischarge Cells in ac-Plasma Display Panel
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Abstract—This paper proposes a highly efficient cross-shaped
cell structure to improve the luminous efficiency of an alternate
current plasma display panel (ac-PDP). The microdischarge char-
acteristics of the proposed structure are examined in an all-green
6-in test panel with various pressures and Xe-concentrations. Since
the proposed cross-shaped cell structure has a longer Indium Tin
Oxide (ITO) path between the two sustain electrodes and wider
sidewall phosphor area, the following microdischarge characteris-
tics were observed when compared with the conventional stripe-
type cell structure. First, the sustain voltage margin was lower by
about 15 V under a high Xe-concentration of 10%. Second, the rate
of increase in the luminous efficiency was higher with a high pres-
sure and high Xe-concentration. Finally, when adopting an auxil-
iary address pulse driving scheme, the luminous efficiency was im-
proved by about 44% (2.38 lm/W) with a high Xe-concentration of
10%.

Index Terms—Alternate current plasma display panel (ac PDP),
cross-shaped cell structure, delta pixel, high luminous efficiency,
high Xe-concentration, long Indium Tin Oxide (ITO) path, wide
phosphor area.

I. INTRODUCTION

DESPITE their predominant position in the flat-panel large-
screen ( in) digital television market, plasma display

panels (PDPs) still have a low luminous efficiency. Various at-
tempts have been made to solve this problem, including opti-
mizing the gas chemistry with a high Xe-concentration and the
development of a new driving scheme and cell structure. In par-
ticular, the cell structure, i.e., barrier rib structure, is an impor-
tant factor for improving the luminous efficiency, as the dis-
charge volume and phosphor surface area strongly depend on
the shape of the barrier rib. Thus, highly efficient cell structures,
such as delta pixel structures, have recently been suggested to
improve the luminous efficiency of an ac-PDP [1]–[3]. Such
delta pixel structures can reduce the nondischarge area, while
simultaneously extending the discharge area, thereby producing
a high luminous efficiency due to the maximal use of the dis-
charge area and enlarged open area for visible emission. How-
ever, the discharge characteristics under a high Xe-concentra-
tion [4] and sufficient driving margin conditions still need to be
studied further.
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Fig. 1. Schematic diagram of single pixel for cross-shaped cell structure.

Accordingly, this paper proposes a highly efficient
cross-shaped cell structure with a delta pixel color array
to improve the luminous efficiency of an ac-PDP. The discharge
characteristics of the cross-shaped cell structure are examined
under a high Xe-concentration of 10% and various pressures,
including an auxiliary address pulse-driving scheme [5]–[7].
In addition, to investigate the microdischarge characteristics
relative to the auxiliary address pulse, an image-intensified
charge-coupled device (ICCD) camera is used to measure
the images of the infrared (IR: 828 nm) emitted from the
cross-shaped cells.

II. EXPERIMENT

A. Experimental Setup

Fig. 1 shows a schematic diagram of a single pixel in the
cross-shaped cell structure used in the current study. The vertical
and horizontal cell pitches for a single pixel are 1080 and 360

m, respectively. As shown in Fig. 1, the bus electrodes are
placed on top of the barrier-ribs to enlarge the open area for
visible emission, while patterned T-shaped Indium Tin Oxide
(ITO) [8] sustain electrodes are arranged along the cell structure.

Figs. 2(a) and (b) show the detailed dimensions of a single cell
for both the proposed cross-shaped barrier rib and the conven-
tional stripe-type barrier rib. The specifications of the proposed
cross-shaped cell employed in this research are compared with
those of the conventional cell in Table I, where the ITO path of
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Fig. 2. Detailed dimensions of single cell for both (a) cross-shaped and (b)
conventional stripe-type barrier ribs.

TABLE I
COMPARISON OF SPECIFICATIONS BETWEEN PROPOSED CROSS-SHAPED CELL

AND CONVENTIONAL STRIPE-TYPE CELL

the cross-shaped cell is longer than that of the conventional cell.
The area of the patterned T-shaped sustain electrode in the pro-
posed cross-shaped cell structure is almost the same as that of
the sustain electrode in the conventional striped cell structure.
Here, the ITO path is defined as the length of the ITO electrode
faced each other. As shown in Fig. 2, the ITO path is 500 m for
the cross-shaped cell, whereas the ITO path is 290 m for the
conventional cell. The cross-shaped barrier rib structure has 12
sidewalls, giving it a 21% larger sidewall phosphor area and 9%
larger total phosphor area than the conventional stripe-type cell
(hereinafter, the conventional cell). Furthermore, the effecttive
discharge area of the cross-shaped cell structure is increased by
eliminating the nondischarge area in the conventional cell.

Fig. 3 shows the IR emission images measured from both
(a) the cross-shaped cell and (b) the conventional stripe-type
cell by using the ICCD camera. As shown in Fig. 3, due to the
long ITO path of the patterned T-shaped sustain electrode, the
cross-shaped cell increased the phosphor area participating in
the discharge (hereinafter, “effective phosphor area”) consider-
ably. From the IR emission data by the ICCD camera, it was
observed that the effective phosphor area of the cross-shaped
cell was increased by about 40% when compared with that of
the conventional cell. This increase in the effective phosphor
area in the cross-shaped cell structure is expected to contribute
the increase in the visible conversion capability of the phosphor

Fig. 3. Comparison of IR emission images for (a) cross-shaped and (b)
conventional stripe-type cells measured by ICCD camera.

Fig. 4. SEM image of cross-shaped barrier-ribs fabricated by sandblasting
method.

area. Fig. 4 shows a scanning electron microscope (SEM) image
of the cross-shaped barrier ribs of the test panel fabricated using
a sandblasting method. An MgO protective layer with a thick-
ness 0.5 m was then deposited on the dielectric layer with a
thickness of 30 m.

B. Measurement System

The measurement system consisted of a 6-in test panel,
driving circuit system, current meter, color analyzer (CA-100),
oscilloscope, and ICCD camera. Conventional cell structures
were fabricated in the upper half of the 6-in test panel, while
the proposed cross-shaped cell structures were fabricated in
the lower half. A gas mixture of Ne–Xe (4%, 7%, and 10%)
was used under various pressures, such as 300, 400, 500, and
600 torr, in the 6-in test panel. In particular, when adopting
the driving waveform in Case 2 in part C, the changes in
the IR emission relative to the auxiliary address pulse were
measured using the ICCD camera, where an optical filter with
a center wavelength of 828 nm and full width half maximum
(FWHM) of approximately 10 nm were used to measure the
IR (828 nm) emission images emitted from the top view of the
test panel with a cross-shaped cell structure. To measure the
time-averaged IR emission images and temporal behavior of
the IR emission images, the shutter mode and gate mode of the
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Fig. 5. Two driving waveforms applied during sustain-period in current study.
(a) Case 1, where no address pulse is applied to address electrode. (b) Case 2,
where address pulse is applied to address electrode.

ICCD camera were used, respectively, where the shutter mode
meant that the IR emission was superposed during an exposure
time of 10 ms, while the gate mode meant that the IR emission
was superposed during an exposure time of 20 ns, thereby
providing information on the time behavior of the IR emission
from the test cell relative to a variation in the auxiliary address
pulse. Only the green phosphor layers were deposited. The
green phosphor used in this experiment was Zn SiO :Mn .
The 282 21 pixels of the test panel were used to measure the
luminance and the power consumption.

C. Driving Waveforms

Fig. 5 shows the two driving waveforms applied during a sus-
tain period in the current study. In Case 1, only the sustain pulses

and were applied to the sustain electrodes X and Y and
no pulse was applied to the address electrode Z. Meanwhile, in
Case 2, the auxiliary address short pulse was synchronously
applied to the address electrode Z along with the application of
the sustain pulses and . It has been previously reported
that the synchronous application of an auxiliary address short
pulse can help improve the luminous efficiency [5], [6]. As such,
the driving waveform in Case 2 was used to check the depen-
dence of the auxiliary address short pulse effect [5], [6] on the
shape of the barrier rib structure. The amplitudes of the sustain
pulses and applied to the two sustain electrodes X and Y
were 170 V for the cross-shaped cell, and 180 V for the conven-
tional cell. The voltage difference of about 10 V between the two
cell structures was due to the different sustain voltage margin,
as shown in Table II. In addition, the same amplitude ( 180 V)
of the sustain pulses and were applied to the two sustain
electrodes X and Y to compare the discharge characteristics of
both the conventional cell and the cross-shaped cell structures.
For the auxiliary address short pulse in Case 2, the amplitudes
were varied at intervals of 10 V from 0 to 90 V, however, the
width was fixed at 600 ns. For the sustain pulses and the
duty ratio was 40% and the operation frequency 50 kHz. For the
Cases 1 and 2, the rising and falling times of the sustain pulse
were 200 ns, whereas the rising and falling times of the auxil-
iary address short pulse were 100 ns, respectively.

TABLE II
COMPARISON OF FIRING AND SUSTAIN VOLTAGES BETWEEN PROPOSED

CROSS-SHAPED CELL AND CONVENTIONAL STRIPE-TYPE CELL

Fig. 6. (a) Luminance and (b) luminous efficiency characteristics of
proposed cross-shaped and conventional cells relative to sustain voltage at
Xe-concentration of 10% and pressure of 450 torr.

III. RESULTS AND DISCUSSION

Figs. 6(a) and (b) show the luminance and luminous effi-
ciency characteristics of the proposed cross-shaped and con-
ventional cells relative to the sustain voltage at a Xe-concen-
tration of 10% and pressure of 450 torr, respectively. The green
phosphors of both structures were the same, but, as shown in
Fig. 6(a), the saturation characteristics of the luminance for the
green phosphor layers showed a little different tendency for
both types. For the conventional cell structure, the luminance
was saturated at the sustain voltage of about 210 V, whereas for
the cross-shaped cell structure, the luminance was not saturated
until the sustain voltage of 230 V. This is also due to the differ-
ence of the phosphor areas participating in the discharge, i.e.,
the effective phosphor areas between both structures.
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TABLE III
CHANGES IN LUMINOUS EFFICIENCY RELATIVE TO PRESSURE AND

Xe-CONCENTRATION AT NEAR MINIMUM SUSTAIN VOLTAGE FOR BOTH

CROSS-SHAPED AND CONVENTIONAL CELLS

The proposed cross-shaped cell exhibited a higher luminance
and luminous efficiency than the conventional cell, possibly due
to its increased effective phosphor area, which enabled the vis-
ible conversion rate of the phosphor to increase with an in-
crease in the intensity of the vacuum ultraviolet (VUV). Fur-
thermore, the minimum sustain voltage for the cross-shaped cell
was observed to be lower by about 15 V than that for the con-
ventional cell under a high Xe-concentration of 10%, meaning
that the cross-shaped cell had a lower sustain voltage margin
than the conventional cell. This lower minimum sustain voltage
( about 15 V) may be another factor for improving
the luminous efficiency in the cross-shaped cell structure, which
means that the sustain discharge can be produced by the weaker
electric field in the Case of the cross-shaped cell. The reason for
the lower minimum sustain voltage was not clear, but this low
minimum sustain voltage was presumably due to the patterned
T-shaped electrode, which meant that the facing ITO path was
long and most of the ITO electrode was apart from the barrier
rib of the cross-shaped cell.

However, in both cell structures, the changes in the luminance
and luminous efficiency characteristics relative to the sustain
voltage showed a typical tendency, i.e., the luminance increased
in proportion to the increase in the sustain voltage, whereas the
luminous efficiency decreased.

Table III shows the change in the luminous efficiency relative
to the pressure and Xe-concentrations at a near minimum sustain
voltage for both the cross-shaped cell and the conventional cell.
The sustain voltage was 170 V for the cross-shapedcell and 180 V
for the conventional cell. As shown in Table III, the luminous effi-
ciencytendedtoincreasewithanincreaseinpressure, irrespective
of the cell structure and various Xe-concentrations. However, the
results in Table III also show that the rate of increase in luminous
efficiency with an increase in pressure strongly depended on the
cell structure. In the Case of a low Xe-concentration of 4%, when
the pressure was increased from 300 to 600 torr, the luminous ef-
ficiency improved from 1.23 lm/W for the cross-shaped cell and
1.16lm/Wforconventionalcell to1.78lm/Wfor thecross-shaped
cell and 1.48 lm/W for conventional cell. As such, the rate of in-
crease in the luminous efficiency, , when increasing the pres-
sure was greater with the cross-shaped cell than with the conven-
tional cell, i.e., for Xe concentrations of 4% and 7%,
and lm/W for the cross-shaped cell and and
lm/W for the conventional cell, respectively. The difference in the
rate of increase in the luminous efficiency between the two struc-

TABLE IV
CHANGES IN LUMINOUS EFFICIENCY RELATIVE TO Xe-CONCENTRATION AT

VARIOUS SUSTAIN VOLTAGE UNDER CONSTANT PRESSURE OF 450 TORR

tures was due to the difference in the effective phosphor area. It
is well known that the VUV emission intensity increases in pro-
portion to an increase in the gas pressure. However, the emission
of phosphor shows saturation characteristics in the Case of an
increase in the intensity of the VUV. Accordingly, if the phos-
phor area, namely the effective phosphor area increases, the vis-
ible conversion rate of the phosphor will also increase with an in-
crease in the intensity of the VUV. This means that increasing the
effective phosphor area is very important, especially under a high
Xe-concentration. As shown in the cross-shaped cell structure in
TableIII,withahighXe-concentrationof10%,therateofincrease
intheluminousefficiency, ,whenincreasingthepressurefrom
300 to 600 torr showed a maximum value of about 0.67 lm/W.

TableIVshowsthechangesintheluminousefficiencyrelativeto
the Xe-concentration at various sustain voltages under a constant
pressure of 450 torr. As the sustain voltage increased, the corre-
spondingluminousefficiencydecreasedforboththecross-shaped
and conventional cells. In the case of a sustain voltage of 180 V,
when the Xe concentration was increased from 4%to 10%, the lu-
minous efficiency improved from 1.43 lm/Wfor the cross-shaped
cell and 1.32 lm/W for the conventional cell to 1.86 lm/W for the
cross-shapedcelland1.57lm/Wfortheconventionalcell.Therate
ofincreaseintheluminousefficiency, ,whenincreasingtheXe
concentration from 4 to 10% was greater for the cross-shaped cell
than for the conventional cell, i.e., for sustain voltages of 180 and
200 V, and lm/W for the cross-shaped cell and

and lm/Wfor theconventionalcell, respectively.
As mentioned in Table III, the difference in the rate of increase in
theluminousefficiencybetweenthetwostructureswasseemingly
due to the difference in the effective phosphor area.

The proper application of the auxiliary positive address short
pulse to the address electrode can promote the additional exci-
tation or ionization due to the acceleration of the electrons to-
ward the address electrode, which results in decreasing the dis-
charge current toward the sustain electrode and simultaneously
increasing the discharge current toward the address electrode.

Figs. 7(a) and (b) show the changes in the sustain discharge
current and address discharge current as a function of the aux-
iliary address voltage pulse in the case of applying (a) the dif-
ferent sustain voltages and (b) the same sustain voltage, respec-
tively. When varying the auxiliary address pulse, the sustain and
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Fig. 7. Changes in sustain discharge current and address discharge current as
function of auxiliary address voltage pulses where sustain voltages are (a) 170
V for cross-shaped cell and 180 V for conventional cell and (b) 180 V for both
cross-shaped and conventional cells.

address currents exhibited the same tendency, irrespective of the
type of cell structure: only when the auxiliary address pulse
greater than 50 V was applied, the sustain current decreased
considerably, while the address current increased slightly. As
shown in Fig. 7(b), when the same sustain voltage was applied,
the sustain current of the cross-shaped cell was higher than that
of the conventional cell, but the address currents were almost
the same for both the cell structures. The higher sustain current
for the cross-shaped cell structure is due to the long ITO path
of the T-shaped electrode. As the auxiliary address voltage in-
creased, the difference of the sustain current between the two
types of the cell structures decreased, as shown in Fig. 7(b).
However, the sustain voltage can be lowered in the cross-shaped
cell structure. In the case of adopting the low sustain voltage in
the cross-shaped cell (170 V for the cross-shaped cell, and 180 V
for the conventional cell), the sustain current of the cross-shaped
cell is lower than that of the conventional cell, as shown in Fig.
7(a), but the luminance of the cross-shaped cell is higher than
that of the conventional cell, as shown in Fig. 6(a). Therefore,
the increase in the effective phosphor area plus the low sustain
voltage results in a high luminous efficiency in the cross-shaped
cell structure.

Fig. 8. Changes in power consumption as function of auxiliary address voltage
pulses.

Fig. 8 shows the power consumptions for both the cross-
shaped cell and conventional cell structures with the auxiliary
address voltage at two different sustain voltages: 170 and 180
V, respectively. In general, the power consumption was slightly
reduced with T-shaped electrode since its electrode area was
reduced. In this experiment, the area of the patterned T-shaped
sustain electrode in the proposed cross-shaped cell structure was
almost the same as that of the sustain electrode in the conven-
tional striped cell structure. When the same sustain voltage was
applied, the power consumption of the cross-shaped cell was
higher than that of the conventional cell structure at the auxiliary
address voltage less than 60 V, whereas the power consumption
of the cross-shaped cell was almost the same as that of the con-
ventional cell structure at the auxiliary address voltage greater
than 60 V.

Fig. 9 shows the changes in the luminous efficiency when
varying the amplitude of the auxiliary pulse with a constant
width of 600 ns. The luminous efficiency was obtained from the
following equation:

where is a luminous efficiency, is a luminance, is a dis-
play area, and is the power consumption considering both the
sustain current and address currents. In the above equation,
is input sustain voltage, is input auxiliary address voltage,

is discharge current, and is displacement current.
As shown in Fig. 9, in the case of applying an auxiliary pulse

greater than 40 V, the luminous efficiency was improved for
both the cross-shaped cell and the conventional cell. At the same
sustain voltage of 180 V, the maximum luminous efficiencies
were obtained at the auxiliary pulse voltage of 60 V for both
the structures. However, at the sustain voltage of 170 V for the
cross-shaped cell, the luminous efficiency was increased with an
increase in the auxiliary pulse voltage greater than 60 V. With an
increase in the amplitude of the auxiliary address pulse greater
than 40 V, the rate of increase in the luminous efficiency was
found to be higher with the cross-shaped cell than with the con-
ventional cell, as shown in Fig. 9, which was also seemingly due
to the difference in the effective phosphor area between the two
cell structures.



1058 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 33, NO. 3, JUNE 2005

Fig. 9. Changes in luminous efficiency with variation in amplitude of auxiliary
pulse at constant pulse width of 600 ns.

The measurement data of the IR emission for both the struc-
tures in Fig. 10(a) show that the IR emission for the cross-shaped
cell is slightly increased, but, as shown in Fig. 6(a), the lumi-
nance for the cross-shaped cell structure is much increased at
the same sustain voltage. This result means that the improve-
ment of the luminous efficiency for the cross-shaped cell seems
to be mainly due to the increase in the visible conversion capa-
bility by the phosphor layer instead of the increase in the dis-
charge efficacy itself. Fig. 10(b) also shows the change in the
IR emission in the Case of applying the auxiliary pulse for the
cross-shaped cell. As shown in Fig. 10(b), the application of the
auxiliary pulse for the cross-shaped cell causes a fast discharge
and an intensification in the IR emission.

Fig. 11 shows time-averaged IR emission images measured
from the top view of the cross-shaped cell structure using the
shutter mode of the ICCD camera when the amplitude of the
address pulse was varied at intervals of 10 V from 0 to 90 V
at a constant pulse width of 600 ns. The Xe-concentration was
10% and the sustain voltage was 170 V. As shown in Fig. 11,
when the auxiliary address pulse was less than 40 V, there was
hardly any change in the behavior of the IR emission in the
cross-shaped cell. However, when the auxiliary address pulse
was higher than 50 V, the IR emission intensity was intensified
and its area shrank along the address electrode in proportion to
the amplitude of the auxiliary address pulse.

Fig. 12(a) shows the temporal behavior of the IR emission
measured from the top view of the cross-shaped cell structure
using the gate mode of the ICCD camera when varying the
amplitude of the auxiliary address pulse with a constant pulse
width of 600 ns. The Xe-concentration was 10% and the sustain
voltage was 170 V. Fig. 12(b) shows the corresponding sustain
and auxiliary address voltages at the specific discharge time
shown in the IR emission images of Fig. 12(a). Since the rising
time of the sustain voltage was 200 ns, the sustain voltage
was 140 V at the time of 180 ns in Fig. 3(a) and remained 170
V during the discharge from 200 to 600 ns in Fig. 3(a). On
the other hand, since the rising time of the auxiliary address
voltage was 100 ns, the auxiliary address voltage continued
to be the applied voltage during the discharge from 180 to

Fig. 10. (a) Comparison of IR intensities for cross-shaped and conventional
cells at sustain voltage of 180 V (b) IR intensities for cross-shaped cell
employing auxiliary address pulse.

Fig. 11. Time-averaged IR emission images measured from top view of
cross-shaped cell structure using shutter mode of ICCD camera when varying
amplitude of address pulse at intervals of 10 V from 0 to 90 V at constant pulse
width of 600 ns. (a) 0 V. (b) 10 V. (c) 20 V. (d) 30 V. (e) 40 V. (f) 50 V. (g) 60
V. (h) 70 V. (i) 80 V. (j) 90 V.

600 ns in Fig. 3(a). In a single cell in Fig. 12(a), the upper
part of the ITO electrode is a cathode electrode, while the
lower part of the ITO electrode is an anode electrode. [The
detailed configuration of the ITO electrodes within a single
cell is marked in the last cell in (ii) of Fig. 12(a).] As shown
in (i) of Fig. 12(a), when no auxiliary pulse was applied, the
discharge was initiated at about 320 ns at the center edge of
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Fig. 12. Temporal behavior of IR emission images measured from top view of
cross-shaped cells using gate mode of ICCD camera when varying amplitude
of auxiliary address pulse at constant pulse width of 600 ns. (i) V = 0 V (ii)
V = 0 V (iii) V = 60 V (iv) V = 80 V.

the anode electrode, then spread toward the cathode electrode.
The maximal intensity of the discharge was at 480 ns and it
was terminated at about 600 ns. The formation of striations was
also observed at the anode electrode. With an auxiliary address
pulse of 40 V, even though the discharge initiation seemed to
be slightly faster, the temporal behavior of the discharge was
essentially unchanged when compared to that with an auxiliary
address pulse of 0 V. However, when applying an auxiliary
address pulse of 60 and 80 V, fast discharge initiations were
made at 260 and 180 ns, respectively, at the center of the anode
electrode, which then spread toward the cathode electrode, plus
fast terminations were made at 460 and 280 ns, respectively.
As shown in the IR image at 380 and 240 ns in (iii) and (iv)
of Fig. 12(a), respectively, the discharges were more spread
out over the cathode electrodes along the address electrodes,
due to the application of the auxiliary address pulse to the
address electrode. Thus, the ICCD observation confirmed that
the enlarged discharge area resulting from the application of
an auxiliary address pulse greater than 60 V helped improve
the luminous efficiency in the cross-shaped cell.

IV. CONCLUSION

This paper proposed a highly efficient cross-shaped cell struc-
ture to improve the luminous efficiency of an ac-PDP. The mi-
crodischarge characteristics of the proposed structure were ex-
amined in an all-green 6-in test panel with various pressures and

Xe-concentrations. Since the proposed cross-shaped cell struc-
ture has a longer ITO path between the two sustain electrodes
and wider sidewall phosphor area, the following microdischarge
characteristics were observed when compared with the conven-
tional stripe-type cell structure.

1) The sustain voltage margin was lower by about 15 V
under a high Xe-concentration of 10%.

2) The rate of increase in the luminous efficiency, , was
higher under a high pressure and high Xe-concentration:
with an Xe-concentration of 7%, lm/W for
the cross-shaped cell and lm/W for the con-
ventional cell when increasing the pressure from 300 to
600 torr, plus with a pressure of 450 torr and sustain
voltage of 180 V, lm/W for the cross-shaped
cell and lm/W for the conventional cell when
increasing the Xe-concentration from 4 to 10%.

3) When adopting an auxiliary address pulse driving
scheme, the luminous efficiency improved by about
44% (2.38 lm/W) with a high Xe-concentration of 10%.
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