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Abstract—The microdischarge characteristics induced by an
auxiliary address pulse with the synchronized application of
sustain pulses are investigated based on cross-sectional infrared
(IR) (823 nm) observations taken using an image-intensified
charge-coupled device (ICCD) camera. The IR observations
reveal that the application of an auxiliary short pulse with an
optimal amplitude and width to the address electrode enhances
the intensity of the IR emission. Furthermore, the cross-sectional
IR observations demonstrate that the effective infrared emission
region is extended toward the address electrode. In addition, a
numerical analysis using a two-dimensional fluid simulation is
also applied to investigate the discharge mechanism relative to the
amplitude and width of the auxiliary address pulse. As a result,
the improvement in the luminance and luminous efficiency was
found to be caused by a face discharge between the address and
the sustain (or scan) electrodes, where the face discharge plays
an important role in supplying priming particles to the surface
discharge and lengthening the discharge path, which in turn
intensifies the surface discharge.

Index Terms—Auxilliary short pulse, infrared (IR) observations,
microdischarge.

I. INTRODUCTION

DESPITE the suitability of flat panel devices for digital
high-definition television, the luminous efficiency of

plasma display panels (PDPs) is still low. Yet, improving the lu-
minous efficiency of a PDP is very difficult, because the spacing
between the PDP cells are too small to produce an efficient
discharge. Moreover, in a typical three-electrode PDP structure
with coplanar sustain electrodes, the discharge volume is pre-
dominantly formed in the vicinity of the surface of the front
panel (called a surface discharge), resulting in a small discharge
volume and inefficient use of the phosphor layer deposited
on the address electrode. Therefore, enlarging the discharge
volume toward the address electrode would be expected to
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improve the discharge efficiency and use of the phosphor layer,
thereby improving the luminance and luminous efficiency of
the PDP cells with a small spacing. As such, the current authors
previously reported that the synchronized application of an
auxiliary short pulse to the address electrode during the sustain
period did have an impact on improving the luminance and
luminous efficiency in an alternating current plasma display
panel (ac-PDP) [1], [2]. Recently, several research results on
the analysis of the changes in the micro-discharge character-
istics according to the application of various auxiliary address
pulses have been reported based on direct measurement of the
microdischarge volume [3], [4]. However, direct observation of
the microdischarge phenomena, particularly a cross-sectional
view, with respect to the use of a synchronized auxiliary pulse
is still needed to gain a better understanding of the fundamental
discharge physics to improve the luminance and luminous
efficiency of the microdischarge cells.

Accordingly, in this paper, the microdischarge characteristics
induced by applying an auxiliary address pulse with the syn-
chronized application of the sustain pulse during the sustain pe-
riod were investigated based on cross-sectional (IR) (823 nm)
observations taken using an image-intensified charge-coupled
device (ICCD) camera. In particular, the effects of the amplitude
and width of the auxiliary address pulse on the microdischarge
characteristics were examined in detail. In addition, a numerical
analysis using a two-dimensional (2-D) fluid simulation is also
applied to examine the mechanism of the improved luminance
and luminous efficiency caused by the application of a synchro-
nized auxiliary address pulse during the sustain period.

II. CROSS-SECTIONAL INFRARED OBSERVATION

USING ICCD CAMERA

A. Experimental Setup

Fig. 1 shows a schematic diagram of the experimental setup
employed in this study. The measurement system mainly
consisted of an ICCD camera (ICCD-576EM, Princeton In-
strument, Inc.), discharge chambers, manipulator, and driving
circuits. The test panel was fabricated to enable the discharge
phenomena to be observed from a cross-sectional view of the
test cell, and the specifications are given in Table I. The gas
mixture Ne–Xe (4%) was filled at a pressure of 300 torr in the
discharge chamber. The window was located between
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Fig. 1. Schematic diagram of experimental setup for cross-sectional infrared
observation using ICCD camera.

TABLE I
SPECIFICATION OF TEST PANEL

the vacuum chamber connected to the ICCD camera and the
discharge chamber where the test panel was inserted. An op-
tical filter with a center wavelength of 821 nm and full-width
half-maximum (FWHM) of approximately 10 nm was used to
measure the IR (823 nm) emission images emitted from the
cross-sectional view of the test panel. To measure the time-av-
eraged IR emission images and temporal behavior of the IR
emission images, the shutter mode and gate mode of the ICCD
camera were used, respectively, where the shutter mode means
that the IR emission is superposed during an exposure time
of 20 ms, while the gate mode means that the IR emission is
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.

Fig. 2. Driving waveforms for applying synchronized auxiliary address pulse.

Fig. 2 shows the driving waveforms , , and applied
to the sustain electrodes , and , and address electrode ,
respectively, where is the auxiliary pulse applied synchro-
nously with the application of the sustain pulses and .
The driving conditions were a sustain frequency of 50 kHz with
a 40% duty ratio and amplitude of 180 V. The amplitudes of the
auxiliary pulses were varied at intervals of 30 V from 0 V
to 150 V, whereas the widths of the auxiliary pulses were
varied at intervals of 200 ns from 400 ns to 1 .

B. Cross-Sectional IR Observation Relative to Amplitude and
Width of Auxiliary Address Short Pulse

Fig. 3 illustrates the time-averaged IR emission images mea-
sured from the cross-sectional view of the test cell using the
shutter mode of the ICCD camera when the amplitudes of the
auxiliary address pulses were varied at intervals of 30 V from 0
to 120 V at a constant width of 400 ns. The blur in the images
in Fig. 3 was due to the amplification of the light emission from
the cell, plus the color bar shown below the IR images indicates
the intensity of the IR emission. As shown in Fig. 3, with an in-
crease in the amplitude of the address pulse from 0 until 90 V,
the IR emission intensity increased, plus the distribution area
of the intensive IR emission also extended toward the address
electrode. Conversely, at an address voltage higher than 90 V,
both the IR emission intensity and the distribution area tended
to decrease.

Fig. 4 illustrates the temporal behavior of the IR emission
images measured from the cross-sectional view of the test cell
using the gate mode of the ICCD camera when the amplitudes
of the auxiliary address pulses were varied at intervals of 30 V
from 0 to 120 V at a constant width of 400 ns. In the conventional
case , the maximum peak intensity of the IR emis-
sion was observed at 400 ns after the application of the sustain
pulse. Meanwhile, in the case of applying an auxiliary address
pulse of 30 V, both the maximum value and the time behavior
of the IR emission intensity were almost the same as those in
the conventional case, indicating that the sustain discharge was
unaffected by the application of a low address voltage. How-
ever, the application of an auxiliary address pulse greater than
60 V induced a faster discharge initiation, and also extended
the intensified IR emission region toward the address electrode.
Furthermore, with an auxiliary address pulse of 90 V, a very
fast discharge was ignited and the maximum value of the IR



TAE et al.: ANALYSIS OF MICRODISCHARGE CHARACTERISTICS 933

Fig. 3. Cross-sectional view of time-averaged IR emission images using shutter mode of ICCD camera when amplitude of auxiliary address pulse was varied at
intervals of 30 V from 0 to 120 V at constant width of 400 ns.

emission intensity was observed at 240 ns. In this case, the fast
discharge initiation can be explained as follows [5]. Unlike the
conventional sustain discharge , the synchronized
application of an auxiliary address pulse with an appropriately
high amplitude and short width effectively initiated a face dis-
charge between the address and sustain electrodes prior to the
main sustain surface discharge between the two sustain elec-
trodes. Moreover, this fast discharge initiation caused by the
application of the auxiliary address pulse provided priming par-
ticles for a more efficient main surface discharge between the
sustain electrodes. Consequently, as shown in Fig. 4(d), the dis-
charge efficiency was enhanced, plus the discharge volume with
the intensive IR emission was also extended toward the address
electrode by means of the synchronized application of the aux-
iliary address pulse with an appropriately high amplitude and
short width. In contrast, with an auxiliary address pulse of 120 V,
both the IR emission intensity and the distribution area tended
to decrease, indicating that the application of too high an ad-
dress voltage disturbed the main sustain discharge. The detailed
mechanism will be described in Section III using a 2-D fluid
simulation.

Figs. 5 and 6 illustrate the time-averaged image and tem-
poral behavior of the IR emission measured from a cross-sec-
tional of the test cell using the shutter (Fig. 5) and gate (Fig. 6)
modes of the ICCD camera when the widths of the auxiliary

address pulses were varied at intervals of 200 ns from 0 ns to
1 at a constant amplitude of 90 V. The results in Figs. 5 and
6 show that as the pulse width of the auxiliary address pulse
was shortened, the corresponding IR emission intensity was en-
hanced and its distribution further extended toward the address
electrode. As such, this means that the use of an auxiliary ad-
dress pulse was most efficient at the initiation of the sustain dis-
charge, and less efficient during the sustain discharge, since it
may have disturbed the accumulation of wall charges on the sus-
tain electrodes for a stable subsequent sustain discharge. As seen
in Figs. 5 and 6, an address pulse of 90 V with a width of 400 ns
produced the highest IR intensity with the largest distribution
area toward the address electrode. The detailed mechanism will
also be described in Section III using a 2-D fluid simulation.

III. NUMERICAL ANALYSIS

To investigate the effect of an auxiliary address pulse during
the sustain period, a numerical analysis using a 2-D fluid model
was applied [6], including Poisson, continuity, and drift-diffu-
sion equations [7]. It was assumed that the local field approxi-
mation, i.e., the ionization and excitation rates, were functions
of the local field [8]. The reaction model consisted of 8 levels
for Xe and six levels for Ne, and the secondary electron coef-
ficient was assumed to be 0.2 for the Ne ions and 0.02 for
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Fig. 4. Cross-sectional view of temporal behavior of IR emission images using gate mode of ICCD camera when amplitude of auxiliary address pulse was varied
at intervals of 30 V from 0 to 120 V at constant width of 400 ns.

the Xe ions. The cell used in this model was a conventional sur-
face type ac PDP. Fig. 7 shows the computational area and cell
specifications.

In the simulation, the address pulse width was varied
from 0.2 to 0.5 , which was slightly different from the exper-
imental conditions. According to the experiment, the address
pulse had a significant effect on the sustain discharge when the
pulse was varied during the sustaining discharge. However, in
the 2-D simulation, since the charge loss to the barrier rib could
not be considered, the discharge was more easily ignited than
in the real situation, resulting in a faster discharge ignition and

termination. Therefore, the address pulse width and rising time
were adjusted to make them suitable for the simulation.

To compare the simulation results with the experimental re-
sults, the physical parameters of the luminance and luminous ef-
ficiency were defined as simulation terms, where the luminance
was inferred from the amount of vacuum ultraviolet (VUV) gen-
eration, while the luminous efficiency was inferred from the
VUV generation efficiency. Plus, since the VUV generation ef-
ficiency is proportional to the Xe excitation efficiency

, as the VUV radiation comes from the Xe excited state,
the Xe excitation efficiency was divided into two partial effi-
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Fig. 5. Cross-sectional view of time-averaged IR emission images using shutter mode of ICCD camera when width of auxiliary address pulse was varied at
intervals of 200 ns from 0 ns to 1 �s at constant amplitude of 90 V.

ciencies: the electron heating efficiency by an electric field
and the Xe excitation efficiency by electrons. The defini-
tion and relation of the partial efficiencies are shown by the fol-
lowing equation:

where is the total electric power input, is the electric
power delivered to the electrons, and is the power con-
sumed for Xe excitation. Plus, is mainly determined by the
density ratio of electrons to ions in the discharge space and also
affected by the transient spatial field, while is mainly deter-
mined by the electron temperature.

Fig. 8 shows the luminance and luminous efficiency as a func-
tion of the bias voltage on the address electrode when is
0.2 . The luminance increased by about 60% and showed a
peak value around , plus the luminous effi-
ciency was also significantly improved by about 25%. Accord-
ingly, the simulation results showed a good agreement with the
experimental results, even though the exact values for the two
cases were somewhat different.

Figs. 9 and 10 show the current flows and transient excita-
tion efficiencies for and 70 V, respectively. The main
difference in between and 70 V was the ini-
tial step during the discharge, plus in the case of ,

had the highest value in the decreasing current region
where the main discharge terminated. Conversely, as shown in
Fig. 10(b), at showed an abrupt increase at
the initial discharge and maintained a high efficiency during the
discharge. In Figs. 9(b) and 10(b), although the value of
was high after the discharge termination, this was irrelevant, as
it had no affect on the luminance and luminous efficiency.

The main difference in the current flows between the two
cases was related to the address current. As shown in Fig. 9(a), a
positive current (i.e., ions) flowed through the address electrode,
while in Fig. 10(a), a negative current (i.e., electrons) flowed
during the time when the address pulse was On and a positive
current (i.e., ions) flowed toward the address electrode after the
address pulse was Off. Fig. 10(a) reveals that a discharge was
initiated between the address and electrodes (hereafter face
discharge) prior to the – discharge, thereby confirming that
the face discharge was responsible for the improved efficiency.
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Fig. 6. Cross-sectional view of temporal behavior of IR emission images using gate mode of ICCD camera when width of auxiliary address pulse was varied at
intervals of 200 ns from 0 ns to 1 �s at constant amplitude of 90 V.

Fig. 7. Computational area and cell specifications used in simulation.

To understand this more clearly, the spatiotemporal behavior of
the electrons during the discharge is plotted in Figs. 11 and 12

for the two cases, respectively. As shown in Fig. 11(a), two den-
sity peaks were observed at , where one peak was
above the inner edge of the electrode and the other was below
the address electrode. The peak density of electrons above the

electrode was almost three times higher than that below the
address electrode, meaning that the discharge between the
and electrodes was more intense than that between the ad-
dress and electrodes. Fig. 11(b) shows the density profile at
30.2 . As the cathode sheath had not yet been formed, the peak
only appeared above the electrode. Fig. 11(c) shows the elec-
tron density distribution when the discharge current flow was at
maximum and the electrons were mainly distributed around the
gap between the and electrodes.

In contrast, in the case of , the peak density ap-
peared below the address electrode at 30.1 , indicating that
the initial discharge was initiated between the address and
electrodes. With an increase in the sustain voltage (because the
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Fig. 8. Luminance and luminous efficiency as function of bias voltage on
address electrode when Ta was 0.2 �s.

rising time was 0.2 ), a discharge started to form between the
and electrodes. At this point, the abundant electrons below

the address electrode moved toward the electrode, because
the bias of was higher than that of the address electrode.
These electrons then intensified the discharge between the
and electrodes, and lengthened the discharge path. Generally,
a surface discharge occurs between the inner edges of the and

electrodes, as shown in Fig. 11(c), which means the discharge
path is very short. However, when a face discharge was ignited
before the surface discharge, the electrons generated by the face
discharge also took part in the surface discharge. Plus, since
these electrons traveled a longer distance, they gained more en-
ergy, generating more electrons, ions, and Xe-excited species.
As a result, the luminance and luminous efficiency were im-
proved. When the results in Fig. 12(c) were compared with those
in Fig. 11(c), the discharge volume in Fig. 12(c) was found to
be larger than that in Fig. 11(c).

Until now, only the positive effects of the face discharge have
been investigated, however, it can also have some negative ef-
fects. Although the face discharge was found to supply priming
particles, it also erased some of the wall charges on the (or

Fig. 9. Current flow and temporal behavior of luminous efficiency at V =

10V, T = 0:2�s: (a) current flows through three electrodes, and (b) temporal
behavior of luminous efficiency.

) electrode. As shown in Fig. 8, when was above 70 V, the
luminance and luminous efficiency slightly decreased. Usually,
the discharge efficiency tends to be proportional to the length
of discharge path. Thus, the face discharge efficiency is less
effective than the surface discharge efficiency because a face
discharge path is shorter than a surface discharge path. Also,
the discharge volume of a face discharge is smaller than that
of a surface discharge. Therefore, the luminance and luminous
efficiency of the face discharge were not as good as those of
the surface discharge. When the address voltage was increased,
the face discharge became larger, yet the surface discharge
following the face discharge was weakened, because the wall
charges on the (or ) electrode were decreased with an
increase in the address voltage. As such, the luminance and
luminous efficiency actually decreased with a high address
voltage.

Fig. 13(a) and (b) show the variations in the luminance and
luminous efficiency as a function of the address voltage
ranging from 10 to 120 V at and address pulse
width ranging from 0.1 to 1 at , respec-
tively. As mentioned previously, Fig. 13(a) revealed an optimal
address voltage condition i.e., 60 V (90 V in the experimental
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Fig. 10. Current flow and temporal behavior of luminous efficiency at V =

70V,T = 0:2�s : (a) current flows through three electrodes, and (b) temporal
behavior of luminous efficiency.

Fig. 11. Spatiotemporal variation of electron density at V = 10 V, T =

0:2 �s.

Fig. 12. Spatiotemporal variation of electron density at V = 70 V, T =

0:2 �s.

results). For the address pulse width, as shown in Fig. 13(b),
it was obvious that a shorter pulse was more effective, which
could also be easily inferred from the existing understanding.
To improve the luminous efficiency, a face discharge must be
formed for every sustain pulse. However, to ignite a successive
face discharge at the next pulse, the wall charges erased from
the address electrode by the previous face discharge must be re-
stored. As such, when a shorter pulse width than the width of the
surface discharge current flow (hereafter ) was used, the
wall charges erased from the address electrode were automati-
cally restored, as shown in Fig. 10(a). After the face discharge
occurred, the address pulse became 0 V. The address electrode
then acted like a cathode and many ions were accumulated on
the address electrode, enabling the face discharge to ignite at the
next pulse. However, when was larger than , the accu-
mulated ion wall charges were insufficient, because the address
voltage was high during the surface discharge. As such, a face
discharge did not occur at the next sustain pulse.

Although the effects of the address voltage and pulse width
have already been discussed, there is still an unanswered ques-
tion. When the address pulse width was above 0.5 , the lumi-
nous efficiency was about 5% improved compared with the case
of no address pulse. However, the luminance was improved by
about 30%. Meanwhile, although an address pulse width above
0.5 did not ignite a face discharge, the luminance was still
increased about 30% under this condition.

Previous results revealed that when adopting a constant ad-
dress bias, the plasma shields out a constant address bias, no
matter what the address bias is [6]. As such, when the address
bias is lower than , the ions accumulate on the surface of
the address electrode. Whereas, when the address bias is higher
than , the electrons accumulate on the surface of the ad-
dress electrode to shield out the bias effect. Hence, no matter
what the address bias is, it does not affect the luminance and lu-
minous efficiency.

The results in Fig. 13 are similar to the condition of a constant
address bias, yet with one different aspect. The address bias was
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Fig. 13. Variations in luminous efficiency and luminance as function of: (a)
voltage (Va) on address electrode address at Ta = 0:2 �s and (b) address pulse
width (T ) at V = 70 V.

high during the sustain discharge, and dropped to 0 V before the
off period. When an address bias of 0 V is maintained, many
ions are accumulated on the address electrode during the surface
discharge. Then, during the off period, a self-erase discharge
occurs between the address and the (or ) electrode, where
the address electrode plays the role of an anode. As the wall
charges are erased by the self-erase discharge, the next sustain
discharge becomes weak compared with the condition where
there is no self-erase discharge.

However, in the case of Fig. 13, the address bias was main-
tained above 0 V during the discharge current flow, thus a self-
erase discharge was avoidable, as fewer ion charges were ac-
cumulated on the address electrode. Therefore, as the address
bias was increased, the possibility of a self-erase discharge de-
creased, thereby increasing the luminance.

IV. CONCLUSION

The microdischarge characteristics induced by a synchro-
nized auxiliary address pulse in an ac-PDP were examined
based on a cross-sectional infrared view taken using an ICCD

camera. The application of an auxiliary address pulse induced
a faster discharge initiation and extended the infrared emission
region toward the address electrode, thereby enhancing the dis-
charge efficiency. Plus, an address pulse of 90 V with a width of
400 ns produced the highest IR intensity and largest distribution
area toward the address electrode. A further numerical analysis
also showed that adopting a synchronized auxiliary address
pulse improved the luminance and luminous efficiency due to
abundant space charges that lengthened the discharge path, and
in turn intensified the surface discharge. Therefore, igniting the
predischarge was found to be important for supplying priming
particles to the main surface discharge. In addition, the results
showed that when was shorter than , the ion wall
charges erased from the address electrode were restored during
the surface discharge and a successive face discharge occurred
at the next pulse. However, when was larger than , the
ion wall charges were not restored.
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