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We present the experimental and simulation studies of the glow discharge plasma in a macroscopic AC plasma

display panel cell operating at a high frequency. We find that at high frequencies the plasma from the previous pulse has

a significant influence on the discharge properties. The xenon excitation efficiency is larger than that at low frequencies.

The discharge mode and efficiency at high frequencies have been discussed in this paper.
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1. Introduction

Plasma display panel (PDP) technology is one of
the most promising technologies for large-sized, wall-
hanging, flat television display applications. The lu-
minous efficacy of conventional coplanar AC PDPs is
still low and an important effort has been devoted to
its improvement in the last several years.[!l The stan-
dard AC PDP cell used by most manufacturers oper-
ates in dielectric barrier discharge (DBD) regime in
a three-electrode coplanar configuration, with the gap
between the coplanar electrodes on the order of 80um,
the operating gas pressure about 5.3-8x10*Pa in Xe—
Ne or Xe—Ne-He mixture with a xenon percentage be-
tween 3% and 10%, and the driving frequency of 50—
200kHz. PDP discharges form between the coplanar
electrodes during the sustaining state (i.e. when the
cell is ON), providing VUV photons (emitted from Xe
excitation states) which are converted to red, green,
or blue light by phosphors. The luminous efficacy is
directly related to VUV photon production and hence
the Xe excitation efficiency during the discharge. The
low luminous efficacy is partly due to the low discharge
efficiency in exciting Xe. The principles of the PDP
discharges and the reasons for low luminous efficacy

can be found in the review by Boeuf.[!]

Improvement of the efficiency can be achieved by
operating in different discharge regimes or by opti-
mizing the electrode configuration. Understanding
the physical mechanism in PDP discharge is impor-
tant and necessary for designing highly efficient PDP-
configurations. Computer-based modelling is an effi-
cient way to study the physical process and efficacy
of PDP cells.'=71 Another tool that has proved to
be very useful in guiding the design of PDP cells is
the macro-cell."8~11 The idea is that the small di-
mensions of a real PDP cell make a systematic and
parametric study of the electrode design difficult and
costly. We have shown that, although some of the
well-known ‘scaling laws’ may be violated during the
afterglow, the discharge behaviour during the current
pulse in the macro-cell is very similar to the discharge
in a real cell.B~19 Since it is during the discharge
time that the power is deposited into the gas through
excitation and ionization, the macro-cell can provide
useful information on the efficiency of power deposi-
tion into xenon excitation in a real cell. The use of
modelling together with experiments on the macro-
cell has proved to be extremely efficient for improv-
ing our understanding of the physical properties of
the plasma and the parameters controlling the cell

performances.[1:8—11]
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In this paper, we study the effect of frequency
on the discharge in PDP. We use a ‘macroscopic’ cell,
which is about 100 times larger than the real cell and
operates at a pressure 100 times smaller. The macro-
cell and experimental set-up are described in Section
2. The measured and calculated electrode currents,
space and time variations of the light emitted by the
discharge, and xenon excitation efficiency for differ-
ent frequency, are shown in Section 3. The effect of
frequency on the discharge evolution is discussed in

Section 4.
2.Experimetal set-up and mod-

elling

The macro-cell is a glass vessel with internal di-
mensions 9cmx3cm x 1 cm (see Fig.1) as described in
a previous paper.['% The ‘similar’ (100 times smaller)
PDP cell would be 900 pm x 300pum x100pm, which is
typical of standard discharge cells for 40 inches PDPs.
The electrodes are placed outside the vessel, on the
9cmx 3cm face. The thickness of the glass of the two
9cm x 3cm plates is 3mm, and its relative permittivity
is 8. The glass sides of the vessel between the two
plates is polished and, transparent ITO is used as a
data electrode so that optical measurements are pos-
sible from the front and from the side of the discharge
cell. The coplanar electrode dimensions are of 3cm X
3cm with coplanar gap of d=0.8cm and the width of

ITO data electrode is 1cm in the experiments.

frontview | 3cm

---X

Fig.1. Schematic of the sealed macro-cell. The gas filling
is 4% Xe in a Ne-He mixture at 6.6x102Pa. The elec-
trodes (in ITO or metal) are outside the cell and their
position and shape can be easily changed. The coplanar
electrode dimensions are 3 cm X 3 cm with a coplanar gap
d=0.8cm.

A MgO layer is deposited on the internal sides

of the 9cm x3cm plates by Thomson plasma under

well controlled conditions. The cell is evacuated and
heated to more than 400°C for several hours, filled
with a gas mixture of 4% Xe in Ne-He at 6.6x10%Pa,
and sealed.

A square-wave voltage (rise time of the order
of 600-700ns) is applied between the two coplanar
electrodes, and the address electrode is grounded.
The discharge current was measured by using a digi-
tal oscilloscope. An intensified CCD camera (ICCD,
Princeton Instruments IMAX) with filters (infrared
emission around 823 nm or visible emission around
640nm) has been used to measure the time evolution
of the xenon and neon emission from the discharge.
ICCD images are taken by operating the camera from
the front or from the side of the cell.

The simulation results are obtained using the self-
consistent two-dimensional (2D) fluid model of the
PDP discharge. The 2D model has been described
previously.[?8°] The gas mixture in the simulation is
Xe4%-Ne and the other conditions are the same as
those of the macro-cell experiments. The frequency of
the sustaining voltage in the simulations is controlled

by varying the voltage pulse duration.
3. Results

In this section we first show the specific properties
of the discharge evolution at high frequencies, based
on experiments and simulations. We then estimate
the efficiency of the energy deposition into xenon ex-

citation for different frequencies.
3.1. Discharge current

Figure 2(a) shows the measured currents in the
macro-cell for sustaining voltage of V=190V at a fre-
quency of f=500 Hz. The applied voltage is set at
about 10V above the minimum sustaining voltage for
this macroscopic cell. The capacitive current (mea-
sured without plasma) associated with the voltage rise
time has been subtracted from the total current.

We see in Fig.2 that there are two current pulses
on the waveform. The first one is a very short pulse
with a duration less than 0.5 us, starting at the be-
ginning of the applied voltage changing direction. The
first pulse is strong, but with an uncertain amplitude
in the experiments. It is a discharge between anode
and cathode/data electrode. A significant ion current
is collected by the data electrode (i.e. acting as a cath-
ode) in this phase and drops to zero very quickly. The
second (main) current on the coplanar electrodes be-

gins at time ¢ ~ 0.5us. The rising time of the currents
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Fig.2. Measured and calculated currents on three

electrodes for 190V at 500Hz. (a) Experiment on

macro-cell (in Xe4%Ne—He, 6.6x102Pa); (b) simula-

tion on ‘similar micro-cell’ (in Xe4%-Ne, 6.6x10%Pa).

The time scale of the calculated current has been cor-

rected by using ‘similarity laws’.

The experimental currents are in excellent qual-
itative agreement with the calculated ones from 2D
model, as shown in Fig.2(b). The sustaining voltage
in the simulation is step-rising pulse, with a duration
of 7= 0.5us. The time scale of the calculated current
in Fig.2(b) has been corrected according to the scal-
ing law. We see in Fig.2(b) that there also exists a
very short but strong pulse when the voltage chang-
ing its direction, similar to the experimental one. Note
that in the standard case (short coplanar gap, low fre-
quency), the address electrode does not collect any sig-
nificant current during sustaining and does not play a

fundamental role in the discharge evolution.(8:]

Figure
2 shows that at high frequencies the address electrode

plays a specific role in the initial discharge.
3.2. Light emission

We made the images of the infrared emission
around 823nm and visible emission around 640 nm
from the discharge by using infrared and visible fil-
ters, respectively. The two important infrared lines of
Xe, at 823 and 828 nm, correspond to the decay of
the upper excitation state of xenon to resonance and
metastable states Xe(®P;) at 8.31eV and Xe(®Ps) at

8.44eV. The decay is fast (~ 30ns) and it therefore
can be used to follow the energy deposited into xenon.
The visible emission at 640nm from Ne corresponds to
the transition of the 2p? state to 1s° state at 16.62eV.
The decay of 2p° is also fast (~ 20ns) and gives a
good image of electron impact excitation of neon.!*]
The measurement of infrared and visible lines can also
give the information of electron energy distribution of
neon excitation which is only expected at electron en-
ergy above 16.62¢V, while xenon excitation is possible
at above 8.31€V.
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Fig.3. Front view and side view of the space and time
variations of xenon infrared emission obtained with the
ICCD camera (under the conditions of Fig.2(a)).

Figure 3 shows the time-resolved infrared emis-
sion around 823nm (under the condition of Fig.2(a)).
The emission intensity has been normalized one by
one. Different from that at low frequency where the
discharge glow starts above the inner side of the anode
after a time lag,[¥ the discharge at high frequency ini-
tiates in the gap centre at time t ~ 0. The plasma fills
the central volume of the cell very quickly (~ 0.2us),
and develops very fast in two directions, outwards on
the anode and cathode. The infrared emission from
the glow reaches a maximum in the gap centre at time
t ~ 1.8us when the current reaches its peak. Then the
emission becomes weaker but the centre continues to
extend outwards slowly until reaching the outer edge
of cathode. The average velocity of the plasma spread-
ing over the cathode (i.e. sheath constriction speed) is

about 1.0cm/ps, much faster than at low frequencies



1910 Ouyang Ji-Ting et al

Vol. 13

(e.g. ~ 0.3cm/us for 190V /50Hz in experiments). Sta-
tionary striations are observed above the anode during
the plasma spreading, as that at low frequencies,'®! but
the shape of the striations is distorted to curved lines.
The striations may be related to the spatial relaxation
of electron energy during the plasma spreading on the
dielectric surface above the anode.[%:10]

The plasma spreading over the dielectric surfaces
is qualitatively similar to the predictions of the 2D
fluid model.

from the plasma can be directly compared to the simu-

The side view of the infrared emission

lated power deposition into xenon excitation, as shown
in Fig.4. The simulation conditions are the same as
in Fig.2(b). In Fig.4, the model also shows that the
discharge starts in the gap centre at the time of the
voltage turn-off. The shapes of the plasma column are

similar in experiment and simulation.
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Fig.4.
citation by 2D simulation (under the conditions of
Fig.2(b)).
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Fig.5. Images of time-integrated infrared and visi-
ble emission obtained with the ICCD camera the from
front of the macro-cell at 50 and 500Hz.

Figure 5 shows the time-integrated images of
infrared and visible emission at f=50 and 500Hz.
One can see that the infrared light emission is much
stronger at the centre of the coplanar gap at 500Hz,
while it is more uniform for 50Hz. This means that
the infrared emission centre shifts to the gap centre at
a higher frequency. The shape of the infrared emission
has distorted. These phenomena have also been seen
in the previous experiments.['2l We also found in the

experiments that more infrared emission comes from

the central region as the voltage increases. The vis-
ible emission, however, does not change too much as
the frequency increases. It is very weak at the gap
centre and practically does not exist above the cath-
ode. Since the infrared emission indicates the lower
electron energy hence the lower electric field while the
visible emission indicates the higher field region, we
can expect that the region of gap centre be a low-field
zone and more efficient for electron impact excitation

of xenon.

3.3. Discharge efficiency

The VUV photon production and transport in the
macro-cell do not follow the similarity laws and we
have not tried to measure the VUV emission to charac-
terize the discharge efficiency in producing VUV pho-
tons. However, we know that the VUV efficiency is di-
rectly related to the efficiency of electron energy depo-
sition in xenon excitation. A large part of this energy
contributes to VUV emission.l'] On the other hand,
practically most of the xenon excitation occur during
the current pulse and, as stated above, the discharge
properties during the current pulse are expected to
follow the ‘similarity laws’. The generation of xenon
excited states in the afterglow due to electron—ion re-
combination is possible in a real high-pressure cell, but
this is significant only for current and plasma density
larger than those observed under the standard PDP
conditions.[&9]

The efficiency of energy deposition into xenon ex-
citation can be defined as the ratio (7x.) of the en-
ergy spent into electron impact excitation of xenon to
the total electric energy dissipated during a discharge
pulse. 7x. cannot be measured experimentally, but
a quantity which is expected to behave similarly to
71Xe can be defined and measured. As we did in a
previous paper,'% we define a ‘relative infrared emis-
sion efficiency’ pexp as the ratio of the xenon infrared
emissions around 823nm to the neon visible emission

around 640nm during one current pulse:

IR Xe emission(~ 823nm)
visible Ne emission (~ 640nm)

Pexp =

where the infrared and visible emission (around 823
and 640nm, respectively) are integrated in space and
time over one current pulse. A is an arbitrary constant
which can be adjusted for comparisons with model re-
sults, or ratio pmoder Of energy deposited in Xe up-

per excitation (corresponding to the states above the



No. 11

Discharge characteristics in plasma display ... 1911

resonant and metastable states of Xe) to Ne excita-
tion. The value is set to be 0.62 in this paper. Since
the infrared emission of xenon is related to the en-
ergy deposited into xenon excitation, and the visible
emission of neon is related to the energy deposited in
the sheath (which is a large part of the total energy
deposited in the discharge), one can expect that the
ratio pexp Will roughly resemble the variation of the
discharge efficiency in exciting xenon 7x., when the
discharge parameters are changed. It can therefore be
said that the xenon excitation efficiency 7x. increases
monotonically with pexp, and can be used to compare

the relative efficiency of different configurations.!1%!
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Fig.6. The measured ratio of infrared emission to visible
emission pexp, and the calculated xenon excitation efficiency

Nmodel as a function of sustaining voltage at different fre-

quencies.

Figure 6 shows the measured ratio pexp of infrared
emission from Xe to visible emission from Ne and the
calculated xenon excitation efficiency nx. as a function
of the sustaining voltage. The ICCD images were inte-
grated in time and space from the front of the macro-
cell. Figure 6 also shows that with the increase of the
frequency (i.e. from f= 50 to 500Hz in experiment
or from 7=3 to 0.5us in simulation), the discharge ef-
ficiency increases. Generally, the efficiency decreases

slightly with the increase of sustaining voltage.
4. Discussion

In PDP cell, the transient plasma forms during
the glow discharge, then decays during afterglow by
recombination, three-body collision or diffusion. The
decay time of the plasma (i.e. afterglow duration) de-
pends on the plasma density and the cell structure.
If the decay time is much shorter than the cycle of
the driving voltage, i.e. the driving frequency is low
enough, the plasma from the previous discharge pulse
has completely decayed when a new pulse is applied,
the discharge is starting from the inner side of anode

after a time lag of voltage applying and then develops

towards two directions.[3°] The frequency must how-
ever be large enough to ensure that a sufficient number
of seed electrons are present at the beginning of a new
pulse to prevent current jitter.

For frequencies above a critical value (i.e. at high
frequencies), the decay time of the plasma is longer
than the cycle of the sustaining voltage. The plasma
will still be present at the end of the voltage pulse.
Figure 7 shows the calculated number density of ions
and electrons at the end of the pulse (under the condi-
tions of Fig.2(b)). One can see that the plasma density
is high in the cell volume, with electron/ion density of
10! — 103 /cm3. The central density is located in the
gap centre with a value about half of that at the mo-
ment of the current peak emergence, which is about 5
x 1013 /cm? in maximum according to the calculation.
The main positive ions are XeT, whose density is 20
times that of Net, and the Ne' ions are concentrated

mainly at above the inner side of the cathode.

Va=0

+95V “1x10!1

-95V

Fig.7. Calculated plasma density distribution at the end of
voltage pulse (under the conditions of Fig.2(b)). Figures 7(a)—
7(c) are the density distribution for electrons, Xe® and Net,
respectively. The unit of the number density is 1/cm3.

We use the influence of frequency on the discharge
properties as an estimation of the plasma decay time.
According to the experiments and calculations, the
decay time is about 3—4ms at 6.6x102Pa and ~0.7us
at 6.6x10%Pa for the present configuration. Note that
the ‘similarity laws’ are violated during the afterglow
of PDP discharge because of the electron-ion recombi-
nation and three-body collisions, which are important
in Xe-Ne mixtures. The afterglow duration in the
macro-cell at low pressures is much longer than pre-

dicted by the similarity laws. Therefore, a frequency
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of 500Hz in the macro-cell in experiments corresponds
to a frequency that is much larger than 500Hz X
100=50kHz in the real cell, about 1MHz.

Because there exists the high-density plasma in
the cell volume, the accumulated charges on the sur-
face (wall charge) may induce an electric field strong
enough to re-ignite the plasma at the instance of pulse
turn-off, even if at lower sustaining voltage. Con-
sequently, a self-erase discharge above the electrodes
occurs. It is clear in the simulation that a part of pos-
itive wall charges above the anode decay very rapidly
during this phase. At the same time, some ions are
collected by the data electrode. This corresponds the
initial current pulse observed in Figs.2 and 3. How-
ever, the self-erase discharge will not occur at low fre-
quencies.

Another effect of these high-density charges is
that the electric field is distorted significantly. The
electron ionization and excitation in the volume is
stronger and the plasma develops more quickly. One
can therefore expect that the plasma spreading ve-
locity above the cathode is larger than that at low
frequencies. At the same time, the electric field near
the gap centre is relatively lower because of the space
charges. Consequently, the electron energy is lower,
and more xenon and less neon molecules can be ex-
cited by electron impact. This results in a stronger
infrared emission in the central region, as shown in
Fig.5.

As is known, a low field is much more efficient
for xenon excitation than a high field.'] Therefore,
the positive column is more efficient for infrared emis-
sion and VUV generation than the cathode region of
a glow discharge. Increasing the length of positive
column will improve the discharge efficiency. As men-
tioned above, at a high frequency the field near the
gap centre is lower and much infrared emission comes

from that region. This is equivalent to enlarge the

positive column. Therefore, the discharge efficiency is

expected to be higher at larger frequencies.

On the other hand, the distorted electric field
makes the field lines above the anode curved. The
plasma spreads above the anode not straightly out-
wards, but in a radial way to the outer edges of
the anode. The shape of the positive column is
curved. Therefore, the light striations accompanying
the plasma spreading on the dielectric surface are also

curved.

5. Conclusion

We have investigated the discharge characteristics
at high frequencies in PDP by using macro-cell experi-
ments and 2D fluid simulations. The results show that
at high frequencies, a high-density plasma remains in
the cell volume at the end of the voltage pulse and
has a significant influence on the discharge proper-
ties. The decay time of the plasma is about 3—4ms at
6.6x10%Pa and ~ 0.7us at 6.6x10*Pa for the present
configuration. A self-erase discharge occurs at the in-
stance of the voltage changing direction at a high fre-
quency. The infrared emission centre shifts to the re-
gion of the gap centre where the electric field is lower.
The experiments and simulations show that the dis-
charge is more efficient for xenon excitation and VUV
production at higher frequencies, and the discharge
efficiency decreases slightly with the increase of the
sustaining voltage. The electric field along the dielec-
tric surface in the gap centre and above the anode is
distorted and the plasma spreads to the outer sides
in a radial way above the anode surface. The light

striations are distorted into curved lines consequently.

Acknowledgements

This work was partly supported by Thomson

Plasma, France.

References

[1] Boeuf J P 2003 J. Phys. D: Appl. Phys. 36 R53

[2] Punset C, Boeuf J P and Pitchford L. C 1998 J. Appl.
Phys. 83 1884

[3] Punset C, Cany S and Boeuf J P 1999 J. Appl. Phys. 86
124

[4] Rauf S and Kushner M J 1999 J. Appl. Phys. 85 3460

[5] Hagelaar G J M, Klein M H, Snijkers R J M and Kroesen
G M W 2001 J. Appl. Phys. 89 2033

[6] Seo J H, Chung W J, Yoon C K, Kim J K and Whang K
W 2001 IEEE Trans. Plasma Sci. 29 824

[7] Veronis G and Inan U S 2002 J. Appl. Phys. 91 9502

[8] Callegari Th, Ganter R and Boeuf J P 2000 J. Appl. Phys.
88 3905
[9] Ganter R, Ouyang J, Callegari Th and Boeuf J P 2002 J.
Appl. Phys. 91 992
Ganter R, Ouyang J, Callegari Th and Boeuf J P 2002 J.
Appl. Phys. 91 1000
[10] Ouyang J, Callegari Th, Caillier B and Boeuf J P 2003
IEEE Trans. Plasma Sci. 31 422
[11] Tessier L, Lacoste A, Doyeux H et al 2003 J. Soc. Inform.
Display 11 551

[12] Ouyang J, Ganter R, Callegari Th and Boeuf J P 2002
IEEFE Trans. Plasma Sci. 30 186



