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Low luminous efficacy is one of the major drawbacks of plasma display p&RBIB3, where the

main limiting factor is the efficiency of the microdischarges in generating UV radiation. In this work
we use a two-dimensional self-consistent fluid model to analyze the energy loss mechanisms in
neon—xenon discharges in coplanar-electrode color PDPs and interpret experimental data on the
luminous efficacy of these PDPs. The modeling results are in good agreement with the measured
UV emission spectrum and measured trends in the efficacy. Most of the electrical input energy is
transferred to ions and subsequently to the gas and the surface. The electrical energy transferred to
electrons is mostly used for ionization and excitation, where the part used for xenon excitation
largely ends up in UV radiation. The amplitude, frequency, and rise time of the driving voltage
mainly affect the energy losses due to ion heating. The xenon content also affects the conversion of
electron energy into UV energy. @001 American Institute of Physics.

[DOI: 10.1063/1.1337084

I. INTRODUCTION We consider the most common type of color PDP: the
coplanar-electrode ac PDEigure 1 schematically depicts a
Plasma display pan¢PDP) technology is a promising PpDP of this type. The panel consists of two glass plates,
technology for large, lightweight, flat display$.In PDPs,  separated by a gap of about 156n that is filled with a
the light of each picture elemeripixel) is emitted from a  mixture of neon and a small percentage of xenon at 450 Torr.
tiny high-pressure glow discharge, typically called a micro-gach plate is equipped with a large number of parallel elec-
discharge. Color PDPs use microdischarges in xenon mixyodes, covered by dielectric material. A discharge ¢et-
tures to generate UV radiation, and convert this into redresponding to a pixelis formed by the intersection of a pair
blue, and green light by phosphors. One of the major drawyf systain electrodes on the front plate, and an address elec-
backs of PDPs is their low luminous efficacy: about 1 Im/W, tyode on the back plate. In operation, a square wave voltage
compan_ad to 4 Im/W for the conventional cathode ray tubgith a frequency of 50—250 kHz is constantly applied be-
(CRT) displays. _ . tween each pair of sustain electrodes. The amplitude of this
In color PDPs, energy loss occurs in various ways: Onlysstain voltage is below the breakdown voltage. To switch a
about 40% of the UV photons emitted by the discharges igertain discharge cell on, a write voltage pulse is applied
captured by the phosphors, where an additional 80% of phsetyween the address electrode and one of the sustain elec-
ton energy is lost in the conversion to visible light, mainly {,oges of the cell. This initiates a microdischarge, which is
due to the difference in wavelength of the visible light g ickiy quenched due to the accumulation of surface charge
(~600 nm and the UV radiation(~150 nm. Next, only 4, the dielectric material that covers the electrodes. On its
about half of the visible light emitted by the phosphors ey half cycle, the sustain voltage changes polarity. The
leaves the dl_splay on the front side, the other half is absorbegiy eq surface charge now reinforces the sustain voltage,
somewhere in the display. However, the largest energy 10ss,sing the ignition of a new microdischarge, despite the fact
occurs in the microdischarges themselves: only about 10% Qf5¢ the sustain voltage itself is below the breakdown volt-
the electrical input energy is used for the emission of UVgge A new surface charge distribution develops, quenches
photons. In this article, we use a two-dimensional selfyhe gischarge again, and so on. In this way, a transient mi-
consistent fluid modéito analyze the energy loss mecha- crodischarge occurs in the cell every time the sustain voltage

nisms in the microdischarges and interpret experimental dat@hanges polarity, due to the presence of surface charge.
on the luminous efficacy. We extend, improve, and discuss  he article is organized as follows: Secs. Il and Il out-

more elaborately the analysis briefly presented in RefSyne the fluid model and the simulation of the transient mi-

4 and 5. crodischarges in a PDP cell. In Sec. IV we analyze how the
electrical energy is dissipated in the discharge. In Sec. V we

dElectronic mail: hagelaar@discharge.phys.tue.ni study how the energy dissipation and the resulting discharge
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eye/é\ address electrode:
picture rows £ o2} neon-xenon
A —» E 450 T
= orr
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/ /o 2™ lass —
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glass layer— / glass FIG. 2. Model geometry used in the calculations. This geometry represents
. r ; e ; a discharge cell of a coplanar-electrode PDP. The top of the geometry cor-
MgO film 7 |\, \Ls

responds to the back plate of the display, the bottom to the front plate. The
sustain electrodes are indicated as the common and scan electrodes. The
dielectric constant of the glass is 11.0.

barrier rib address electrodes

sion coefficients and mobilities are regarded as functions of
the electric field. For the electrons however, the local field
approximation seems unrealistic, in view of the combination
efficiency are influenced by several discharge parameter§f the poor energy transfer in electron-neutral collisions and
thus interpreting measured trends in the luminous efficacy. the strong spatial variations of the electric field in PDP dis-
charges. Unlike most PDP modég?! our model does not
Il. DESCRIPTION OF THE MODEL adopt the local field approximation for electrons, but as-
sumes the electron mobility, electron diffusion coefficient,

To simulate the PDP discharges we use the tWOyhg the rate coefficients of electron impact reactions to be

dimensional model presented in Ref. 3. Following the We”'functions of the electron mean energy. The electron mean
known fluid approach, this model describes the behavior Ofanergys_is calculated from the energy balance equation
plasma particle specidgslectrons, ions, and excited neutjals (n5)

by the first few moments of the Boltzmann equation: thed(Nee

continuity equation, the momentum transport equation, and gt Vel - §M9E(nea_ §DeV(neE)

the energy transport equation. For each plasma particle spe-

ciesp the evolution of the number density, is calculated = —el,- E—E =R, (4)
from a continuity equation r

an, wheren, is the electron densityy, is the electron mobility,
i PVDp= Z Cp.rRr, (1) D,is the electron diffusion coefficient, ait} is the electron
flux. The two terms on the right-hand side represent heating
whereI' is the particle flux, and the right hand side repre-py the electric field and energy loss in collisions, respec-
sents the total particle production or loss in reactions. Theively. The summation in the loss term is only over the elec-
summation is over all possible reactionswhereR, is the  tron impact reactions, witk, the threshold energy. Energy
reaction rate and,, is the net numbefpositive or negative  |oss due to elastic collisions is included in this term by using
of particles of specieg created in one reaction of typeThe  an imaginary threshold energy of 1 eV in combination with

flux is given by the momentum transport equation, which wean effective collision rate. Contrary to Ref. 12, we found that
approximate by the drift-diffusion equation

FIG. 1. Schematic drawing of a coplanar-electrode ac PDP.

I'p=sgndp) upEN,—D,Vn,. (2 v
HereE is the electric fieldq, is the particle chargey, is the s/ \ / \ common
mobility and D, is the diffusion coefficient. The first term 0 \ electrode
represents the flux due to the electric fiéttlift), the second Vs !
term the flux due to concentration gradiefdgfusion). Par- ' \ i \ l scan
ticle inertia is neglected. The electric field is self-consistently 0 j electrode
calculated from Poisson’s equation \-/__ >;q< Hise time

V-(eE)=2 gpny, (3) address

P 0 electrode

wheree is the dielectric permittivity. ——> sustain pulses

Equations(1) and (2) require the input of mobilities, write pulse

diffusion coefficients, and reaction rate coefficients. In gen-

eral these quantities depend on the energy distribution of thelG. 3. Ele_ctrqde potentials as a function of time in the _m0(_je| driving

considered particles For ions we use the local field approxi§cheme. This figure relates to the model geometry shown in Fig. 2, where
. . ) . _ . the common and scan electrodes are the sustain electrodes. Typically the

mation, which assumes a direct relation between the particlgypjitude of the sustain voltage &= 180-300 V, its frequency 50-250

energy distribution and the local electric field: the ion diffu- kHz.
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FIG. 4. Time evolution of the electric
potential profile during a PDP dis-
charge. The geometry is shown in Fig.
2. The sustain voltage is 225 V, the
sustain frequency is 50 kHz, the pres-
sure is 450 Torr, and the xenon per-
centage is 5%. The momett0 cor-
responds to the end of the previous
sustain pulse; the sustain voltage is
switched betweent=0 us and t
=0.10ps, with a rise time of 0.1@s.
The increment of the contours is 1/10
times the difference of the maximum
and minimum values, which are indi-
cated in each plot. The unit of the in-
dicated potentials is V.

t=0.10 ps

the electron energy equation considerably improves the relidata(e.g., the secondary emission coefficigntsthin their
ability of the PDP model; for the calculated discharge effi-experimental inaccuracies, but in our opinion such adjust-
ciency the difference with the local field approximation mayments are unnecessary and might even be deceiving. The
be as large as a factor of two. electrical behavior of the discharge and the mechanisms of
The transport Eqs(1) and (2) for heavy species are UV photon generation are described by an extensive reaction
solved for the boundary condition of zero particle reflectionscheme, similar to the scheme used in Ref. 7, consisting of
and influx. The boundary conditions for the electron equa80 reactions, involving 15 different plasma species. The full
tions are similar, but include an influx by secondary electrorsimulation of a single PDP discharge takes 15—-20 min on a
emission. Poisson’s equation is solved not only in themodern personal computer.
discharge, but also in surrounding dielectric materials, taking
mto. accoun't possible surface charge. Eqr details on thﬁl_ SIMULATION OF A PDP DISCHARGE
basic equations and the boundary conditions we refer to
Ref. 3. Figures 4 and 5 show the electric potential and the xenon
The considered model geometry, shown in Fig. 2, repreexcitation rate in the model geometry, during the simulation
sents a discharge cell, or actually an entire row, of the disef a typical PDP discharge. By the end of the discharge that
play. Due to its two dimensionality, the model geometry isprecedes the one considered in these figures, stored surface
only an approximation of the real PDP geometry, which hacharge screens the discharge gas almost entirely from the
important three-dimensional features. The barrier ribs thaapplied voltage. After the sustain voltage has been switched,
separate the columns of the display are not represented in thiee same surface charge reinforces the applied voltage rather
model; instead, the model cell has side walls along the sughan canceling it. The total voltage across the discharge gas
tain electrodes(Compare Fig. 2 with Fig. 1.The model is now so high that the ignition of a new discharge takes
electrode driving scheme is shown in Fig. 3. Although eaclplace. It appears from Figs. 4 and 5 that the discharge starts
simulation is started with a write pulse to initiate the dis-in the center of the geometry, where the electrodes are close
charges and switch the cell on, we will not consider thetogether. As soon as a new surface charge distribution is
writing itself in this article. An external circuit, involving established in the center of the geometry, the discharge
backcoupling from the current to the electrode voltage, is nospreads outward. Eventually, all the electrodes are screened
included in the model. We do however take into account &y the new surface charge distribution, and the discharge
realistic rise time(~100 ng for all voltage changes. We stops. Note that the current through the electrodes is a dis-
remark that in the model the required sustain voltages arplacement current resulting from the changes in the electric
generally slightly highe20%) than in reality. This differ- fields in the dielectric layer that covers them. During the
ence can easily be removed by adjusting the model inputischarge extremely strong electric fields are present in the

t=0ps t=0.20 us
1x1022 7.5x10% FIG. 5. Time evolution of the excitation rate of the
SHNG resonant X&(3P,) state during a PDP discharge. This
t= 01018 =024 s — figure shows results of the same simulation as Fig. 4;

the discharge conditions are indicated in the caption of

3.6x10™ that figure. For all plots the contours correspond to a
@ logarithmic scale covering the range from *4Qo
10%2cm2s™L; the increment of the contours is a factor
of 2.51. The unit of the values indicated in the plots is
cm3s7t

3.8x10°' 2.1x10%

t=0.34 ps

5.8x10”
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FIG. 8. Breakdown of the loss of electron energy into the different electron
FIG. 6. Time evolution of the numbers of particles of the most importantimpact excitation and ionization processes. The discharge conditions are
species. This figure shows results of the same simulation as Fig. 4; thmdicated in the caption of Fig. 7.
discharge conditions are indicated in the caption of that figure.

plasma sheath front of the cathode, which has the character > W= ftimel X Vdft, (6)
of a cathode fall. lonization and excitation mainly take place
in the vicinity of this cathode sheath. wherel is the (displacementcurrent through a sustain elec-

Figure 6 shows the calculated time evolution of thetrode andV is the sustain voltage. We confirmed that this
(space integratéddensities of the most important species relation is reproduced by the fluid model within 0.01%,
during the discharge. The densities rapidly increase at thwhich illustrates its numerical consistency. The main energy
beginning of the sustain pulse and then gradually decayconsumption takes place in the plasma sheaths, mostly on the
Neon ions are only present during the very first part of thecathode side of the discharge, where the sheath contains an

discharge; during the plasma decay,Xbecomes the most extremely strong electric field, as can be seen in Fig. 4.
important ion species. Figure 7 shows the calculated energy consumption of the

various charged particle species in a typical PDP discharge.
The larger part of the energy turns out to be consumed by
IV. ANALYSIS OF THE ENERGY DISSIPATION ions. This energy is forever lost for the production of UV
During the discharge electrical energy is transferred tgohotons: under PDP discharge conditions ionization or exci-
the plasma through the acceleration of the charged particlegation by ion impact seem negligible, which implies that all

The energy that is thus consumed by the particle spgdigs the ion energy is eventually transferred to the gas and the
surface. We remark that ion impact ionization or excitation is

Wp:f f f qup~Ed3th. (5) not included in the model; even if they would occur, we
time

discharge
volume

Note that the sum of these energies must be equal to the total

; ; . > 1.0 | =
electrical energy input: )

% - 4

0.8 -
I L I I LA I R ;

electrons t - calculation 1
3

Ne" [_] 506} i

Xe' @ | experimen ]
. 3]

Ne,’ g 0.4 -

Xe, :| § i ]

Nexe 3.-.I..||||||||||||I||n|l||||l 902 1 1 1 1 1
0 10 20 30 40 50 60 0 5 10 15 20
percentage of input energy xenon content (%)

FIG. 7. Breakdown of the electrical input energy into the heating of theFIG. 9. Ratio of the energy carried by 147 nm resonance photons and the
different charged particle species. The total energy consumption is 3.4otal energy carried by UV photons. This plot compares the result of fluid
X 1077 J per dischargépulse per cmi* of row length. The sustain voltage simulations to the experimental data of Ref. 13. The discharge conditions,
is 225 V, the sustain frequency is 250 kHz, the gas pressure is 450 Torr, arfdr both simulation and experiment, are the same as with Fig. 7. The experi-
the xenon percentage is 5%. mental discharge geometry is very similar to the model geometry of Fig. 2.
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! ' ! T T MR T
neon ions (a) 1 xenon ions (b)
ot 1308 9t 30 &
S g e
? n ag ? § FIG. 10. Calculated efficiency as a function of the sec-
[} 428 © 428 8 ondary emission coefficient, fq@) neon ions andb)
(] [} 5] =
& P 5 £ E xenon ions. The sustain voltage is 225 V, the sustain
8k 'g ® sl n 1 g frequency is 250 kHz, the xenon percentage is 5%.
{26 & J26 &
P
n 1 : 1 " P ST | PR
secondary emission coefficient secondary emission coefficient

would not see them in the simulations. The electron energywhereh is Planck’s constant; is the velocity of light, and
on the other hand, is largely used for the excitation and ionR, is the rate of the decay process leading to the emission.

ization. The energy that is used for a reactiois The relative importance of the different UV wavelengths
(147, 150, and 173 njndepends heavily on partial xenon
W, = J f f &R d3vdt. (7) pressure. Figure 9 shows the fraction of the UV energy emit-
time discharge ted at 147 nmWiy7 nm/(W147 nnit Waso nmit Wi72 nn)v as a
volume function of the xenon content. The simulation results are in

Figure 8 shows how the electron energy is used in the difexcellent agreement with the experimental values of Ref. 13,
ferent reactions. Note that the electron energy(Bgensures determined by integrating the measured emission spectrum.
that the sum of all the energy losses in Fig. 8 is equal to the
total energy transferred to electrons by the field as given by/. PARAMETRIC STUDIES
Eq. (5).

Of all the processes in Fig. 8 it is mainly the excitation
of xenon atoms that eventually leads to the generation of U\}0
photons. There are several possible mechanisms: First, the
resonant state X¢°P;) decays directly to the ground state, ’7:; W /Ep: Wp. ©)
emitting UV photons at a wavelength of 147 nm. Second, o ) ] o
both the resonant Xd3P,) and metastable Xd3P,) states !n V|ew.of the aqaly5|s given in the' previous section, |t.|s
may attach to xenon gas atoms and form excited dimer@t_er_estmg to split the discharge efficiency into two partial
Xe ; these dimers decay radiatively into ground state atomsfficiencies
The photons thus emitted by the higher vibrational levels
Xe} (0) are distributed around 150 nm, those emitted by P1=We/z Wy, (10
the lower vibrational levels Xg(®3 " ,3 ) around 173 nm. .

The efficiency of the discharge in generating UV pho-
ns is defined as

The higher atomic states X& and Xé&** do not directly
lead to UV photons, but cascade down to the 3Rg(°P,) P2:; Wy [ We, (1D
levels. In this case some amount of energy is lost in the form ) )
of infrared radiation or gas heating. whereW, is the electrical energy transferred to the electrons,
The energy that is emitted from the discharge in the form@S given by Eq(S) and 7= p1p, . The partial efficiency, is
of UV photons with a wavelength is the efficiency of the discharge in heating the electrenss
the efficiency of the electrons in generating UV radiation.
Wx:f f j j (he/M)R, d3Vdt (8) We will now investigate how they, p,, andp, are in-
time sisthaige ' fluenced by various discharge parameters. Wherever pos-
volume sible, we will compare the simulation results with experi-
18 T T T T 18 T T T T
| sustain frequency N (@ |45 L rise time (b) {45
16 F —~ 16} —_
g 1%z 2,1 2 1%z - |
14+ s 14 g FIG. 11. Calculated efficiency as a function of the sus-
2 435 8 2 4358 tain voltage, for(a) two different frequencies and a rise
S 12 L T 3 12| e, © time of 100 ns, andb) two different rise times and a
B 250 kHz dang % -M. Ja0 B frequency of 250 kHz. The xenon percentage is 5%.
5] I ®
10 F T 1000ns | =
1 1 | 1 125 1 1 ! ! 125
200 250 300 350 200 250 300 350
sustain voltage (V) sustain voltage (V)
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2.6 T T 3.0 bl B LA B |
experiment (a) experiment (b)
24| e 25 F -
S g
g 22} . T 20F . ] _
= = FIG. 12. Measured efficacy as a function @ the
oy Py sustain voltage, where the frequency is 250 kHz, and
.§ 20 ] _8 151 T (b) the sustain frequency, where the voltage is 225 V
© 5 (Ref. 12. The xenon percentage is 10%.
1.8 F e 10 E
1 6 1 1 05 PEPETYIT BENPRTIT EETETETTITY JEErE T M
150 200 250 0.1 1 10 100 1000

sustain voltage (V) sustain frequency (kHz)

mental data on the PDP efficacy of 4 in. test panels, takesecondary emission coefficient is so low that its exact value
from Ref. 14. The efficacy is a measure for the light outputdoes not really matter: xenon hardly contributes to the sec-
of the display—weighted according to the sensitivity of theondary emission anyway.
human vision—per unit of electrical input energy; it is thus The effect of the sustain voltage is shown in Fig. 11. For
not only determined by the discharge efficiency, but also bynot too high sustain voltages, bothand p; increase with
other factors, such as the efficiency of the phosphors in conincreasing voltage. This trend is also seen in the efficacy
verting the UV radiation into visible light. Here we assume measurements shown in Fig. (32 The model reveals the
that these other factors stay constant. The experimental elegechanism behind this trend: As the voltage increases, the
trode size and distance, thickness of the covering dielectriglectric fields and the electron energies in the discharge go
layer, and cell height are well reflected by the model geomup. Since neon has a higher ionization energy than xenon,
etry of Fig. 2. this leads to an increase of the relative contribution of neon
We start with the influence of the secondary emissiong the total ion flux, which implies an increase of the average
coefficient. In present day PDPs, where the surface is coatesbcondary emission coefficient. As we have seen before, this
with magnesium oxide, this coefficient has been estimated t@ favorable for the electron heating efficiengy.
_be around 0.45 for neon ions and below_0.00l for Xenon  Figure 11a) also shows that the sustain frequency has a
ions® Figure 10 shows that botly and p; increase with  strong effect on the calculated efficiency. This fact is known
increasing secondary emission coefficigntis nearly unaf-  from experiments; see Fig. (®: Beyond a certain sustain
fected. This result is not very surprising: The secondanfrequency, the discharge efficiency drops dramatically. In
emission coefficient directly determines the relative contri-Refs. 4 and 5 it is suggested that this effect is caused by the
butions of the electrons and the ions to the current density ifpg|e played by metastable xenon atoms. However, when
the cathode fall, where the main particle heating occurs. Thﬁ)oking at the modeling results more carefully, we find an
relative contribution of the electrons—and consequentlyanirely different underlying mechanism: At low frequencies
pi—increases monotonically with increasing secondary5g kHz) there is a short time between the switching of the
emission coefficient. Of main importance is the secondary;stain voltage and the breakdown. At high frequen(269
emission coefficient of the neon ions. For xenon ions, thq<HZ)’ the plasma does not completely decay in between the
discharges, which facilitates their ignition: breakdown now
already occurs during the switching of the voltage. This is
illustrated by Fig. 13. Due to the premature breakdown, the
surface charge on the dielectric layer is already changed be-

2x10"°r
electrons

number (cm™)

voltage (V)

>

1x10"

400

200

50 kHz

250 kHz

| voltage

common

scan

0.0

0.1

0.2
time (us)

0.3

0.4

0.5

fore the sustain voltage reaches its full value, so that the final
voltage across the gas is lower. As we have seen before, this
results in a lowep, . This observation suggests that for high
frequencies(250 kH2 the rise time of the sustain voltage
might influence the efficiency. According to the simulation
results shown in Fig. 1b) this is indeed the case. For 50
kHz no influence of the rise time is found: rise times of 10,
100, and 1000us vyield exactly the same efficiendyot
shown in Fig. 11b)]. We remark that these results are only
of qualitative value. In general, the exact time between the
switching of the voltage and the breakdown is not very ac-
curately predicted by fluid modefs.

As we have seen, the amplitude, frequency, and rise time
of the sustain voltage mainly affeej via p;, leaving p,

FIG. 13. Comparison between of the time evolution of the electron densit)nearly unchanged. A parameter that can be expected to di-
for two different sustain frequencies. The xenon percentage is 5%.

rectly affectp, is the xenon content of the gas mixture. Fig-
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ure 14a) shows that the calculated efficiency increases withACKNOWLEDGMENTS
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