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Low luminous efficacy is one of the major drawbacks of plasma display panels~PDPs!, 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. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1337084#
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I. INTRODUCTION

Plasma display panel~PDP! technology is a promising
technology for large, lightweight, flat displays.1,2 In PDPs,
the light of each picture element~pixel! is emitted from a
tiny high-pressure glow discharge, typically called a mic
discharge. Color PDPs use microdischarges in xenon m
tures to generate UV radiation, and convert this into r
blue, and green light by phosphors. One of the major dr
backs of PDPs is their low luminous efficacy: about 1 lm/W
compared to 4 lm/W for the conventional cathode ray tu
~CRT! displays.

In color PDPs, energy loss occurs in various ways: O
about 40% of the UV photons emitted by the discharge
captured by the phosphors, where an additional 80% of p
ton energy is lost in the conversion to visible light, main
due to the difference in wavelength of the visible lig
~;600 nm! and the UV radiation~;150 nm!. Next, only
about half of the visible light emitted by the phospho
leaves the display on the front side, the other half is absor
somewhere in the display. However, the largest energy
occurs in the microdischarges themselves: only about 10%
the electrical input energy is used for the emission of U
photons. In this article, we use a two-dimensional se
consistent fluid model3 to analyze the energy loss mech
nisms in the microdischarges and interpret experimental
on the luminous efficacy. We extend, improve, and disc
more elaborately the analysis briefly presented in R
4 and 5.

a!Electronic mail: hagelaar@discharge.phys.tue.ni
2030021-8979/2001/89(4)/2033/7/$18.00
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We consider the most common type of color PDP: t
coplanar-electrode ac PDP.6 Figure 1 schematically depicts
PDP of this type. The panel consists of two glass pla
separated by a gap of about 150mm that is filled with a
mixture of neon and a small percentage of xenon at 450 T
Each plate is equipped with a large number of parallel el
trodes, covered by dielectric material. A discharge cell~cor-
responding to a pixel! is formed by the intersection of a pa
of sustain electrodes on the front plate, and an address e
trode on the back plate. In operation, a square wave volt
with a frequency of 50–250 kHz is constantly applied b
tween each pair of sustain electrodes. The amplitude of
sustain voltage is below the breakdown voltage. To switc
certain discharge cell on, a write voltage pulse is appl
between the address electrode and one of the sustain
trodes of the cell. This initiates a microdischarge, which
quickly quenched due to the accumulation of surface cha
on the dielectric material that covers the electrodes. On
next half cycle, the sustain voltage changes polarity. T
stored surface charge now reinforces the sustain volta
causing the ignition of a new microdischarge, despite the
that the sustain voltage itself is below the breakdown vo
age. A new surface charge distribution develops, quenc
the discharge again, and so on. In this way, a transient
crodischarge occurs in the cell every time the sustain volt
changes polarity, due to the presence of surface charge.

The article is organized as follows: Secs. II and III ou
line the fluid model and the simulation of the transient m
crodischarges in a PDP cell. In Sec. IV we analyze how
electrical energy is dissipated in the discharge. In Sec. V
study how the energy dissipation and the resulting discha
3 © 2001 American Institute of Physics

P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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2034 J. Appl. Phys., Vol. 89, No. 4, 15 February 2001 Hagelaar et al.
efficiency are influenced by several discharge parame
thus interpreting measured trends in the luminous efficac

II. DESCRIPTION OF THE MODEL

To simulate the PDP discharges we use the tw
dimensional model presented in Ref. 3. Following the we
known fluid approach, this model describes the behavio
plasma particle species~electrons, ions, and excited neutra!
by the first few moments of the Boltzmann equation: t
continuity equation, the momentum transport equation,
the energy transport equation. For each plasma particle
cies p the evolution of the number densitynp is calculated
from a continuity equation

]np

]t
1¹•Gp5(

r
cp,rRr , ~1!

whereGp is the particle flux, and the right hand side repr
sents the total particle production or loss in reactions. T
summation is over all possible reactionsr, whereRr is the
reaction rate andcp,r is the net number~positive or negative!
of particles of speciesp created in one reaction of typer. The
flux is given by the momentum transport equation, which
approximate by the drift-diffusion equation

Gp5sgn~qp!mpEnp2Dp¹np . ~2!

HereE is the electric field,qp is the particle charge,mp is the
mobility and Dp is the diffusion coefficient. The first term
represents the flux due to the electric field~drift!, the second
term the flux due to concentration gradients~diffusion!. Par-
ticle inertia is neglected. The electric field is self-consisten
calculated from Poisson’s equation

¹•~«E!5(
p

qpnp , ~3!

where« is the dielectric permittivity.
Equations~1! and ~2! require the input of mobilities,

diffusion coefficients, and reaction rate coefficients. In g
eral these quantities depend on the energy distribution of
considered particles. For ions we use the local field appr
mation, which assumes a direct relation between the par
energy distribution and the local electric field: the ion diff

FIG. 1. Schematic drawing of a coplanar-electrode ac PDP.
Downloaded 09 Oct 2009 to 131.155.151.77. Redistribution subject to AI
rs,
.

-
-
f

d
e-

-
e

e

y

-
e
i-
le

sion coefficients and mobilities are regarded as functions
the electric field. For the electrons however, the local fi
approximation seems unrealistic, in view of the combinat
of the poor energy transfer in electron-neutral collisions a
the strong spatial variations of the electric field in PDP d
charges. Unlike most PDP models,7–11 our model does not
adopt the local field approximation for electrons, but a
sumes the electron mobility, electron diffusion coefficie
and the rate coefficients of electron impact reactions to
functions of the electron mean energy. The electron m
energy«̄ is calculated from the energy balance equation

]~ne«̄ !

]t
1¹•S 2

5

3
meE~ne«̄ !2

5

3
De¹~ne«̄ ! D

52eGe•E2(
r

«̄ rRr , ~4!

wherene is the electron density,me is the electron mobility,
De is the electron diffusion coefficient, andGe is the electron
flux. The two terms on the right-hand side represent hea
by the electric field and energy loss in collisions, resp
tively. The summation in the loss term is only over the ele
tron impact reactions, with«̄ r the threshold energy. Energ
loss due to elastic collisions is included in this term by us
an imaginary threshold energy of 1 eV in combination w
an effective collision rate. Contrary to Ref. 12, we found th

FIG. 2. Model geometry used in the calculations. This geometry repres
a discharge cell of a coplanar-electrode PDP. The top of the geometry
responds to the back plate of the display, the bottom to the front plate.
sustain electrodes are indicated as the common and scan electrodes
dielectric constant of the glass is 11.0.

FIG. 3. Electrode potentials as a function of time in the model drivi
scheme. This figure relates to the model geometry shown in Fig. 2, w
the common and scan electrodes are the sustain electrodes. Typicall
amplitude of the sustain voltage isVs5180– 300 V, its frequency 50–250
kHz.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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2035J. Appl. Phys., Vol. 89, No. 4, 15 February 2001 Hagelaar et al.
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, th
sustain frequency is 50 kHz, the pres
sure is 450 Torr, and the xenon pe
centage is 5%. The momentt50 cor-
responds to the end of the previou
sustain pulse; the sustain voltage
switched between t50 ms and t
50.10ms, with a rise time of 0.10ms.
The increment of the contours is 1/1
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.
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the electron energy equation considerably improves the
ability of the PDP model; for the calculated discharge e
ciency the difference with the local field approximation m
be as large as a factor of two.

The transport Eqs.~1! and ~2! for heavy species are
solved for the boundary condition of zero particle reflecti
and influx. The boundary conditions for the electron eq
tions are similar, but include an influx by secondary elect
emission. Poisson’s equation is solved not only in
discharge, but also in surrounding dielectric materials, tak
into account possible surface charge. For details on
basic equations and the boundary conditions we refe
Ref. 3.

The considered model geometry, shown in Fig. 2, rep
sents a discharge cell, or actually an entire row, of the
play. Due to its two dimensionality, the model geometry
only an approximation of the real PDP geometry, which h
important three-dimensional features. The barrier ribs t
separate the columns of the display are not represented i
model; instead, the model cell has side walls along the s
tain electrodes.~Compare Fig. 2 with Fig. 1.! The model
electrode driving scheme is shown in Fig. 3. Although ea
simulation is started with a write pulse to initiate the d
charges and switch the cell on, we will not consider t
writing itself in this article. An external circuit, involving
backcoupling from the current to the electrode voltage, is
included in the model. We do however take into accoun
realistic rise time~;100 ns! for all voltage changes. We
remark that in the model the required sustain voltages
generally slightly higher~20%! than in reality. This differ-
ence can easily be removed by adjusting the model in
Downloaded 09 Oct 2009 to 131.155.151.77. Redistribution subject to AI
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data ~e.g., the secondary emission coefficients! within their
experimental inaccuracies, but in our opinion such adju
ments are unnecessary and might even be deceiving.
electrical behavior of the discharge and the mechanism
UV photon generation are described by an extensive reac
scheme, similar to the scheme used in Ref. 7, consistin
80 reactions, involving 15 different plasma species. The
simulation of a single PDP discharge takes 15–20 min o
modern personal computer.

III. SIMULATION OF A PDP DISCHARGE

Figures 4 and 5 show the electric potential and the xe
excitation rate in the model geometry, during the simulat
of a typical PDP discharge. By the end of the discharge t
precedes the one considered in these figures, stored su
charge screens the discharge gas almost entirely from
applied voltage. After the sustain voltage has been switch
the same surface charge reinforces the applied voltage ra
than canceling it. The total voltage across the discharge
is now so high that the ignition of a new discharge tak
place. It appears from Figs. 4 and 5 that the discharge s
in the center of the geometry, where the electrodes are c
together. As soon as a new surface charge distributio
established in the center of the geometry, the discha
spreads outward. Eventually, all the electrodes are scree
by the new surface charge distribution, and the discha
stops. Note that the current through the electrodes is a
placement current resulting from the changes in the elec
fields in the dielectric layer that covers them. During t
discharge extremely strong electric fields are present in
e
is
4;
of
a

r
is
FIG. 5. Time evolution of the excitation rate of th
resonant Xe* (3P1) state during a PDP discharge. Th
figure shows results of the same simulation as Fig.
the discharge conditions are indicated in the caption
that figure. For all plots the contours correspond to
logarithmic scale covering the range from 1018 to
1022 cm23 s21; the increment of the contours is a facto
of 2.51. The unit of the values indicated in the plots
cm23 s21.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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plasma sheath front of the cathode, which has the chara
of a cathode fall. Ionization and excitation mainly take pla
in the vicinity of this cathode sheath.

Figure 6 shows the calculated time evolution of t
~space integrated! densities of the most important speci
during the discharge. The densities rapidly increase at
beginning of the sustain pulse and then gradually dec
Neon ions are only present during the very first part of
discharge; during the plasma decay Xe2

1 becomes the mos
important ion species.

IV. ANALYSIS OF THE ENERGY DISSIPATION

During the discharge electrical energy is transferred
the plasma through the acceleration of the charged partic
The energy that is thus consumed by the particle speciesp is

Wp5E
time

E E E
discharge
volume

qpGp•Ed3Vdt. ~5!

Note that the sum of these energies must be equal to the
electrical energy input:

FIG. 6. Time evolution of the numbers of particles of the most import
species. This figure shows results of the same simulation as Fig. 4
discharge conditions are indicated in the caption of that figure.

FIG. 7. Breakdown of the electrical input energy into the heating of
different charged particle species. The total energy consumption is
31027 J per discharge~pulse! per cm21 of row length. The sustain voltage
is 225 V, the sustain frequency is 250 kHz, the gas pressure is 450 Torr
the xenon percentage is 5%.
Downloaded 09 Oct 2009 to 131.155.151.77. Redistribution subject to AI
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Wp5E
time

I 3Vdt, ~6!

whereI is the~displacement! current through a sustain elec
trode andV is the sustain voltage. We confirmed that th
relation is reproduced by the fluid model within 0.01%
which illustrates its numerical consistency. The main ene
consumption takes place in the plasma sheaths, mostly on
cathode side of the discharge, where the sheath contain
extremely strong electric field, as can be seen in Fig. 4.

Figure 7 shows the calculated energy consumption of
various charged particle species in a typical PDP discha
The larger part of the energy turns out to be consumed
ions. This energy is forever lost for the production of U
photons: under PDP discharge conditions ionization or e
tation by ion impact seem negligible, which implies that
the ion energy is eventually transferred to the gas and
surface. We remark that ion impact ionization or excitation
not included in the model; even if they would occur, w

t
he

e
.4

nd

FIG. 8. Breakdown of the loss of electron energy into the different elect
impact excitation and ionization processes. The discharge conditions
indicated in the caption of Fig. 7.

FIG. 9. Ratio of the energy carried by 147 nm resonance photons and
total energy carried by UV photons. This plot compares the result of fl
simulations to the experimental data of Ref. 13. The discharge conditi
for both simulation and experiment, are the same as with Fig. 7. The ex
mental discharge geometry is very similar to the model geometry of Fig
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 10. Calculated efficiency as a function of the se
ondary emission coefficient, for~a! neon ions and~b!
xenon ions. The sustain voltage is 225 V, the sust
frequency is 250 kHz, the xenon percentage is 5%.
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would not see them in the simulations. The electron ene
on the other hand, is largely used for the excitation and i
ization. The energy that is used for a reactionr is

Wr5E
time

E E E
discharge
volume

«̄ rRrd
3Vdt. ~7!

Figure 8 shows how the electron energy is used in the
ferent reactions. Note that the electron energy Eq.~4! ensures
that the sum of all the energy losses in Fig. 8 is equal to
total energy transferred to electrons by the field as given
Eq. ~5!.

Of all the processes in Fig. 8 it is mainly the excitatio
of xenon atoms that eventually leads to the generation of
photons. There are several possible mechanisms: First
resonant state Xe* (3P1) decays directly to the ground stat
emitting UV photons at a wavelength of 147 nm. Seco
both the resonant Xe* (3P1) and metastable Xe* (3P2) states
may attach to xenon gas atoms and form excited dim
Xe2* ; these dimers decay radiatively into ground state ato
The photons thus emitted by the higher vibrational lev
Xe2* (Ou

1) are distributed around 150 nm, those emitted
the lower vibrational levels Xe2* (3Su

1 ,1Su
1) around 173 nm.

The higher atomic states Xe** and Xe*** do not directly
lead to UV photons, but cascade down to the Xe(3P1 ,3P2)
levels. In this case some amount of energy is lost in the fo
of infrared radiation or gas heating.

The energy that is emitted from the discharge in the fo
of UV photons with a wavelengthl is

Wl5E
time

E E E
discharge
volume

~hc/l!Rld3Vdt, ~8!
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whereh is Planck’s constant,c is the velocity of light, and
Rl is the rate of the decay process leading to the emiss
The relative importance of the different UV wavelengt
~147, 150, and 173 nm! depends heavily on partial xeno
pressure. Figure 9 shows the fraction of the UV energy em
ted at 147 nm,W147 nm/(W147 nm1W150 nm1W172 nm), as a
function of the xenon content. The simulation results are
excellent agreement with the experimental values of Ref.
determined by integrating the measured emission spectr

V. PARAMETRIC STUDIES

The efficiency of the discharge in generating UV ph
tons is defined as

h5(
l

WlY(
p

Wp . ~9!

In view of the analysis given in the previous section, it
interesting to split the discharge efficiency into two part
efficiencies

r15WeY(
p

Wp , ~10!

r25(
l

WlYWe , ~11!

whereWe is the electrical energy transferred to the electro
as given by Eq.~5! andh5r1r2 . The partial efficiencyr1 is
the efficiency of the discharge in heating the electrons,r2 is
the efficiency of the electrons in generating UV radiation

We will now investigate how theh, r1 , andr2 are in-
fluenced by various discharge parameters. Wherever
sible, we will compare the simulation results with expe
s-
e

FIG. 11. Calculated efficiency as a function of the su
tain voltage, for~a! two different frequencies and a ris
time of 100 ns, and~b! two different rise times and a
frequency of 250 kHz. The xenon percentage is 5%.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 12. Measured efficacy as a function of~a! the
sustain voltage, where the frequency is 250 kHz, a
~b! the sustain frequency, where the voltage is 225
~Ref. 12!. The xenon percentage is 10%.
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mental data on the PDP efficacy of 4 in. test panels, ta
from Ref. 14. The efficacy is a measure for the light outp
of the display—weighted according to the sensitivity of t
human vision—per unit of electrical input energy; it is th
not only determined by the discharge efficiency, but also
other factors, such as the efficiency of the phosphors in c
verting the UV radiation into visible light. Here we assum
that these other factors stay constant. The experimental e
trode size and distance, thickness of the covering dielec
layer, and cell height are well reflected by the model geo
etry of Fig. 2.

We start with the influence of the secondary emiss
coefficient. In present day PDPs, where the surface is co
with magnesium oxide, this coefficient has been estimate
be around 0.45 for neon ions and below 0.001 for xen
ions.15 Figure 10 shows that bothh and r1 increase with
increasing secondary emission coefficient;r2 is nearly unaf-
fected. This result is not very surprising: The second
emission coefficient directly determines the relative con
butions of the electrons and the ions to the current densit
the cathode fall, where the main particle heating occurs.
relative contribution of the electrons—and consequen
r1—increases monotonically with increasing second
emission coefficient. Of main importance is the second
emission coefficient of the neon ions. For xenon ions,

FIG. 13. Comparison between of the time evolution of the electron den
for two different sustain frequencies. The xenon percentage is 5%.
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secondary emission coefficient is so low that its exact va
does not really matter: xenon hardly contributes to the s
ondary emission anyway.

The effect of the sustain voltage is shown in Fig. 11. F
not too high sustain voltages, bothh and r1 increase with
increasing voltage. This trend is also seen in the effic
measurements shown in Fig. 12~a!. The model reveals the
mechanism behind this trend: As the voltage increases,
electric fields and the electron energies in the discharge
up. Since neon has a higher ionization energy than xen
this leads to an increase of the relative contribution of ne
to the total ion flux, which implies an increase of the avera
secondary emission coefficient. As we have seen before,
is favorable for the electron heating efficiencyr1 .

Figure 11~a! also shows that the sustain frequency ha
strong effect on the calculated efficiency. This fact is kno
from experiments; see Fig. 12~b!: Beyond a certain sustain
frequency, the discharge efficiency drops dramatically.
Refs. 4 and 5 it is suggested that this effect is caused by
role played by metastable xenon atoms. However, w
looking at the modeling results more carefully, we find
entirely different underlying mechanism: At low frequenci
~50 kHz! there is a short time between the switching of t
sustain voltage and the breakdown. At high frequencies~250
kHz!, the plasma does not completely decay in between
discharges, which facilitates their ignition: breakdown no
already occurs during the switching of the voltage. This
illustrated by Fig. 13. Due to the premature breakdown,
surface charge on the dielectric layer is already changed
fore the sustain voltage reaches its full value, so that the fi
voltage across the gas is lower. As we have seen before,
results in a lowerr1 . This observation suggests that for hig
frequencies~250 kHz! the rise time of the sustain voltag
might influence the efficiency. According to the simulatio
results shown in Fig. 11~b! this is indeed the case. For 5
kHz no influence of the rise time is found: rise times of 1
100, and 1000ms yield exactly the same efficiency@not
shown in Fig. 11~b!#. We remark that these results are on
of qualitative value. In general, the exact time between
switching of the voltage and the breakdown is not very
curately predicted by fluid models.8

As we have seen, the amplitude, frequency, and rise t
of the sustain voltage mainly affecth via r1 , leaving r2

nearly unchanged. A parameter that can be expected to
rectly affectr2 is the xenon content of the gas mixture. Fi

ty
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 14. Influence of the percentage of xenon on~a! the
calculated efficiency and~b! the measured efficacy
~Ref. 12!. In both the simulation and the experiment th
sustain frequency is 250 kHz. The sustain voltage
260 V in the simulation and 225 V in the experiment
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ure 14~a! shows that the calculated efficiency increases w
increasing percentage of xenon. This trend has been repo
in the literature, e.g., in Ref. 7, but is not fully reflected
the efficacy measurements shown in Fig. 14~b!. We remark
that it is known that the phosphor performance strongly
pends on the UV wavelength, which is influenced as well
the xenon percentage~see Fig. 9!. It appears from Fig. 14~a!
that not onlyr2 , but alsor1 is responsible for the increase o
h with increasing xenon content.

VI. CONCLUSIONS

The fluid model presented in Ref. 3 is capable of sim
lating the microdischarges in a coplanar-electrode PDP.
have reproduced a write pulse and a series of sustain pu
in one cell of the display.

From the simulation results, we have analyzed how
electrical input energy is dissipated in the cell. The larg
part of the electrical energy is transferred to ions and sub
quently to the gas and the surface. The electrical ene
transferred to electrons is mostly used for ionization and
citation. The part used for xenon excitation largely ends
in UV radiation. The calculated fraction of the UV energ
that is carried by resonance photons is in excellent agreem
with experimental results.

We have studied how the energy loss mechanisms
influenced by several discharge parameters. The amplit
frequency, and rise time of the sustain voltage mainly aff
the losses due to ion heating. The xenon content also aff
the conversion of electron energy into UV energy. T
trends in the calculated discharge efficiency are in go
agreement with measured trends in the luminous efficac
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