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|. Basic operation
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Plasma display panel$DP3g are a technology for large-area high-brightness flat panel displays.
There is considerable interest in improving PDP efficiency by optimizing the cell design, input
voltage characteristics, operating conditions and gas mixture. In this article, we report on a
two-dimensional computer model for PDPs which has been used to investigate the operation of a
coplanar-electrode PDP cell sustained in He/Ne/Xe gas mixtures. The plasma transport equations
are implicitly integrated in time to enable simulation of complex gas mixtures and PDP cell designs.
To resolve the details of the electron dynamics, the electron temperature is computed by solving the
electron energy equation. A Monte Carlo simulation for secondary electrons and a radiation
transport model for visible light emission are also employed. The basic operation of the PDP cell is
described in this article. The first pulse was usually found to initiate a discharge between the top
electrodes and the bottom address electrode, which was grounded. Only after a positive surface
charge was formed on the bottom dielectric did the discharge shift to being between the coplanar
electrodes. For our conditions, radiation from*Xemade a larger contribution to exciting the
phosphor for visible light emission than radiation from the resonance states of Xe since radiation
from Xe is optically thin. © 1999 American Institute of Physid$S0021-897@9)07107-§

I. INTRODUCTION based monochrome flat panel PDPs while most of the current
i ) research focuses on color displays. Since it is difficult to
hPlalsm.a display pl)aneIG;DPZ arel one of ]Ehe Ileadlng formulate gas mixtures that efficiently produce the primary
tgc nologies currently un er deve opme'nt or large-areg . ors, color PDP cells generally use xenon gas mixtures to
h|gh-brlghtpess flqt panel dlspla}/s?f There is cons@erablg generate ultravioletUV) photons that are converted to vis-
mteres.t In Increasing thellummz'ar?ce of P.DF.)S by IMProvingy,q light through phosphors. In a typical PDP cell, a noble
PDP V'S'b.le light generation eﬁ|C|enéyTh|s_|m_pro_vement gas mixture is sealed between dielectric materials that are
will most likely result from a systematic optimization of the backed by conducting electrodes. A discharge is initiated by

cell design, operating conditions, voltage pulse characterlsé1pp|ying a voltage pulse to the electrodes, which produces

tics, a’.‘d gas composi.tion, an endeavqr that can benefit frorﬂv radiation which is subsequently converted to visible.
a detailed understanding (.Jf the dy_”af‘"“cs of PDP cells. Ther&luxes of ions and electrons to the dielectric surfaces charge
are also concerns regar_dmg th? I|f(_3t|me of PDPs, the ex.te.r{he dielectric capacitance, which decreases the voltage across
sion qf which may require design |mprovements _that MmN e gap and quenches the discharge. This process can be
irg;zueeslor:/vgo;r; t\),zr%rg\?;togg dpgot?n‘/):-%rifﬁetgiggg)sur?yegﬁ dtheS_Fepeated_ indefinitely by applying voltage_pulses of alternat-
simula,tion for the direct-currenidc) pulsed plasma opera- N9 polanty or the same pol_anty to opposing electrodes. The
tion of PDP cells. The model has been used to simulate applied voltage on successive pulses can usually be less than
coplanar-electrode PDP cell sustained in He/Ne/Xe gas mixa o bregkdown voltage_smce the charged capamtancc_a O].c the
tures. In this and a companion artiéleve use results from fjlelectnc fm””.' the_ previous pUIS? generates an electric field

' . . : in the same direction as the applied voltage of the next pulse.
these studies to describe the operation of the PDP cell under A number of computational studies have previously in-

a wide variety of operating conditions. We specifically 'nves_vestigated PDP cell operation. Sahni and Lanza developed a

tigated the consequences of applied voltage magnitude, g%%e—dimensiona(llD) fluid modef and demonstrated that the

pressure, gas composition, cell dimensions and dielectric ma- o : .
: . - . : .. secondary electron emission from the dielectrics has a strong
terial on the ultraviolet and visible light generation capability

and efficiency of PDP cells influe;nce on the dynamics of a neon-based monochrome
. . ' : . PDP/® Veerasingam, Campbell, and McGrath developed

The invention of the alternating-curre(@c) PDP device both 1D and 2D fluid models for PDPL! which were ap-
is generally attributed t_o Bi_tzer ‘%”d SlottGwDuring the plied to the operation of He and He/Xe based opposing-
1970s, several companies including 1BM developed neonélectrode PDP cells. Their computed results qualitatively
agreed with experiments. The quantitative discrepancies
“Present address: Motorola, Embedded Systems Technology Laboratoryere attributed to uncertainties in the fundamental data base

Elsfcltrfﬁuifiiﬂ- ?;‘é%éfgéﬂg Iép?;ih om (e.g., electron impact cross-sectional data and secondary
bAuthor to whom correspondence should be addressed. Electronic mai!€Ctron emission coefficientghe use of local field approxi-

mjk@uiuc.edu mation and uncertain initial conditions in the experiments.
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Drallos, Nagorny, and Williamson developed a 1D kineticll. DESCRIPTION OF THE MODEL
PDP modéef? and an analytical modéf. Their kinetic studies our basi del <t of the fluid _ ‘ conti
showed that the local field approximation does not ad- ur basic model consists of the fluid equations of conti-

equately resolve the details in the cathode fall region. Boeufnulty and momentum conservation for all species, the elec-

Pitchford, and Punset applied their 2D hybrid plasma code tgron energy conservation equation, Poisson’s equation, and

the simulation of Ne/Xe gas mixtures in PDFS5 Their an expression for dielectric surface charging. As the gas

imulati £ multiol ) lectrode PDP cells sh (ﬁressure in the PDP cells is usually high100 Tor, it was
simutation of muftiple opposing-electrode CEllS ShOWEG, 5t found necessary to solve the momentum conservation

that barrier ribs are essential for avoiding cross-talk betwee@quationper se We instead used the drift-diffusion approxi-

adjacent cells. - _ . ~mation, which considerably reduces the simulation time. Al-
The current issues in PDP research deal with the optimigough a fluid approximation has been used for electrons to

zation of the opposing? and coplanar-electrodecell de-  compute their density, flux, and temperature, we also imple-

signs having multicomponent gas mixtures to improve PDRnented a Monte Carlo simulatiqiMCS) to more accurately

efficiency and light emission characteristics. To investigatgepresent the electron impact source functions due to second-

these issues, we developed a 2D hybrid simulation for PDPsyry electrons.

As in the previous studies, the basic physical model consists The main simulation consists of integrating the follow-

of the continuity equations for all species, Poisson’s equatioing set of coupled equations:

and an equation for dielectric surface charging. Except for Ne

the continuity equations for uncharged species, the coupled _ _

and nonlinear equations are implicitly integrated in time us- V- (V)= 2’1 i =P @

ing the 8biconjugate gradient squared sparse matrix 5

technique The <_:on_t|nU|ty equations for neutral species are ﬂ—V-(DiVniﬂL(qi Nl win V) =S5,

solved explicitly in time. Several methods have been imple-  dt

mented to compute electron transport coefficients and source

functions for electron impact reactions. The simplest is the fori=1,2,... Nen, (2)

local field approximatiofLFA) which was used in previous ap Nen

PDP model$-**>8Alternatively, electron transport coeffi- — =2 qV-(D;Vni+(qi/|ai)) winiV ),

cients and electron impact reaction source functions can be t =

determined in terms of the electron temperature, which is i ielectric surfaces, @)

self-consistently computed by implicitly integrating the time

dependent energy conservation equation. Secondary electréfhere ¢, p, € n;, Di, u;, q;, andS; are the electrical
emission is taken into account either through a flux boundarpotential, charge on dielectric surfaces, permittivity, and
condition in the electron continuity equation or a more de-number density, diffusion coefficient, mobility, charge, and
tailed Monte Carlo simulation. Finally, a radiation transportSource function for speciesrespectivelyNcy, is the number

model was implemented to determine the visible light outputof charged species. The source function includes collisional
of the cell. terms which locally change the species density, such as elec-

In this and the companion article, we focus our attentiorf™oN impact ionization. Due to dielectric relaxation, the maxi-

on a coplanar-electrode PDP cell using He/Ne/Xe gas mix[’num time step one can use for explicit time integration in

tures. The basic operation of the device is described in thi g'r?zl F;Eozescl(r)nnuc;aq%?ss rﬁ;ﬁgg t;hees?rszz;gnes ?mUIS;(;EcIaesls
article. It is found that the first voltage pulse usually initiates P ' P y

) low for modeling complete discharge pulsg® us) in
a discharge between the top electrodes and the bottom a omplex gas mixtures. As in Ref. 9, the approach we have

dress electrode, which is grounded. From the next pulse Ofised to overcome this time constraint is a fully implicit so-

ward, the positive surface charge on the bottom dielectrig o technique. The procedure consists of linearizing the
shields the address electrode, and the discharge shifts to bgsjinear Eqs(1)—(3) at each time step, and writing them in

ing between the two top electrodes. Even though the peaje form,
Xe} density is considerably smaller than that of atomic Xe
excited states, Xe contributes more strongly to the visible F(X)=A-X-B=0, (4)

light emission through excitation of the phosphor. For OUryhereA is the Jacobian matrisB is a vector that depends on
conditions this trend results from the short lifetime of;Xe plasma conditions during the previous time step, Xri the
UV radiation from X¢ being optically thin, and Xereadily  yector of unknown quantities. Newton's method is then used
converting to Xg through three-body collisions. Use of the {5 solve forX. During the Newton iterationsh is held con-
Monte Carlo simulation or electron energy equation dostant whileB is updated in each iteration. Since the typical
change the detailed dynamics of the discharge, but the ovepumber of unknowns in Eq4) is large (20 000—100 000
all characteristics are similar to those obtained with the localirect matrix solution techniques are not practical. We have,
field approximation. therefore, used the biconjugate gradient sparse matrix solu-
We describe the model in Sec. Il. Section Il contains ation technique with incomplete LU factorization for
discussion of the basic dynamics of the PDP cell and keyreconditioning®® The particular implementation of this
observations are summarized in Sec. IV. method that was used was developed by Greenbaum and
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Seaget?? By integrating Eqs(1)—(3) implicitly, the allow- The mobility and diffusion coefficients for ions and neu-
able time step increases to the order of a nanosecond durirital species do not change significantly over the range of
the discharge pulse, which allows one to simulate multipleconditions of pressure and electric field of interest to PDPs.
PDP pulses in a few hours on fast workstations. Constant values at a given pressure were therefore used for

Once charged species densities, the electrical potentiabn mobility and were obtained from Ref. 22. The diffusion
and charge on dielectric surfaces have been computed atcaefficients for uncharged species were determined using
particular time, we update the density of the neutral speciesennard—Jones parametéts.

using Secondary electron emission is one of the primary pro-
5 cesses in PDP cells which determine the breakdown voltage.
n; ) i -
—'—V-(DiVni)=Si L i=1,2,.Nrews (5) Two me_th(_)ds were |m_plemented to address secondary elec

at tron emission. In the simpler method, we compute the flux of

. . . all ions and excited species onto dielectric surfaces. The flux
where N, is the number of neutral species. Since the un- . ; .

. : of returning secondary electrons is then given by
charged species evolve on a time scale much longer than for

charged species, E@5) was integrated explicitly in time.

Power deposition is computed assuming Joule heating, ['se= _Z vl ©
Neh wherel', T';, andy; are the secondary electron flux, flux
P:V¢'i21 [ai(D; Vi +(ai /| ail) winiV ). (6)  of species, and secondary electron emission coefficient for

specied, respectivelyl' . is then used as a boundary condi-
where the term for current density contains contributiongion for electron flux at surfaces during the solution of Egs.
from both drift and diffusion. (1)—(3). We also implemented a Monte Carlo simulation
Two different techniques were implemented for comput-(MCS) to better resolve secondary electron transport. In the
ing electron impact source functions and transport coeffiMCS, pseudoparticles are launched from surfaces having
cients. The simplest and fastest is the local field approximasecondary electron emission with initial statistical weights
tion (LFA). Prior to running the PDP simulation, the proportional tol'g.. The trajectories and collisions of the
spatially independent Boltzmann equation is solved for thgoseudoparticles are tracked until they either collide with the
electron energy distribution using a two-term spherical harwalls or slow to thermal speed&The electron energy dis-
monic expansion. These distributions are used to generatetabutions of the secondary electrons as a function of position
lookup table containing electron impact reaction rates, elecare determined, and their contributions to electron source
tron temperaturd,, and momentum transfer collision fre- functions are computed by convolving the distributions with
guency v,, as a function ofE/N (E is the electric field the appropriate cross sections. These sources are held fixed
strength andN is the total gas density During the PDP  between updates of the MCS.
simulation, reaction rate coefficients and collision frequency  The purpose of a PDP cell is to generate visible photons.
are obtained as a function of the local valuesEdfN by  The gas mixtures typically used in color PDP cells, however,
interpolating from the lookup table. The electron transportproduce UV radiation, which is then converted to visible
coefficients and source functions are computed in terms dfght by means of phosphors. The efficiency of a PDP cell is
these coefficients using the standard expressidns. then directly related to both the efficiency of generating UV
Although the LFA method is fast, it does not take into photons and their transport to the phosphor. To evaluate this
account the electron energy redistribution resulting fromefficiency, we implemented a radiation transport model in
thermal conduction and convection. We, therefore, alsdhe PDP simulation. It was not found necessary to closely
implemented another method to generate electron transpatbuple the radiation transport with the plasma hydrodynam-
coefficients in which the electron energy conservation equaics as the UV and visible light radiation do not have a no-
tion is integrated implicitly in time to obtain the electron ticeable effect on the electrodynamics of the PDP cells under
temperature: the conditions of interest. The radiation transport model is an
off-line module that is invoked periodically during the simu-
_ P(T)—nez NiKi_V'(ETFe—)\VTe), @ Ia_tion to compute visible _Iight output. Ong can ggnerally di-
i 2 vide the UV photons of interest into optically thidkhose
that can be reabsorbed by their parent ground state atoms
where7=3kgT¢/2, P(7), i, T'e, and\ are the mean elec- g ch a5 the radiation from X@and optically thine.g., from
tron energy, power absorbed from the electric field, POWERex \which does not have a bound or heavily populated

lost in collision i, electron flux, and thermal conductivity, 415nd state In the radiation transport module, the source
respectively. The thermal conductivity is obtained ffom ¢ ctions for UV photons are computed at all locations. For
®) optically thick radiation, only locations within a few absorp-
tion lengths of the phosphor are considered since radiation
where v, is the electron momentum transfer collision fre- from other locations will be readily reabsorbed. For the con-
guency. Once the electron temperature is known, the colliditions of our simulation, X& UV radiation is nearly com-
sion frequency and reaction rate coefficients are determinepletely trapped inside the cell. Holstérdemonstrated that,
by interpolating from the Boltzmann derived lookup table under such a condition, radiation trapping could be taken
using electron temperature as the lookup factor. into account by multiplying the rate coefficient for photon

A(NeT)
at

N=8n.T./(mmevyy,),
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€ 215 dy $——I—XI> _They consist of the ground sta(tl@e and _HQ, singly charged
2 — —- A ion (Ne" and He€'), a composite excited statdNe* and
£ A d Et E2’ Dielectri / He*), the dimer excited stattNe5 and Hg) and the dimer
= /L>X @ Metal I/Phosphor |/ ielectric _ » 1! ! &
£ 0 e ion (Ne; and Hg).
0.0 0.62 1.24
@) Width (mm) Il. DYNAMICS OF THE COPLANAR-ELECTRODE PDP

CELL

The coplanar-electrode PDP cell dedigrhas been
widely adopted by the display industry. Although the dis-
charge operation is more complicated, the coplanar geometry
offers several advantages over the opposing-electrode de-
sign. For example, phosphors are subjected to less bombard-

ment by energetic ions, which prolongs the phosphor life. In
0 8 12 ) . . .
(b) Time (us) this section, we describe the operation of the coplanar-
electrode PDP cell using He/Ne/Xe gas mixtures. The ge-
FIG. 1. (8 Schematic of the coplanar-electrode PDP déll.Applied volt- neric cell geometry is shown in Fig(d). The PDP cell con-
age on electrodeE1 andE2. . .
sists of two upper transparent electrodeg, andE2, which
are separated from the gas by a dielectric. The bottom of the
ission b f T hereT is th cell consists of a dielectric with a phosphor coating on top
er_nls_5|on yan _gscape "’_‘C@F (p) w ere_ Is t _e trans- and a metal address electrode below which is kept at ground
mission probability ancp is the shortest dimension of the oential for these results. The permittivities of the top and
enclosure. Under the assumption of pressure broadegisg, pottom dielectrics aree/e,=15 and 10, respectively, and

-~
=
L ]
] 11 1 1

vE

=
ONo
=
L 11

H 5
given by they are separated by 150n. Barrier ribs were not included
Ao N\ *? since they are typically in the plane that is not resolved in
9= (ﬁ Now (100 these 2D simulations. Reflective boundary conditions at the
e

lateral endsx=0 and 1.24 mm, were used. The top dielec-
where\ is the wavelength of the radiatiod,is the distance tric, E1 andE2 are transparent to visible photons, allowing
between the dielectridsig. 1(a)] andNye/Nyy is the ratio of  Jight to be emitted from the top of the cell. The surfaces of
Xe in the gas mixture. Assuming that UV photons are emit-hoth dielectrics are coated with a material having a high rate
ted isotropically, their fluxes onto the phosphor are computef secondary electron emission. The voltage pulses applied
using ray-tracing techniques. This flux is coupled with thetg E1 andE2 with amplitudeV, are shown in Fig. (b). Al
prespecified UV-visible photon conversion efficiency in therise and fall times are 20 ns.

phosphor to compute the outflux of visible photoiis.is The operation of the coplanar-electrode PDP cell sus-
assumed that the gas will not absorb visible radiatidiie  tained in He/Ne/Xe= 70/26/4 at 400 Torr ani¥,=200V is

flux of visible photons originating from the phosphor arriv- shown in Figs. 2—10. The cycle starts with zero potential on
ing on the output window is again computed using ray-e1 and E2 and a negligible density of charged species.
tracing techniques under the assumption of Lambertian emisstarting at 10 ns, the voltage at electrdete is increased to
sion from the phosphor. In the results described in this articl@oo v in 20 ns. The electrical potential, electron density, and
and Ref. 4, a unity quantum efficiency for UV-visible photon charge on dielectric surfaces at different times during the
conversion has been assumed. subsequent discharge are shown in Figs. 2—4.

The reaction mechanism we used for He/Ne/Xe gas mix- At 50 ns, the discharge has just initiated and the electri-
tures is shown in Table I. A seven-level model was used fogal potential[Fig. 2@@)] is characteristic of vacuum fields.
Xe since it is the primary species generating UV radiation.The electron density at 50 fifig. 3(a] is small and elec-
The Xe model consists of ground state Xe, singly chargedrons are mainly generated by ionization beled where the
ion Xe", Xe* (6s statey, Xe** (6s’ statey, a composite electric field is the largest. The charge on the surfaces of the
excited state X&* [nominally Xe(€p,5d)], the dimer ex-  dielectrics(Fig. 4) is negligible. Positive ions generated in
cited state X§, and the dimer ion Xg The radiative 8  the discharge drift towards the grounded electro@&® and
state is lumped into Xe and the radiative § state is the address electrogender the influence of the applied elec-
lumped into X&* . The proportion of X& and X&* atoms tric field, where secondary electrons are generated when ions
in the radiative statel\4/N, , is determined using the fol- bombard the dielectric surfaces. As the electron and ion den-
lowing expression which assumes collisional coupling besities increase, contributions from secondary electrons play a
tween the two 6 or 6s’ levels, larger role in the discharge dynamics and eventually lead to

N o Or /Om X — A €lkgT) gas breakdowrfia sharp ri_se in electron dens)ityr_ound 85

N 1+g, /g, exp—AelkgTy)’ (11 ns. The electrical potential a_lnd _electron density after the

* resm 9 breakdown(100 ng are shown in Figs.®) and 3b), respec-
where g, and g,, are the multiplicity of the radiative and tively. The peak in electron density has shifted towards the
metastable stated\e is the energy difference between the bottom dielectric since secondary electron emission mainly
radiative and metastable levels, afigis the gas tempera- takes place from that surface during the first pulse. The
ture. Currently, five-level models were used for Ne and Henewly generated ions and electrons drift towards the dielec-
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TABLE |. He/Ne/Xe reaction mechanisms.

Reaction Rafe References Reaction Réte References
Electron impact excitation and de-excitation: Three-body heavy particle collisions:
e+ Xe—Xe* +e b 26 Xe* +Xe+Xe—Xek +Xe 5.0x10 *2cmPs? 41
e+ Xe—Xe** +e b 27 Xe* +Xe+Ne—Xek +Ne 1.6x10 *2cmfst 42
e+ Xe—Xe*** +e b 28 Xe* +Xe+He—Xe} +He 1.4x10 Zcmfst 30
e+Xe*—Xe+e b 29 Xe** +Xe+Xe—Xe} +Xe 5.0x10 Zcmfst 41
e+Xe** —Xe+e b c, 27 Xe** +Xe+Ne—Xe} +Ne 1.6xX10 3Zcmfst d, 42
e+ Xe™* —Xe+e b c, 28 Xe** +Xe+He—Xe} +He 1.4x10 Zcnfst d, 30
e+Xe*—Xe*** +e b 29 Xe*** +Xe+Xe—Xe} +Xe 5.0x10 *2cmPs? 41
e+ Xe" —Xe* +e b ¢, 29 Xe** +Xe+Ne—Xe}+Ne 1.6xX10 32cnbs? d, 42
e+ Xe™ —Xe* +e 5.5X 107 "T¢ exp(-2.01,) 30 Xe*** +Xe+He—Xes +He 1.4x10 %2 cmbs? d, 30
e+Ne—Ne* +e b 31 Xet+Xe+Xe—Xe; +Xe 2.5x10 3t cmPst 42
e+Ne*—Nete b ¢ 31 Xe'+Xe+Ne—Xe; +Ne 1.5x10 3 cnmbs? 42
e+He—He" +e b 32 Xe* +Xe+He—Xej +He 1.0x10 3temfst d, 42
e+He'—He+e b ¢, 32 Ne* +Ne+Xe—Neb +Xe 8.0x10 ¥#cmPs? 30
) o o Ne* +Ne+Ne—Nes +Ne 4.0x10 #cmPst 42
Elzﬁr)(():in+af;0:|zatlon and recomblnatui)n. s Ne* + Ne+ He-Ne5 + He 1.0X 10 cmf st 30
*_ Xet
gi iZ** j;ejf‘:fe 156410 7T°'k31 exp(-2.63T,) ?23 Three-body heavy particle collisions:
ot X Xe' ot e : eb ol 29 Ne' +Ne+Xe—Nej +Xe 8.0x10 %2cmPs? 30
. A e 071 Ne'+Ne+Ne—Nej +Ne 4.4x10 *2cnPst 38
e+Xe2+—»Xe2 rete 975107 Te “exp(=3.41Te) 30 Ne*+Ne+He—Ne; +He 3.0x10 *2cmPst 43
zi i:iiiz::f;e 3.33x 127 77-05 gg He* +He+Xe—He; +Xe 8.0x10 3 cnPst 30
2 . : oS0 He* +He+Ne—He; +Ne 4.0x10 BcenPst 30
etXe, fo +Xe 3.7x10°°T, 35 He* +He+He—Hej +He 1.3x10 3¥cmf st 30
gi E::;Nsejf:fe E gg Hei + He+XeﬁH%*++Xe 5.0 10: zz cm® s’i 30
2 e .
zi zz:;zf:j:i 3.7X 1?) T 22 Ne* +Xe+Xe—Xe5 +Ne 1.0x10 Bcenfst 30
x +
Eiﬂef:i:: 0 75¢ 10710_'_(?71 gg UV radiation:
e —te : e exP( 34T Xej—Xe+Xe+hv 7.22¢107 st 44
e+ He, —He" +He 5.0¢107°Te 87 Net—Ne+Ne+hy 7.50107 571 42
Two-bodv he article colisions: Xef —Xe+hv 2.9x1fgst e, 25,45
VZ<e*+xZu )Z"iﬁ’(;‘e coflIsIons- 5 0x 1010 a8 Xer* —Xe+hy 4.05x10%gs* e, 25, 45
Xer* +Xe** s Xe* +Xe+e 5.0x10 10 d, 38
Xe¥** +Xe*** Xet+Xe+e 5.0x1071° d, 38
Ne* +Ne* —Ne" +Ne+e 1.0x10° ¢ 30
He* +He* —He" +He+e 2.7x10° 10 39
Ne* +Xe—Ne+Xe" 1.0x107 ! 30
Ne* +Xe—Xe"+Ne+e 1.0x 10 1° 30
He* +Xe—Xe"+He+e 7.5x107 1! 30
Nej +Xe—Xe* +Ne+Ne 1.0x107%0 30
Hej +Xe—Xe* +He+He 1.0x 107 %2 30
Hej +Ne—Ne* +He+He 6.0x10 10 40
He} +Xe—Xe' +HetHete 5.0x10 10 30
Hes +Ne—Ne' +He+He+e 1.0x10° 1 30
Ne; +Xe—Xe" +Ne+Ne+e 7.5x10 1 30

3Units are cms ! unless stated otherwis®&, is the electron temperatuteV).
PDetermined as a function of the electron temperafyer the local value ofE/N from the lookup table obtained from the solution of the Boltzmann

equation.

‘Computed through detailed balance using data from the specified reference.
YEstimated using data from the specified reference.
€g is a radiation trapping factor defined in Sec. II.’Xis the fraction of X& in radiative states.

trics where they are collected, thereby charging their capacieharge profile$Fig. 4(a)] show that positive ions have domi-
tance. The resulting potential drop across the dielectrics renantly charged the bottom dielectric while the top dielectric
duces the voltage across the gas gap, which can be seenduarface has primarily been negatively charged. Once the dis-
the potential profile at 100 nig=ig. 2(b)]. As the potential charge has been quenched, the gas remains electrically inac-
drop across the gas gap is reduced below the threshold fdive until the next pulse. However, as we will show later on,
sustaining the discharge, the discharge is quenched and tktlee cell emits visible light for a considerably longer time
electron density rapidly decreasfSig. 3(c)]. The surface than the discharge. When the voltageEat is brought down
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to 0 V ataround 2us, a significant voltage drop remains second pulse negatively charge the dielectric urSimi-
across the gas gap due to the charge on the dielectric suerly, the ions charge the dielectric underne&h and re-
faces. verse the charge polarity there. As the pulse progresses the
Starting at 4.0Jus, the voltage o2 is increased to 180 charging spreads laterally, an indication of the spreading of
V in 20 ns [Fig. 1(b)], which initiates another discharge the discharge. Some of the ions also charge the bottom di-
whose dynamics are shown in Figgbjand 5-8. At 4.05 electric, producing even stronger repelling electric fields for
us, the discharge has just started and the electrical potentipbsitive ions during the subsequent pulses.
[Fig. 5@] is similar to that in vacuum, albeit with charged The purpose of the PDP cell is to generate visible light.
dielectrics. The negative charge und@elr adds to the voltage In the Xe reaction chemistry, the main species which pro-
across the gap making it larger than that due to the externaluce phosphor-exciting UV photons are *XeXe** , and
supply. The electron density at 4.6 [Fig. 6@)] is small  Xe5. The densities of Xe and X& are shown in Fig. 8 at
enough that the volumetric space charge does not signifd.1 us, the time when electron density is close to its peak.
cantly alter the applied fields. The electrons are, thereforeXe* density is the sum of the radiative and metastable
almost freely accelerated towards the positively biased elecstates. The Xe and X& peak densities are physically lo-
trode E2. The X€ density at 4.05us [Fig. 7(@)] is also cated close to the region of peak electron density* &
small, and the ions are displaced from the electrons as theainly produced by electron impact excitatiGgecondarily
ions drift towardsE1 and space charge is insufficient to by dissociative recombination of X¢ and is quenched by
maintain charge neutrality. This behavior is different fromsuperelastic collisions and generation of;Xtrough colli-
the first pulse because the negative surface charge &ider sions with Xe and a stabilizing third body. Since the radia-
produces an additional attractive electric field for the positivetive decay of X§ is rapid, its density is considerably smaller
ions, while the positive charge on the bottom dielectric setshan the X& density at 4.1us. We will, however, show later
up a field which repels the positive ions. Similar to the firstthat X& contribution to phosphor excitation is larger.
pulse, secondary electron emission promotes breakdown and When the electron density is close to its peak value dur-
the electron density rises sharply as shown in Fig) 6t 4.1  ing the discharge, the electric fieldsr E/N) within the
us. At this time, the plasma density is sufficiently large toplasma settle down to the minimum required for sustaining
require charge neutrality. During the second pulse, the disthe discharge. A distinct cathode fall can be observed at this
charge is initially between the adjacent cornerg&tfandE2  stage near the negatively biased electrodégs. 24b) and
because the electric field is the largest there. As the potenti@i(b)]. Since electric fields are largest at these locations, most
drop at the corners decreases due to charge build up on thé the power depositiotiapproximately proportional t&?)
dielectric surfaces, the discharge shifts towards the outetkes place there, as shown at 44 in Fig. §c). Power is
edges of the electrodes. Eventually, the whole dielectric sumainly being deposited belo#1, where secondary electrons
face undelE2 charges up and the discharge is quenched. Aare generated through ion bombardment. The power deposi-
can be seen by comparing the electron and Xensities in  tion scenario is not necessarily the optimum from the light
Figs. €c) and 7c), ion charging of surfaces and their decay generation efficiency perspective. Excitation of Xe takes
in density is slower than that for electrons after the plasmalace near the top dielectric which is far from the phosphor.
density decays below the ambipolar limit. This is because th&@he UV emission is, therefore, not converted to visible light
ion mobility is smaller than the electron mobility. efficiently. Also since the voltage pulse is longer than @
The charge on the top and bottom dielectrics for thetime constant to charge the dielectric, most of the excitation
second pulse is shown in Fig(b}. Before the discharge
starts(4.05 us), there is a small positive charge underneath
E2 left from the first pulse. Electrons produced during the
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FIG. 3. Evolution of electron density during the first pulse whég,
FIG. 2. Evolution of electrical potential during the first pulse whég, =200V, Vg,=0V. (a8 50, (b) 100, and(c) 250 ns. Contours are labeled
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density during the third pulse are shown in Fig. 9 at 1@s1
The electrons drift towardg&1 and ions mainly drift towards
E2. Although there are some variations in species density
and surface charge in subsequent pulses, the device achieves
a quasisteady state in only a few cycles.

The characteristics of excited-state Xe species that gen-
erate optically thick UV radiatioriXe* and X&* ) and op-

FIG. 4. Accumulated charge on the surface of the upper and lower dielectica"y thin radiation (Xé) are generally different. Xeis

trics. (a) During the first pulse wheWg,; =200V, Vg,=0 V. (b) During the

second pulse whe¥g;=0 andVg,=180V.

occurs during the positive column phase at IlBfiN and low
efficiency. As we discuss in Ref. 4, PDP efficiency can b
improved within limits by minimizing the duration of the

discharge. L o
Coplanar electrode PDP cells are generally operated b§"oWn in Fig. &), the Xe' (and X&) density increases

next applying the first voltage pulse 1 [Fig. 1(b)], and
repeating the second and third pulse alternatelfe2oand

primarily generated by electron impact excitation and sec-
ondarily by dissociative recombination of Xeand its den-

sity decays through electron impact deexcitation during the
pulse, three-body collisions, radiative decay, and most

esSlowly by diffusion to the walls. On the other hand, Xis

produced by three-body collisions, and radiative decay is the
primary loss process with a minor loss from diffusion. As

rapidly during the discharge phase when electron density is
large. The X& density, however, increases more slowly and,

E1 as long as required. When a third pulse of 180 V ishecause of its short lifetime, never becomes larger than
applied toE1, the same processes that occurred during the
second pulse take place, but in the opposite direction. For

example, the electric potential, electron density and" Xe
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FIG. 5. Evolution of electrical potential during the second pulse when=0V, Vg,=180V. (a) 4.05,(b) 4.10, andc) 4.15us. Contours are labeled
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0-10, with 10 corresponding to the maximum density.
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FIG. 9. Discharge characteristicstat 10.1us during the third pulse when
Veg1=180V, Vg,=0 V. (a) Electrical potential(b) electron density, an¢t)

I>_(e+ density. Contours are labeled 0—10, with 10 corresponding to the maxi-
mum density.

10"2cm 3. After the discharge has been quenched, Xe metaated by the large electric field in the sheath regions. Even at
stable states act as a reservoir which keeps pumping energyfew hundred Torr pressure, the secondary electrons are not
into generating X& for many microseconds, increasing the in equilibrium with the field and have beam-like characteris-
effective lifetime of Xg in the cell. In addition to the dif- tics, thermalizing after several energy loss collisions. To bet-
ferences in lifetimes, UV radiation from only those*X&@nd ter resolve the dynamics of secondary electrons before they
Xe** ) atoms that are within a few absorption wavelengths ofthermalize, a Monte Carlo simulation was implemented in
the phospho(5-10 um) is useful for visible light genera- the PDP model. The surface charge and visible light output
tion. On the other hand, UV radiation from Xés optically ~ with and without the MCS are shown in Fig. 11 for the base
thin and photons generated anywhere in the cell can reaatase conditions. Without the MCS, all secondary electrons
the phosphors and produce visible light. Due to these differare launched at the dielectric surface whereBEhN is large
ences in temporal and spatial scales; Xeolecules contrib- near the edge dE1. lonization occurs in the same region of
ute more strongly to visible light emission than *X@and largeE/N, leading to rapid avalanches. However, when the
Xe** for this geometry and operating conditions. For ex-MCS is used, some of the secondary electrons produce ion-
ample, the total fluence of visible light photons as a functionizations and thermalize farther from the region of laky&
of position across the top of the cell generated during theand so secondary electrons do not rapidly avalanche on the
second puls€4—10 ws) is shown in Fig. 1(a). Phosphor top surface. Consequently, the source functions for electron
generated photons due to UV emission from the dimer statenpact reactions are over-estimated in the preavalanche stage
(Xe%) and from Xe excited statéXe* and Xe&* ) are com- in the absence of the MCS and the discharge is initiated
pared. The dimer contribution to visible light is substantially earlier. This is demonstrated in Fig. (&L using charge on
larger than that due to the excited states of Xe. top dielectric surface at 4.4s as an indicator. In the result
Since Xe metastablgand hence the dimers they gener- without the MCS, the discharge has been initiated earlier and
ate survive for a substantial time after the discharge hasurface charge has evolved farther towards the final state
been quenched, one can obtain visible light from the cell foshown in Fig. 11b). Even though the detailed dynamics of
many microseconds. This is illustrated in Fig.(HiOwhere the discharge are different for the two cases, the charge on
the visible light emission from the cell as a function of po- the top dielectric surface after the dischaf§éey. 11(b)] and
sition is shown at different times during the second pulsetotal visible light emission during the second cydleig.
The emission has an amplitude about 25% of the gé&#6  11(c)] are similar. This result is a consequence of the mini-
us) at 10 us. The long decay in UV light generation has mum voltage for discharge self-sustenance being particularly
recently been experimentally observed by Jeicl?®  sensitive to whether the MCS is used. The gap voltage is
Since little energy is consumed after the discharge has beerduced to the self-sustaining voltage by dielectric charging,
guenched and the cell emits visible light for a considerablywhich is largely a property of bulk flow of current. Since the
longer time, the interpulse period should be as long as pradetal current fluence is approximately the same for the two
tical, a practice that should translate into better efficiencycases, total visible light emission is also not much effected
One of the many ways PDP cell efficiency can be improvedy the MCS. These results are in agreement with those of
is to choose operating conditions that channel more energjunsetet al*®
towards Xg. This can, for example, be accomplished by If the LFA is used, the electron temperatdrgis largest
operating the PDP at higher pressures, which makes thie the cathode fall regions wheEIN is large, andl is very
three-body collision processes more efficiént. small in the plasma region wheE/N is close to the mini-
Secondary electrons emitted from surfaces are accelemaum necessary for sustaining the discharge. Electron energy
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FIG. 11. Discharge properties with and without the M@&. Charge on
o ) upper dielectric surface at 44s, (b) charge on upper dielectric surface at
redistribution can, however, take place due to thermal cone.ous, and(c) total visible photons emitted between 46 from the top of

duction and convection sufficient to change the dischargée cell.Ve;=0V, Vg, =180 V.
dynamics considerably. To take account of this energy redis-
tribution and its consequences on the discharge characteri

tics, we self-consistently comput&, in the PDP model by éhargmg takes place. Although, generally behaves in the

solving the electron enerav conservation equation same manner as described above, the details of discharge
9 9y q ' dynamics may be different for other operating conditions.

: TO d_emonstrate the consequences .Of electro.n ENeTYY Ielf-consistent computation af, is, however, found to sub-
distribution on the PDP dynamic3,, during the discharge stantially change the discharge characteristics.

and charge on the upper dielectric surface after the discharge
(4.5 us) are shown in Fig. 12 for cases using the LFA and
the electron energy equatidEEE). (During avalanche, the
EEE predicts a higher electron temperature in the bulk In this article, results from a 2D hybrid simulation for
plasma, and so the discharge is initiated earlier. We havé?DPs were used to investigate operation of a coplanar-
therefore, compared,, for the two cases at different times electrode PDP cell using He/Ne/Xe gas mixtures. The di-
when the discharges are approximately in the same stage ofensions of the PDP cell were such that the first voltage
developmenj. With the LFA, the electron temperature is pulse produced a discharge between the powered electrode
largest belowE1, about 9 eV, where the cathode fall is lo- and the bottom address electrode, which was grounded. Due
cated[Fig. 12a)]. SinceE/N in the bulk plasma is smaller to the charging of the dielectrics, the discharge shifted to
nearE2, T, is smaller there as welt-4 eV. When the EEE  being between the coplanar electrodes from the second pulse
is used forT,, the electron temperature in the cathode fallonward. In the Xe based reaction chemistry, UV photons are
region reduces te<5 eV because of electron energy trans-generated by the excited states of g&* and Xé&* ) and
port by conduction and convection to colder regions of thethe Xe dimer (Xg). Although the X§ density was consid-
cell [Fig. 12b)]. T, increases in the bulk plasma bel&2 erably smaller than the density of Xeor Xe** during the
(relative to the cathode fall regipiecause of thermal con- discharge phase due to its short lifetime,SXgas found to
duction and the drift of warm electrons from the cathode fallcontribute more strongly to total visible light emission for
region. the conditions examined. This is because the UV radiation
Once the discharge has been initiated, most of the eledrom Xe; is optically thin and photons produced in any part
tron impact ionization takes place adjacent to the cathodef the cell can reach the phosphor. Also Xe metastables
fall. The EEE predicts a smalldr, there than does the LFA readily convert to X& due to three body collisions.
because energy is transported to the colder positive column Two methods were implemented in the PDP model to
region. Source functions for electron impact ionization reachbetter resolve the details of electron dynamics as compared
tions are, therefore, smaller for the case using the EEE anith LFA. The Monte Carlo simulation improves upon the rep-
the discharge is quenched earlier. This is demonstrated iresentation of the secondary electrons during the stage prior
Fig. 12c) where the charge on top dielectric surface is com-to thermalization. It was found that the discharge occurs later
pared for the two cases after the discharge has been extibecause the electron impact source functions are over-
guished. Since the discharge is sustained for a shorter periastimated during the early stages of discharge buildup if the
when T, is obtained from the EEE, less dielectric surfaceMCS is not used. The MCS, however, does not significantly

IV. CONCLUDING REMARKS
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