EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Resonance radiation transport in plasma display panels

Citation for published version (APA):

Hagelaar, G. J. M., Klein, M. H., Snijkers, R. J. M. M., & Kroesen, G. M. W. (2000). Resonance radiation
transport in plasma display panels. Journal of Applied Physics, 88(19), 5538-5542.
https://doi.org/10.1063/1.1321028

DOI:
10.1063/1.1321028

Document status and date:
Published: 01/01/2000

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023


https://doi.org/10.1063/1.1321028
https://doi.org/10.1063/1.1321028
https://research.tue.nl/en/publications/2360664c-f843-464c-a75d-bd77e7887f12

JOURNAL OF APPLIED PHYSICS VOLUME 88, NUMBER 10 15 NOVEMBER 2000

Resonance radiation transport in plasma display panels

G. J. M. Hagelaar®
Department of Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

M. H. Klein and R. J. M. M. Snijkers
Philips Research Laboratories Aachen, Weisshausstrasse 2, 52066 Aachen, Germany

G. M. W. Kroesen
Department of Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

(Received 23 August 2000; accepted for publication 5 Septembern 2000

In fluid models of the gas discharges in plasma display panels, the trapping of resonance radiation
is usually accounted for by a trapping factor. In this work, we present a Monte Carlo model for
resonance photons, which gives a much more accurate description. First, we compare the results of
this Monte Carlo model with the results of the fluid model trapping factor approach. Although the
trapping factor approach does not yield the same spatial distribution for the density of the resonant
state atoms, the spatially integrated density is in good agreement with the results of the Monte Carlo
model. Next, we compare the results of the Monte Carlo model with measured spectra of emitted
resonance radiation. The agreement is very good. Thus we provide, via the Monte Carlo model,
experimental support for the widely used trapping factor approach20@ American Institute of
Physics[S0021-897@0)06723-3

I. INTRODUCTION discharges, fluid models have to account for the effects of
radiation trapping.
Plasma display panéPDP technology is a promising The exact calculation of the density of the resonant state

technology for large, lightweight, flat displaysColor PDPs  atoms under the influence of radiation trapping requires the
use small high-pressure glow discharges in xenon mixturesolution of an integro differential equation, such as Hol-

to generate ultravioleUV) radiation and to convert this into stein’s equation.However, solving such an equation in time

red, blue, and green light by phosphors. In the research ardependent fluid models is in practice not feasible. Most fluid
development of PDPs, numerical fluid models are widelymodel$®’ describe the resonant state by an ordinary differ-
used to calculate the yield of UV radiation from PDP dis-€ntial equation, a rate equation or a continuity equation, in
charges. Examples of such calculations can be found in Reféhich they characterize the radiative decay by an effective

2_4. lifetime
The most important UV radiation utilized in PDPs is the
resonance radiation emitted by the*X&P,) state atoms at a Tett =070, 1)

wavelength of 147 nm. The PDP discharge conditions are

such that these resonance photons are absorbed and Father than by the natural lifetime,. Hereg is a trapping
emitted many times before leaving the discharge. This phefactor, which represents the average number of absorption-
nomenon is known as imprisonment or trapping of resonancEeemission events that a resonance photon undergoes before
radiation. The most obvious effect of the radiation trappingeScaping from the dischargesome authors usg* to indi-

is that the photons emerge from the discharge on a time scafiét€ What we calg.) The trapping factor is usually derived
that is much longer than the natural lifetime of the resonanf’oM @ known solution of Holstein’s equation for some sym-
state. Another effect is that the density of the resonant stat&1€t1ic geometry. Standard expressions for trapping factors
atoms is enormously increased. This affects the entire kine%nder various assumptions can be found in Refs. 8 and 9.

ics of the excited species in the discharge, because the rat Qe trapping factor approach simulates, in a computationally

. . : . oy very attractive way, the major effects of radiation trapping: it
of several important reactions, including collisional quench- ;
aows down the release of resonance photons and increases

ing of the resonant state and the formation of dimers, depen e density of the resonant state atoms. It does, however, not

on the densny_ of these atom;. As an |IIustr§1t|on_, Tabl_e Idescribe the spatial evolution of the resonant state density.
gives an overview of the most important reactions involving An alternative and more accurate way to describe the
Xe* (°P,) in PDP discharges in neon—xenon; the time de-

) _~_“radiation trapping is by a Monte Carlo model for resonance
pendent rates of some of these reactions are shown in Fig. bp,1ons. Besides the density of the resonant state atoms, a
To properly predict the production of UV radiation in PDP 100 Monte Carlo model predicts the spectral line shape of
the resonance radiation escaping from the discharge. This
dElectronic mail: hagelaar@discharge.phys.tue.nl offers the possibility of direct experimental validation of the
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TABLE I. Most important reactions involving X¢°P,) in typical PDP

discharges in neon—xenon. back plate_gu_r_fg_g_e .......
No. Reaction neon-xenon
: 450 Torr
Production
R1 e+Xe—e+Xe* (°Py) TSRO, [
R2 Xe* +Ne—Xe* (°P;) + Ne sustai
stain electrodes

R3 Xe* +Xe—Xe* (3P;) + Xe glass 260 V. 250 kHz IO 1 !
R4 Xe™ —Xe* (°P,)+h»(800 nm) ’ -1 mm
RS Lisi *(3p X FIG. 2. Two-dimensional model geometry considered in the calculations,

5 e & ? (CP1)—e *es representing one discharge cell of a coplanar-electrode type PDP. The sur-
R X *(3P1)+Ne—>Xe ( Pf)++Ne face on the top corresponds to the back plate of the display, where the
R7 Xe*(°P;) +Xe+Ne—Xe; (0O,) +Ne phosphors are located.
RS Xe* (3P,) +2Xe—Xe5 (0,)) + Xe
R9 Xe* (3P;) — Xe+hv(147 nm)

indicated in Fig. 2: The discharge gas is a mixture of neon

and a small percentage of xenon, at a pressure of 450 Torr,
model. In this article we present such a Monte Carlo modehnd the square wave voltage applied to the sustain electrodes
of the resonance photons in PDPs. The photon Monte Carlhas an amplitude of 260 V and frequency of 250 kHz.
model requires the input of the rates of collision processes
that lead to the formatior_1 of the resonant sta_te. For this W§ bHoTON MONTE CARLO MODEL
use the results of the fluid model presented in Ref. 10. For
reasons of simplicity, the Monte Carlo model is not self-  In the Monte Carlo model, a large number of resonant
consistently coupled to the fluid model; it just uses reactiorstate excitation events is sampled from the total excitation
rates that have been calculai@griori with the fluid model. rate profile calculated with the fluid model. The resonance
This approach is legitimate because the rates concerned apBotons that result from these excitation events, are fol-
only weakly coupled to the radiation trapping problem. Inlowed, one by one, until they escape from the discharge.
the fluid model, the radiation trapping is accounted for withSince the escape time of the photons is much longer than the
the trapping factor approadiEq. (1)). typical time scale for changes in the excitation rate, the

In this article, we do the following: After describing the Monte Carlo model is not suitable to study the time depen-

Monte Carlo model in Sec. Il, we compare, in Sec. llI, thedence of the radiation transport. We can, however, still cal-
calculated resonant state atom density profile with the derculate the time averaged photon transport. Below we de-
sity profile resulting from the trapping factor approach in thescribe how a photon path is simulated.
fluid model. Then, in Sec. IV, we compare the calculated  We start from the time averaged effective excitation rate
emission spectrum with experimental data. The conclusiongrofile, shown in Fig. 3. It is the sum of the rates of the
are given in Sec. V. All calculations presented are based ofeactions R1, R2, R3, and R4, diminished with the rate of
the two-dimensional model geometry shown in Fig. 2, whichreaction R5. An excitation event is randomly sampled from
represents a cross section through one row of a coplanatbis profile. A random lifetimer of the resulting resonant
electrode PDP. The discharge conditions considered are al§ate is determined, according to

1
107 rz—zln(l—rl), 2
wherer ; is a random number, uniformly distributed between
10%° 0 and 1, generated with a random number computer routine,
andv is given by
19
7_510 1
o2 v= T—+ Ve 3
£10° 0
> Here 7,=3.46ns is the natural lifetinté of Xe* (°P,) and
© 10" v. is the total frequency of the collision processes R6, R7,
10"
9.2x10" cm™®
0 _——
8 timg (us) 10 G{i;"‘—‘/‘A—_ __

FIG. 1. Time evolution of the space averaged reaction rates of the mogtIG. 3. Time averaged profile of the effective excitation rate of X&)
important processes involving the X€P,) state in a fluid simulation of a  calculated with the fluid model. The discharge geometry and conditions are
typical PDP discharge in neon—xen(s%0). The curves are tagged with the shown in Fig. 2; the xenon percentage is 5%. The averaging was done over
numbers of the corresponding reactions in Table I. The time interval from 8ne address pulse and five sustain pulses. The increment of the contours is
to 10 us corresponds to one sustain pulse. 9.2x10%cm™3.
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R8, and R9. Note that, is constant in time. The time de-  pMonte Carlo model (a)
pendent frequency of electron induced quenching R5 is not
included in v.; this reaction is taken into account in the
effective excitation rate profiléFig. 1) This crude treatment

of the electron induced quenching is somewhat justified by
the fact that this process, like the excitation, takes place only
during a short fraction of the time, as can be seen in Fig. 1.
Another random numbar, is used to determine whether a
photon is emitted or the resonant state is lost in a collision
process; ifr ,> v, the photon is emitted, otherwise the reso-
nant state is lost.

In the event that a photon is emitted, a random photor¥IG. 4. Calculated spatial profile of the resonant state atom densitg)for
frequency is chosen. We assume that the frequency diStribLtﬁe Monte Car!o model antb) the fluid mode;l_ using a trapping fagtor of
tion i mainly_determined by the broadening of the , 5% The dscharoe seamely and condilons sre shoun i o 2 e
Xe* (°P,) level due to collisions between the gas atoms, anGhaximum value.
is given by the Lorentz profile,

Awp/(27) 4 For storage of Monte Carlo calculation results, the ge-
(0= wo)*+Aw,/4’ ometry is divided into small two-dimensional cells. We make
use of the numerical grid of the fluid model. In each grid cell
we record the cumulative lifetime of the resonant state. From
this, the resonant state atom density can be directly derived.
In a similar way, the photon frequency distribution is deter-
mined in every cell by recording the cumulative time of pho-
Aw,=2.55}10" Ny +1.00< 10™ Pnye, (5)  ton presence separately for a large number of frequency in-
tervals.

L(w)=

where w is the angular frequencyy, is the central angular
frequency (1.2& 10'°Hz), andAw,, is the full width at half
maximum. For the width of the profile we use the experi-
mental data from Ref. 12:

whereny, andny, are the xenon and neon densities inm

The influence of the Doppler effect on the frequency distri-
bution is neglected compared to the collisional broadeninr?l'- COMPARISON WITH THE TRAPPING FACTOR

(4), which seems a good approximation for partial xeno PPROACH
pressures beyond 10 Torr. A random angular frequency We simulated the paths of 1@hotons, initially emitted
chosen from the distribution, E¢4), as according to the effective excitation rate profile of Fig. 3.
A Figure 4a) shows the calculated spatial density profile of the
wp v . .
w=wqy+ Ttar<§(2r3—1)), (6) resonant state atom;. For comparison, Figp) éhovv_s the
resonant state density that results from the trapping factor
wherer 3 is a random number. approach in the fluid model. According to the Monte Carlo
Given the photon frequency, the absorption coefficient ignodel, the resonant state atoms are much more distributed
calculated from over space than they are in the fluid model. This result is not
) surprising: with the trapping factor approach, the resonant
K(w)= \o92 Nyel (@) @) states created are not spatially _redistrik_)ut_ed, SO t_heir de_nsity
4700, ' profile directly reflects the effective excitation profile of Fig.

. . ' 3. The spatial integral of the densifthe total number of
where L(w) is once again the Lorentz profild#), \o resonant state atoms per cm of row lengthapproximately

are the statstcal weights of e groung and resonant statel S2me for both models: in the Monte Carlo model it is
9 9 2:9%10°cm %, compared to 5%1C°cm ! for the fluid

respectively. A random value for the traveled distance until

absorption is found as model.
P One has to keep in mind that the density in the fluid

model depends directly on the choice for the trapping factor
A=-— ;In(l—r4), ®) g. Typically, g is estimated from the solution of Holstein’s

equation for a plane-parallel slab geometfy:
in analogy to Eq(2). Using two additional random numbers,
rs andrg, a random direction is determined for photon emis-
sion, after which the position of the absorption is calculated.
The lifetime of the resulting resonant state is again deter-
mined from Eq.(2), and so on. The procedure is repeated
until the photon reaches the wall or the resonant state is lost
in a collision. Note that, each time the photon is re-emitted, , _ _ o
we assume that s frequency is independent of the frequiendy®, . Spatel profe fthe average scape tme fr e geomety i 2
before absorption. This condition is known as complete freqgicated are expressed in units aj=3.46 ns. The increment of the con-
guency redistribution. tours is 20 .
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2 Each time the geometry and condi-
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£ S . t(a.u.) N - sults of the Monte Carlo model, as
© 5 experiment {a.u. 150 um well as the experimental apparatus
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& s luted modeling results and the experi-
"9 05 L mental results.
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3 s

c 5

O

° - .

< 00 e
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wavelength (nm)
1 state to zero, and again simulated photon paths. Figure 5
g= 1.146" mKod, ©) shows for each position in the model geometry the average

escape time of photons initially emitted from that position.
where « is the absorption coefficient for the central fre- A5 can already be expected from EE), the escape time
quency andd is the thickness of the slab. Equatiéd) is  changes only weakly over space. The average escape time of
based on the same assumptions as the ones we make in @ photons initially emitted according to the excitation rate

Monte Carlo model, and the additional assumption that  profile of Fig. 3 turns out to be 158,, in good agreement
>1. On SUbStitUtingd: 1.50X 1074 m, the h8|ght of the with the trapping factog:lSS_

model geometry, and,=6.70x10'm~!, calculated from

Egs. (4), (5), and (7), we find g=155. It is interesting to V- COMPARISON WITH EXPERIMENTAL RESULTS
compare this trapping factor to the escape time of the pho- Due to the radiation trapping, the spectral line shape of
tons in the Monte Carlo model. To obtain a proper comparithe resonance radiation that leaves the discharge is very dif-
son, we set the collisional loss frequency of the resonanferent

T T T T T T T T T T T T

I
0.8 - model (convoluted)

@ 7

0.6 |-

xenon content 1
04}

20% FIG. 7. Spectrum of resonance pho-

photon flux (10'° nm™ ecm™ s™)
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; etry and conditions shown in Fig. 2;
| experiment - (b) Y L '9
AN the cell height is 15«:m. Comparison
3} 10% ,'\,t “\ xenon content - of (a) the results of the Monte Carlo
=] | /’\‘ ! AN ] model after convolution with the ex-
L //\“\,’ A \\20% perimental apparatus profile ar(@)
= 2rF Y :‘\\ N . the measured spectra.
2 ~ //II\\ l‘\‘\ N
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= 1 /// ’///, ‘\\/’ \‘\ \\ \\\ 7
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from the emitted Lorentz profilé4). This can be seen as pressures. For 20% xenon, the measured spectrum is also
follows: Every time a photon is absorbed, it has a smallstrongly asymmetric, as can be seen in Fi@n).7These ef-
probability of being re-emitted in the wings of the Lorentz fects could well be caused by the molecular radiation emitted
distribution, where it has a good chance of escaping from they higher vibrational levels of XgO,)).

discharge without being absorbed again. Accordingly, the

frequency distribution of the escaping photons has strongey. CONCLUSIONS

wings than the Lorentz profile, and consequently a weaker We h daM Carl del for th
center. Under PDP conditions, the line shape becomes e have presented a Monte Carlo model for the trans-

broader by orders of magnitude, and even displays a miniPort of resonance radiation in PDPs. First, we have compared
mum at the central frequency. Figuréabshows the spec- the results of this Monte Carlo model with the results of the

trum of the resonance photons that leave the discharge at tf@MMonNly used trapping factor approach. Although the trap-
back plate, calculated with the Monte Carlo model, for dif- P9 factor approach does not yield the same spatial distri-
ferent cell heights; these results are obtained by integrationm'or_1 for the densny O.f t_he resonant state at_oms, the spa-
over the back plate surface indicated in Fig. 3. Note that herdally integrated density is in good agreement with the results
the actual width of the Lorentz profile is no more than 3.7°f the Monte Carlo model. Next, we have compared the re-
% 10~3 nm. sults of the Monte Carlo model with measured spectra of
In order to check the validity of the model, we measured' €Sonance radiation. The agreement IS very good. The minor
the emitted spectrum. The measurement setup is similar tglfferences between model and experiment can be easily be
the one used in Ref. 13. The photons enter a vacuum U ttributed to experimental artifacts and do not give rise to

monochromatofActon Research VM 504through a Mgk doubts about the assum_ptlon_s of the rr_10de|.
observation window placed at the position of the back plate. The overall concluslon IS tha't, via the Monte Carlo
Spectral information is read out via an intensified chargé“_Odel’ we have_ provided experimental support for the
coupled device cameréPrinceton Instruments, IVUV 576 widely used trapping factor approach.
X384 B and is spectrally corrected. The experimental dis-
charge geometry is very similar to that of the model geom-'A‘CK’\‘OW'-EDG'VIENT
etry of Fig. 3; the most important difference is that the  This work was supported by the Philips Research Labo-
experimental geometry has additional side walls, which conratories, Eindhoven, The Netherlands.
fine the discharge in the direction of the sustain electrodes
and represent the barrier nb; of a real display. L. Weber, inFlat-Panel Displays and CRT®dited by L. Tannagvan

In order to be able to directly compare the calculated Nostrand Reinhold, New York, 1985pp. 332—407.
spectrum with the measurements, we convolute it with the?J. Meunier, Ph. Belenguer, and J. P. Boeuf, J. Appl. PR§s731(1995.
experimental apparatus profile. This profile, which we as—jg- Z‘a‘f\; aad 'V'-lJ- Ktﬁhaefkf;Apg- 'jhﬁ" 3473(%399- oMW
sume to be identical to the measured profile of the 436 nm ./ = J‘aggaf";’,hyisubmite&‘ + o M- ML ShiKers, and 5. . W
mercury line, is shown in Fig.(6). The convoluted calcu-  5T. Holstein, Phys. Rev83, 1159(1951).
lated spectrum is compared with the measured spectrum ifiR. T. McGrath, R. Veerasingam, J. A. Hunter, P. D. Rockett, and R. B.
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