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The need to identify a thermally stable blue phosphor for plasma display panels (PDPs) is vital, because the currently used

BaMgAl10O17:Eu2+(BAM) phosphors have serious thermal degradation problems. In this respect, we report on the screening of a

Eu2+-doped SrO-B2O3-P2O5 system by a combinatorial chemistry technique so that combinatorial libraries could be developed in

terms of luminance and color chromaticity. As a quantitative structure activity relationship (QSAR) model, a continuous luminance

map was obtained as a function of composition using an artificial neural network trained using the results from the combinatorial

screening. Promising photoluminescence was found in a lineshape composition range in the SrO-B2O3-P2O5 ternary library, and

the samples in this composition range were crystallized into a single major phase ofSr6BP5O20:Eu2+ in an 14c2 symmetry with cell

parameters a = 9.784 and c = 19.01. The luminance of Sr6BP5O20:Eu2+ was 2.8 times as high as BAM under vacuum ultraviolet

(VUV) excitation and underwent negligible thermal degradation, even though the CIE color chromaticity was somewhat poor.
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blue票㌫iOOi7:Eu-+(BAM)phosphors

nentinplasmadisplaypanels蒜typical

Ps).1-6監usedasa

wever,the

degradationofitsluminescentintensityeitherinprepこirationorin
useisoneofthen-ostsignificantshortcomingsoftheapplication.
Theoriginofthedegradationisthermalheatingattemperaturesup

to450Cduringthesealingprocessanderosionbyplasmaor
vacuumultr乙iviolet(VUV)photonsduringuse.InanとUtemptto

overcomethisobstacle,considerableeffortshavebeenmadeintwo

areas.First,theexactdegradationmeellanislllofBAMhasbeen
studiedbyexaminingboththestructuralandluminescentproperties
inordertoimproveBAMphosphors.-IMoreimportantly,other

researchgroupshaveattemptedtofindnewsubstitutesforBAM
霊osphors,and,asaresult,severaltentativesolutionshavebeen

tained.-9Itisunfortunate,however,thatnone。ftheses。Iuti。ns
aresufficientlysatisfactorytocompletelyruleoutthethermaldeg-
radation problem. For exam

F7as Sr3AIIOSi020:Eu-+ (SAS

le, even though two alternatives such

and CaMgSi206:Eu2+ (CMS)9 have

recentlybeendeveloped,theformerstillhasathemlaldegrこIdiUion
problem,andtheluminescentefficiencyofthe乙Uteristoo一ow

underVUVexcitation.Accordingly,neitherSASnorCMScanbe
substitutedforBAMatthistime.Anewbluephosphorthatsur-

passesIIAMintermsofluminescentefficiencyunderVUVexcita-
tionandwhichisthermallystableisneeded.

WescreenedaEir+-dopedSrO-B203-P205systembyn-eansof
acon-bil-atona一chen-istrytechniquetosearchfornewblLicphos-

phorsforuseinPDPとipplications.Ourcombinatorialchemistrysys-
tem,whichisbこIsedonsolutionpyrolysis,includesllightl-roughput

synthesisandcharacterization,detailsofwhichweredescribedin

ourpreviousreports.ASrO-B203-P205ternこIrycombinatorial
librarywaspreparedinadvanceandmoreaccuratelibrariesヽヽrere

subsequentlypreparedinsequencebこiscdonthercsultsoffonllCr
screenings.Suchaseriallibrarytechnique,so-calledfine-tuningor
zoom-up,hasproventobeanefficientstrategyforthedevelopment
ofne

quateニmaterialinagivenco

arysystem."'13Based。ごpositionsystem,e.g.,atern;

ourternarycombinatoriallib慧or

es.

quantitativestructureactivityrelationships(QSARs)wereobtaiIICd
usinganartifici乙ilneuralnetwork(ANN).Thatis,theluminescent
intensityandCIEchromaticitywereexpressedasafuncti0--ofcom-
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position over a mited range. The combinatorial screening made it

possible to find乙i promisnlg stoichiometry range in view of lumi-

nescent efficiency at VUV excitation

I三xpcrinicntal

Eu2"1-doped SIO-B203-P205　ternary combinatorial libraries

were produced by a solution-based synthesis method based on the

combinatorial screenii一g technique. The amount of Eu-+ doping wとIS

hxed atこi value (1/100 ofSrO in mol %) for all the libraries. Al川1C

law powders [except for europium oxide (Eu203)j, suchこis stron-

tium nitrate [Sr(NO3)2], boric acid (HBO3),とind diammoniunl hy-

drogen pilosphとite [(NH^HPOd, were dissolved in deionized wa-

ter and tlle Eu203 was dissolved in dilute nitric acid. The correct

amount of each solution was then injected into each sample site in a

specially designed qu:irtz glass container (given the name ``combi-

chem" container) according to the composition table. The solutions
in the combi-chem container Were dried at 100-C for 48 h and fuト

ther dried at 600-C for 6 h. The dried samples were pulverized and

successively fired at 1200 C in a reducing atmosphere. The reduc-

ing atmosphere wこis produced by introducing a mixture of nitrogen

and a certain amount of hydrogen (25%) into the furnace so that the

desired oxidation state of the activator ions (Eir+) could be

acllleved.

Some of the samp一es chosen among the library were removed

from the combi-chem containers and exとunified by synchrotron ra-

diation X-ray diffraction (SR-XRD). SR-XRD measure㌻ents of se-
lected samples were perforl1-ed in the 8C2 high-resolution powder

diffraction (HRPD) beこ1mline at the Pohang Acce一erator Laboratory.

The emission spectra used for the combinatorial libraries were

monitored at 254 nm with the samples being left in the combi-chem

containers using a plate reこider accessory attached to a Perkin ElmCr

LS50B spectrometer with a xenon flash lamp. Eight representative

salllpies were taken from tllc combi-chem containers and the emis-

sion spectra were meこl.sured at 147 nm excitation using a KrっIamp

in a vacuum chamber. Even though 147 nm excitation was not em-

ployed for al川-e samples, it was verified that the results at 254 nm
excitation were in good agreement with those at 147 nm by an aux-

iliary, confirmatory experimcnt in which the results at 254 and

147 nm were compared for several selected samples. The emission

and excitation spectra in the VUV and UV range were measured

usillg a photolulllinescencc (PL) system, which included a D2 1こ1---P,

vacuum cllamber, vこ1CUUlll Illonochromator for excitation light
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Figure 1. Ternary combinatorial librこiries of (こi) first screening, (b) second

fine-tuning, and (c) third fine-tuning in terms of luminance at an excitation

light wavelength of 147 nm, and (d) the actuこIl library photogrこiphcd under

254-nm excitation.

monochrotizing. emission monochromator. photomultiplier tubes.

and a controlling uniL The excitこUion spectra were measured in the

range from 140 to 300 nm using sodium s乙ilicylate powder as a ref-

erence. Luminance was calculated by integrating the product of the

emission spectrum and the standard visuこIl spectral efficiency curve

based on the CIE regulation. Time-resolved emission spectra were

also obtained using a femto second Nd: yttna aluminum gamet

(YAG) laser and a charge coupled device (CCD) sensor with a 20 ns

time resolution, and photoluminescent decこ¥y curves ≠′ere obtained

from the time-resolved spectra. The excitation wal一elength was

355 nm, produced by tripling the 1066-nm frequency of the
Nd:YAG laser.

Results and Discussion

Combinatorial Screening.- Figure 1 shows the Eir+-doped

SrO-BiC^-PiOs ternary combinatoriこu libraries in terms of lumi-

nance at an excitation wこivelength of 254 nm. The indication of

composition in these librこines does not designate real va一ues of syn-

thesized sanlpies but app】led values tllat were detenllilled prior to

synthesis. The discussion regこirding the exact conlposition of the

synthesized samples and the method used for determining the exact

compositionとire addressed below. Figure　こi shows the first screened

library, and the ensuing fine-tunings are represented in Fig. lb and

Fig. lc. In all the libraries, the brighter the rectangular spot. the

higher the luminこince. The numbers adjacent to the scale bar repre-

sent luminance values relative to that of BAM. A promising region

of high lunlillance began to be conspicuous in the first fine-tuning,

as shown in Fig. lb. It is clear that a slant line-shaped bright region

was formed in the library from the first fine-tuning, as can be seen in

Fig. lb. Thus, we chose a more restricted area for another fine-

tuning, as indicated byこI Smこill trianElc i-I Fig. lb. thereby providing

the final library shown in Fig. 1c. A line-shaped high-luminance

region spanning from the upper right to the lower 一eft was also

conspicuous in the 伝nal fine-tuning library. Figure Id shows an ac-

tual library photographed at an excitation light Wal′elength of

254nm.

Figure　2　sllows emission spectrこi of several representati＼,c

samples, tlle composition of which arc located on the line crossing

the high-lumi。ance region in the finこil library. All of tl-c spectra in

Figure 2. Emission spectra of numbered salllpies removed from the fin.i】

screening library.

Fig.2arenumberedsothattheyc呈inbeidentifiedillthefinallibrary.
ascanbeseeninFig.1c.Somesamples,whicharelocatedontlle
boundaryareaoftheline-shapedhigh-luminanceregion,showsec-
ondarypeaksinthePLspectrum.Thesepeaksataround407こInd
言霊nmappeartooriginatefromundesirable,minorphos

sessuchasSr3(P。4)2andSr2P2。7,respectively.16Sucha霊
ingwasalsol′erihedbyourstructuralanalysis,whichisdiscussedin
thesectiononSr6BP502。:Eu2+bluephosphor.BothSr3(PO4)2‥Euコ+

andSr2P207:Eir+arcwell-known,commerciallyこIVこIilableblue

phosphorsusedforphotocopymachinesbuttheyarenotpractically
usefulfromthepointofviewofitsuseinPDPapplications.The
evolutionoftheshapeoftlleemissionspectrawitl-respecttocon1-
positionwasmonitoredproceedingfromsample1t06.Itisnote-
worthythattheemissionspectrumofsampleslocatedinthehigh-
luminanceregiondidnotexhibitsucllsecondarypeaks.Wheil
proceedingfurtherfromthehigh-lunlinanceregion,thesecondary
peakbecamestrongerandeventuallyonlythesecondarypeak
mainsinasufhcientlyremoteareafromthehigh-luminanceregion.
similartosamples1.5,and6.Inaddition,itisalsoobviousthatthe
samplesintheareaabovethehigh-luminanceareashoweda407-

nmpeak,whereastheareabeneaththehigh-lumin乙inceareashowed
a422-nmpeak.Wedidnotinvestigatetheseundesirablepeaksin
moredetailinthepresentinvestigation,becausetheirpresencewas

indicativeofthefactthatthesecompositionswerenotwellcrystaレ
Iizedintoasingle-phasecompound.Samplesexhibitingonlyamain
emissionpeakat470nnlwithoutanysecondarypeこIksWereofmこI-
jorconcernandaremarkedwithopencircles.Thoseexhibitingun-
desirable,secondarypeaksataround407and422nmaremarked
withsolidcirclesinthefinこillibrary,ascanbeseeninFig.3c.

Acceptとibleluminこincewasobt乙Iinedinthecompositionrange
ofO.41<Sr<0.48,0.12<B<0.23.and0.39<P<0.42.as
canbeseeninthelibraryforthelastfine-tuning.Theslantline-
shapedhigh-luminanceregionwaslocatcdinsuchadirectionin
whichtheこimountofboronvariesconsiderably.Thisindicatesth.it
borondidnothaveこisigmlicantinfluenceonluminこuiceintherame
from0.12to0.23.Moreimportant一y,theSr/Patomicratiovarkd
between1.1and1.2andtllcSr/Bratiowasintherとingcfrom1.7to
4-Thelumina。cevaluesinthehiglト1日一一inanceregionweremuch
higherthanthatofBAM.by250-280%.Thephaseidentificaii川-

reve'aledtl-とitallthecompositionsinthishigh-lummとincereg州
wereapttocrystallizeintoこisinglephこiseandtocontこIinanegligible
amountofminorphases.ThephとiseidentificationandstructuiJl

analysisisdiscussedinmoredetaillater.
TheCIEcolorc!lromaticitywasalsorepresentedintheternaiy
libraryascanbeseeninFig.3a-c.Thebrigl-tnessofeachrectangn-
larspotoflibrariesinFig.3a-cisindieこitiveofvvaluesfortheC】E
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Figure 3. Ternary combinatorial libraries of (a) first screening, (b) second

he-tuning, and (c) third fine-tuning in terms of the CIE chromaticity coor-
dinate y at the excitation light wavelength of 147 nm.

chromaticitycoordinates,similartotheluminancelibrariesinFig.
la-c.Itiscustomarytoconsiderthe¥・valueonlyinthecasewhere
bluishcolorsareconcerned,becausethe.xvalueremainswithina

verynarrowrangearoundthestandardvalueand,infact,didnot
varysignificantlyinourcase.Theyvaluesinthehigh-luminance
regionwereintherangefrom0.25to0.28.Thesevaluesaredevi-
atedfromtheva一ue(y=0.08)ofthestandardbluecolordeclaredby

theNationalTelevisionStandardCommittee(NTSC).Thevvalue
shouldbeimprovedconsiderab】y,toavaluecloser【o(hestこindard
bluecolor.Thisdeviationwouldbereducedbyemployingthesec-

ondarypeaksat407and422nmthatplayこipositiveroleinreducing
theyvalue.Inparticular,the422nmpeakcouldbeofpracticaluse
ifitwerebalancedwiththemainpeakat470nm.Thus,regarding

onlytheCIEcolorchromaticity,ratherthantheluminance,theedge
areaaroundtheslantline-shapedhigh-luminanceregionwouldbe
moreadvantageous.Asmentionedabove,however,thisedgearea

wasnotcrystallizedintoasinglemajorphase,andasaresult,the
chemicalstabilitywouldbeexpectedtobepoor.Moreserious一y,the

】uminancewouldbedramaticallydecreased,consideringthefact
thatthestandardvisualspectralefficiencycurvehasavalueof
nearlyzeroatwavelengthsbelow420nm.Atこingiblemethodfor

improvingcolorchromaticitywithoutaseriousdropinlumina一一ceis
presentedlater.

QSAR.-Ifluminancecouldbeexpressedasadefinitefunction
ofcomposition,i【cou】dbeanidealcompletionof、thecombinatorial
screeningprocess.Unfortunately,however,itistlleoreticallyimpos-
sibletofindsuchtypesofanalyticalnonlinearfunctions.Incontrast

toatheoreticalapproach,itispossibletoobtainastochasticrela-
tionshipbetweenluminance乙indcomposition.Inthisregard,some
effortshavebeenmadetodevelopmethodologiesforacquiring
QSARmodels.Themost

elsistheuse。ftraineda£opularmethodforobtainingQS
ificialneuralnetw。rks(TANN)畢霊wellknownthatTANNpermitsunknown(orヮn一一一easured)dこUatobe
predictedbyintra-andextrapolatingexperimentaldataappropn-

ately,althoughitcannotprovideadefiniteanalyticalfunctionform.
TANNisagoodapproximationforQSAR,sothatatrendinsome
datacanbeeasilyunderstoodinとisystematicmanner.However,
TANNisversatileonlyforQSARmodeling.Itwouldbeuselessif

oneweretoprediciamuchhigheractivity(luminanceinthiscase)
thantheactuallymeasureddatausedforthetrainingsetbyadopting

globこilorlocaloptimizationstrこuegies.Eventhoughseveralresearch
groupshaveusedTANNs

materials17-190rtohybridize

egiessuchasageneticalg曇範heterogeneouscatalytic

lobalopti-izationstrat-
isouropinionthatthe

optimizationofTANNcanneveryie一damuchhigheractivitythan
theinitialdatausedforthetraining.Inthisregard,TANNcannever

beutilizedft)rthepredictionoftheoptimumcompositionofacom-
pound,theluminanceofwhichissubstantiallyhigherthanthehigh-

estmemberinthein

st。。dbyc。nsidering霊霊iniiigdata

ure。farti去Thiscouldbeeasilyunder-
llcialneuralnetw。rks.That

is,theoptimiz乙itionresultiswhollydependentontheinitialdataset
usedforthetraining.Itiscertainthattheoptimumcomposition

wouldbedeterminedaroundtllecon-positionofthesamplewith
maximumluminancebeingusedforthetraining.Thereisnodoubt
thatourcaseisnotexceptionalinthisrespect.Accordingly,the

purposeofemployingTANNinthepresentinvestigationwasto
rchnetheexperimentaldこitaobtainedfromtheconventionalcombi-

natorialchemistryprocessandtomとikethemmoresuccinct.Conse-
quently.,itcanbecone】udcdthatTANNisnotanappropriatemethod
forglobaloptimizこItionbutsimplyanauxiliarytoolforunderstand-

ingthescreeningresultslllorecompletely.
Figure4silowstllearchitectureoftheartificialneuralnetwork
(ANN)thatwasconstructedfortheQSARmodeling.Thisisatypi-

calthree-layeredANNconsistingofinput,hidden,andoutputlay-
ers.TIleinputlayerincludestllreeur-its,eachofwhichrepresents
themolarfractionofSrO,B203,andP205,respectively.Thehidden

layerincludessixunitsthatareinterlinkedtotheunitsontheinput
andoutputlayers.Theoutputlayerinvolvesonlyoneunit,i.e.,

luminance.TlleCIEco一orcooldinates.valldywereomittedfor

convenience.This3-6-1architecturewasdeterminedbyahuge
numberofoptimizationprocesses.Hypertangentfunctions,along
withbiases,wereとidoptedastransferfunctionsbetweentheinput
andhidden乙Iyers,andlinearbiこisfunctionswereusedbetweenthe

hiddenandoutputlayers.Thewell-knownbackpropagation
method-1wasusedfortrとIining.Thedatainthelibrariesforthefirst

andthelastfine-tuninggi＼'eninFig.lbandcwereとidoptedasa
trainingset.Asaresult,aQSARmodelwasdevelopedbasedon
TANN.Thisimpliesthatacontinuousluminancemapwasobtained

inplaceofthediscretecombinatorialchen-istrylibrariesinFig.】・
Thecontinuousn-apwouldbemuchmoreusefulinboththedesign
andoptimizationofnewmatcriこils.Acontinuousluminancemap
obtainedbyourTANNisshowninFig.5.Inthisluminこincemap,an
explicitlinecanbefoundonwhichhighluminanceandasingle
phasecanbe-calized.Thisoptimumlinec呈inbeexpressedbythe

followingrchltion
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Figure 5. Contilluous luminance nl叩constructed by the trained artificial
neural network.

Sr= 1.143P-0.0048　0.77<Sr+P<0.9,0.1 <B<0.23

廿

The compositions, wllich meet the requirenlents for the above

relation. are not the exact stoichiometry of a resultant phase, in-

cheating that if tlle initial composition setting satisfied the above

relation, thenこi single-phase compound with a high luminance could

be attained.

sr6BP502Q:Eir* blue phosphor.- Six samples from the high-

luminance region in the library for the fina川ne-tuning, i.e.. samples
a. b、 c. d, 3, and 7 were analyzed by inductively coupled plasma-

atomiチe-nission spectrometry (ICP-AES) as well as the phase iden-
tification through structurとil analyses. The ICP-AES analysis showed

tllat the Sr/P ate)mic ratio varied between 1.15 and 1.25 the Sr/B

ratio was ul tllC Iange from 4.12 to 5.75. Bこised on these results, the

nearest chcmicこII composition, using simple integers, suggests a

composition of Sr6BP5020- On tl-e basis of this estimate, the struc-

ture of the sample 、vas examined by XRD measurements. Figure 6

shows a representative XRD patten- of sample 7. This pattern has

never been reported in any previous studies, and thus. it cannot be

found in any welトknown databこises including powder diffraction file

II (PDFII) and illOrgこinic crystallographic structure database (ICSD).

The findings indicate IIlこit sarllpie 7 consists of a major phase, in

rigure 6. XRD patterns of sample 7.

rinure 7. The exact structure of Sr6BP50コ0. as determined by ab initio

calcu一ation. The [BO.,] tctrahedrこi were liこitched in dark gray color and the

[ P04] tctrahedra were not hatched・ The sphere stands for Sr ions.

spacegroup/4c2.WithcellpこIrこ1111etersa=9.784andc=19.01.
togetherwithanegligibleamount(lessthan1vol%)ofaminor
pl-aseSr3(PO4)2.Theotherfivesampiesinthehigh-luminancere

gionこusocomこIinedtllisphaseこisthemこiinphase.Thesamplesouト
sidethehigh-k=-1inこincereglonshowedanenhancedportionof
Sr3(PO4)2andSr2P207phases,i.e.,Sr3(PO4)2intheareaabovethe

lliglトIuminanceareaandSfoPiOyii=heareabeneaththehigh-
lumillancearea.
Themajorsloiclliometriccompoundwasdeterminedtobe
Sr6BP5020,theexこictstructureofwhichhasbeenrecentlyclarified
bこisedonabinitioca-cu-ationbytheauthors.Thiscompoundhad

beenmisledtobeinthePAspacegroupuntilwefoundtheexact
structure,beeこiuscwell-knownsinliIこircompoundswiththesame

stoichiometrysuchtisPb6BP50202㌦25
indPb6BAs502oareintheP4
spacegroup.IloWc、・er,theexactstructureofSr6BP5020wasproveil

tobeinsplicegroupI4c2,whichiscompletelydifferentfrom

pb6BP50コ0コJa一一dPb6BAs50コ0コ5inthePAspacegroup.Figure

showstheexactstructureofSr6BP502oofI4c2symmetry,whicl-
exhibitsapropeller-likestructureconsistingofthecentral[BO」

tetrahedronsurroundedbythearrayoffour[PO4Jtetrahedral.Acト

霊'呂1detail

rescntc30fthestructuralan
inourrecentreport.号主ysisofSr6BP5020compoundThecompositionrelこ>tioninEq.1isslightlydifferentfromthe
Sr6BP5C>20stoichiometry.Whentheinitialcompositionwasset.It
theexactSr6BP5020stoichiometry,thefinalproductdidnotcon-

lainこismuchSrl,BP5020phaseasthecompositionsettingobeying
Eq.1.Aspreviouslymentioned,theexcessiveamountofboron
playedasignificantroleinfacilitatingthereactionand,intuirl・
enlnmcingthe川11inこince.Altlloughtheroleoftheexcessboron
cこIn一一otbeclearlydefined,weとIssumedthatitcou一dhaveafluxi】一g
effectonthereこIction.Forfurtherconfirn-ation,wepreparedseve-aI
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additionalcon-pounds,thestartingcompositionsofwhichwere
Sr6BtP502i.5(x=1-3byastepofO.2),andthencompとiredthemto

thesalllpiesfromthecombinatoriallibraries.Itwasfoundthatlu-
minanceincreasedwith.v.Thecompoundswith.vvaluesexceeding
2werecrysta一lizedintheSr6BP5C>2ophasewithとinegligibleamount
ofminorphasesandtheirluminancewascomparabletosample7.
TheSiY,BP5020:Eir+b一uephosphor,hereafterreferredtoasSBP,

:ニnotanewphosphorbu

ahigh-color-rendering霊dbeendevel

rescentlamp軍忠霊1970s

r,thelu慧use

ncs-

ccnceoftheSBPphosphorunderVUVexcitこUionlこ1."一everbeen
examinedfromthep0-ntofviewofitsuseinPDPapplications.In

addition,theexactstructureoftheSr6BP5020stoichioinetryhad
neverbeenfullyidentifieduntilwedisclosedit.Accordingly,the
systen-aticscreeningoftheSrO-B203-P205systemenabledusto
concludethattheSBPwithawelトdefinedstructureisこipromising
phosphor,suitableforPDPapplicationsinviewofitslighlumincs-
centefficiencyundertheVUVexcitation.
Thephotolui。inescent(PL)excitationandemissionspectraof
SBPwereobtainedunderVUVexcitation.Theexcitatiollandemis-
sionspectraareshowninFig.8,alongwiththoseforBAMand
CMSphosphors,forcomparison.Weemployedacommercially
availableBAM(Kasei),whiletheCMSwasprepこiredbythecon-

ventionこIlsolid-statereactionmethod.Itisobviousthatallofthe
phosphorshaveastrongabsorptionataround147nmintheVUV
region.Theoriginoftheemissionisthe4f65dl-4ftransitionof

Eu-+,whichshowsatypicalbroadbandwidtl-・E、,enthoughthe
heightoftl-eemissionspectrumofSBPappearstobelowerthanthe

othersunderconditionsofVUVexcitationascこmbeseeninFig.8,
theluminこmceofSBPwasestimatedtobe280%thこitofBAM
and500%thatofCMSbyincorporatingthestこIndこirdvisualspec-
iralefficiencycurve.Itisobviousthatthewavelengthとitthe一一uXi一
mumoftheemissionspectrumofSBP(470nm)isdifferentfrom

thatofBAMlindCMS(-420nm),and,asaresult,theCIE

chromaticitycoordinatesaredifferent(.v=0.144,y=0.281for
SBP,andx=0.145,v=0.08forBAMandCMS).Thissuggests

thatthecolorchromaticityofSBPisnotasgoodasBAMこindCMS
atthecurrentstageofdevelopment.
Time-resolvedPLbehaviorwasalsomoniloredforthesethree
bluephosphors.Figure9showsdecaycurvesi-lcusurcdこitancxci-

tationof355nmwiththeemissionprobeattheemissionpeak
wavelengthofeiichphosphor.The10%decaytinlcofSBP,BAM,
andCMSwとisestimatedtobe3.5,3.2,and1.5トjls,respectively.Tt-c
PLofCMSdecayedmorerapidlythanSBPandBAM.Takingthe

straightHilC-SllapedcurvesintoaccounLitcanbeconcludedtllatno
s】gnificiintnonradiとitiveenergytransferoccurredamongEir+ions
fortheseEir+contents.AccordingtoourこIuxiliこuyexperiment,the

concentrこitionquenchingbeganforalothigherEir+content,i.e.,

whentheEir+c0--1el-treached/50ofSr,theconcentrationquench-
ingbegantotakeplaceand,inturn,thedecaycurveofSBPbecame

nonlinear.
ItismoreimportanttoaddressthetllermalstabilityofSBPcom-

paredtoBAM.Figure10showsthethermaldegradationbehavior
upto700-CintermsofluminanceforSBP,CMS,andBAM.These
datashowthatthethenllalstabilityofSBPandCMSisconsiderこibly
superiortoBAMinthetemperaturerangefrom5α)to700-C.In
particular,SBPexhibitednothermaldegradationat500-Candonly
5%evenat700-C.ConsideringthefactthattheluminanceofBAM

decreasedbymorethall30%evenat500-C,SBPisclearlysuperior
toBAMintermsoftllermalstability.UnliketheBAMstructure
involvi一一gopenこIyerso一一whicl-Eu-+ionscanbelocated,SBPpro-
videstightEu-+sites.Figure10alsoshowsthelocalstructuresofSr
inSBPこI11dBこiinBAM.TwopossibleSi-+(orEu2+)sitesareen-

closedbyeightandnineoxygenionswithanaverage
2.6729and2.7151AfromtheEu2+center,respectively.縄anceof

hether-

°

IllaldcgradatiollofBAMcanbeattributedtothe一ooselocalstruc-
turearoundtheBa-+(orEir+)site(nineoxygenionsinanaverage
distanceof2.9512AfromtheEu2+center).Eu2+ionscaneこisily

escapetoothertnvalentsitesoropenspacesbypassingthroughthe
looselyassociatedoxygenionsinthecaseofBAM.Bothofthe
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Figurell.NormalizedemissionspectrumoftheSBP-CMSmixturealong
withBAM.TheinsetshowstheimprovementintheCIEchromaticitycoor-
dinateybythepresenceofCMS.

crystallographicsitesforS㌔+ionsinSBPconstituteatightobstacle

againsttheescapeofEu"+ions.Thiscouldbetheoriginofthe
thermalstabilityofSBP.
NowthattheluminescentefficiencyandthermalstabilityofSBP
havebeenexamined,incomparedtoBAMandCMS,thenextstep
istodiscussthecolorchromaticityofSBP.Itiscertainthatcolor
purity,whichcanbeexpressedasCIEchromaticitycoordinates,is
worsethanthatofBAMandCMS.Amethodforn-1provulgthe
colorpurityofSBPwithoutlosingthermalstabilityshouldbede-
velopedinordertoeffectivelyuseSBPasasubstituteforBAMin
actualapplications.Suchaproblemcouldbesimplysortedoutby
employinganotherth
CMSisalsowellkn。霊Iystab
bethe霊bluephosphorsuchasCMS.

allystable.8Amixture。fSBP

andCMSshowedimprovedCIEchromaticitycoordinatevalues,but
attheexpenseofluminance.FigurellshowsthechangeinCIE

chromaticitycoordinatesforamixtureofequalvolumeofCMSand
SBP.Eventhoughitcannotapproachthestandardbluecolorde-
claredby山eNTSC,thecolorchromaticityisclosertoanacceptable
level.Infact,themixtureofCMStoSBPhasaCIEcolorchronla-
ticityofユ=0.145,γ=0.170andaluminancevaluellO%thatof
BAM.IfitwerepossibletoprepareanimprovedCMS,comparedto
thatusedinthisexperiment,boththeluminanceandcolorchroma-
ticityofthemixturecouldbeimprovedwiththethermalstability
maintainedandthemixturecouldbeasubstituteforBAM.Inaddi-
tion,ifSBPweremixedupwithBAM,theSBP-BAMnlixlurc
couldalsobeatentativesolutionformitigatingthethermaldegra-
dationtoacertainextent.Consequently,SBPcouldnotbeacom-
plete,independentphosphorbutapartialsubstituteforBAM,asfar
asPDFapplicationswereconcerned.

Conclusion

AEu-dopedSrO-B2O3-P2O5ternarysystemwasscreened
throughathree-stepcombinatorialchemistrypro-
cess.Basedontheresultsofthecombinatorialscreening,QSAR
modelingwasearnedoutbytraininganartificialneuralnetwork.As
aresult,astochasticrelationshipbetweencompositionandlumi-
nancewasobtained.Thus,itwaspossibletoimprovethediscrete
combinatoriallibrarytogiveacontinuousmap-typelibrary.The

combinatorial chemistry and successive QSAR modeling process

yielded SBP as an optimum phosphor, which is highly efficient un-

der VUV excitation and is also lhemally stable. The space group of

the SBP was found to be /4c2 with cell parameters a = 9.784 and

c = 19.01. The exact structure of Sr6BP5020:Eu2+ gave a plausible

interpretation regarding the thermal stability in comparison to BAM.

The luminance was 280% higl-er than BAM, ai-d thermal degra-

elation at 700-C was 5%, at most. The CIE color chromaticity (x

=0.145, γ = 0.124) was improved by blendiilg SBP with a CMS

phosphor, giving an acceptable luminance. The SBP-CMS mixed

phosphor showed a CIE color chromaticity ofx = 0.145, y = 0.170

and a luminance value llO% that of BAM with negligible thermal

degradation. The acceptable luminance and the thermal stability of

the SBP-CMS or SBP-BAM mixed phosphor would make it pos-

sible for use as a substitute for BAM pi-osphors, even though a

slight detenoration in color chromaticity cannot be avoided.
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