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.BACKGROUND OF ME | NVENTI ON The present invention relates to solid solution
nanoparti W@905683host naterials doped with one or nore rar ®CTHI0H04919

el ements. The present invention additionally relates to solution nethods
for preparing fromsolution nanoparticles of rare earth el enent doped host
materials. The present invention also relates to | um nescent devices

i ncorporating nanoparticles of rare 5 earth el enent doped host materials.-
Hal i de salts have received world-wi de attention .as materials for a nyriad
of photonic applications. This results froma chemstry in which, the
ionic species are of generally greater atom c mass and weaker bondi ng than
oxi de- based conpounds. This intrinsically results in a greatly enhanced

t heoretical transparency hence there is substantial interest fromto

t el econmuni cati on conpani es | ooking for ultra-low | oss halide

(predom nantly fluoride) optical fibers for |ong-haul comunications. Wen
hal ide materials are doped with |um nescent ions (e.g., the rare-earths),

t he weak bondi ng between rel atively heavy atons further results in a
reduced influence of the host on the dopant, thereby causing radiative

em ssions not available fromthe equivalent ion in, for exanple,

oxi de- based systens. SUBSTI TUTE SHEET (RULE 26) 1 6 SEP 2003 WD 00/56837
PCT/ US00/ 04919 Accordingly, the halides are said to be of |ow phonon energy
and thereby enabling of a wealth of applications. Pertinent exanples are
optical anplifiers at the 1.3 m telecoﬁﬁﬂnlcatlons w ndow, upconversi on

| i ght sources providing virtually any em ssion across the near-

ultraviolet, visible, and near-infrared spectrum color display materials
(flat panel phosphors 5 and volunetric nonoliths), and | ong-wavel ength
sources for infrared i "TBRARE EARTH DOPED HOSTMWTERIALS | i tary
counter-neasures. Collectively, these few applications represent a nulti-
trillion-dollar-per-year commerce. Unfortunately, in npost cases,
conventional processing nethods have failed in their

BA NTT

The present invention relates to solid solution nanoparticles of host materials doped
with one or more rare earth efements. The present invention additionally relates to solution
methods for preparing from solution nanoparticles of rare earth element doped host materials.
The present invention also relates to juminescent devices incorporating nanoparticies of rare

5 earth element doped host materials.

Halide salts have received world-wide attention as materials for a myriad of photonic
applications. This results from a chemistry in which the ionic species are of generally greater
atomic mass and weaker bonding than oxide-based compounds. This intrinsically results in a
greatly enhanced theoretical transparency-hence there is substantial interest from

10 telecommunication companies looking for ultra-low loss halide (predominantly fluoride)
optical fibers for long-haul communications. When halide materials are doped with
luminescent ions (e.g., the rare-earths), the weak bonding between relatively heavy atoms
further results in a reduced influence of the host on the dopant, thereby causing radiative

emissions not available from the equivalent ion in, for example, oxide-based systems.
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efforts to produce optical conponents such as fibers with the prom sgﬁ Ep 2'093
‘near:intrinsic material 10 properties much | ess expensively. Result t% Y, )
rare-eart AYQB8¥¥3hal i de anplifiers are sold on a very snal | PCORAISIONY918 very.
smal | nunber of conpanies. Only applications utilizing relatively

smal | -scal e consunption of halide materid@ls currently are sought-generally.
based on the halides' |ow phonon energy nature and resultant |um nescent
proper t i e¢cardinglyy thedulides are saiddobe of ldw-phonaseaiengy 2wl thedby leatting aif b &ekalth

pr oduce %g&i}ficant 5.concentrations of rare earth el enent ions in netal

hal i de s&f #2RlicsHonss Rertingnt examples areqpticpl amiifiersat the 1 3308 telemmenunicationss s
that th ' i ' yst al f

ot i s i PRt e Bud St BroviahB inldly sy EnkisbhiaBioss BB (sm 1o
l'ess t ga“mﬁo(igl Eismiﬂé and heﬁanﬁﬁe?:upfawm(c‘é?r difB[ﬂngﬁt%ﬁhlg W4t Phel phlos[tmolrs
raseodynm yum (Pr) and neodym are disclosed as being conplete

E ol dbl eyf'Lﬁ’Fij E@P@Mﬂ&@&ﬁ@i&saw@m&mmm@mmﬁmg&@wﬁ{.
531 (197 ' ' [ Ld L4 b bt.ai ned wh .
el tfgr O\%ns gllﬁjgjt'gl 3 aﬁe gﬂ%c e rle%'? M‘é‘%“é’yfﬁ‘ﬁ% is%pﬁgﬁtg&“gierﬁ%’m%ga multi-
sol ubi | i trilisn-dolldrape?-yeangsmineq® 65 nol e percent for Smdown to 5 nole

percent for lutetium (Lu). Neither prior art publication discloses the
direct prepar dnferunatelyJpmess cases,qoayentionabprocessing methodsrhave dailed an their

i r o |y oS ptoBGESoftiCaP bambdentt SIEh B Bpe it S proriretitar iear Fgrial o o
earioh el propeities Gyl 1ess dkperibivedy. tmm:ﬂ% izgﬁsdaﬂg dopEbiArHe bnplidess laré 5ol fonZd)

1 6 SE P 2003 W) 00/56837 PCT/ USOQ 0 3 SUMVARY OF THE | NVENTI ON The
present VeRySmall spalg by aaenesmalhauabes of gampanies, @nly epplicationsiitilizingrelativelyat

solid S%Hﬁ-'!sﬁﬂa n d _nanoparticles may be prepared by
sol ution process%@%ﬁf%‘gﬁgg@?wﬁ??@ﬁ?ﬁ?&ﬁﬁ%gﬁeﬁﬁn % her
react i vehalided dpRhonor ehergy nafige S rebiiint RinsineicbfJrspértdods at
tenperatures gsignificantly below the nelt tenperatures of the materials.

The synt hesi sInBanisulsr, sonventiopalpreenssing methadshave failed tepradoge sighificantepar e

802l ! EHERrA R br thoe'bark et AP IoRS b el K W2 S6Tel P 1 TPt b
2, 361-368 (1968) discloses that the concentrations of rare earth ions in LaF, crystals grown
from a melt is limited to levels ranging from 25 mole percent for samarium (Sm) to less than 1
mole percent for ytterbium (Yb). Only cerium (Ce), praseodymium (Pr) and neodymium (Nd)
are disclosed as betng completely soluble in LaF,,

20 Kudryavtseva et al., Sov. Phys. Crystallogr., 18(4), 531 (1974) disclosed that higher
solubilities can be obtained when melt-grown crystals are quenched into water. The disclosed
improved solubilities in LaF, range from 65 mole percent for Sm down to 5 mole percent for
lutetium (Lu). | |

Neither prior art publication discloses the direct preparation of rare earth element
25 doped metal halide salt nanoparticles. A need exists for a method by which such particles may

be directly prepared, as well as for materials having increased levels of rare earth element
dopants from terbium (Tb) to Lu.
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and Lu at levels heretofore unknown in the art. Therefore, according] §GEP 3
.anot hér aspect of the present invention, a rare earth el enent doped
conposi t i IMOYSEBBvi ded doped with up to about 10 60 nol e pBCTAISNN/GMOI®DNE Or
nore rare earth elenments selected fromTh, Dy, Ho, Er, Tm Yb and Lu
wherein the conposition is optically tradsparent to wavel engths at which
excitation, fluorescence, or |lum nescence of the rare earth el enents occur,
and the level of rare eart SUMMARY OF THEANVENT#ONabout 50 nol e percent
for Th and Dy, greater than about 40 nole percent for Ho, greater than
about 30 nole percent for Er, greater than about 20 nole percent 15 for Tm

greater than affatycesdf 0L ioRSkARRLes iAkse Yhe R0 Bt BT bech WO AIE frap s ©

percent for The conposition nay

el ement e@lhaon rabranaﬁ!n elefent dd:pedlﬁampaﬁmles\iha}aw ﬂeparw b EBIMEbS prcessidd Ng a
total rare,earth el enﬁgt .content of 90 nole percent or greater. Preferred

conposi t FEHRAPEE PaTcufagly injenneation with eithrr Teastive atmasphern methnds aadl solutianl

Pb 2 t b | )

(Bey, mmganess bl Mchberdines Sethedlly BHBM 1 reiteiy fes?qm gagertals. "
Sem conduct or Thesynthesis methodooPihe Ppecsetl intantivp n{zbrlbe/ém &%m‘ehe Per i odi ¢
Chart maé al sou:ice used I ncl udi ng,, but not limted to, “si I I CO

gal l'i um daped pithgth, |dmfp$wmr(i>ab h(otmu;n (Hoidcrbnnm(ErD ltwumh (m)n) aisl

thelike np t del ositions in

accor danaed i\i/]'vlllfti h[e\oﬁg ﬂe%gl fg&e@%ﬁ ﬁ?ﬂ'&gr%é "!'H%n‘g iaspRet Pf the
formJI a bhesent-iyvertl Vhﬁf‘@d:dﬁthl\éld:rﬁ rﬂdb coip I

Dy, Er, T:n meénd Lu;, Xis ?31 ha?éda %F]hém% s sel eck’gg%vﬁguﬁ)ptreow%e a

r arIB ear 69, "El'%ﬁ%’ﬁ?ﬂtdﬁﬁaﬁpf BOe Eane eath dernemhselemai/&ameﬁw; Dyh kb, Bl B, per cent

ranges 8 ment of. The s nt hesi hod of the
pr esent Fﬁve%?‘?’o‘%ﬁ%ggﬁg%%mg?% T 13 PRAFAY HAnsRag té‘?rg’ aﬁ'?ﬁ“t’ﬁaér“éﬂc%en
synt hesi eicitgtiom fluofatédte cocliRitesclope of ihﬁ'rkr@%aﬁﬁlefe&eﬁfs o%QuthXﬁH HRGARN 6f rare
nmetals. Thi s nakes possible the Ereparatlon of rare earth el enent doped

hal i de 1@@#“2‘608?%@@!1@@8817 Qa@vletmoﬂnil@ ahdDy, igseatér thircabeutrd® acle

Two di st th th .
el enent  bacens T8 18 el f3n TBeee D GFR nRiceR 18 ER, SPcEier gheut 26 oile PR,
t hassynt fmeﬂlns; gréatpicthhR Gb&A 10)méle peReftifor %%H‘gﬁ&'ﬁ@&ﬁ‘m{ vt Shidle fdrcent for

mul ti conponent netal _hydrous oxi des, for exanple
u. The composition may also be doped with a rare earth element other than Tb, Dy, Ho, Er,
Tm, Yb and Lu in amounts providing a total rare earth element content of 90 moie percent or
greater.
Preferred compositions include halides and chalcogenides of lanthanum (La), lead (Pb),
20 and the Group I metals of the Periodic Chart, e.g., beryllium (Be), magnesium (Mg), calcium
(Ca), strontium (Sr) and barium (Ba). Semiconductor elements and compounds of Group III A
and IV of the Periodic Chart may also be used, including; but‘not limited to, silicon (Si),
gallium arsenide (GaAs), gallium nitride (GaN), indium nitride (InN) and the like.
Thus, when a lanthanum halide is employed, compositions in accordance with the
25 present invention will have the stoichiometric formuta M,La, X, wherein M is a rare earth
element selected from Tb, Dy, Ho, Er, Tm, Yband Lu; X isa halogen; and y is selected to
provide a rare earth element dopant content within the above-described molar percent ranges
for the rare earth element of M. The synthesis method of the present invention overcomes the

stability problems encountered when synthesizing rare earth element doped halide salts of
30 hygroscopic metals. This makes possible the preparation of rare earth element doped halide
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5 reaction wth a hal ogenéti ng gas. The present invention thus also ?BSEPZU{]}

.provides a nethod of making nanoparticles by providing a substantially
homogeneouVaVE683bnponent starting material containi ng a hadesebossreng
nmetal and halide-formng rare earth el ement conpound, and heating the
starting material with an excess of a hydrogen halide or a hal ogenating gas
in an atnosphere substantially free of water vapor at a tenperature at

whi ch halsaliseofthéssrmetals] 10 occur, the tenperature preferably being bel ow -

the nelt tenperatyre of the, | owest ltin poi nt conponent of the m xture.
The starting ﬁfﬂ"é 1537‘“%"3’&5%0183‘%%5&8‘69%?5%%P'@Qﬂf R rare €agh elemepodontd of
the i ndinysiyal; 15t ' . parti.cl es) or a
si ngul ar conpq%llﬂ%ﬁ%%?nbﬁfy | ﬁé&éﬁvegﬁo@hlé ogx %ﬁnp%ﬁ%yn?gg%%%%mé? B'r"ﬁfﬁm?ﬁﬁyé" of
uni f or ni reactiviahintesphere tieagnem of mubtivdmponémRetebliydrow GHER! f&@mﬁgepﬁ

I ncl_ude oxides,.gy us oxi des and hydroxides. ~According to another

enbddi meFgacHPn P QREREtING 235, ol herpresent igventiancthusaleo peavides agnethediof doped

tal haly ' ' b d f ]
ol ut i onrakeanbpufiticl B pRVEARES shLRbY HolfBordGyd PRERDFPoRGR Hoftasnt | on.
a_met hodmateriabcanthinitg o alidedbsntigg nRedRAd halidesfonfing Fafdatth dldhdrd %oﬁ?b&ncqwed
w th one O‘;E]Qm)re rare earth 20 elenents b di ssol ving a water-sol uble

salt of 8#nheating thestasting material with %wwsmt{a'rhydmmdeﬁée of a halogertating gas inb| e

o ut  on 1 Spiighee sTbienulal 8 B baeet vaRE Bt o BRRRR e A WHER RS RERB R o
rarie ear becuz| thererhpetamedipeeférably bein wthe helSteinpbASure df Eﬁ?lo%ﬂterﬂblﬁreig

sol uti on an excess of an ammoni um hal ide; and precipitating fromt
aqueous BeMLcomPOneRhebthemixhuee of a netal halide salt doped with one or

ent i rery ool b SFTEertlnay B2 BREREmepi potpcal e G enmpneaiste
t her eby fdividial B8mpoAdniREE Ja RixthlerinaRssizAl fliees) BRL singLBP canESﬂ{door ation

30 of the nanoparticles of the present invention into a passiv ost matrix
t hus obvfembisingall ofithdcamponsntscamanstentiosicale af wniformitye rdalide forraing fnestal and

(F:’[:Eﬁ EJ-SrC%ng g%bl? gemggtcc%r:]r\l/p%ru%idg ihclude %xxidgg, h%rd:%u%%?ci e(s) g:%d h: ro:(gi0 e55.6837
According to another embodiment of this aspect of the invention, the rare earth
element doped metal halide salts of the present invention may be prepared from an aqueous
solution. Therefore, according to another aspect of the present invention, a method is
provided for making nanoparticles of a metal halide salt doped with one or more rare earth
20 elements by:
dissolving a water-soluble salt of a halide-forming metal in water with an excess of a
water-soluble salt of the one or more rare earth element dopants, so that an aqueous solution
of ions of the halide-forming metal and ions of the one or more rare earth element dopants is
formed;
25 dissolving in the aqueous solution an excess of an ammonium halide; and
precipitating from the aqueous solution nanoparticles of a metal halide salt doped with
one or more rare earth elements.
In the present invention, the active ions entirely reside in individual low-phonon energy
halide nanoparticles, thereby not being influenced by the ions of other particles. Incorporation
30 of the nanoparticles of the present invention into a passive host matrix thus obviates the

problems encountered with ion-ion energy transfer, cross-relaxation, upconversion, and the
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|'i ke, when each of the active species reside in their respectively dpgesfp 2003
,particles. Therefore, according to yet another aspect of the present

i nventi on, WQ ®W@®68¥Gsite is provided in which the nanoparti cl escoésdloesre
present invention are dispersed as a guest in a polyner, glass or
crystalline matrix that is chemcally infert thereto and optically
transparent to 5 wavel engths at which excitation, fluorescence or

| umi nes clékec evheh eatheof the ectiar splacied esidain theiruespectidally dapaddiaymaiéss suitabl e for
use with theng.hes%ent i nvention include thernosetting and thernoplastic
organi ¢ pol ynePEeIre.AcGprding to; yet aothgsiaspent of Hiedrpicnbinyentinay 2 wompasiteds a

det ri menrovidedt; r | | uor escence or .

| uni nescﬁerr?ce. Itlzlgﬁrhfecgatﬁn%ﬁ%{&?g&kesﬁgﬁfr@g&%&gl&gﬁ?@?g{rﬁ?fSpﬁrgﬁ‘f%? pugsLip a

absor bi npplyraksy ghass omerystalline seatvix thacis chempally (nériiérelo did ificalfy WankPartht toON
AF (an anor phous pol y(vinyl fluoride)). TEFLON PFA (a perfl uoroal koxy

copdl ymeV3V af gvitieh excitation; flupreseansp ar luminescencemétheraré earthhalementy ner

! . . Spar e ! L on
o esent Toeub MABRGMLA sBubid fof hElithihd sl Fhierin st Bermas e,
doped methemiaplastioforgdnic polpmentirded aitkihad optidl BhdorRiRRIRT VARSPHES boinfad 15

| um nescence than observed from corresponding prior art materials doped in
| oner  C8rtBeFAre sirth plsmentabserpyionAyasescenes artleminesoesée r Fomakamples firiinfared

it s RS, adlrfrardf AEERRE BAhES F R e hcf RESOLARTIRACS) i o
redeced THEFIDON AP Gr03mepHbisLpsRinylilBade))] TEFLONPRA Vﬁ?grﬂ&?om ened

- further by conbjning different Ogarticle_ chem stries e em ssions are
cl ose t FOPOlYHIcE) may alse be yyed, | Fachaansparticle dispersed wfthe pelymentatrixataybe r ar e

earth el Th 1 Ssi on band ..can also b eparated into distjnct
spectral EiEIE Hné‘éd\%?'gﬁff%} P%&'eéﬁﬁt’f'?,se The Ci‘?ﬂmosﬂtr%ﬁ‘gr‘ﬁ% TESENt IRYERUORAREEASI enent s
Ther ef orform&d o hdity fikerishBle! anot her aspect of the present invention, a

| um nescent device is provided incorporating the conposite of the present

i nvention. Exheghighly sopedmatenialsef therprestav investiomexhibiicbroades absiaption aids,
waygel en ~dLvi sl gn-nulti xi ng _devi cges, .upconversiqgn |jght sources,
st gﬁdar gﬁlpllng mé%ﬁ’ra Eg’g’ Sery ?We:%ﬁewnﬁ\?@lﬂﬂ?élaﬁ 'Eatavélﬁﬁaw; BIARE on the

CONposi todAcertratibs, RKetelsy increddfg)ieAanSP bl Fecgﬁtﬁﬁltémnﬁﬂ%&lﬁgﬁﬁspm ormance,
easier fabrication and reduced wei ght. Conposites of nanOparticles doped

wi th di freadened ewissips bapdisiadyarsagrons formanyauinesatnt dévideanathiehiakse itakes
attr ! butgGhiador HE vaLaly YPa BLduREd Shcon'enéral tFOME:. 1082t ion Bahd can
be broadened further by combining different particle chemistries whose emissions are close to

20 one another by virtue of the choice of host material or rare earth elements. The emission band
can also be separated into distinct spectral lines through the choice of host material or rare
earth elements.

Therefore, according to still another aspect of the preseat invention, a luminescent
device is provided incorporating the composite of the present invention. Examples of

25 luminescent devices include zero-loss links, wavelength-division-multiplexing devices,
upconversion light sources, standard light sources, and the like. Volumetric displays based on
the composites of the present invention exhibit greatly enhanced performance, easier
fabrication and reduced weight.

Composites of nanoparticles doped with different active species exhibit ultra-broad

30 band emissions attributable to the additive effects of the individual dopants. This broadened

emissions band is advantageous for the fabrication of sources operating in wavelength-
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em ssions band i s advantageous for the fabrication of sources operatlifh§ER MM
.wavel engt h SUBSTI TUTE SHEET (RULE 26) 16SEP2fl'3 WO 00/56837

PCT/ US00/ 0OW1W/S68]i vi si on- nul ti pl exi ng schemes. The for egoi nFCENE0Q4ALY

obj ects, features and advantages of the present invention are nore readily
apparent fromthe detailed description of the preferred embodi ments set
forth below taken in conjunction with the acconpanying draw ngs. 5 BRI EF
DESCRI PTUBISi@Empigplengschemerl G 1 depicts the relationship between the -

[ tall y.,d i ned,l at t t d I t d t
exper Tont o | g e L e AT Aol SRS pESEhSariSR

Er YLal- Yiniire &&dlﬁ* Gppatest R (e dethifed disdriptRAldreRk HeANRdEmbdalitdtO 8 $6th v ed

Er0_SLa0.5F3 follow ng solution fluorination at” 90C for one hour and heat
t r eat nenbelaw, 1akgo @ tomurmioniwith the ast@ngangigi drawinghe | uni nescence fromthe
" l?sn, "lz transition of solution-derived Era5L.a4.5F3 and Er:ZBLAN gl ass;
and”. FIG 4 depicts the fluorescence spectra for a 0.05 nol e- percent

Er-doped LaF3 nelt- 15 oy PFERIES F Al e Ank o). , F3 transparent
gel . DETAI LED DESCRI PTI ON O =VBODI v ostructured rare
earth el ement doped netal halide salts in accordance with one enbodi nent

of the presenh&want,i on, ar reﬁar ed by the reactive atnosphere treatnent
of 20 hal i de- EPiFtsihe relatipnship bemvgen the.expeamentally determinggd dathiess ¢ hat

f orm wat ghmina Lk D?Eﬁtcf. | ' ' cess,
wat er - sol ubl e%ﬂﬁg*é%ﬂe neéégq ar gph%ﬁéga%eg&?m%?&a%ng&st%%erature
at whi chsolhtiorsdetieed/dLa,gFssol ve, and a nol ar equivalent of NH4OH is added
to the water %_g p£§ci,pi te éf e netal hydroxides. For_exanple, halide
sal¥s, pref er E6Py2 dppistsiXrEays tiop scans of palutipa-Heriveder, shag ;F:dallowng 25 Ba
and La, : f ' | ferably
wat er thg('gl %}gﬂ%{gﬁe%%%{?ltp y(-: ei(g%iﬂzbga. eﬁék@ﬂ%ﬁ&@d@éﬁ&mé 2, Srd 2i
BaCl 2 or LaCl FIG.36dépits thedumiteboende from the 15,1, ,,, transition of solution-derived

Er, L2, F; and Er:ZBLAN glass; and .

FIG. 4 depicts the fluorescence spectra for a 0.05 mole-percent Er-doped LaF, melt-

15 grown single crystal and a Er, ,La, ;F; transparent gel.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Nanostructured rare earth element doped metal halide salts in accordance with one
embodiment of the present invention are prepared by the reactive atmosphere treatment of
20 halide-forming metal and rare earth element dopant compounds that form water-insoluble
hydroxide precipitates. According to this process, watef-soluble salts of the metals are
dissolved in water at a temperature at which the salts will dissolve, and a molar equivalent of
NH,OH is added to the water to precipitate the metal hydroxides.
For example, halide salts, preferably chloride salts, of metals such as Be, Mg, Ca, Sr,
25 Ba and La, and preferably, Ca, Ba or La, are dissolved in water, preferably water that has been
triply-deionized. That is, BeCl,, MgCl,, CaCl,, SrCl,, BaCl, or LaCl, - 6H,0 is dissolved in
water at a temperature at which the salt will dissolve, typically room temperature up to about

90°C. For purposes of the present invention, room temperature is defined as 20°C.
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water at a tenperature at which the salt will dissolve, typically rf)g)g*g 0
.tenperature up to about 90C. For purposes of the present invention, Brzrfil
t enper at urWa /54837 ned as 20C. 1 6 SEP 2003 WD 00/ 56837 PCTPCIH08604010 7

Al so added to the solution is a stoichionetric quantity of one or nore

wat er-soluble salts of the desired rare7earth el enent at the desired |evel
of doping. Rare earth elenent halide salts, preferably chloride salts,.

are used. To oAbsaiaddedrotharstiutibess Ditoihidhietic dinﬁnjti%fwetor%%}k%ﬂéﬂ%hﬁﬁe ot e
th e

percent rare rth. 5 (RE) elenent dopant, quantities of rare ear enent
hal i de saﬁg{‘§°§ deired rafearthelement ot theades veltof dopiegs Rant earth élementthalids

-t hat pro%?g esra{l re earth elenent ions relative to the

total neta ’ipé%‘e%ghfce}ﬁ@%f 'ceges%%&t ion. Suitable water-soluble rare earth

el enent sal t s Toobtaitenanbparticlds of & hietal Kalide AR cBhaitn Ogﬁf@%léﬁlﬁﬁéi'{?arﬁ%aﬁﬁ al
the neta

rare eart Iég'ent. The rare earth el ement ions and the ions o
hal i‘de a elemept depany quantitieseof sere garth glement halide shitssand shetaklalide st are

oxcess ontREGHHKbRAS B EmBRE o) pERidghmele Hetcent pEmos.carth dempainensabl y
triply- deélativezecthe total RERVRnICOAteANBIEE YOG §ﬁt&?@ﬁ5€e9-ggmyﬁghh%§ériﬁel g

Preferably, the precipitate is washed several tinmes, a
pref er ab|ei:‘-m9yt sadtstinglede ehleridecaltp bush aatRECIC 6H D, Wherbin RE is a¥areedrt diammént.

t he anmoni um hglide can be renoved .Ssubl L mati on. The dried precipitate
i s then subj elﬁgdmfeoea?@a{‘%'ﬁf‘g'%%Q%PF%O%%QWH le arg precipitatedofremt e i s
pl awed i BolatioR ; oAb S i iih
o g R ornl e OtOf SHEEPER R it S AR "
and abou® SBUCf@mm%pessal% NEOH. eThbprecipiiate/shbuid e washedwith mpréraprefeality
whi ch "hal egenati on.of the hydroxides w [l occur, without nmelting the | owest
nel ti ng E'%ﬁ%'%ae{?&fﬁgnt@rﬂem(?f’e ﬁ}?@"}ﬂ‘%ﬁ?‘g@l‘ﬁ@ﬁgﬂ%{w}w&dﬁg- Ryeferabitheles are

heat ed tPra%i;ﬁﬁfﬁlig%Hé@seb&td‘ﬁﬂ@s,%ﬂ’menj&ﬁdg%\%fcgﬁgﬁ'ﬁ ﬁgzﬁﬁgog%rwﬁrﬁggeat 0°

preferably to a tenperature between about abou hydrogen
hal i de c&rr2dshonnsi Rgemtw&iﬁ thairnenisial balide civebé cemnadiby stiblématioit r oduced

intQ the nitrqgen fl.ow to form a m. xture. Thus, to forma netal

fl ulgri de sal tﬁB@é‘&d\WW't%’é%ﬁ" 52‘%"’?’&? Eeagliys stmasphasictRIoCessiag o dbe

f 1 uori depietipitatd i9 plieedin 4 Svenor BkdhRg 8 bet) r

chlori depsalp|t dopgd Wi { h oneetn’or l’rmrelgr a?‘é‘fdég\rﬂtl eﬁ‘é&%’n@?ﬁ ﬁj@f@ﬁ%@me&i de
i s gas, such as nitrogen gas, and then heated at a rate between about 1 and about 50 C°/minute,

and preferably 10 C°/minute, to a temperature at which halogenation of the hydroxides will

occur without melting the lowest melting point component of the mixture. Preferably, the
20 hydroxides are heated to a temperature between about 100 and about 600°C, and more
preferably to a temperature between about 200 and about 300°C.

The hydrogen halide corresponding to the halide salt to be formed is then introduced
into the nitrogen flow to form a gas mixture. Thus, to form a metal fluoride salt doped with
one or more rare earth elements, hydrogen fluoride is introduced into the nitrogen flow, and to

25 form a metal chloride salt doped with one or more rare earth elements, hydrogen chloride is
introduced into the nitrogen flow. The hydrogen is preferably anhydrous. Other halogenation
gases may be used as well, including aprotic gases such as SF; or NF, H,S may be used to
form metal sulfides.

The precipitate quantitatively converts to the respective halide. Depending upen the

30 temperature at which the oven is heated, the conversion takes place within about one-half to

about two hours, after which the introduction of the hydrogen halide to the nitrogen flow is
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i ntroduced into the nitrogen flow The hydrogen is- preferably anhydr@ssgp 7nm
.O her hal ogenati on gases may be used as well, including aprotic gases such
as SF6 or WPV/5683% may be used to formnetal sulfides. The prEyoseidietoe
guantitatively converts to the respective halide. Depending upon the 30
tenperature at which the oven is heated, & he conversion takes place wthin
about one-half to about two hours, after which the introduction of the '
hydr ogen disdontifuddoaridte bivérn Bg:caleﬂlte%mﬁ tSkRREAT i :
PCT/ USOQ' 04919 8 di sconti nued and the oven |sa%dgmegﬁ}é‘§§%%t&reorﬁ%r ature
under thea‘!nPEﬂMeﬁ%j nitrogen atnosphere. In accordance wi t h anot her

enbodi nent of nve t| on he .n articles of metal halijde
salts doped wi ﬁ@gﬁ&w 8"?‘ Fe 31359+Wergl rgseg; E‘VSP%F@P@?P%F“&BFGf i on
5 synt he&hétalfliaﬁﬂb aﬂrsadugél AUt el lﬁ@rerﬁ’&eﬁHH%féH%n?sOJrHﬁ) %Qréa aaﬁiut?o%f th

hal i de- as rn

el enent ions and formng netal ions are prepafe € reactive
at nos phers¥nthgsinFam am 3‘8169Ht$ﬂl'®ﬁm rAu agueous solofiort dftraraearthoderhéntdbsrandt  may

be enpl O ggd §;<,ess ni_um hal t hen .added to t he sol ution, which
is select@ Y0 E@m E"’P%r& ﬁam‘é%f%ﬁ?%%twp Q"ﬁé‘eﬂ?@su‘htl ng rare
earth el %&ﬁéﬁmﬂ@ﬁ%ﬁ%@ftﬁ@ﬁk@&rﬁﬁaémerﬁw LJD Iumrt,}h m’ﬁh,lnr%ﬁg%gt a

tenperature at which all of the salts of are
in wat er then added qo thet soﬂute:m eidhdy eelected i mahhytﬂwdes&edlhﬂhl@lﬁudr@m the

t enper at ure and abou Stirrin i nues until the hal ogenation of the
rare ear Y lt@ge'ﬁ%?‘“hba djt ng“eg‘ﬂﬁ'éﬁelsé“s is essentially conplete,
typial |y bet visaronRpitis fHehishfed af'h%htat eFartdahs 3 aif defic D chand BRI RREE T ON

time decreases with increasing te e par
preci pi t dabde dre solubledn saitertdt oie qummh&s émpioyedf typivallp beetepaboitGbem  Wien
the hali a flu r| de g{;e Ipi.tation i s not necessary, because the

i

fluori deg“ﬁi’%‘%‘f atqu,lggp HIRg coatinkgsuask harhalqsr:gam afahe megearth

pr eci pi t 3lenfit ich i ke

solution in an qagﬁ'{l??f}%t?mgﬁjgeeg%o ﬁl‘?ét%gﬂﬁé’ bf]"gﬁéed’ ﬁ'l t. The
preci pi t aiputes andhaten five hbursa The rbactxbhﬂnﬁ&ié&rehﬁghﬂtm& rit@repur ify
the 20 precipitfates,qQf the reactiyve atnosphere treatnent. vvever t he

pretl pitated nagticles are thenprecipitaied fromihe solutionsinghe forpuefisiaposizedpasticles. of
NHAOH or vaheh Mk Mdﬁgmbl‘i%,%eaf)ﬂﬂ*&tns not necessary, because the fluorides are water-

insoluble. For chlorides and higher halides, precipitation is obtained by adding a polar organic

solvent to the solution in an quantity effective to precipitate the doped metal salt.
The precipitate is washed with water by the same technique empioyed to purify the
20 precipitates of the reactive atmosphere treatment. However, the precipitated particles are then
centrifuged to ensure complete removal of NH,OH or any other ammonium by-product.

The metal halide salts doped with one or more rare earth elements are obtained as
nanoparticles having a crystallite size between about 10 ﬂa.nd about 50 nm, and preferably
between about 15 and about 25 nm. The halides can contain oxygen and still exhibit

25 luminescent properties characteristic of high-quality optical materials. The doped metal is
preferably La or a metal of Group II, i.e.,, Be, Mg, Ca, Srand Ba. La, Ca and Ba are
preferred.

Independent of particle size, rare earth element doped lanthanum halides are known,
however, the rare earth element doped Group II metals and semiconductor elements and

30 compounds of Group II A and Group IV A of the Periodic Chart are novel and non-obvious

compounds. Chalcogenides of La and Group II metals doped with rare earth elements are also
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The metal halide salts doped with one or nore rare earth el ements arje§ SEP 200
- .obtai ned as_ nangparticles having a crystallite size between about 10 and
about 50 nwoﬁﬁ@?’greferabl y between about 15 and about 25 ART/U$ORHP| des

can contain oxygen and still exhibit 25 | um nescent properties
characteristic of high-quality optical faterials. The doped netal is _
preferably La or a netal of Goup Il, i.e., Be, MJj, Ca, Sr and Ba. La, Ca

and Ba ahQvel prdnen-phyious. nbushaempeundstin pasardanice witlvthe preseat inaertionaysicatiyt

doped | | i re, kno however, the rare earth el enent doped

Grgup I ?%rre Qﬁge“éh"ﬁéa agg‘?ﬁ @ﬁ#d%’&" ? molsReteent 1318 egﬁhé[ﬁ'ﬂfﬂhﬁ%a“&f G oup | IIOI A

and Group |V Théfart BathPelemers i < | S. :
p ar @Al dopell BhdlodieRiddO B La 3R ROt AL Sre GRTRRHBYS

Chal cogeni des of La and Group netal's doped with rare ear
al so SUBSgi-kumen gyteods( Abe makyds fobpiBpatingOas: il Aeh&aWpedsanibSdictt919 9

I - 0byi . h ds i d ith th t
mvint | chePte B8 bOMBounil B SBLPALERMBOL | and about 99 mol & percent rare
Goup 11 mot oo ar ot perdt CRaRE oo el BPAENHERY Rigniion™ "

Goup Il netals are prepared by wel nme
pr epar i rife pavel apd mph-obviene indepedent afpaitivhnsize: t The fovel SR oBHEuSRAND AxRdS

are als | | - known. rtai f the rare earth el enent doped | ant hanum
hal i de ?2%?81’ "?"\r‘A?/g‘ ﬁw&r&%ﬁ@m RUREPWN igthe ardn Suely halide salts have
I ndepengfe ttoftthi it | T FRel\) sal t ave. the
dopant | evels oﬁ%??@arﬁ%%ﬁéﬁéﬁgnﬁ\‘ e}wg 0 %?%eﬁﬂkﬁgﬁ%nﬁsﬁlegﬁg%w TbSﬁXh
hall® de S.tEr, Ray &b el X0ischhalogen| arel #<Gr0160a wHeteirlz isX80 fHYNES SidDY 46 for

rare eargth t selegted from Th, 10 Ho, Er, Tm_ Yb and Lu; X is a
hal ogen;ﬁ%ngbg‘gﬁ'@:%‘” rbﬁ?f @ds%ﬁf u. THugriee ayd chlarinerase thepreferred f or
Er, .20 Hafygepdn -10 for Yb and .05 for Lu. Fluorine and chlorine are the
preferred al ogens. Conposite materials in which the nanosized particles

of the preserCompositetaerials in whitls fhermanckized partidlés d0the PREER FhVeRtibH Bfel

thereto be.prepared b sentially conventional 15 techniques.

Al ter nat‘{'r%éfsda “F’ﬁ EP% %"gﬁ’;ﬂ%‘?’f thereda may pe peengradchyessentially conventioral nat r i x

mageri alg MRAlteinstived Qhl ] ine materials and

Dol e i ek e_sr' TRl f@’n&% rﬂ@s&%b%@leg h3§be préipitatd inb Ttk Haterdl
The matrix materials include glass, crystalline materials and polymeric materials. The matrix

material should have excellent optical transparency at wavelengths at which excitation,

fluorescence or luminescence of the rare earth element occurs, and good film-forming
characteristics. For purposes of the present invention, "optically transparent” materials are
20 defined as having very low light attenuation from reflectance, scattering and absorption
phenomena. Other properties will come into consideration, depending upon the particular
end-use requirements of the materials; however, these properties are well understood by those
of ordinary skill in the art. o
Typically, host polymers for infrared wavelengths are fluoropolymers such as
25 poly(vinyifluoride), poly(vinylidenefluoride), TEFLON AF, and TEFLON PFA. The
dispersion of the nanosized particles into the matrix to form the composite should be
performed at a temperature below which the phase separation of the rare earth element dopant
and the host material will occur, which is readily apparent to one of ordinary skill in the art.
Luminescent devices assembled from the composite materials of the present invention
30 are also novel and non-obvious, and meet the need for articles with luminescent properties that

are nanostructured so as not to interfere with the optical properties of the devices in which
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mat eri al shoul d have excel |l ent optical transparency at wavel engths at§ S¢p 209
-excitation, fluorescence or |um nescence of the rare earth el enment occurs,
and good WPRYHSHing characteristics. For purposes of the RSiAEg09{04919

i nvention, "optically transparent” materials are 20 defined as having very
low [ight attenuation fromreflectance, cattering and absorption

phenonmena. Qther properties will conme into consideration, dependi ng upon
the part tl'@ulae:remplndedjséomqmtcrmmals cari bé bmplogedtd p:loauc&wwv of héxfifie

properties. ar ders od b ﬁ of ordinary skill in the art.

Typi cal | ﬁa&“ ‘@r‘%ﬁm‘r PTORF Qﬁeg' aﬁ‘afap%ﬁﬂ&gﬁﬁ%nm eeadilyprospseg ber s such
25 I d TEFLON

= Ths%ﬂg%zf%@ﬂ.fég%r%aﬂ oA BHEACBAR OPHES o) R e 38 T 1

conposi t Qpatni mpplsdaaons)mufs Oiciid the use mﬁeempw R kAl Wiforh the Sleﬁféﬁﬁ%f
rare earth el ement dopant and the host material wll .

separation
oc cg 9130%5 BAHRCPYVELspn light sourres stansiard light saurges; wolumetric displags, flat-

Luni nesc 0 ite erial,s of t esent
nvent oﬁﬂ%@%‘%ﬁ?@ﬁ%ﬁ%‘%ﬂﬁa*ﬁﬂﬁga%*@%‘%nm%wwmeaw

articl es wit hThefslleedsgnén-fif@tiRy éxanplds B8t forthheAITHRIGW Hﬁisﬁﬁt@%ﬁﬂnaa% &l oft O
| nterfer&sw th . the opt I cal properties of the devices in which %EP 2003

WO 00/ 568 mvsntipnsAl pams and percertagessare moksiunjessiothepmse soted andtaanempmmm be
enployeqm£%1$%gg%ﬁgﬂgu¥arlety of useful articles with valuable optical
properties conposites can be readily processed by conventional
techniques to yield optical fibers, bulk optics, filns, nonoliths, and the
like. Optical applications thus i nclude the use of the conposite materials
tolformthe elements of 5 zero-|oss EXAMPLESconversion |ight sources,
standard |ight sources, volunetric displays, flat- panel displays, sources
operating in mavelength-division mul tipl exi ng schenes and the like. The

fol | owi nExdape | Reddtie Ltaeaphese PRE th rtain
aspects of the invention. Al partspamémgfgéﬁ?gggsﬁg?u LH?‘%“ u%lag'g%

ot her wi se notk#Claselutions wenepsepared bxsdlssul‘eng haGlg6ELO (Dstinson Matthey EXAVPLES
Exanpl e \ r.e Pre n of LaF3 and Lad,
LaCl 3 so%eﬁ?ons @ e%@f)éa‘w L@é\@] %Wﬁ‘ﬁﬁemt t hey
synthezied by the addition of 60 mole percent PrCl + 6H,0 or 60 moie percent DyCl, - 6H,0
15 to the aqueous LaCl, solutions. Excess NH,OH was added to precipitate La(OH), and
Pr(OH), or Dy(OH), out of each solution. The sampies subsequently were washed five times

in TDW to remove the 2mmonium chioride reaction by-product, and dried at 90°C for 24
hours.
The samples were then transferred to an alumina muffle-tube furnace (CM Furnace
20 Company, Bloomfield, NJ) for reactive atmosphere processing. The sealed furnace was
purged with nitrogen gas, taken off a liquid source, and Heated to 200°C at 10 C°/minute.
Anhydrous hydrogen fluoride or hydrogen chloride (both 99.9% pure, Matheson Gas
Products, East Rutherford, NJ), then was introduced into the nitrogen flow providing
conversion of the lanthanum hydroxide to the respective lanthanum halide (about 500 ¢m*/min.
25 HF or HCI, about 500 cm*/min, N,). Reactive atmosphere processing lasted one hour, at
which point the reactive gas was turned off and the furnace cooled to room temperature uﬁder

the flowing nitrogen atmosphere, followed by recovery of the Pr and Dy doped La fluorides
and chlorides.

SUBSTITUTE SHEET (RULE 26)



El ectronics, Ward Hll, MA) in triply-deionized water. (\TDW. Doped sagHE@s003
Lwer e’ synt%o%gﬁ@y the addition of 60 nole percent PrCl3. 6H20 or 60 nole
percent Dyl 3. 0 15 to the aqueous LaCl 3 sol utions. Excd&IW§REAPIRAS
added to precipitate La(OH)3 and Pr(OH) 3 or Dy(OH)3 out of each sol ution.
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i O aporatsdn AL A RS qns ™ ThE BoRa AR ek arksA SV e s L oprrant e eave.
hous, atin Whinole feptent irchindne Fhicees WEF Was addedts SheSdiuis, n\‘g@%ﬁ%@ﬁﬁgﬂ oved

cooled tQ room tenperature under the flow ng nitrogen at
by recovErpnghounat 9°C, ibhepamples subsequéritiyovere smsheartlireshingesiod TDW JIBSHngUTE
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sol ut i ons40uimes thedbrike ot gasvity FoFRoe Rlifutds, OPhidhvas QlLiag tb@gné‘éeﬁﬁﬁ%%'b%%gww

Doped sanpl es were prepared by dissolution of the respecti
chl ori dethedNll{d reastion byipaahst,ss|dgtermined by e rayabiffichction;alfier which thePi, & saer

t hg,0-1 le,range. 5 in,10 nole percent increnents. Excess NH4F
mgoaddggy?gbgtﬁghs‘ogaﬂwe&%,e&ﬁ?%’r{ ere stirred for one hour at 90C. The

sanpl es subseMeagirky ] anadt f | ' I ' | fugal
casting (Beckman, l.I\/bdel 2- 21Mﬂgﬁmﬁg@%@%%%d%ﬁr%%@%ﬁ%?%di ng

to 440 Braggs lawmat therteayoreflestionimaximamior Exba,qF ) uThenretital valvaaversf f i ci ent
L e AR BT 0 O Gt B0 bl DS Ssng Verpard s ot
which states that the lattice cell dimensions of a host vary linearly with the concentration of an
15 added solute.
The solid solubility range for the solution-derived Erla, F, is shown in Figure 1.
Linearity of the LaF, X-ray diffraction (302) and (221) peak shifts with mole percent erbium

and indicates that the solubility extends to 60 mole percent ErF,. This represents an increase

of approximately 55 mole percent over the intrinsic solubility timit determined by Jones et al.,

20 based on X-ray diffraction analysis of rare earth doped LaF, crystals grown from the meit.
Enhancements to this intrinsic limit of 30-40 mole percent ErF, were made by Kudryavtseva et
al., by quenching single crystals from the melt into water. |
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10 Dy doped LaF3 sanples were recovered. Measured |attice parameters 16 S&P 200)
.function of nole percent may be calculated using Bragg's |law at the X-ray
reflecti oV for ErYLaj 3. Theoretical values were cal BOTAIS8M04PtDmM
Joint Conmittee Power Diffraction Standards (JCPDS) using Vergard' s | aw

whi ch states that the lattice cell dinen$2ons of a host vary linearly with
the concentration of an 15 added solute. The solid solubility range for

the solution-derived ErrLa,.YF3 is shown in Figure 1. Linearity of the

LaF3 X-ray difl "raction (302) and (221),peak shifts with nole percent

erbium and indicates that the sol ubil *tends to 60 nol e percent ErF3.
This represents an i ncr eaSEOMPARISON OX SORIRSQLIFIONLEMDS cent over the
intrinsic solubility ling t I ped t based on X-ray
diffraction anal ysis of %%%@é%ﬁ@b%@é@?’cﬁ?ﬁé?%ﬁ% fromthe nelt.
Enhancenents to this SORUYTION-SYNTHEIIZED AND-MBELFJIERIVEDSASTEMSF3 wer e made '
by Kudryavtseva et at, by quenching single crystals fromthe nelt into

wat er. 1 6-—SER-2003 WD 00Q/ 56837 PCT/1IS00104919 12 5 TABLE | COVPARI SON OF
SR S, S R (Ol Bl i e
ENHANCEMENT TO SOLUTI ONVETHYEAHSBALQGE oy soL MMPLETS) || M [TSORUBILITY LIMIT
La) F3Jongs0- 100 Sol - Gel 0-{1000 (Dy, La)F3JonesO-5-- (MOLE %)
(Pr, La)F, Jones 0-100 -
Sol-Gel 0-100 0
(Dy, La)F, Jones 0-5 -
Kudryaviseva 0-40 35
Sol-Gel 0-60 55
(Er, La)F, Jones 0-1 -
Kudryaviseva 0-30 29
Sol-Get 0-60 59

_ Table 1 compares the solid solubility limits for Pr,La, F;, and Dy La, F, crystals
10 prepared by melt-grown and solution-fluorination methods. The novel compositional
flexibility exhibited in the Er,La, F; (0<x<60 mole percent) system is presumed to arise from a
processing-induced crystallographic metastability. In order to test this hypothesis, the $0°C
solution-derived Er, ;La, F, sample was heated to 1200°C for one hour. This temperature
was chosen since it is intermediate between the melting ‘poinfs of the ErF, (T, =1146°C) and
15 LaF, (T, = 1493°C) end-members, and should provide ample energy to overcome any kinetic
hindrances. The results of this study are shown in Figure 2. Curve (a) is indicative of a doped
LaF, crystal whereas curve (b) displays the characteristic reflections of both ErF, and LaF,;
i.e., the sample has phase-separated. Novel enhancements to the solid solubility range of rare-
earths in lan.uanum fluoride thus result from the solution fluorination technique of the present
20 invention.
Luminescence at 1.55 m from the Er:ZBLAN glass and Er,,La, ,F, solution-derived
gel was found to be 19% broader than Er:ZBLAN glass. This result is of particular interest

given that for single amplifier operation of optical fiber amplifiers, fluorides exhibit better gain
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.Sol -Cel 0- 6059 Table 1 conpares the solid solubility limts for PryLal.”3
and DyyLaWQR®5¢8Ystals 10 prepared by nelt-grown and PCT/US00/04919
solution-fluorination nmethods. The novel conpositional flexibility
exhibited in the EryLal., F3 (0<x<60 nol eg3percent) systemis presuned to
arise froma processing-induced crystallographic netastability. In order
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characteristic reflections of both ErF3 and LaF3;
phade- sepaF &tulis okgusestudsarashewn in Eigues 4. hEhesddBcspeatal vitihtof thelighly dbpédyr e-

earths i : ' thus result fromthe solution flugrination

t echni qugb ﬂé ﬂé&%%gyé#%ég%ﬂ@éﬁ'folag?f%ﬁ'h{heﬁgg’t"é’ﬂﬁ?‘@tmﬂ analog. Figitedm t he
Er : ZBLANstgivassthe #ndrdstéhed e e 3oRfibhldl ' | f be 19%
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ambi f i eindffdnyt Stk splifting. MY gobikd §E¢€yc_:ﬂg§%1|a zr;n %Eﬁﬁk g{rﬁl}&fﬂ&%d 0

conpare the_sol ution-fluorinated, high uorescence
measur en¥APificatioe Witk wabledptival bagdwilltineiceeding 8e0\GHZ: : TirFspe@ry/&rfdspo

fromthe & The .resul ts of. thi tudy afe shown in Figure 4. The 3 dB
spectral to\?mtﬁ lc?it ﬂluglfm’t V‘Fﬂs gﬁq’frﬂw%ps’éﬁ | &5V rqader lumineseence witha 3 dB svidthm
broader sf88nihhif chiparisRnds Me 64 il TorPBRLAY: TREOAK for%r, La, JF, implies an optical
bandwidth of 11,000 GHz, which is a 37.5% increase in available optical bandwidth, with
15 respect to Er:LaF;, based on luminescence spectra.

Kudr yavt seva0- 4035 Sol - Gel.0- 6055 (Er, La)F3JonesO-1-- Kndryavtseva0- CBZ
1003

The present invention thus provides highly-doped metal halide salts having quantum
efficiencies ordinarily obtained from bulk single crystals. Dispersion of the particles in an
appropriate matrix will produce a bulk material having levels of quantum efficiency heretofore
not achieved. This results in increased emission intensity, which allows for greater distances

20 to be employed between amplifiers. The increased emission intensity aiso permits the denser
packing of information in light-readable formats, an increase in laser power output,
improvements in display color quality and control of individual spectral line intensity as a
function of wavelength (gain leveling).

Because of the broadened emission bandwidths of the particles of the present

25 invention, dispersions in an appropriate matrix will also produce a bulk material with
bandwidth breadth heretofore not achjeved. This increuses the number of signals that can be
transmitted by wavelength-division-multiplexing. These properties are ad vantageous for many
optical end-use applications.

The foregoing examples and description of the preferred embodiment should be taken

30 as illustrating, rather than as limiting, the present invention as defined by the claims. As would

be readily appreciated, numerous variations and combinations of the features set forth above
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shows the fluorescence fromthe solution-derived, polycrystalline
.Err..sLao. 3F3 and a nelt- grown Er:LaF3 single crystal. LaF3 has beenn%ﬁ§§¥M3
as an "ex¥UPO¥H83T |y suitable" host for Er' since it perm tRCTAUSN04919
concentrations, long lifetines for excited states (i.e., |ow phonon

energy), 10 and strong Stark splitting.14his provides a spectral shape
appropriate for broad-band anplification with a usable optical bandw dth
exceedi regn 86 QtildAd WitkoiRpirtidg Gt ﬁ&méﬁéhﬁﬂveﬂtibntﬁ%eﬁfarﬂﬁh%b ﬁ%{s@a h

Er 0. 3Lao. 5F3 exhi bited an even broader |um nescence with a 3 ﬁ
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v | oo P Ao SRR o Bl o prbded Pt schpe gt iiolovirg im0

| um nescence spectra. The present invention thus provides highly-doped
metal halide salts having quantum efficiencies ordinarily obtained from
bulk single crystals. Dispersion of the particles in an appropriate matrix
wi |l produce a bulk material having |l evels of quantum efficiency heretofore
not achieved. This results in increased em ssion intensity, which allows
for greater distances 20 to be enpl oyed between anplifiers. The increased
em ssion intensity also permts the denser packing of information in

| i ght-readable formats, an increase in |aser power output, inprovenents in
di splay color quality and control of individual spectral he intensity as a
function of wavel ength (gain |eveling). Because of the broadened em ssion
bandwi dt hs of the particles of the present 25 invention, dispersions in an
appropriate matrix will also produce a bulk material with bandw dth
breadth heretofore not achieved. This increases the nunber of signals that
can be transmtted by wavel ength-divi sion-multiplexing. These properties
are advantageous for many optical end-use applications. The foregoing
exanpl es and description of the preferred enbodi nrent should be taken 30 as
illustrating, rather than as |limting, the present invention as defined by
the clains. As would be readily appreciated, nunerous variations and _
conbi nations of the features set forth above SUBSTI TUTE SHEET (RULE 26) WO
00/ 56837 14 1 6 SEP 1003 PGI/ US00/ 04919

SUBSTITUTE SHEET (RULE 26)



can be utilized without departing fromthe present invention as set forth
.in the clains. Such variations are not regarded as a departure fr o $EREI0DI
spirit and scope of the invention, and all such variations are intended to
be included within the scope of the follow ng clains. SUBSTI TUTE SHEET
(RULE 26) 1 6 SEP 2003 15 WHAT | S CLANED IS: 1. A conposite material
corrprisr a d| ersion in a polyneric matrix of a rare earth el enent
corrposit LAIMEDES0si zed particles of a rare earth el ement doped
host et al halrde oxyhal i de or chl acogeni de salt, wherein up to about 60
nole % of said host netal is replaced with one or nore rare earth

el enent sl. sai g coRppSiE thetefial @mpisidgsa @Rbdrsiah iva pblyRiReip Mtk of @ rivd\earth engt hs
at which excitation, fluorescence or |um nescence of said rare earth

el ement seleaeRircompogItion; YmpsIsg nangsised particles of sntare earghs glement dpgedohost

parti cl 2.
The. conpghf L, BonBllE b ikl dpeiiae Sale WAEEH B8 bok ATRCPANs St | 0o
or c hal melgblsrretﬂa&dlwltlorbneaormmrmehﬂh bkemehtspmd bmngrsﬂa [ateriat nsrbptrn:gllpf La,

Be, Sr, Pb a 3..,The conposjte materi of cl ai

conpr |1 FAPSRATP 3 Wt IR AR PRGOS THoresEHIcs oF JumBspeencesdt e
conposi t QB Ghdrd oQur,Crdl s'gidlnan%%@bé}n@l@é @or%i‘s? e%nt’"ﬁ?fyeoff ;?a'i'ﬁclé‘saﬁzk%geﬁ ement
are selected fromthe group consisting of Thb, Dy, ™Tm Yb or 5.
The conpuysteliitasizechatepenobost hand aLbOUi!:(l)ﬂQ)mnsr ng a rare earth el enent
oxyhalide salt. 6. The conposite material of clam1l, wherein said matrix
is a fluoropolynmer. 7. A |lum nescent device conprising an optical el enent

formed f2.om thg e@ﬁp@esﬂetmaﬁﬁhlebf 2laif 1,C¢cthpFising 8. rarfehearth gleffat dalideleyi ce of
claim7, wherein sald device is a_zero-loss |link, upconversi on | i ght

sour ce, dalerasnide 53 et 2 gstal eelectod framrethpigeoun apsigting e be, Brade, €51 BY |
a source,@Rerating in a wavel engt h-di vi si on-nul ti pl exi ng schene. 1 6 SEP
2003 16

3. The composite material of claim 2, comprising a rare earth element fluoride or
chioride salt.
4, The composite material of claim 1, wherein said one or more rare earth elements

are selected from the group consisting of Tb, Dy, Ho, Er, Tm, Yb or Lu.

5. The composite material of claim 1, comprising a rare earth element oxyhalide salt.
6. The composite material of clam 1, wherein said matrix is a fluoropolymer.
7. A luminescent device comprising an optical element formed from the composite

material of claim 1.

8. The luminescent device of claim 7, wherein said device is a zero-loss link,
upconversion light source, standard light source, volumetric display, flat panel display, or

a source operating in a wavelength-division-multiplexing scheme.
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9. The lum nescent device of claim7, conprising a plurality of rareleaggmp)
. el ement conpositions that upon excitation, fluorescence or |um nescence
emt a plurality of overlapping em ssion bands. 10. The | um nescent device
of claim?7, conmprising a plurality of rare earth el enment conpositions that
upon excitation, fluorescence or |umngscence emt a plurality of separate
and distinct em ssion bands. 11. The | um nescent device of claim 10,
wher ei n $ai d Hevlumwinesent defiagneft claimn di sphprsing a pufaligt ob eareleadh sfednzent 12. A
met hod f or malg ng tHa}nosi zed .Paartiges of a ne{v?_rlf. hal i de salt q&pﬁd vvifth one
or  rmor " VHOSHELF t Al PRI FHENAUOBN STUOTSSTHREICR <X e MITNAFF§RSSE MYy HVRIERHY ]
subst ant gxaklbypiRe BRURIHAVARISt Of chiometric m xture of a starting materi al
conprising a halide-formng netal salt and one or nore rare earth el enents;
and heating said mxture with an excess of hydrogen halide or a
hal ogenaiq ng St t h substanti.al ly fr of.water wvapor at a
t enper at Ldr'e a %@H%ﬁﬁo%%ﬁ%tﬁﬁmv% Pi EUI: réﬁ?% Xtﬁ%‘éﬁﬁgn%%lrraé% E?%h ﬁge?]}]eél?bel ow
t he nel tedngpoeitiont Uh&t Opor RRcitaioAS flubRisédnd@ droluniinescemieoaaitt a flufaliey BFxt ure.
13. The method of .claim 12, wherein said halide-form ng netal is selected
from t hesePypisppddivigrsemisgioppbands. Be, My, Ca, Sr, Pb and Ba. 14. The net hod
of claim 12, wherein said hydrogen halide is HF or HCl. 15. The nethod of
claim12, wherein said tenperature is between about 100 and about 600C.
16. A netlhod Tlerlumakdsoept daviopaf thamh ¢6, whereinrveidadevivalis aeomaletricidispldy wr t h one
or more _pare elgltrl\ el enments, conprising: dissolving a water-sol uble salt
of Be, NY'EERCIGISPIZ- B3 in water with a water- soluble salt of one or nore
rare earth elenments, so that an aqueous solution of ions of Be, M), Ca, Sr
or Ba and ions of the one or nore rare elenments is forned; 1 6 S E P 2003
17 di ss@-vi ngy metheshfod neakirg vanosigkd pamticlea of @xuesslshabitle salt dapashwithnohelor de;

and . Dr &bl LAdN0 elenfths BbLi A SQURaAR) ft 1 On nanoparticles of said metal

providing a substantially homogeneous stoichiometric mixture of a starting
material comprising a halide-forming metal salt and one or more rare earth elements; and

heating said mixture with an excess of hydrogen halide or a halogenating gas in an
atmosphere substantially free of water vapor at a temperature at which halogenation will
occur, the temperature being below the melt temperature of the lowest melting point

component of the mixture,

13. The method of claim 12, wherein said halide-forming metal is selected from the

group consisting of La, Be, Mg, Ca, Sr, Pb and Ba.

14.  The method of claim 12, wherein said hydrogen halide is HF or HCl.

15.  The method of claim 12, wherein said temperature is between about 100 and about
600°C.

16. A method for making nanoparticles of a metal halide salt doped with one or more
rare earth elements, comprising:

dissolving a water-soluble salt of Be, Mg, Ca, Sr, or Ba in water with a water-
soluble salt of one or more rare earth elements, so that an aqueous solution of ions of Be,

Mg, Ca, Sr or Ba and ions of the one or more rare elements is formed;




S

doped with one or nore rare earth elenents. 17. The nethod of clainlgq;SEpzmg
*wherein said step of dissolving an excess of anmonium halide in sai
aqueous sol ution conprises the step of stirring said anmonium halide in an
aqueous solution at a tenperature between about roomtenperature and about
90C. 18. A nethod for making nanopartil@l es of netal chlorides and higher
hal i des dope

d,, with one . or nore rare earth tals, co I S{ ng: ,dissolving a
wat er - sol ubl SHSSRIYing SEidERES BHIAT A HETSAIO! A AREBRI helFres B er- sol ubl e
sal t of one ofreBfifidpg?frEmCHid %ﬁ%&%&iﬁm%}bﬁ%ﬁcl@? oRGYROHR taf HalliL Q8¢ Of

ions of the ‘'halide-tormng netal and 1ons o e one or nore rare elenents
i s f or medbpedmathaingion gndre ravaeartingjements. sol uti on an excess of an amoni um
chloride or a higher halide; and adding to said aqueous sol ution an anount
of a polar solvent effective to precipitate nanoparticles of a netal

chloridernr hligh@ethbalof @RaifONEe Shhietdim s£10 teprofMisBlvind £n efkd 6f BhRivBRINS. 19.
The nmet hod of claim 18, wherein said polar solvent conprises ethanol. 20. A

conposi thaligginsaid pdeconp solution comprises dhesstem of stirsing saig mmmenina halide &1 ago| i d
solutio | Cl i ] [ rare earth
ol erment S TEGRRBIICR oS ity I TR B rolREpHa e AR TS (07T D1 6 00
of said one or nore rare earth elenents, said nanoparticles consist of

nanopartf cles having a crystallite size.  be en, about . 1 ang aqbou %fgo nm
and sai d &onpddneteodiRrempking inaneparticles P§Wﬁi\ggb§ﬂéﬁﬁn‘i bighgp pall eénfgp at
whi ch ex&jﬁ_?ﬁémo;elﬂgr&ﬁﬁ%gs,cb{on{gqg% escence of said rare earth elenents

occur. 21. The conposite materia ai m 20, wherein said nanoparticles

conpri se a hodissolvipg erwatkr-saditde tseltl of rachalidhdogmiog pnetalnimi whiengvithf a Awterer oup

[l A and up .l VA sem - conductor .el enents, and sem -copnductar. co unds of
& oup 1o BRI R T oD, FTRE b oS SO MO o8 (R PIRE mor o
rare earfgdnidelfemming metal aid Pk oPtieQI o Sroterard BRneAIRROfrmed;mt eri al of claim

21, wherein said sem conductor compound is GaN, or |nN . .
dissolving in said aqueous solution an excess of an ammonium chloride or a higher

halide; and
adding to said aqueous solution an amount of a polar solvent effective to
precipitate nanoparticles of a metal chloride or higher halide doped with one or more rare

earth elements.
19, The method of claim 18, wherein said polar solvent comprises ethanol.

20. A composite material comprising a dispersion in a polymeric matrix of solid
solution nanoparticles of a host material doped with one or more rare earth elements,
wherein said host material is doped with up to about 60 mole % of said one or more rare
carth e¢lements, said nanoparticles consist of nanoparticles having a crystallite size
between about 1 and about 100 nm, and said composite material is optically transparent to
wave lengths at which excitation, fluorescence or luminescence of said rare earth elements

occur.

21.  The composite material of claim 20, wherein said nanoparticles comprise a host
material selected from the group consisting of As, Group IIIA and Group IVA semi-

conductor elements and semi-conductor compounds of Group IIIA and Group IVA semi-

conductor elements, doped with one or more rare earth elements.




23. The conposite material of claim?20, wherein said rare earth ele”Fﬁ%fPZMH
rare’'selected fromthe group consisting of Th, Dy, Ho, Er, Tm Yb and Lu.

24. A conposite material conprising the conposition of claim 20, dispersed
in a polymeric, glass or crystalline matrix that is chemcally inert
thereto and optically transparent to I8avel engths at which excitation,

fl uorescence or |um nescence of said rare earth elenents occur. 25. The
conposite material of claim24, wherein said matrix is a fluoropol yner. 26.

compost 22 ol & paPesf aleRbqr CBuRAY, Sherdih MR herb O APRGREA i 56

wher ei n GalNgordaMi ce is a zero-loss link, upconversion |ight source,
standard |ight source, volunetric display, flat panel display, or a source
operating in a wavel engt h-di vi sion-mnul tipl exi ng schene. 28. The | um nescent
devi ce 03 cl af R finpsREMAISIAIGf Rlafth Y02 WhEdirPEaid i€ e8AK blenRNBRE kelected
conpositions that upon excitation, fluorescence or lum nescence emt a

pl ur al i tipowithe group comspiting of fibs By oo plamds, YdboandThe | uni nescent devi ce of
claim26, conprising a plurality of rare earth el enent conpositions that
upon excitation, fluorescence or |um nescence emt a plurality of separate
and di st2g1ct gnicighcRite RAEGal @hprikiy tHeMtdiRSRAIN L VIatR U, dibFirded2R a

wherein said device is a volumetric displ a¥l or a flat panel display.
polymeric, glass or crystalline matrix that is chemically inert thereto and optically

transparent to wavelengths at which excitation, fluorescence or luminescence of said rare

earth elements occur,

25. The composite material of claim 24, wherein said matrix is a fluoropolymer,

26. A luminescent device comprising an optical element formed from the composite

material of claim 24.

27. The luminescent device of claim 26, wherein said device is a zero-loss link,
upconversion light source, standard light source, volumetric display, flat panel display, or

a source operating in a wavelength-division-multiplexing scheme,

28.  The luminescent device of claim 26, comprising a plurality of rare earth element
compositions that upon excitation, fluorescence or luminescence emit a plurality of

overlapping emission bands.
29.  The luminescent device of claim 26, comprising a plurality of rare earth element
compositions that upon excitation, fluorescence or luminescence emit a plurality of

separate and distinct emission bands.

30.  The luminescent device of claim 29, wherein said device is a volumetric display or

a flat panel display.




