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(57) ABSTRACT 

Some embodiments of the present invention are directed 
toward nanocrystalline oxide-based phosphor materials, and 
methods for making same. Typically, such methods com 
prise a steric entrapment route for converting precursors into 
Such phosphor material. In some embodiments, the nanoc 
rystalline oxide-based phosphor materials are quantum split 
ting phosphors. In some or other embodiments, such nanoc 
rystalline oxide based phosphor materials provide reduced 
scattering, leading to greater efficiency, when used in light 
ing applications. 
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Step 1001 Forming a solution of precursor material 

Adding templating agent to solution to form a 
Step 1002 microemulsion of vesicles comprising precursor 

material 

Step 1006 Heating the oxide precursor material to form a 
nanocrystalline oxide-based phosphor material 

Fig. 1 
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METHOD TO PRODUCENANOCRYSTALLINE 
POWDERS OF OXDE-BASED PHOSPHORS FOR 

LIGHTING APPLICATIONS 

FEDERALLY SPONSORED RESEARCH 

0001. The present invention was made with support from 
the Department of Energy, Contract Number 
DE-FC26.03NT41945. 

TECHNICAL FIELD 

0002 The present invention relates generally to methods 
for preparing oxide-based phosphor materials, and more 
specifically to templated synthesis methods for preparing 
nanometer-scale oxide-based phosphor materials. 

BACKGROUND INFORMATION 

0003) A luminescent material absorbs radiation from one 
region of the electromagnetic (EM) spectrum and emits 
radiation in another region of the electromagnetic spectrum, 
the emission generally being lower in energy than the 
absorption (i.e., Stokes shifted). A luminescent material in 
powder form is commonly called a phosphor, while a 
luminescent material in the form of a transparent solid body 
is commonly called a Scintillator. 
0004 Two broad classes of luminescent materials are 
generally recognized. These are self-activated luminescent 
materials and impurity-activated luminescent materials. 
0005. A self-activated luminescent material is one in 
which the pure crystalline host material, upon absorption of 
a high energy photon, elevates electrons to an excited State 
from which they return to a lower energy state by emitting 
a photon. Self-activated luminescent materials normally 
have a broad spectrum emission pattern because of the 
relatively wide range of energies that the electron may have 
in either the excited or the lower energy states. Thus, any 
given excited electron may emit a fairly wide range of 
energy during its transition from its excited State to its lower 
energy state, depending on the particular energies it has 
before and after its emissive transition. 

0006 An impurity-activated luminescent material is nor 
mally one in which a non-luminescent host material has 
been modified by inclusion of an activator species (i.e., 
dopant), which is typically present in the host material in a 
relatively low concentration, such as in the range from about 
200 parts per million (ppm) to 1 part per thousand. However, 
Some materials require several mole or atomic percent of 
activator ions for optimized light output. With an impurity 
activated luminescent material, the activator ions may either 
absorb the incident photons directly, or the lattice may 
absorb the incident photons and transfer the absorbed photon 
energy to the activator ions. 
0007 Luminescent phosphor materials find widespread 
application in fluorescent lighting applications, where UV 
emission from mercury (Hg) gas is absorbed by the phos 
phor material and emitted as visible light. Other applications 
for Such phosphor materials include the tuning of light 
emitted by light emitting diodes (LEDs). Such tuning can 
allow for the generation of white light using a single type of 
LED. 

0008. The conversion of a single ultraviolet (UV) photon 
into two visible (vis) photons with the result that the 
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quantum efficiency of luminescence exceeds unity is termed 
quantum splitting. Quantum splitting materials are very 
desirable for use as phosphors for lighting applications. Such 
as fluorescent lamps. A Suitable quantum splitting phosphor 
can, in principle, produce a significantly brighter fluorescent 
light source due to higher overall luminous output because 
it can convert to visible light that part of the UV radiation 
that is not absorbed efficiently by traditional phosphors that 
are currently used in commercial fluorescent lamps. Quan 
tum splitting has been demonstrated previously in fluoride 
and oxide-based materials. A material comprising 0.1% Pr" 
in a matrix of YF has been shown to generate more than one 
visible photon for every absorbed UV photon when excited 
with radiation having a wavelength of 185 nm. The mea 
sured quantum efficiency of this material was 140%, and 
thus greatly exceeded unity. However, fluoride-based com 
pounds do not have sufficient stability to permit their use as 
phosphors in fluorescent lamps because they are known to 
react with mercury vapor that is used in Such lamps to 
provide the UV radiation. Such reaction can form materials 
that do not exhibit quantum splitting. In addition, producing 
fluoride-based materials presents a great practical challenge 
because it involves the use of large quantities of highly 
reactive and toxic fluorine-based materials. 

0009 Lumen maintenance in halophosphate phosphors 
has been improved by the addition of cadmium (Cd). How 
ever, the high toxicity associated with Cd-containing mate 
rials has led to legislation precluding the use of Such 
phosphors. The maintenance and lamp efficacy of phosphors 
such as Zn2SiO, Mn" has been improved by coating with 
non-emitting, high stability, wide-band-gap materials. Such 
as Al-O and Y.O. 
0010 More recently, oxide-based quantum splitting 
phosphors have been developed that overcome the disad 
vantages of fluoride based materials in fluorescent lighting 
applications. See, for example, A. M. Srivastava et al., 
“Luminescence of Pr" in SrAl2O3: Observation of two 
photon luminescence in oxide lattice.” J. Luminescence, 
1997, 71, pp. 285-290; and commonly-assigned U.S. Pat. 
Ser. Nos. 5,571,451 and 6,613,248. Such materials are 
generally aluminates or borates doped with Pr". A particu 
larly good quantum splitting phosphor material is a stron 
tium magnesium aluminate activated with Pr" and charge 
compensated with Mg". This phosphor is abbreviated: 
SrAlO:PrMg. 
0011 While the above-mentioned oxide-based quantum 
splitting phosphors overcome many of the limitations of 
halide-based quantum splitting phosphors, they generally 
have particle sizes large enough to scatter 254 nanometer 
(nm) radiation and would thereby decrease the efficiency of 
fluorescent lamps in which they are used. 
0012. In light of the above, a phosphor material with 
reduced scattering, due to Smaller crystallite size (e.g., 
nanocrystals) and thinner coatings, would be of great ben 
efit, especially if it were a quantum splitting phosphor. 

BRIEF DESCRIPTION OF THE INVENTION 

0013 Some embodiments of the present invention are 
directed toward nanocrystalline oxide-based phosphor mate 
rials, and methods for making same. Typically, such meth 
ods comprise a steric entrapment route for converting pre 
cursors into Such phosphor material. 
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0014. In some embodiments, the nanocrystalline oxide 
based phosphor material is a material selected from the 
group consisting of self-activated luminescent material, 
impurity-activated (i.e., doped) luminescent materials, and 
combinations thereof. 

0015. In some embodiments, the nanocrystalline oxide 
based phosphor material is a phosphor selected from the 
group consisting of quantum splitting phosphors, UV-emit 
ting phosphors, visible-emitting phosphors, and combina 
tions thereof. 

0016. In those embodiments where the nanocrystalline 
oxide-based phosphor materials are quantum splitting phos 
phors, such phosphor materials display a quantum efficiency 
that exceeds unity. As a result of this high efficiency, there 
is considerable application for Such phosphors in fluorescent 
lighting. 
0017. In some or other embodiments, such nanocrystal 
line oxide based phosphor materials, by virtue of their 
nanocrystallinity, provide reduced scattering leading to 
greater efficiency when used in fluorescent or other lighting 
applications. Other applications for Such phosphor materials 
of the present invention, include, but are not limited to, their 
combination with light-emitting diode (LED) devices, where 
the phosphors serve to tune the emission of the LED. 
0018 Generally, methods of making nanocrystalline 
oxide-based phosphor material, in accordance with some 
embodiments of the present invention, comprise the steps of 
(a) dissolving a suitable quantity of at least one precursor 
material in a solvent to form a solution, the precursor 
material being Suitable for forming phosphor material; (b) 
adding templating agent to the solution in an amount Sufi 
cient to form a microemulsion of vesicles comprising pre 
cursor material; (c) adding a flocculating agent to the 
microemulsion to effect a flocculation of the vesicles; (d) 
isolating the vesicles; (e) heating the vesicles to drive off 
organic matter and form oxide precursor material; and (f) 
heating the oxide precursor material at a crystallizing tem 
perature to form a nanocrystalline oxide-based phosphor 
material. 

0019. In some embodiments, crystallization and crystal 
lite sizes of the material can be confirmed by a variety of 
techniques including, but not limited to, X-ray diffraction 
(XRD), transmission electron microscopy (TEM), and elec 
tron energy loss spectroscopy (EELS). In some embodi 
ments, emission spectroscopy is used to confirm the optical 
properties of the material. 
0020. The foregoing has outlined rather broadly the fea 
tures of the present invention in order that the detailed 
description of the invention that follows may be better 
understood. Additional features and advantages of the inven 
tion will be described hereinafter which form the subject of 
the claims of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0021 For a more complete understanding of the present 
invention, and the advantages thereof, reference is now 
made to the following descriptions taken in conjunction with 
the accompanying drawings, in which: 
0022 FIG. 1 is a flow diagram depicting a general 
method of making nanocrystalline oxide-based phosphor 
material in accordance with Some embodiments of the 
present invention; 
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0023 FIG. 2 depicts X-ray powder diffraction plots of 
SrAlO3:1% Pr, Mg calcined at 400° C.-1400° C. in 200° 
C. intervals, where SrAlOz, and Al-O impurities are indi 
cated by arrows; 
0024 FIG. 3 depicts an emission spectrum obtained for a 
nanocrystalline oxide-based quantum splitting phosphor 
material, in accordance with embodiments of the present 
invention, revealing Pr"'So emission under 200 nm exci 
tation (4ff2->4f5d), the critical signature for Pr" quantum 
splitting: 

0025 FIG. 4 is a TEM image of nanocrystalline oxide 
based quantum splitting phosphor material, in accordance 
with embodiments of the present invention; and 
0026 FIG. 5 is another TEM image of the nanocrystalline 
oxide-based quantum splitting phosphor material shown in 
FIG. 4, but acquired with higher magnification. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0027. In the following description, specific details are set 
forth Such as specific quantities, sizes, etc. So as to provide 
a thorough understanding of embodiments of the present 
invention. However, it will be obvious to those skilled in the 
art that the present invention may be practiced without Such 
specific details. In many cases, details concerning Such 
considerations and the like have been omitted inasmuch as 
such details are not necessary to obtain a complete under 
standing of the present invention and are within the skills of 
persons of ordinary skill in the relevant art. 
0028 Referring to the drawings in general, it will be 
understood that the illustrations are for the purpose of 
describing a particular embodiment of the invention and are 
not intended to limit the invention thereto. 

0029 While most of the terms used herein will be rec 
ognizable to those of skill in the art, the following definitions 
are nevertheless put forth to aid in the understanding of the 
present invention. It should be understood, however, that 
when not explicitly defined, terms should be interpreted as 
adopting a meaning presently accepted by those of skill in 
the art. 

0030. A "phosphor,” as defined herein, is a luminescent 
material that absorbs electromagnetic (EM) radiation at one 
wavelength or wavelength range and emits radiation at 
another, generally lower energy, wavelength or wavelength 
range. Generally, phosphors are in the form of a powder or 
layer of fused powder. Such phosphors can be intrinsically 
luminescent, i.e., "self-activated phosphors,” or they can be 
luminescent by the presence of dopant species within the 
bulk matrix, i.e., “impurity activated phosphors.” 

0031 “Quantum splitting,” as defined herein and in ref 
erence to phosphor material, refers to the emission of two 
photons for each photon absorbed. Phosphor materials dis 
playing Such quantum splitting behavior can, consequently, 
have exceedingly high luminescent efficiency. Such quan 
tum splitting is also known in the art as "quantum cutting.” 
0032 “Nanocrystalline,” as defined herein, is a material 
attribute that generally refers to a material. Such as a powder 
(loose or fused) or polycrystalline material and not neces 
sarily having nanoscale dimensions itself, comprising pri 
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mary crystallites generally having sizes below about 500 
nm, typically below about 100 nm, and more typically below 
about 60 nm. 

0033 “Oxide-based,” as defined herein and in reference 
to phosphor material, refers to a material in which the bulk 
matrix is largely of metal oxide composition. 
0034. A “microemulsion,” as defined herein, is a suspen 
sion of micron or Smaller sized quantities (particles) of 
material in a solvent, the material being in a Solid or liquid 
state and having a surface energy Sufficiently dissimilar to 
the solvent so as to be considered insoluble or immiscible. 
Typically, such microemulsions are formed and/or stabilized 
with an emulsifier (e.g., a Surfactant). While many micro 
emulsions are formed by dispersing a relatively non-polar 
species in water, polar species (e.g., water) can also be 
dispersed in a non-polar solvent. This latter scenario is 
known as a “reverse microemulsion.” Similarly, a “colloid, 
or “colloidal suspension,” is such a microemulsion, wherein 
the Suspension does not scatter light. When a Surfactant is 
used to stabilize a microemulsion or colloid, they generally 
do so by forming “micelles,” spherical assemblies in which 
the surface energy of the exterior differs from that of the 
interior. In some cases, the microemulsion or colloid com 
prises only a solvent and a surfactant species that self 
assembles into “vesicles.” 

0035) Some embodiments of the present invention are 
directed toward nanocrystalline oxide-based phosphor mate 
rials, and methods for making same. Typically, such meth 
ods comprise a steric entrapment route for converting pre 
cursors into Such phosphor material. 
0036). In some embodiments, the nanocrystalline oxide 
based phosphor material is a material selected from the 
group consisting of self-activated luminescent material, 
impurity-activated luminescent materials, and combinations 
thereof. 

0037. In some embodiments, the nanocrystalline oxide 
based phosphor material is a phosphor selected from the 
group consisting of quantum splitting phosphors, UV-emit 
ting phosphors, visible-emitting phosphors, and combina 
tions thereof. 

0038 Examples of quantum splitting nanocrystalline 
oxide-based phosphor material includes, but is not limited 
to, LaBO:Pr"; (Gd,Y)BO:Pr"; (Sr,Ca)Al2O:Pr"; 
(LaGd,Y)MgBO:Pr"; SrBO:Pr"; 
CaMgAll Oo:Pr"; CaMgAlOs:Pr"; LaBO:Pr", 
Pb?"; (Gd,Y)BO:Pr",Pb?"; (Sr,Ca)AlO:Pr",Pb?"; 
(LaGd,Y)MgBO:Pr"Pb: SrBO:Pr"Pb?"; 
CaMgAlO:Pr".Pb: CaMgAlO:Pr",Pb: 
LaBO:Pr",Pb,Bi"; (Gd,Y)BO:Pr", Pb,Bi"; (Sr, 
Ca)Al2O:Pr", Pb, Bi"; (LaGd,Y)MgBO:Pr", Pb, 
Bi"; SrBO:Pr",Pb?",Bi"; CaMgA1, O:Pr",Pb?", 
Bi"; CaMgAl-O:Pr".Pb". Bi"; and combinations 
thereof, wherein Such exemplary species are shown in a 
form bulk oxide:dopant(s). 
0.039 Examples of UV-emitting nanocrystalline oxide 
based phosphor material includes, but is not limited to, 
LaPO:Pr"; LaBO:Pr"; YBO:Pr"; GdBO:Pr"; 
LuBO:Pr"; YPO Pr"; GdPO:Pr"; YSiO:Pr"; 
YPO.Bi"; LuPO, Bi"; LaPOPr"Pb?"; LaBO:Pr", 
Pb2"; YBO,Pr"Pb2"; GdBO:Pr"Pb?"; LuBO:Pr", 
Pb?"; YPO:Pr",Pb?"; GdPOPr-Pb?"; YSiO:Pr", 
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0040 Examples of visible-emitting nanocrystalline 
oxide-based phosphor material includes, but is not limited 
to, BaMg,Al-O, Eu"; CeMgA1, Oo:Tb": YO:Eu" 
:(Ba,Sr.Ca)(PO4)(C1.F.OH):Eu": (Ba,Sr. 
Ca)MgAlO4:Eu"; (Ba,Sr.,Ca)BPO:Eu"; 
Sr., Al-Os:Eu"; BaAsOs:Eu"; 

Ga). O:Ce"; (Ba,Sr.,Ca)(PO)(C1.F.OH):(Eu",Mn", 
Sb'): (YGd, La.Lu.Sc).O:Eu"; (YGd.La, In, Lu, 
Sc)BO:Eu"; (Y.Gd, La)(Al..Ga)O:Eu"; (Ba,Sr.,Ca)(YGd, 
La.Lu).O:Eu"; (YGd)AlBO,2:Eu"; monoclinic 
GdO:Eu"; (Gd,Y) (Al..Ga),O:Eu"; (Ca,Sr)(Gd,Y), (Ge. 
Si)AlO:Eu": GdMgB.O. (Ce",Mn'"); 
3.5MgO.0.5MgF.GeO, Mn"; and combinations thereof. 
0041. In one particular embodiment, the nanocrystalline 
oxide-based phosphor material is a compound having the 
formula Sr-PrAl-MgO, where 0<Xs 0.20. Such 
material is a known quantum splitting phosphor. 
0042. The nanocrystalline powder of oxide-based quan 
tum splitting phosphor material comprises primary crystal 
lites generally having diameters between about 5 nm and 
about 500 nm, typically between about 5 nm and about 100 
nm, and more typically between about 5 nm and about 60 

. 

0043. In embodiments where the nanocrystalline oxide 
based phosphor materials are quantum splitting phosphors, 
Such phosphor materials display a quantum efficiency that 
exceeds unity. As a result of this high efficiency, there is 
considerable application for Such phosphors in fluorescent 
lighting. 

0044) In some embodiments, the present invention is 
directed toward oxide-based quantum splitting and vacuum 
ultraviolet (VUV)-converting phosphor compositions gen 
erally having crystallite sizes below about 100 nm in at least 
one particular dimension, typically below about 80 nm 
crystallite size in at least one particular dimension, and more 
typically below about 50 nm crystallite size in at least one 
particular dimension. 
0045. In some or other embodiments, such nanocrystal 
line oxide based phosphor materials, by virtue of their size, 
provide reduced scattering leading to greater efficiency 
when used in fluorescent or other lighting applications. 
Other applications for such phosphor materials of the 
present invention, include, but are not limited to, their 
combination with light-emitting diode (LED) devices, 
wherein the phosphors serve to tune the emission of the 
LED. 

0046 Referring to FIG. 1, methods of making nanocrys 
talline oxide-based phosphor material, in accordance with 
Some embodiments of the present invention, generally com 
prise the steps of: (Step 1001) dissolving a suitable quantity 
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of at least one precursor material in a solvent to form a 
Solution, the precursor material being Suitable for forming 
phosphor material: (Step 1002) adding a templating agent to 
the solution in an amount Sufficient to form a microemulsion 
of vesicles comprising precursor material: (Step 1003) add 
ing a flocculating agent to the microemulsion to effect a 
flocculation of the vesicles: (Step 1004) isolating the 
vesicles: (Step 1005) heating the vesicles to drive off organic 
matter and form oxide precursor material; and (Step 1006) 
heating the oxide precursor material at a crystallizing tem 
perature to form a nanocrystalline oxide-based phosphor 
material. 

0047. In some embodiments, the precursor material is 
selected so as to provide nanocrystalline powder of oxide 
based phosphor material that absorbs in the 120 nm to 500 
nm region of the electromagnetic spectrum and emits in the 
220 nm to 750 nm region of the electromagnetic spectrum. 

0.048. In some embodiments, the precursor material is 
selected from the group consisting of Al(NO).9HO, 
Pr(NO)6H2O, MgCl, Sr(NO), (anhydrous), 
Mg(NO)6H2O, AICl (anhydrous), SrC1.6HO, 
PrC1.6H2O and combinations thereof, so as to provide for 
a nanocrystalline powder of oxide-based quantum splitting 
phosphor material having the formula Sr-PrAl 
XMgO, where 0<Xs 0.20. 

0049 Suitable solvents include, but are not limited to, 
water, ethanol, methanol, propanol, butanol, and combina 
tions thereof. In some embodiments, the solvent mixture can 
include other less polar solvents, to modify/adapt polarity, 
Such as acetic acid, formic acid, formamide, acetone, meth 
ylethylketone, ethylacetate, acetonitrile, N,N-dimethyl for 
mamide, and dimethyl Sulfoxide. Solvent selection is gen 
erally dependent upon precursor material and the templating 
agent(s) utilized during the processing. In some embodi 
ments, where the solvent is water, additives and/or precursor 
materials render the Solution acidic. 

0050 Typically, the precursor material(s) comprise one 
or more salt species. Such salt species can provide metal 
components via metal halides, phosphates, Sulfates, etc. 
Salts such as phosphate, Sulfate, or nitrate salts can also 
provide an oxide component. Many other salt combinations 
exist. In some embodiments, the Stoichiometry of the phos 
phor product is established in step 1001 by ensuring that the 
precursor materials are added in Suitable quantities. 

0051 Suitable templating agents, for use in Step 1002, 
include any species capable of assembling to form vesicles 
within the solvent so as to provide a microemulsion of 
vesicles. Generally, templating agents are selected from the 
group consisting of amphiphilic polymers, ionic Surfactants, 
non-ionic Surfactants, and combinations thereof. Suitable 
amphiphilic polymers include, but are not limited to, poly 
(vinyl alcohol). Suitable ionic surfactants include, but are 
not limited to, anionic Surfactants such as Sulfates, Sul 
fonates, phosphates, and carboxylates; and cationic Surfac 
tants such as alkylammonium salts, gemini surfactants S. K. 
Hait et al., “Gemini surfactants: A distinct class of self 
assembling molecules. Current Science, 2002, 82, pp. 
1101-1111), cethylbiperidinium salts, and bichain salts; and 
combinations thereof. Suitable non-ionic surfactants 
include, but are not limited to, polar non-ionic Surfactants, 
non-polar non-ionic Surfactants, and combinations thereof. 
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0052. In some embodiments, the microemulsion is a 
reverse microemulsion. In some or other embodiments, the 
vesicles are micelles or reverse micelles. 

0053 Suitable flocculating agents, for use in Step 1003, 
include any species capable of destabilizing the microemul 
sion of vesicles. Exemplary flocculating agents include, but 
are not limited to, NHOH, NAOH, KOH, LiOH, tetram 
ethylammonium hydroxide (TMAH), and combinations 
thereof. 

0054 Generally, isolating the vesicles (Step 1004) 
involves separating them from the bulk solvent. Suitable 
isolating techniques include, but are not limited to, evapo 
ration, filtration, centrifugation, and combinations thereof. 
An isolating technique is suitable provided it allows precur 
Sor material to remain associated with it after the isolating 
technique is performed. 

0055 Heating the vesicles to form oxide precursor mate 
rial (Step 1005) is generally done at a temperature between 
about 100° C. and about 800° C. Such heating serves to drive 
off organic matter and form a oxide precursor material. 
Some of the organics, if volatile, can be evaporated. Other 
organics are driven off as CO by heating the vesicles in air 
(i.e., calcining). 
0056 Heating the oxide precursor material at a crystal 
lizing temperature to form a nanocrystalline oxide-based 
phosphor material (Step 1006) is generally done at a tem 
perature between about 200° C. and about 1400° C. 
0057. In some embodiments, an optional milling step is 
carried out prior to heating the oxide precursor material at a 
crystallizing temperature to form a nanocrystalline oxide 
based phosphor material. In some such embodiments, such 
milling is done with refractory milling balls (e.g., Al2O). 

0058. In some embodiments, sizes of the material can be 
confirmed by a variety of techniques including, but not 
limited to, X-ray diffraction (XRD), transmission electron 
microscopy (TEM), and electron energy loss spectroscopy 
(EELS). In some embodiments, emission spectroscopy is 
used to confirm the optical properties of the material. 

0059. In some embodiments, the present invention 
improves the light output and decreases lumen depreciation 
in fluorescent lamps by introducing a novel, nanocrystalline 
coated phosphor system. In particular, those lamps exposed 
to the 185 nm radiation of a mercury discharge can be most 
dramatically improved. A nanoscale coating of the phosphor 
particles that absorbs the 185 nm radiation, while transmit 
ting 254 nm radiation of the mercury discharge, can simul 
taneously improve lumen maintenance as well as overall 
lamp efficiency. This occurs through emission by the nanos 
cale layer of either UV or visible radiation converted from 
the 185 nm input. Quantum splitting phosphors are ideal 
materials for this role, but phosphors which efficiently 
convert the 185 nm irradiation to radiation in the 250 nm. 
range (where current phosphors absorb) can also improve 
overall lamp efficiency. However, new phosphor coatings 
must not scatter the incident 254 nm radiation, absorbed by 
the existing phosphor, in order to avoid lumen degradation. 

0060. As above, in some particular embodiments, the 
present invention is directed to methods for the preparation 
of the oxide based quantum splitting phosphors, the methods 
involving a templated synthesis which uses a polymer for 
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steric entrapment of the oxide particles. Such steric entrap 
ment methods provide particle size control by segregating 
the particles as they are formed in a Subsequent pyrolysis 
process. After carefully evaporating water and calcination of 
organics, the resulting powders are heated to a variable set 
of temperatures and times required to form the desired 
quantum splitting oxide phase. 
0061 The processing routes of some embodiments of the 
present invention provide for the synthesis of nanocrystal 
line powders of oxide-based VUV-converting and quantum 
splitting phosphors. As discussed above, the quantum split 
ting phosphor can work as an active coating and will both 
absorb the 185 nm radiation as well as emit light at a 
wavelength suitable for either further excitation of the 
underlying phosphor layer or which increases the visible 
wavelength output of the lamp. Due to the nanoscale thick 
ness of the coating, scattering of the 254 nm radiation can be 
avoided and lumen efficiency can be effectively increased. 
0062) The present invention, at least in some embodi 
ments, provides low cost, reproducible, Scalable processing 
of oxide based nanocrystalline quantum splitting phosphors 
and VUV-converting phosphors. The present invention, 
however, is not limited to an active nanoscale coating of 
quantum splitting composition. It will be appreciated by 
those of skill in the art that such methods can be used for a 
variety of other oxide based compositions. 
0063. In some embodiments, the phosphors described 
herein can be used in various lighting devices such as 
fluorescent lamps based upon Hg or Xe-discharges, 
dielectric barrier discharge lamps, cold cathode compact 
fluorescent lamps, or light emitting diodes (organic or inor 
ganic) using phosphor down-conversion. In addition, these 
phosphors could also be used in display applications using 
cathode ray excitation. 

EXAMPLE 

0064. The following example is provided to demonstrate 
particular embodiments of the present invention. It should 
be appreciated by those of skill in the art that the methods 
disclosed in the example which follows merely represent 
exemplary embodiments of the present invention. However, 
those of skill in the art should, in light of the present 
disclosure, appreciate that many changes can be made in the 
specific embodiments described and still obtain a like or 
similar result without departing from the spirit and scope of 
the present invention. 

Example 1 

0065. This Example serves to illustrate the preparation 
and characterization of an oxide-based quantum splitting 
phosphor material (SrAl-O:Pr,Mg) in accordance with at 
least Some embodiments of the present invention, wherein, 
after processing, X-ray diffraction (XRD) measurements 
verified that the method yielded nanocrystalline powders 
with crystallite sizes of -50 nm. Optical characterization 
confirmed that the nanocrystalline powder exhibited a quan 
tum splitting effect. 
0066. A 10 g batch of SrAl2O3:1% PrMg was prepared 
using a steric entrapment route. Stoichiometric amounts of 
Sr(NO), Al(NO).9H2O, Pr(NO), .6H2O, and MgCl, 
were dissolved in 100 cm of de-ionized water under con 
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stant stirring for 1 hour, followed by the subsequent addition 
of a 5 wt.% poly(vinylalcohol) (115,000 Mw) solution. The 
resulting mixed solution was precipitated by dropwise addi 
tion of 100 cm of NHOH (28-30%) solution. The resulting 
material was transferred to a porcelain tray and placed under 
an infrared heat lamp for 24 hours. The dried material was 
collected, transferred to an alumina crucible, and initially 
processed at 400° C. for 4 hours in the presence of air. The 
sample possessed macroscopic gray areas due to an incom 
plete decomposition of organic matter present in the sample. 
The sample was subsequently heated at 450° C., 500° C. 
and 550° C., for similar durations and under similar atmo 
spheres. Since macroscopic inhomogeneities still persisted, 
the sample was removed and milled in isopropanol using 
high-density/high-purity Al-O grinding media for 6 hours, 
after which it was calcined at 600° C. for 4 hours in air. Upon 
completion of this step, the batch showed no visible gray 
ness, and was completely white. Small aliquots were then 
removed and processed at 800° C., 1000° C., 1200° C., and 
1400° C. for 4 hours in air in order to optimize phase 
formation. At each calcination step, a small aliquot of the 
sample was removed and characterized by powder X-ray 
diffraction. 

0067 Powder X-ray diffraction was carried out on 
selected samples using a Bruker D8 Advance X-ray diffrac 
tometer with Ni-filtered Cu—K radiation, and a scintilla 
tion detector with fixed slits of 1 mm, 1 mm, and 0.1 mm, 
for the aperture, Scattered-radiation, and detector slits, 
respectively. The instrument was operated in 0-20 geometry 
within the 30°–40° region, with a step size of 0.02 degrees, 
and a stepping rate of 1 step every 5 seconds. A NIST 
certified 660a LaB standard was used to determine the 
instrumental contributions to peak broadening. Average 
crystallite size was obtained using Scherrer's equation see, 
e.g., B. D. Cullity, Elements of X-Ray Diffraction, Second 
Edition (Boston: Addison-Wesley, 1978), p. 102). 
0068. At temperatures up to around 1000° C., the X-ray 
powder diffraction shows mostly amorphous material, with 
vestigial amounts of nanosize Al-O and SrCO (see FIG. 2). 
At 1200° C. the X-ray powder diffraction revealed that 
considerable reaction had occurred and reflections belong 
ing to the desired SrAlO3:1% Pr. Mg phase were detected 
with a crystallite size of 81 nm. A small amount of unreacted 
SrAl-O, and Al-O (signaled by the arrows in FIG. 2) still 
remained in the sample. By increasing the temperature to 
1400° C., the proportion of the SrAl-O:1% Pr. Mg phase 
increased considerably, and a nearly phase-pure sample was 
obtained. The crystallite size increased only very slightly to 
89 nm. 

0069. Emission spectra obtained for the material gener 
ated above revealed Pr"'So emission under 200 nm exci 
tation (4 f2->4 f5d), the critical signature for Pr" quantum 
splitting (FIG. 3). Transmission electron microscopy (TEM) 
images of powders produced using the above-mentioned 
templating agent, and for which electron energy loss spec 
troscopy (EELS) measurements show thicknesses below 50 
nm, are shown in FIGS. 4 and 5, wherein FIG. 5 depicts a 
more highly magnified region within FIG. 4. 

0070 Generally, embodiments of the present invention 
are directed toward nanocrystalline oxide-based phosphor 
materials, and methods for making same. Typically, Such 
methods comprise a steric entrapment route for converting 
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precursors into Such phosphor material. In some embodi 
ments, the nanocrystalline oxide-based phosphor materials 
are quantum splitting phosphors. In some or other embodi 
ments, such nanocrystalline oxide based phosphor materials 
provide reduced scattering, leading to greater efficiency, 
when used in lighting applications. 

0071. It will be understood that certain of the above 
described structures, functions, and operations of the above 
described embodiments are not necessary to practice the 
present invention and are included in the description simply 
for completeness of an exemplary embodiment or embodi 
ments. In addition, it will be understood that specific struc 
tures, functions, and operations set forth in the above 
described referenced patents and publications can be 
practiced in conjunction with the present invention, but they 
are not essential to its practice. It is therefore to be under 
stood that the invention may be practiced otherwise than as 
specifically described without actually departing from the 
spirit and scope of the present invention as defined by the 
appended claims. 

1. A method for making nanocrystalline oxide-based 
phosphor material comprising the steps of 

a) dissolving a quantity of at least one precursor material 
in a solvent to form a solution, the precursor material 
being Suitable for forming phosphor material; 

b) adding templating agent comprising poly(vinylalcohol) 
to the solution in an amount Sufficient to form a 
microemulsion of vesicles comprising the precursor 
material; 

c) adding a flocculating agent to the microemulsion to 
effect a flocculation of the vesicles; 

d) isolating the vesicles; 

e) heating the vesicles to drive off organic matter and form 
an oxide precursor material; and 

f) heating the oxide precursor material at a crystallizing 
temperature to form a nanocrystalline oxide-based 
phosphor material. 

2. The method of claim 1, wherein the at least one 
precursor material comprises at least one salt species. 

3. The method of claim 1, wherein the at least one 
precursor material comprises at least two salt species in 
Suitable amounts. 

4. The method of claim 1, wherein the solvent is water. 
5. The method of claim 1, wherein the microemulsion is 

a reverse microemulsion. 

6-8. (canceled) 
9. The method of claim 4, wherein the vesicles are 

micelles. 

10. The method of claim 1, further comprising a step of 
milling the oxide precursor material prior to heating it at a 
crystallizing temperature. 

11. The method of claim 4, wherein the microemulsion of 
vesicles is acidic. 

12. The method of claim 11, wherein the flocculating 
agent is a base selected from the group consisting of 
NHOH, NaOH, KOH, LiOH, tetra methyl ammonium 
hydroxide (TMAH), and combinations thereof. 
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13. The method of claim 1, wherein isolating the vesicles 
involves a process selected from the group consisting of 
evaporation, filtration, centrifugation, and combinations 
thereof. 

14. The method of claim 1, wherein heating the vesicles 
to drive off organic matter is carried out at a temperature 
between about 100° C. and about 800° C. 

15. The method of claim 1, wherein the crystallizing 
temperature is between about 200° C. and about 1400° C. 

16. The method of claim 1, wherein the nanocrystalline 
oxide-based phosphor material comprises crystallites with at 
least one dimension between about 5 nm and about 500 nm. 

17. The method of claim 1, wherein the nanocrystalline 
oxide-based phosphor material comprises crystallites with at 
least one dimension between about 5 nm and about 100 nm. 

18. The method of claim 1, wherein the nanocrystalline 
oxide-based phosphor material is a material selected from 
the group consisting of self-activated luminescent material, 
impurity-activated luminescent materials, and combinations 
thereof. 

19. The method of claim 1, wherein the wherein the 
nanocrystalline oxide-based phosphor material is a phosphor 
selected from the group consisting of quantum splitting 
phosphors, UV-emitting phosphors, visible-emitting phos 
phors, and combinations thereof. 

20. The method of claim 19, wherein the nanocrystalline 
oxide-based phosphor material is a doped oxide material, 
having a form bulk oxide:dopant, wherein the quantum 
splitting phosphor material is selected from the group con 
sisting of LaBO:Pr"; (Gd,Y)BO:Pr"; (Sr, 
Ca)Al2O:Pr"; (LaGd,Y)MgBO:Pr"; SrBO, Pr"; 
CaMgAlO:Pr"; CaMgAl-O:Pr"; LaBO:Pr", 
Pb: (Gd,Y)BO:Pr",Pb"; (Sr,Ca)AlO:Pr",Pb"; 
(LaGd,Y)MgBO:Pr"Pb: SrBO:Pr",Pb?"; 
CaMgAl Os:Pr".Pb"; CaMgAlO:Pr", Pb: 
LaBO:Pr",Pb,Bi"; (Gd,Y)BO:Pr", Pb,Bi"; (Sr, 
Ca)AlO:Pr", Pb, Bi"; (LaGd,Y)MgBO:Pr", Pb, 
Bi"; SrBO:Pr", Pb,Bi"; CaMgA1, O:Pr",Pb, 
Bi"; CaMgAl-O:Pr".Pb.Bi"; and combinations 
thereof; the UV-emitting phosphor material is selected from 
the group consisting of LaPO:Pr"; LaBO:Pr"; 
YBO:Pr"; GdBO:Pr"; LuBO:Pr"; YPO:Pr"; 
GdPO:Pr"; YSiO:Pr"; YPO:Bi"; LuPO:Bi"; 
LaPO:Pr"Pb2"; LaBO:Pr"Pb2"; YBO:Pr",Pb?"; 
GdBO:Pr",Pb?"; LuBO:Pr",Pb?"; YPO:Pr",Pb?"; 
GdPOPr"Pb2"; YSiO:Pr"Pb2"; YPO-Bi",Pb?"; 
LuPO:Bi",Pb?"; LaPO:Pr"Pb?"Bi"; LaBO:Pr",Pb?", 
Bi"; YBO,Pr"Pb2"Bi", GdBO:Pr"Pb?"Bi"; 
LuBO:Pr",Pb2"Bi"; YPO Pr"Pb2"Bi"; GdPO:Pr", 
Pb2"Bi", YSiO:Pr"Pb2"Bi"; YPO:Pr"Bi",Pb?"; 
LuPO:Pr",Bi",Pb?":(Ca,Mg,Sr)SO:Pb?"; 
CaLiSiO:Pb: (Ca, Ba,Sr)SiO:Pb: Ba(YGd, 
Lu)BO:Bi"; YOF:Bi"; (Gd,Y)OF:Bi"Pr"; 
(YGd), Al-O,2:Bi"; and combinations thereof; and the vis 
ible-emitting phosphor material is selected from the group 
consisting of BaMg,Al-O-7:Eu"; CeMgAl Og:Tb"; 
YO:Eu":(Ba,Sr.Ca)(PO4)(C1.F.OH):Eu": (Ba,Sr. 
Ca)MgAlO4:Eu"; (Ba,Sr.,Ca)BPO:Eu"; 
Sr., Al-Os:Eu"; BaAsOs:Eu"; 

Ga). O:Ce"; (Ba,Sr.,Ca)(PO) (ClFOH):(Eu", Mn", 
Sb'): (YGd, La.Lu.Sc).O:Eu"; (YGd.La, In, Lu, 
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Sc)BO:Eu"; (Y.Gd, La)(Al..Ga)O:Eu"; (Ba,Sr.,Ca)(YGd, 
La.Lu).O:Eu"; (YGd)AlBO:Eu"; monoclinic 
GdO:Eu"; (Gd,Y)(AlGa),O:Eu"; (Ca,Sr)(Gd,Y), (Ge. 
Si)AlO:Eu": GdMgBO:(Ce",Mn); 
3.5MgO.0.5MgF.GeO, Mn"; and combinations thereof. 

21. The method of claim 1, wherein the nanocrystalline 
oxide-based phosphor material is a compound having the 
formula Sr-PrAl-MgO, where 0<X<0.20. 

22. The method of claim 21, wherein the at least one 
precursor material is selected from the group consisting of 
Al(NO), H2O, Pr(NO), H2O, MgCl, Sr(NO) (anhy 
drous), Mg(NO), HO. AlCls (anhydrous), SrCl H2O, 
PrC1H2O, and combinations thereof. 

23. The method of claim 1, wherein the precursor material 
is selected so as to provide nanocrystalline powder of 
oxide-based phosphor material that absorbs in the 120 nm to 
500 nm region of the electromagnetic spectrum and emits in 
the 220 nm to 750 nm region of the electromagnetic spec 
trum 

24. A method for making nanocrystalline oxide-based 
phosphor material, the material having quantum splitting 
properties, comprising the steps of: 

a) dissolving a quantity of at least one precursor material 
in a solvent to form a solution, the precursor material 
being Suitable for forming quantum splitting phosphor 
material; 

b) adding templating agent comprising poly(vinylalcohol) 
to the solution in an amount Sufficient to form a 
microemulsion of vesicles comprising the precursor 
material; 

c) adding a flocculating agent to the microemulsion to 
effect a flocculation of the vesicles; 

d) isolating the vesicles; 

e) heating the vesicles to drive off organic matter and form 
an oxide precursor material; and 

f) heating the oxide precursor material at a crystallizing 
temperature to form a nanocrystalline powder of oxide 
based quantum splitting phosphor material. 

25. The method of claim 24, wherein the at least one 
precursor material comprises at least one salt species. 

26. The method of claim 24, wherein the at least one 
precursor material comprises at least two salt species in 
Suitable amounts. 

27. The method of claim 24, wherein the solvent is water. 
28. The method of claim 24, wherein the microemulsion 

is a reverse microemulsion. 

29.-31. (canceled) 
32. The method of claim 27, wherein the vesicles are 

micelles. 

33. The method of claim 24, further comprising a step of 
milling the oxide precursor material prior to heating it at a 
crystallizing temperature. 

34. The method of claim 27, wherein the microemulsion 
of vesicles is acidic. 

35. The method of claim 34, wherein the flocculating 
agent is a base selected from the group consisting of 
NHOH, NaOH, KOH, LiOH, tetra methyl ammonium 
hydroxide (TMAH), and combinations thereof. 
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36. The method of claim 24, wherein isolating the vesicles 
involves a process selected from the group consisting of 
evaporation, filtration, centrifugation, and combinations 
thereof. 

37. The method of claim 24, wherein heating the vesicles 
to drive off organic matter is carried out at a temperature 
between about 100° C. and about 800° C. 

38. The method of claim 24, wherein the crystallizing 
temperature is between about 200° C. and about 1400° C. 

39. The method of claim 24, wherein the nanocrystalline 
powder of oxide-based quantum splitting phosphor material 
comprises crystallites having diameters between about 5 nm 
and about 500 nm. 

40. The method of claim 24, wherein the nanocrystalline 
powder of oxide-based quantum splitting phosphor material 
comprises crystallites having diameters between about 5 nm 
and about 100 nm. 

41. The method of claim 24, wherein the nanocrystalline 
powder of oxide-based quantum splitting phosphor material 
is selected from the group consisting of self-activated lumi 
nescent material, impurity-activated luminescent materials, 
and combinations thereof. 

42. The method of claim 24, wherein the nanocrystalline 
powder of oxide-based quantum splitting phosphor material, 
having a form bulk oxide:dopant, is selected from the group 
consisting of LaBO:Pr"; (Gd,Y)BO:Pr"; (Sr, 
Ca)Al2O:Pr"; (LaGd,Y)MgBO:Pr"; SrBO, Pr"; 
CaMgAlO:Pr"; CaMgAl-O:Pr"; LaBO:Pr", 
Pb: (Gd,Y)BO:Pr",Pb"; (Sr,Ca)AlO:Pr",Pb"; 
(LaGd,Y)MgBO:Pr"Pb: SrBO:Pr",Pb?"; 
CaMgA1, O.Pr".Pb: CaMgAlO:Pr",Pb: 
LaBO:Pr",Pb,Bi"; (Gd,Y)BO:Pr", Pb,Bi"; (Sr, 
Ca)AlO:Pr", Pb, Bi"; (LaGd,Y)MgBO:Pr", Pb, 
Bi"; SrBO:Pr",Pb?' Bi"; CaMgA1, O:Pr",Pb?", 
Bi"; CaMgAlO:Pr", Pb,Bi". 

43. The method of claim 24, wherein the nanocrystalline 
powder of oxide-based quantum splitting phosphor material 
is a compound having the formula Sri-xPrskAl2-x MgSO9. 
where 0<XCO.20. 

45. The method of claim 24, wherein the precursor 
material is selected so as to provide nanocrystalline powder 
of oxide-based quantum splitting phosphor material that 
absorbs in the 120 nm to 500 nm region of the electromag 
netic spectrum and emits in the 200 nm to 750 nm region of 
the electromagnetic spectrum. 

46.-78. (canceled) 
79. A method for making nanocrystalline oxide-based 

phosphor material comprising the steps of 

a) dissolving a quantity of at least one precursor material 
in a solvent to form a solution, the precursor material 
being Suitable for forming phosphor material; 

b) adding templating agent to the Solution in an amount 
Sufficient to form a microemulsion of vesicles compris 
ing the precursor material, wherein the microemulsion 
of vesicles is acidic; 

c) adding a flocculating agent to the microemulsion to 
effect a flocculation of the vesicles; 
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d) isolating the vesicles; 
e) heating the vesicles to drive off organic matter and form 

an oxide precursor material; and 
f) heating the oxide precursor material at a crystallizing 

temperature to form a nanocrystalline oxide-based 
phosphor material. 

80. A method for making nanocrystalline oxide-based 
phosphor material, the material having quantum splitting 
properties, comprising the steps of: 

a) dissolving a quantity of at least one precursor material 
in a solvent to form a solution, the precursor material 
being Suitable for forming quantum splitting phosphor 
material; 
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b) adding templating agent to the Solution in an amount 
Sufficient to form a microemulsion of vesicles compris 
ing the precursor material, wherein the microemulsion 
of vesicles is acidic; 

c) adding a flocculating agent to the microemulsion to 
effect a flocculation of the vesicles; 

d) isolating the vesicles; 
e) heating the vesicles to drive off organic matter and form 

an oxide precursor material; and 
f) heating the oxide precursor material at a crystallizing 

temperature to form a nanocrystalline powder of oxide 
based quantum splitting phosphor material. 

k k k k k 


