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(57) Abstract: A phosphor composition is derived from combining K,SiFs:Mn* in solid form with a saturated solution of a man-
ganese-free complex fluoride including a composition of formula (I): A3;[MFs], where A is selected from Na, K, Rb, and combina-
tions thereof; and M is selected from Al, Ga, In, Sc, Y, Gd, and combinations thereof. The composition of formula (I):A3[MFs] has a
water solubility lower than a water solubility of K,SiFs. A lighting apparatus including the phosphor composition is also provided.
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MOISTURE-RERISTANT PHOSPHOR COMPOSITIONS AND ASSOUIATE
METHODS
BACKGROUND

{0604 . The imvention selates generally to  red-emitiing phosphors, and
particularly moisture-resistant red-emitting phosphors, More particularly, the invention

relates to moisture-resistant KuS8iF M, and methods of making the same.

0062} Red-emitting phosphors based on complex fluoride materials activated
by Mn*", such as those deseribed in US 7,358,542, US TAGTT3, and US 7,648,649, can
be utilized in combination with vellow/green emitting phosphors such as YAG:Ce or
other gamet compositions 0 achieve warm winte Hght {CCTs<5061 K on the blackbody
tocus, oolor rendering index ({CRI) >80} from a blae LED, squivalent o that produced by
current fluorescent, incandescent and balogen lamps. These materials absorh blue tight
strongly and efficiently emit betweon about 610-635 om with ltle deep red/NIR

enssion.

{36037 While the efficacy and CRI of lighting systems using Mn" doped
fluoride hosts can be quite high, one potential Houtation s their susceptibility to
degradation under use conditions. It i3 possible 1o reduce this degradation using post-
synthesis processing steps, as described in UUS 8,252,613, However, development of

these materials with improved performance and stability is desirable.
BRIEF DESCRIPTION

[O004] In one aspect, the present invention relates to s phosphor composition
mchiding particles of Kﬁi&:’Mn’” coated with a manganese-free complex fluoride. The
manganese-free complex fluoride includes & composition of formula b A{MF], where A
iz selected from Na, K, Rb and combinations thereof) and M is selected from Al Ga, In,
S, Y, Gd and combinations thereof. The composition of formuls BAIMF:] has lower

water solubility than a water sclubility of K,SiF,.

{0057 In one aspect, a lighting apparatus according to the present invention
includes a light source and 2 phosphor composition radiationally coupled to the light

source. The phosphor composition includes particles of KoSiFgMe' coated with a
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manganese-free complex fluoride.  The maoganese-free complex fuoride inchudes a
composition of formmda © AME], where A 5 sclected from MNa, K, Rb and
combinations thereof, and M is selected from Al Ga, In, S¢, Y, Gd and combinations
thereof. The composition of formula EA;IME] has lower water solubility than a water

sajuhility of K,Sil,

{6006} in another aspect, the present invention relates to a method for preparing
a phosphor composition.  The method includes combining a saturated solution of a
manganese-free complex fuoride including a composition of formaula I A[ME], where
A s selected from Na, K, Bb, and combinations thereof, and M is selected from Al Ga,
In, S, Y, Gid and combinations thereof, with K,8iF, Mn* phosphor in solid form to form
a slurry, whersin the conposition of formula LA MF¢] has a water solubility lower than
a water solubility of K,8iF;. The method further inchudes filtering the slurry, and

isolating & product from the shurey.

{00071 In one aspect, the present invention relates to a phosphor compesition
derived from combining KoSiFeMn™ in solid form with a saturated solution of a
manganese-free complex fluoride including a composition of formula LAIME], where
A s selected from Na, K, Bb, and combinations thereof] and M is selected from Al Ga,

In, Sc, Y, Gd, and combinations thereof, wherein the composition of forrmula LA MF,]

has a water solubility lower than a water solubility of K 8iF,.
DRAWINGS

{0008} These and other features, aspeets, and advaniages of the present
mvention will becorne better undersivod when the following detatled description is read

with reference to the accompanying drawings, wherein:
{0609 FIG. 1 is a micrograph of K, 5iFs:Mn®' phosphor composition,

{06101 FIG. 2 ts a micrograph of a phosphor composition containing particles of
K,8iFs Mn'" coated with a manganese-free complex fluoride of formula I, in accordance

with one embodiment of the invention;

[001E] FIG. 3 13 a schematc cross-sectional view of a lighting apparatus, in

accordance with onge embodiment of the mvention;
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[0012] FIG. 4 15 a schematic cross-sectional view of a lighting apparatus, in

accordance with another embodiment of the invention;

(0013} FIG. § 18 a schematic cross-sectional view of a lighting apparatus, in

accordance with vet another embodiment of the invention.
DETAILED DESCRIPTION

[G314] Approximating language, as used herem throughout the specification and
claims, may be apphied o modify any quantitative representation that could permissibly
vary withowt resulting m a change in the basic function o which it is related.
Accordingly, a value roodified by a term or terms, such as "about,” is not Hmited (o the
precise value specified. In some instances, the approximating language may correspond
{0 the precision of an instrument for measuring the value, In the following specification
and claims, the smgular forms "2, “an” and “the” include phural referents, unless the

context clearly dictates otherwise,

(3015} As used herein, the term “phosphor”, “phosphor composition” or
“phosphor material” may be wsed to denote hoth a single phosphor composition, as well
3% a rooisture-resistant phosphor composition, and in some embodiments, a coated

phoaphor composition.

[Gi16] According to one embodiment of the invention, a phosphor composition
is derived from combining K 8iFaMa" in solid form with a saturated solution of &
manganese-free complex fluoride.  The mangancse-free complex fluoride includes a
composition of formula LA MFg], where A is selected from Na, K, Rb and combinations
thereof;, and M is selecied ‘ﬁ*:;}m AL Ga, In, 8¢, ¥, Gd, and combinations thereof. In one
embodiment, a water soiubiﬁty of the composition of formula LAIME] is lower than a
water solubility of Ko8iF;. Inventors believe that the resolting phosphor composition
includes coated particles of K SiFoMn'" with a manganese-free complex fluoride and
ihus provide high resistance o moisture-induced degradation.  FIGS. | and 2,
respectively, show micrographs of a5 prepared K,SiFoMn® (known in the art) and the
phosphor composition produced by combining K. S8iFaMn' with a saturated solution |
including KAl as described below with respect to an example. Tt is clear that the

micrograph in FEG. 2 chows substantally coated particles.

Ly



WO 2015/102876 PCT/US2014/070465

0o it is believed that the phosphor composition may have a core-shell
structure. Substantially all of the particles of a core phosphor i.e. K,8iFaMa™ may be
coated with a manganese-free material {also referred i as “shell phosphor”).
Advantageously, the coating may have significantly less degradation under high
temperators and high homidity conditions, as compared o the core particles, thereby
protecting the core particles from the effects of atmospheric moisture,  In preferred
embodiments, every particle may be coversd with the manganese-free complex Hluoride.
However, if 8 small number of particles do not become fully covered under processing
conditions, the overall characteristics of the phosphor would not be adversely affected for

mgst applications.

{0618} As used herein, a complex fluoride 15 a coordination compound,
containing atl least one coordination center (for example “M” in the examples above),
surrounded by fluoride ions acting as Hgands, and charge-compensated by counter ions
{e.g. “A” or “E” in the examples above), as necessary. These complex fluorides may
further include an activator ion, for example manganese ion {(Mn™"), and may also be
referved as mangansse-doped fluoride phosphor, The activator ion (Mn'") also acis as a
coordination cenier, substituting part of the centers of a host lattice, e.g., M. The host
fattice (ncluding the counter ions) can further modify the sxcitation and emission

properties of the activator jon.

[0019} A variety of manganese-free complex fluorides can be used for coating
individua! particles of the mangancse-doped core fluoride that is KGSiF Mn™.
Furthermuore, use of a host composition {for example, ¥,SiF,) of the core material may be
a desirable choice for the manganese-free coating o avoid mismatching of various
featares, such as lattice parameters, and refractive index, which otherwise may adversely
affect the emission propertiss of the reseliing coated phosphor composition. However,
K,8iF; meay not be suitable coating material for coating K,SiFeMn*" because of its
solubihity/resctivity with water. K,5iF; may react with water, in particular, and degrade

under a humid atmospherg,

[06626] As used herem, “water solubility”™ or “solubility with water” refers to
solubility as well as reactivity of a composition with water. In one embodiment, a

composition may dissolve in water. In ascther embodiment, a composition may



WO 2015/102876 PCT/US2014/070465

chemically react with water. For example, Ko SiF; may not dissolve in water, instead may

react with water and produce some precipitates/products.

[GO21} A number of manganese-free complex fluorides of formula LTAGIME],
where A is selected from Na, K, Rb, Cs, Li, Mg, Az and combinations thereof) and M is
selecied from Al Ga, In, B, Y, La, a lanthanide, Bi, and combinations thereof, have been
studied for their compatibility to combine with the K,8iF, Mn" phosphor, for example
lattice matching with the host material K,8iF,, and their solubility in water to analyze

thedr moisture vesistivity.

106223 Table 1 shows some examples of manganese-free complex fluoride
compositions of formula 1 along with their laftice paramster and solubility in water
{measured as described helow with respect o examples). It has been observed that the
composition samples 2-7 have lattice parameters comparative with that of K 8iF,, and
may have accepiable lattice matching with ¥,S8iF,. Furthermore, samples 2, 4 and 7 have

fower solubility in water then K, 81F,.

Table 1
Sampies Phosphor composition Latiice paramster Solubility in water

i KaSiF, 81584 it %

Z KLAlR, 8.405 1%

3 NasAlF 7.862 13 %

4 FoNaAlF; 2122 2%

5 by A, g3 -

& NadgAlF, 7.94 22 Y%~

7 KoLiAIR, 5.2

8 Na;LiAlF, 7.639 33 %

9 LL AR 11.93 -

10 Ca, KALF 3.58 -

3] Ca RbALF, 905 -

i2 CaalFs 9212 -

i3 K MgAiF, 995 -

{0623} Some embodiments of the invention thus provide a phosphor

composition derived from combining K,SiFaMn® in solid form with a samrated sohution
of a2 manganese-free complex fluoride including a composition of formula LAME],

where A 15 selected from Na, K, Rb, and combmations thereof) and M is selecied from

L7
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Al Ga, In, S¢, Y, G4, and combinations thersof. A may further Inchede Li, Ag or a

combination thereof in about 50 percent amount.

(0024} in some embodiments, a phosphor composition inchides K 8iF;Mn®
particles coated with a mangsnese-free complex fluoride includes a composition of
forrauda DAS[ME], where A 15 selected from Na, K, Rb, and combinations thereof and
M s selected from Al Ga, In, S¢, Y, Gd, and combinations therenf, In cerlain
embodiments, the manganese-free fluoride includes & composition of forpwmla ©
Al AIF], where A is selected from Na, K, and combinations thereof, Moreover, in some
embodiments, the manganese-free complex fuoride composition of formula EAME]
having a lower solubility in water than the solubility of K,8iF, in water is desirable. For
exarmple, K AR, and K,NaAlF; have lowsr solubility in water than the solubility of

K,;5iF; in water.

{00257 in some embodiments, the manganese-free complex fluoride may further
include K, SiF,. An amount of K;8iF; may be added while preparing a saturated solution

of the A3{MF] for coating the K SiF; particles that is described in details below,

(002361 A variety of methods may be used to prepare manganese-doped or
manganese-free {fluoride compounds, depending on different starting materials, methods
to provide a manganese activator in the proper oxidation state, and the like. Some of

preferred methods are desenbed m VLS. Patent 7,497,973,

{0027} The moisture-resistant ooated K,RiFoMa" phosphor compuosition
provided by embodiments of the present invention has an intense red luminescence
property for electromagnetic excitations corresponding to the various absorption fields of
the product. These phosphors may be desirably used in lighting or display systems. One
embodiment of the invention is directed to a lighting apparatus that includes the phosphor

composition radiationally coupled to a hght source.

[0028) A cross sectional view of a lighting apparatus or Hght emitiing assembly
or lamp 10 according to the present invention ts shown in FIG. 3. Lighting apparatus 10
inchudes a semmicondustor radiation source, shown as Hght emitting dieds (LED) chip 12,
and leads 14 eclectrically astached to the LED clup. The leads 14 may be thin wires

supported by a thicker lead frame{s} 16 or the leads may be self-supported electrodes and

&
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the lead frame may be omitted. The leads 14 provide current to LED chip | and thus

cause it o emit radiation.

(30291 LED chip 12 may be any semiconductor blue or oliraviolet light source
that is capable of producing white light when its emitted radiation is directed onio a
phosphor.  In particelar, the semiconductor light source may be 3 blee emitting LED
senuconductor diode based on a nitride compound semiconductor of forraula InGa ALN
{where 0<; 0<j; O0<k and 1 + 3 + k =1} having an enission wavelength grester than about
250 nra and less than about 550 ran. More particelarly, the chip 12 may be 3 near-UV or
blue emitting LED having a peak esission wavelength from about 400 1o about 500 nm,
Even more particularly, the chip 12 may be a bloe emitting LED having a peak emission
wavelength ranging from about 440-460 nm Such LED semiconductors are known in the

art.

{00301 Although the general discussion of the exemplary strugtures of the
mvention discussed herein are divected toward morganic LED based light sources, #
should be understood that the LED chip may be replaced by an organic Hght emissive
sfructure or other radiation source, unless otherwise nofed, and that any reference to an

LED chip or semiconductor is merely representative of any appropriate radiation source.

00311 in Lighting apparatus 10, a phosphor material 22 is disposed on 2 surface
of the LED chip 12, and i¢ radiationally coupled to the c¢hip 12, The phosphor material
22 can be deposited on the LED 12 by any appropriate method. The phosphor material
22 includes a composition including coated particles of ¥KGSiFaMn™ by a laver of
manganese-free fluonide phosphor as discussed shove, Radiationally coupled means that
radiation from LED chip 12 is ransmitied to the phosphor, and the phosphor emits
radiation of a different wavelength. In a particular embodiment, LED chip 12 is a blue
LED, and the phosphor matenial 22 inclodes a blend of & red line emitting phosphor
according o the aspects of the invention, and a yellow-green phosphor such as a cerbum-
doped vitrium aluminom gamet, CaYAG. The blue light emitted by the LED chip 12
rmxes with the red and yellow-green Bght emitted by the phosphor material 22, and the

emission (indicated by arrow 243 appears as white light,

[O032] With reference to FIG. 3, the LED chip 12 may be encapsulated within

an envelope 18, which encloses the LED chip and an encapsulant material 20, The

wd
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envelope 18 may be, for example, glass or plastic,. The LED chip 12 may be enclosed by
the encapsulant material 20, The encapsulant matedal 20 may be a low temperature
glass, or a thermoplastic or thermoset polymer, or resin a3 known in the art, for example,
a silicone or epoxy resin.  In addition, scatiering particles may be embedded in the
encapsulant material 20. The scattering particles may be, for example, ahwina or titania.
The scaticring particles effectively scatter the directional light emuited from the LED
chip, preforably with a negligible amount of absorption. In an aliernate embodimeny, the
lamp 10 may only comprise an encapsulant without an outer envelope 18, The LED chip
12 may be supported, for example, by the lead frame 16, by the self-supporting
slectrodes, by the base of the envelope 18, or by s pedestal {not shown} mounied to the

shell or to the lead frame.

106331 FIG. 4 illustrates a second preferred structure of the lighting apparatas
according to the preferred aspect of the present lnvention, Corresponding numbers from
FIGS. 3-5 {e.g. 1210 FIG. 3 and 112 in FIG. 4) relate to corresponding structures in each
of the figures, vnless otherwise stated. The stracture of the embodiment of FIG. 4 15
similar o that of FIG. 3, except that the phosphor material 122 is interspersed within the
encapsulant material 120, instead of being formed divectly on the LED chip 112, The
phosphor {in the form of a powder) 122 may be interspersed within a single region of the
encapsulant material 120 or, more preferably, throughout the entire volume of the
sncapsulant material.  Radiation (indicated by awow 126} eoutted by the LED chup 112
mixes with the Hght eroitted by the phosphor 122, and the mixed hight appears as while
Light 124, If the phosphor is to be interspersed within the encapsulant material 120, then
a phosphor powder may be added to a polymer precursor, and loaded arcund the LED
chip 112, The polymer preswrsor may then be cured to solidify the polymer. Other

known phosphor interspersion methods may also be used, such as transfer molding.

{00341 FEG. 5 illustrates a third possible structure of the lighting apparatus
according to some preferred aspects of the present imvention.  The structure of the
embodiment shown m FIG. § is sinmlar to that of FUG. 3, except that the phosphor
material 222 is coated onto a surface of the envelope 218, instead of being formed over
the LED chip 212, The phosphor material 222 is preferably coated on the inside surface
of the envelope 218, although the phosphor may be coated on the cutside surface of the

envelope, if desired. The phosphor 222 may be coated on the entire surface of the
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envelope, or only a top portion of the surface of the envelope. The radiation 226 emitted
by the LED chip 212 mixes with the light emitted by the phosphor 222, and the mixed
light appears as white light 224, Of course, the structures of FIGS. 3-5 may be
combined, and the phosphor may be located in any two or all thres locations, or in any

other suitable location, such as separately from the envelope, or integrated nto the LED,

(3035} In some smbodiments, the phosphor material includes some additional
phosphors 1o produce color powt, color temperaiure, or color rendering as desired, 1.6, 2
blend of phosphors may be used in the lighting apparatus. When used in a lighting
apparatus m combination with a blue or near UV LED emitting radistion in the range of
about 258 1o 550 nm, the resultant light emitied by the ascermbly will be a white Hght,
Other phosphors such as green, blue, orange, or other color phosphors may be used in the

blend to customize the white color of the resulting light and produce higher CRI sources.

{0036] Suitable phosphors for use along with the coated phosphor composition

include, but are not Jimited to:

{{Sri, (Ca, Ba, Mg, Za) b Li, Na, KRB .Codn{ Al 81300y m0wiF Losws
(Ca, 086,850 (CadiGy;

(80, Ca,BapAl Sy FeCe®™ ((Ca, Sr, CelfAlL SO, Fi: {SASCR);
{Ha,57,Ca){ POH{CLE Br,OH B M (Ba, S, Ca)B PO By Mn™™:
{Se,Cadf PO vBLO By (wherein G<vel ) 8n:85,CL ¥ 28rCl Ea®™:
{Ca,Sr,RakMeSi O Bu™ M®"; BaAkO,« Fu®; 25r0%0.84P, 04 1 68,0, Fu®";
{(Ba,8r,CaiMgal OB Mo (Ba,8r.Ca)ALO Eu™ (Y G4, Ly, 8¢, LayBO, (e’ TH;
ZoS:Cu' CT; ZaS:Cu" A ZnS:Ag” OF ZnS:8g AV (Ba,$r,Ca) 81, :0s g B
{wherein 0<E<0.2); (Ba,Sr,Ca);_ﬂ\/ig,ﬁh}:Si;@;:Eu”’; {Sr,Ca,Ba} ALGa, Iy, 5B
(Y, G4, T5,La,Sm,Pr,Luk ALGaks Oy (6™ (wherein s 0.5y,

{Ca,8r){ Mg, Zn} S0, 1 Ch:Bu® Mn™; NayGd, B0 Ce™ T,
{87,Ca,Ba Mg, Znh P OnFu™ Mn®; (G4, Y Lu,Lah Uy Eu™ B,

(Gd, Y, Lu,Layh 08 FBu™ BE 5 (04, ¥, La, Lay VO Ea® B (Ca 808 Eu® Ce™
SrY,8aEe™; Calag S0’ (Ba, Sr,CatMeP, G Be® Mn® 3 (Y, Luh WO Eu®' Mo®
{Ba,8r,Ca) SN, Fu'* (wherein 2e+4y=31); Cas{ SIONCL By™,

(0,80, Y, T8 0o s L i Mg o Pl 81,6k o Czen (Where -0.5<0<], O<ve. 1, and
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a-StAJON doped with Bu™ andfor Co’ ™) B-SIAIOMNEW (Ca SrAISIN B

{Ca, %6, Ba)Si0 Ny Fu™ Ce™; 3.5MgO*0 SMeF ¥ GeOyMn™; Cay e Budl 8N
{where 0002, 058<0.2Y; Ca, CaBu Al (Mg, Fn) SiN, (where 0<h<0.2, 05002y,
Cay e CelLiNa)Eu AlSiN; {where 0=5<0.2, 0=<f<0.2, s+00); and Cay,Uey

(LiNa} EuoAli,., 8 g My, {(where 050502, 0504, 045020,

in particulary, suitable phosphors for use in blends with the coated phosphor composition
are

{Ca, CalSeSL0, (CaSiGy,

(8r,Ca,BakAl 5,00 FLeCe™ ((Ca, 5r, CelfAl SO, Fi (SASOF);

(Ba, Sr,(?a}ﬁ; H {(‘),Q_EQZEH%- (wherein G‘z‘f_,{G?:}q

{Ba,Sr,Ca) o8N, B’ (wherein 25+4v=3u); ¥, Lu,Gd), o 0o, 81N 010Ce™, (wherein
0<p<0.5 B-SAIDN B, and {Ca, Sr)AISN R

Mere particalarly, a phosphor that emits yvellow-green light upon excitation by the LED
chip reay be iochuded in a phosphor blend with 2 coated phosphor composition |, for
example & Ce-doped YAG, (Y,Gd,ThLaSmPrluh{ALGa),Omnc0e’" (wherein
O 5.

{6037 The ratio of each of the individoal phosphors in the phosphor blend may
vary depending on the characteristics of the desired light output. The relative proportions
of the individual phosphors in the various embodiment phosphor blends may be adjusted
such that when their emissions are blended and employed in an LED hghting devics,
there is produced visible Hght of predetermined x and y vahues on the CIE chromaticity
diagram. Light produced, for instance,‘may possess an x value in the range of sbout 0,36
io about 8,35, and a y value in the range of about §.30 to about .35, As stated, however,
the exact ilentity and araounts of each phosphor o the phosphor compesition can be

varied aceording to the needs of the end user.

{0038} One embodiment provides a method of prepanng & phosphor
composition. The method includes combining K SiF Mn™ particles with manganese-
free complex fuonde including & composition of formula T ;0 As{MF], where A s
selected from Na, K, Rb, and combinations thereof; and M 15 selected from Al Ga, In,

Se, Y, Gd, and combinations thereof, A saturated sohution of manganese-free flnoride of
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forraula 1 can first be prepared in an acid. Examples of the acid used to prepare the
saturated sohution may include HE, HCIL, NHHE,, NHF or & combination thereof. In
some instances, an amount of K,5iF, may further be added to the solution to neutralize
excese acid.  Usually, about 30 weight percent of K,8iF may be added. The sclution
mayv further be filtered to remove any excess acid, undissolved fluoride compositions, or
both, The satwrated solution is then combined with solid form of K,8iF Mn* phosphor,
and stirred for a period of time 1o form a slurry. The method further ncludes GHering
and washing steps for solating a product before drving. The washing step may nchude
washing the product with acetone to avoid 3 browmng effect. The product can then be
dried to recover a resulting phosphor compesition,  The product may be dried in a dry
box atmosphers {0 recover or produce a powder of the resulting phosphor composition
which may have coated particles of K,SiFoMn'". The drying of the product may be
carried out at about 10 degrees Celsins to about 300 degrees Celsiug, and more

specifically at about 54 degrees Celsius to about 200 degrees Celsius.
EXAMPLES

160393 The example that follows is merely lustrative, and should not be

construed to be any sort of hmitation on the scope of the claimed invention.

[O040] KAl KoNaalF; and manganese-doped K, SiF; were prepared
aceording to a procedure described in the referenced USRS, Patent 7,487 973, in a HF

solution with a drying temperatare of about 70 degrees Celsius.

[G041] Solubility test
(60421 0.1 grams of each of K AIF; and EKoNaAlF; is combined with 10

nulliiiters of water. These mixtures were kept for sbout 24 howrs, and then filtered. The

filtered amounty of the phosphors were weight sgam to calculate their solubility in water.
{(30343] Preparation of a saturated solution | including K AR,

{00441 IS grams of K;AIF was mixed in 100 milliliters of about 48 percent HF
iz a water bath at 70-90 degrees Celsius to prepare a saturated solution. The solution was

filtered to remove any excess K ALF,.

{00457 Preparation of a saturated scolotion 2 including KA
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(046} I35 graras of K AR, was mixed in 100 milliliters of about 48 percent HF
it a water bath at 70-80 degrees Celsius to prepare a saturated solution. The solution was
fitered to remove any excess KoAlF, 4.5 prams of K, 8iF, was mixed in 100 milliliters

of the saturated solution of K5 AW, The solution was again fillered 1o remove any excess

K, 3iFs.
{00471 Preparation of a saturated solution 3 including KoNaAlR,
{0048] & grams of KoNaAlF; was nuxed in 100 milhhiters of shout 48 percent

HF in a water bath at 70-90 degrees Celsius to prepare a saturated solation. The solution

was filiered to remove any excess KyNaalF,.
{0049 Preparation of a saturated solution 4 including K;NaAlR,

{00563 & grams of K,NaAlF, was mixed m 100 milliliters of sbout 48 percent
HF m a water bath at 70-96 degrees Celsius to prepare & saturated solution. The solution
was filtered fo remove any excess KoNaalFs 4.5 grams of Ko8iF; was mixed i 100
milliliters of the saturated schution of KoNaAlF,. The solution was agam filtered to

TENIOVE any excess Ky SiFy.

0051 Preparation of phosphor compositions inchuding coated particles of

K SiF Mt

(00521 Sample 11 The saturated solution | was poured onto 3 grams of
KoSiF Mn® powder i a beaker, which was placed in a water bath and, In some
inatances, in an o bath. The sohution was continuously stirred while pouring. The
mixivre was stived at room temperatare for about 1 minute to about 5 minuies. The
recovered shury was filtered, and then washéd with acetone. The resuliing product was

finally dried in & dry box atmosphere st about ii}{) degrees Celsiua.

[G0383] Samples 2, 3, and 4 wore prepared by using the saturated solution 2, 3,

and 4 with the same process as described for sample 1.

10054] Preparation of a Comparative Sample © 15 grams of K,SiF; was mixed in
$0G milthiliters of about 48 percent HF in & water bath at 70-90 degrees Celsius o prepare

a saturated solution. The sohstion was filtered to remove any excess KoSiF,. The
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saturated sofution was then combined with 3 grams of K, 8iFs Mn™' powder with the same

process as deseribed with respect to the sample 1.

[B0S53 Moisture testt A mixtures of water and IPA were prepared by using 28
percent, water with balance IPA. Water and IPA were mined for 5§ minutes m 60
ratifiliters bottle. | gram of cach of the samaples 1-4 and the comparative sample wag
separaiely added to the mixtwe of IPA and water, and then each of samples 1-4 and the
comparative sample was rolled in a rack mill without any media. These samples were

then kept for 15 hours.

{08561 Thermal stability test: Samples 144 and the comparative sample were
kept in a copper crucible and subjected 10 a temperature about 400 degrees Celsius for

abowt 2 hours in argon atmosphere in 2 quariz furnace.
A o , . _ .
0057 Spectrometer measurements {Luminescent Intensity measurements)

(0058} The shove samples were then characterized for measuring their
juminescent intensity by using a Fluorescent spectrometer.  The luminescent inlensity
was measured at 450 nanometers excitation for all the samples.  Table 2 shows
huratnescent intensity measurements L., quantom efficiency (QF) and absorption {Abs)
for samples 1-4 and the comparative sample afier taking them through the moishure test
and thermal stability test. } was observed that the samples 1-4 which included particles
of K.SiFoMn" coated with manganese-free fluonides including K AR, and K NaAlR,
showed quantum efficiency comparative to the comparative sample, which means that
the samples 1-4 maintained the huminescent properties of the core phosphor K,SiFgMn®
Furthermore, the samples 1-4 are expected to have high relisbility {for example, high
stability at high temperatures and humidity conditions) as compared to the TIANZANese-
doped core material K 8iFoMn* and comparative sample because of low solubility of

KsAlR, and K NaAll; in water.
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Table 2

"""""""""""""""""""""""""""""""" Sample QF | Abs

; Sample 1 £} it
Adfter Motsture Sample 2 Q4ﬁg} """""""
st Seople3 6 (£
Sample 4 1w 69

96 72

‘ Sample 1 93 38
- Afterthormal | Sample 2 wr T 35
. siabiliytest | Sample3 s =

116 50
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Comparativesample {98 8

a5 While only certain features of the invention have been illustrated and

deseribed herein, many modifications and changes will occur to those skilled in the art.
It is, therefore, to be understoed that the appended claims are intended to cover all such

modifications  and  changes as {3l within the irue spirit of the invention,

&
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CLAIMS:

f. A pheosphor composition comprising parttickes of Ko8iF Mn*
coated with 2 manganese-free complex {luonde comprising 3 composition of formula
LASIME], where A is selected from Na, K, Rb and combinations thereof) and M is
selected from Al Ga, In, 8¢, Y, Gd and combmations thereof, wherain the composition

of forraula 1 83 MF} bas lowsr water solubility than a water solubihity of K, SiF,.

2. The phosphor composition of claim 1, wherein the manganese-free
compiex fluoride 15 of formula DAAIF] where A s selected fom Na, K, and

combinations thereof,

3. The phosphor composition of clatm |, wherein the manganese-free
complex flucride further comprises K S5iF; in an amount less than sbout 58 weight

percentt, by weight of the manganese-free finorids,

4.  The phosphor composition of claim 1, wherein the compositions of
formula LA:[MF] having a solubility in water lower than a solubility of Ko8iF, in water,

are KL AR, and K NaAlF,.

5. A lghting apparatus comprising:
a hight source; and

a phosphor composition radistionally coupled to the light source, the
phosphor composition comprising particles of K,5iFoMn" coated with 2 manganese-free
complex fluonide comprising a composition of formuda LAME], where A s selected

from Na, K, Rb, and combinations thereof, and M is selected from AL Ga, In, Se, Y, Gd

i85
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amt combinations thereof, wherein the composition of formula LLAME] has lower

waler solubility than a water solubility of K, Sil.

6. The highting apparatus of claim 3, wherein the manganese-free complex
fluoride comprises 3 composition of formula LAJAIF], where A is selected from Na, K,

and combinations thereof.

7. The lighting apparatus of claim 35, wherein the light source s a
serptconductor light emitting diode (LED} which emils radigtion having a2 peak

wavelength i the range of from about 370 1o about 500 nm,

8. The lighting apparatos of claim §, further comprising an epcapsulant

material surrounding the light source and the phosphor composition within & housing,

G, The highting appavatus of claim 3, wherein the phosphor composition is

disposed on a surface of the light source,

1. The hghting apparatus of claim §, wherein the phosphor composition is

dispersed in the encapsulant material,

11, The highting apparatus of claim 5, wherein the phosphor composition
further comprises at least one of a gamet activated with Ce'', an alkaline carth

orthosilicate activated with Eu™, or (8r,Ca BandSiLADG(R.O) activated with Ce™.

i2. A method, comprising:
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combining a saturated soluion of 3 manganese-free complex fluoride
comprising 3 composition of formuda DAL[ME], where A 1s selected from Na, K, Rb,
and combinations thereof; and M is selected from Al Ga, In, 8¢, Y, Gd and combinations
thereof, with K,SiF:Mn'" phosphor in solid form to form s shury, whersin the
composition «f formula LATME] has a water solubility lower than & water solubity of

,Kz Si}‘ﬁ.,
filtering the slurry; and

wsolating a product from the slurry.

13, The method of claim 12, wherein the manganese-free complex fluornide
further compnises KoSiF; in an amount less than about 50 weight percent, by weight of

the manganese-free flgoride.

t4, The method of claim 12, wherein preparing the saturated solution
comprises prepanag the saturated solution in an acid sslected from the group congisting
of at least HF, HCL NHHF,, and NHF

15, The method of claim 12, whersin combining comprises pouring the

saturated solution onto Ko8iF Mn® in solid form in the vessel with continucus stirring.

16. The method of claim 12, wherein isolating the product comprigses drying

the sharry,

17. A phosphor composition derived from combining KoSiFaMn® in solid
form with a saturated solution of 2 manganese-free complex fluoride comprising 8

composiion of formmla DAIME:], where A i¢ selected from Na, K, Rbh, and

3
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combinations thereof, and M is selected from Al Ga, In, S, Y, Gd, and combinations
thereof, wherein the composition of formula LA MF] has a water solubility lower than

a water sohubility of K;5iF,.

t8. The phosphor composition of olaim 17, wherein the manpanese-free
complex fluonde comprises a composition of formula LA A, where A s selected

from Na, K, and combmations thereof,

19. The phosphor composition of claim 17, wherein the manganese-frec
complex fluoride further comprises KoSiFy m an amount less than abowt 50 weight

percent, by weight of the manganese-free fluoride.

20. The phosphor composition of claim 17, wheren the corapositions of
formuda LAS[ME] having a solubility in water lower than a solubility of KoSiF, in water,

are K3 AR, and KoNaAlF,.

ig
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