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I. INTRODUCTION
A phosphor composition comprises a host lattice, a dopant and a decay modifying component different from the dopant and the host lattice and effective to alter the rate of decay of the radiation emitted by the phosphor composition in response to excitation by photons of a given energy. The decay modifying component is added to the phosphor composition in a predetermined amount between 1 and 10,000 parts per million of the composition. By varying the amount of the decay modifying component added to the phosphor composition, it is possible to produce a set of phosphor compositions with different, controlled rates of decay of the radiation emitted by the compositions.

Phosphors are compositions that are capable of emitting useful quantities of radiation in the visible, infrared and/or ultraviolet spectrums upon excitation of the phosphor compound by an external energy source. Due to this property, phosphor compounds have long been utilized in cathode ray tube (CRT) screens for televisions and similar devices, as taggants for authenticating documents and products, and as luminescent coatings in fluorescent lamps, x-ray scintillators, light emitting diodes, and fluorescent paints. Typically, inorganic phosphor compounds include a host lattice containing a small amount of an emitter or dopant ion.

II. RESEARCH
The goal of the current research was the creation and development of a phosphor composition in which the decay profile of the emission from the phosphor would extend over a much greater period of time thereby producing radiation within the visible light spectrum thereby providing a source of luminescence for an extended period of time. This is achieved by adding to the phosphor composition a predetermined amount of a decay modifying component effective to alter the rate of decay of the radiation emitted by the phosphor. In this way, by varying the amount of the decay modifying component added to the composition, it is possible to produce a set of phosphor compositions with different, controlled rates of decay of the radiation emitted by the compositions. 
It is of course known that the presence of impurities can affect, and in particular can significantly reduce, the luminescent efficiency of phosphors. See, for example, the Phosphor Handbook, edited by Shionoya et al., CRC Press, 1999, pages 325 to 327. However, for this reason, it is normally accepted in the phosphor art that the impurity level of components used to produce phosphor compositions should be reduced to below 5 ppm.

In addition, a phosphorescent phosphor comprising a matrix expressed by MAl2O4 in which M is at least one metal element selected from a group consisting of calcium, strontium, and barium, wherein 0.001 % to 10% of europium is doped to said matrix expressed by MAl2O4 as an activator, and wherein 0.001% to 10% of at least one element selected from the group consisting of lanthanum, cerium, praseodymium, neodymium, samarium, gadolinium, dysprosium, holmium, erbium, thulium, ytterbium, lutetium, tin and bismuth is doped to said matrix expressed by MAl2O4as a co-activator, in terms of mol % relative to the metal element expressed by M. The co-activator appears to increase luminance of afterglow of the phosphorescent phosphor, and also increases the decay time constant of the phosphor.
III. DISCUSSION

Inorganic phosphor compositions generally comprise a host lattice, often formed of a transition metal oxide, sulfide, oxysulfide, fluoride, silicate, aluminate, borate, or phosphate (crystalline or glass), and a dopant or emitter ion, often formed of a lanthanide element, arranged so that when the phosphor composition is excited by an external energy source, the phosphor emits radiation over a particular range or ranges of the visible, infrared and/or ultraviolet spectrums. On removal of the external energy source, the radiation emitted by the phosphor decays exponentially according to the following equation:

I = Aoe (time/τ) + B

Although, the decay modifying component can in some cases decrease the rate of decay of the radiation emitted by the phosphor composition, in general the decay modifying component used herein increases the rate of radiation decay in proportion to the amount of the decay modifying component added to the phosphor. Thus, by adding the decay modifying component to the phosphor composition in a carefully controlled and predetermined amount, the rate of decay of the radiation emitted by the phosphor composition can be adjusted and controlled. In this respect, the decay modifying component used in the present phosphor composition is completely different from the impurities which are known to affect the luminescent efficiency of phosphors, in that the decay modifying component is added deliberately in a controlled and predetermined amount to the other components of the phosphor composition, normally after ensuring each component is substantially free (99%+) of impurities.

Depending on the particular material employed, the decay modifying component is generally added to the phosphor composition in an amount between 1 and 10,000 parts, such as between 1 and 1,000 parts, for example between 1 and 100 parts, per million of the overall composition. This amount is in addition to any decay modifying impurities that may inherently be contained by the phosphor composition. The amount of decay modifying component added to the phosphor composition is generally selected so that the rate of decay of the radiation emitted by the phosphor containing is controllably adjusted, and normally increased, by 1 to 99%, such as from 30 to 90%, for example from 50 to 60 %, as compared with the rate of decay of the radiation emitted by the phosphor in the absence of said decay modifying component. The decay rate is generally determined as time required for the emission from the phosphor to decay from a fixed amount, typically in the range of 30 to 40%, such as 36.8%, of its maximum value.

Generally, the decay modifying component is selected so that the wavelength of the radiation emitted by the dopant ion is substantially unaffected by the addition of the decay modifying component. This can be achieved by ensuring that the decay modifying component does not alter the excited state of the emission. Typically, the decay modifying component is not excited by the external energy source used to excite the dopant or emitter ion.

Since the rate of decay of the radiation emitted by the present phosphor composition can be controlled by the choice of the particular decay modifying component and the amount of decay modifying component added to the composition, the decay rate as well as the wavelength of the radiation emitted by the phosphor can be used as a characteristic identifying feature of the phosphor.

The decay modifying material generally also alters, and typically reduces, the absolute value of the maximum intensity of the radiation emitted by the phosphor composition in response to the excitation radiation. Thus in another embodiment, the variation in the maximum value of the emitted radiation can be used as control variable to differentiate between a plurality of phosphor compositions which have been doped with different amounts of the decay modifying material.

IV. PHOSPHOR COMPOSITION
As with any doped inorganic phosphor, the identity of the host lattice is critical to the performance of the present phosphor composition because it influences the electronic environment of the dopant atom(s) and the non-radiative decay pathways for electronic excited states. In principal, any host lattice may be used herein if it is possible to incorporate at least one type of luminescent dopant atom into said host lattice to result in a luminescent composition. Examples of host lattices which may be useful include compounds comprising a cation containing at least one element selected from Groups 2, 3 12, and 13 of the Periodic Table and the lanthanide elements, and an anion containing at least one element selected from Groups 13, 14, 15, 16 and 17 of the Periodic Table. Typically, the or each cation element is selected from yttrium, lanthanum, gadolinium, lutetium, zinc, magnesium, calcium, strontium, and barium and the or each anion element is selected from boron, aluminum, gallium, silicon, germanium, nitrogen, phosphorous, arsenic, oxygen, sulfur, selenium, fluorine, chlorine, bromine, iodine. Particular lattice materials suitable for use in the present phosphor composition include yttrium oxide, yttrium phosphate, yttrium sulfides, yttrium oxysulfides, yttrium aluminates, such as Y3AI5O12 (YAG), YAIO3 (YAP) and Y4Al2Og (YAM), and yttrium silicon nitrides and oxynitrides, such as YS13N5 and Y2SiIiN2OO, erbium aluminates, such as Er3AIsOi2 and ErAlO3 (YAP), barium magnesium aluminates, gadolinium oxide and gadolinium gallates, such as Gd3GaSOi2, lanthanum oxide, lanthanum phosphate, neodymium phosphate, zirconia, ceria, zinc silicates, and strontium silicates. Mixed lattice compositions can also be employed.

The dopant employed herein is typically an ion of at least one lanthanide element, in which the oxidation state of each lanthanide element dopant is preferably such that the ion has no d electrons. Suitable lanthanide elements for the dopant ion comprise cerium, praseodymium, neodymium, samarium, europium, terbium, dysprosium, holmium, erbium, thulium and ytterbium. Other elements that can be used as the dopant ion in the present phosphor composition include magnesium, copper, silver, nickel, tin, lead, and zinc. Generally, the dopant is present as an oxygen-containing compound, such as a metal oxide, a silicate, borate, phosphate, oxysulfide or aluminate.

The amount of dopant present in the luminescent composition is not narrowly defined and generally can range from about 0.1 to about 99 mole%, such as from about 1 to about 80 mole %, for example from about 5 to about 70 mole%, conveniently from about 5 to about 25 mole% of the total luminescent composition.

The decay modifying material employed in the present phosphor composition can also be a lanthanide element or compound thereof, such as dysprosium, samarium, praseodymium, thulium, cerium, holmium, neodymium, erbium, europium, ytterbium and mixtures thereof. Other suitable decay modifying components include iron, cobalt, chromium, copper, nickel, ruthenium, titanium, magnesium, calcium, aluminum, silver, zinc, zirconium, gallium and mixtures and compounds thereof. Sodium silicate can also be used as there or one decay modifying component.

The amount of decay modifying material present in the luminescent composition generally ranges from about 1 to about 10,000 parts, such as from about 1 to about 1,000 parts, for example from about 1 to about 100 parts, per million parts of the total luminescent composition.

Although there is considerable amount of overlap between the materials suitable for use as the host lattice, dopant and decay modifying component of the present phosphor compositions, it will be appreciated that in any given composition different elements and/or compounds will be employed as the individual components of the composition. In other words, the host lattice will be different from the dopant and the decay modifying component and the dopant will be different from the decay modifying component.

In one preferred embodiment, the present phosphor composition is in the form of a powder batch comprising particles having a small average size, generally with each of the host lattice, dopant ion and decay modifying material being present in some or all of the individual particles of the batch. Although the preferred average size of the phosphor particles will vary according to the application of the phosphor powder, the average particle size of the phosphor particles is less than about 10 μm. For most applications, the average particle size is preferably less than about 5 μm, more preferably less than about 3 μm, such as from about 0.1 μm to about 3 μm, typically about 2 μm. As used herein, the average particle size is the weight average particle size.

The powder batch of phosphor particles also has a narrow particle size distribution, such that the majority of particles are substantially the same size. Preferably, at least about 90 weight percent of the particles and more preferably at least about 95 weight percent of the particles are not larger than twice the average particle size. Thus, when the average particle size is about 2 μm, it is preferred that at least about 90 weight percent of the particles are not larger than 4 μm and it is more preferred that at least about 95 weight percent of the particles are not larger than 4 μm. Further, it is preferred that at least about 90 weight percent of the particles, and more preferably at least about 95 weight percent of the particles, are not larger than about 1.5 times the average particle size. Thus, when the average particle size is about 2 μm, it is preferred that at least about 90 weight percent of the particles are not larger than about 3 μm and it is more preferred that at least about 95 weight percent of the particles are not larger than about 3 μm.

The phosphor particles can be substantially single crystal particles or may be comprised of a number of crystallites. Preferably, the phosphor particles are highly crystalline with the average crystallite size approaching the average particle size such that the particles are mostly single crystals or are composed of only a few large crystals. The average crystallite size of the particles is preferably at least about 25 nanometers, more preferably is at least about 40 nanometers, even more preferably is at least about 60 nanometers and most preferably is at least about 80 nanometers. In one embodiment, the average crystallite size is at least about 100 nanometers. As it relates to particle size, the average crystallite size is preferably at least about 20 percent, more preferably at least about 30 percent and most preferably is at least about 40 percent of the average particle size. Such highly crystalline phosphors are believed to have increased luminescent efficiency and brightness as compared to phosphor particles having smaller crystallites.

The phosphor particles are also preferably substantially spherical in shape. That is, the particles are not jagged or irregular in shape. Spherical particles are particularly advantageous because they are able to disperse and coat an article more uniformly with a reduced average thickness. Although the particles are substantially spherical, the particles may become faceted as the crystallite size increases and approaches the average particle size.

The individual components of the phosphor particles advantageously have a high degree of purity, that is, a low level of impurities. Impurities are those materials that are not intended in the final product. Thus, the dopant ion and the decay modifying component are not considered as impurities. The level of impurities in the present phosphor powders is preferably not greater than about 1 atomic percent, more preferably not greater than about 0.1 atomic percent, and even more preferably not greater than about 0.01 atomic percent. [0037] According to one embodiment of the presently described composition, the phosphor particles are provided with a surface coating that substantially encapsulates the outer surface of the particles. Such coatings can assist in reducing degradation of the phosphor material due to moisture or other influences and can also create a diffusion barrier such that activator ions cannot transfer from one particle to another, thereby altering the luminescence characteristics. Coatings can also control the surface energy levels of the particles.

The coating can be a metal, metal oxide or other inorganic compound such as a metal sulfide, or can be an organic compound. For example, a metal oxide coating can advantageously be used, such as a metal oxide selected from the group consisting of SiO2, MgO, Al2O3, ZnO, SnO2 or In2O3. Particularly preferred are coatings are SiO2 and Al2O3. Semiconductive oxide coatings such as SnO2 or In2O3 can also be advantageous in some applications due to the ability of the coating to absorb secondary electrons that are emitted by the phosphor. Metal coatings, such as copper, can be useful for phosphor particles used in direct current electroluminescent applications In addition, phosphate coatings, such as zirconium phosphate or aluminum phosphate, can also be advantageous for use in some applications.

The coating should encapsulate the entire particle, but should be sufficiently thin that the coating does not interfere with light transmission. Preferably, the coating has an average thickness of at least about 2 nanometers, more preferably at least about 5 nanometers, but not greater than about 200 nanometers, more preferably not greater than about 100 nanometers, and even more preferably not greater than about 50 nanometers. In one embodiment, the coating has a thickness of from about 2 to about 50 nanometers, such as from about 2 to about 10 nanometers. Further, the particles can include more than one coating substantially encapsulating the particles to achieve the desired properties.

The coating, either particulate or non-particulate, can also include a pigment or other material that alters the light characteristics of the phosphor. Red pigments can include compounds such as the iron oxides (Fe2O3), cadmium sulfide compounds (CdS) or mercury sulfide compounds (HgS). Green or blue pigments include cobalt oxide (CoO), cobalt aluminate (CoAl2O4) or zinc oxide (ZnO). Pigment coatings are capable of absorbing selected wavelengths of light leaving the phosphor, thereby acting as a filter to improve the color contrast and purity.
 In addition, the phosphor particles can be coated with an organic compound, such as PMMA (polymethylmethacrylate), polystyrene or similar organic compounds, including surfactants that aid in the dispersion and/or suspension of the particles in a flowable medium. The organic coating is preferably not greater than about 100 nanometers thick and is substantially dense and continuous about particle. The organic coatings can advantageously prevent corrosion of the phosphor particles, especially in electroluminescent lamps, and also can improve the dispersion characteristics of the particles in a paste or other flowable medium.

The coating can also be comprised of one or more monolayer coatings, such as from about 1 to 3 monolayer coatings. A monolayer coating is formed by the reaction of an organic or an inorganic molecule with the surface of the phosphor particles to form a coating layer that is essentially one molecular layer thick. In particular, the formation of a monolayer coating by reaction of the surface of the phosphor powder with a functionalized organosilane such as halo- or amino-silanes, for example hexamethyldisilazane or trimethylsilylchloride, can be used to modify and control the hydrophobicity and hydrophilicity of the phosphor powders. Metal oxides (e.g. ZnO or SiO2) or metal sulfides (e.g. Cu2S) can also be formed as monolayer coatings. Monolayer coatings can allow for greater control over the dispersion characteristics of the phosphor powder in a wide variety of paste compositions and other flowable mediums.

The monolayer coatings may also be applied to phosphor powders that have already been coated with an organic or inorganic coating, thus providing better control over the corrosion characteristics (through the use of a thicker coating) as well as dispersibility (through the use of a monolayer coating) of the phosphor powder.

V. PRODUCTION OF THE PHOSPHOR COMPOSITION
The present phosphor composition can be produced by any known method that generates spherical particles of the required size and size distribution. Suitable methods include spray pyrolysis and pyrolysis using a flame reactor, as discussed in more detail below. In addition, a modification of these methods can be used in a gas dispersion process to produce nanoparticles dispersed in a matrix.

In spray pyrolysis, a precursor medium is produced which comprises a precursor to at least one the components of the phosphor composition dissolved or suspended in a liquid carrier, while the remaining components, if any, of the composition are dispersed as particles in the liquid carrier. The liquid carrier is then atomized to produce an aerosol comprising droplets dispersed and suspended in a carrier gas. The aerosol is then heated at a temperature of at least 2000C, generally from about 300 0C to about 1500 0C, in order to: (1) remove at least a portion of the liquid carrier in the droplets; and (2) convert the or each precursor to the corresponding component of the powder batch.

By the term "precursor" is meant any compound capable of being chemically converted under the conditions employed in the spray pyrolysis process to at least one component of the final powder batch. Suitable precursors therefore include inorganic salts of the elements contained in the powder batch, such as nitrates, sulfates and chlorides.

Generally, where the precursor medium contains solid particles of at least one component of the final powder batch, the solid particles are arranged to have a particle size of between about 0.1 micron and about 100 micron, such as between about 1 micron and about 10 micron.

The precursor medium can be converted into aerosol form using any suitable device that disperses liquid into droplets, such as for example, a spray nozzle. Examples of suitable spray nozzles include ultrasonic spray nozzles, multi-fluid spray nozzles and pressurized spray nozzles. Ultrasonic spray nozzles generate droplets of liquid by using piezoelectric materials that vibrate at ultrasonic frequencies to break up a liquid into small droplets. Pressurized nozzles use pressure and a separator or screen in order to break up the liquid into droplets. In some cases, pressurized nozzles may involve use of some vapor that is generated from the liquid itself in order to pressurize and break up the liquid into droplets. One advantage of using ultrasonic and pressurized nozzles is that an additional fluid is not required to generate liquid droplets. This may be useful in situations where the precursor dissolved in the liquid vehicle is sensitive and/or incompatible with other common fluids used in multi-fluid spray nozzles.

In addition to the use of a spray nozzle for dispersing the liquid medium, any other suitable device or apparatus for generating disperse droplets of liquid may be used. One example of a device that is useful in generating droplets of liquid is an ultrasonic generator. An ultrasonic generator uses transducers to vibrate liquids at very high frequencies which break up the liquid into droplets. One example of an ultrasonic generator that is useful in the present process is disclosed in U.S. Patent No. 6,338,809, incorporated herein by reference in its entirety. Another example of a device that is useful in generating droplets of liquid is a high energy atomizer such as those used in carbon black production.

Generally, whatever method is employed to atomize the precursor medium, the aerosol produced is arranged to have an average droplet size between about 1 and about 100 microns, such as between about 3 and about 50 microns, for example between about 5 and about 30 micron. In certain cases, it may be desirable to introduce one or more precursors and/or components of the final powder batch to the spray conversion reactor as dry powders.

In the flame reactor process, a nongaseous precursor of at least one component of the desired particulate composition is introduced into a flame reactor heated by at least one flame. The nongaseous precursor is introduced into the flame reactor in a very hot zone, also referred to herein as a primary zone, that is sufficiently hot to cause the component of the nongaseous precursor to be transferred into the gas phase of a flowing stream in the flame reactor, followed by a particle nucleation from the gas phase. In some embodiments, the temperature in at least some portion of this primary zone, and sometimes only in the hottest part of the flame, is high enough so that substantially all of materials flowing through that portion of the primary zone are in the gas phase. The component of the nongaseous precursor may enter the gas phase by any mechanism. For example, the nongaseous precursor may simply vaporize, or the nongaseous precursor may decompose and the component enter the gas phase as part of a decomposition product. Eventually, however, the component then leaves the gas phase as particle nucleation and growth occurs. Removal of the component from the gas phase may involve simple condensation as the temperature cools or may include additional reactions involving the component that results in a non-vapor reaction product. In addition to this primary zone where the component of the nongaseous precursor is transferred into the gas phase, the flame reactor may also include one or more subsequent zones for growth or modification of the nanoparticulates. In most instances, the primary zone will be the hottest portion within the flame reactor. Using a flame reactor, conversion temperatures in excess of 10000C, such as from about 12000C to about 30000C can be attained.

In some cases, it is desirable to produce the luminescent composition as nanoparticles that are maintained in a dispersed state by a matrix, since in this way the tendency for the nanoparticles to agglomerate is obviated or alleviated. This is conveniently achieved by a gas dispersion process in which a flowing gas dispersion is generated such that dispersion includes a disperse phase dispersed in and suspended by a gas phase. As generated, the gas dispersion has a disperse phase of droplets of a precursor medium comprising a liquid vehicle and at least two precursors, at least one of the precursors being a precursor to one or more components of the luminescent composition and at least one of the precursors being a precursor to the matrix. After generating the gas dispersion, the gas dispersion is processed in a particle forming step, in which liquid is removed from the droplets of the precursor medium and particles are formed that include nanoparticulates dispersed in the matrix.

Although the phosphor powders produced by the foregoing methods have good crystallinity, it may be desirable to increase the crystallinity (average crystallite size) after production. Thus, the powders can be annealed (heated) for an amount of time and in a preselected environment to increase the crystallinity of the phosphor particles. Increased crystallinity can advantageously yield an increased brightness and efficiency of the phosphor particles. If such annealing steps are performed, the annealing temperature and time should be selected to minimize the amount of interparticle sintering that is often associated with annealing. According to one embodiment, the phosphor powder is preferably annealed at a temperature of from about 6000C to about 16000C, more preferably from about 12000C to about 15000C. The annealing can be effected by a variety of methods, including heating in a crucible, in a fluidized bed reactor, agitating while heating, and the like. The annealing time is preferably not more than about 2 hours and can be as little as about 1 minute. The oxygen-containing powders are typically annealed in an inert gas, such as argon or in an oxygen-containing gas, such as air.

The particulate phosphor compositions produced by the methods described above can advantageously be used to form flowable media,

VI. SUMMARY

In one aspect, the research undertaken by myself resides in a phosphor composition capable of emitting radiation in response to excitation by photons of a given energy, the phosphor composition comprising:

(a) a host lattice;

(b) a dopant; and,
(c) a decay modifying component different from said dopant and said host lattice and effective to alter the rate of decay of the radiation emitted by the phosphor composition, said decay modifying component being added to said phosphor composition in a predetermined amount between 1 and 10,000 parts per million of the composition, whereby the rate of decay and/or the maximum intensity of the radiation emitted by the phosphor composition is controlled by varying the added amount of said decay modifying component.
Conveniently, the decay modifying component is added to said composition in a predetermined amount between 1 and 1,000, for example between 1 and 100, parts per million of the phosphor composition.

In one embodiment, the wavelength of the radiation emitted by said phosphor composition is substantially unaffected by the addition of said decay modifying component.

The host lattice, dopant and decay modifying component are present in a single particle.

In a further aspect, a key aspect of the composition resides in a method of controlling the rate of decay of radiation emitted by a phosphor composition comprising a host lattice and a dopant, the method comprising adding to the phosphor composition a predetermined amount of a decay modifying component different from said dopant and said host lattice such that the rate of decay of the radiation emitted by the phosphor containing said decay modifying component is controllably adjusted by 1 to 99% as compared with the rate of decay of the radiation emitted by the phosphor in the absence of said decay modifying component.

Further, the rate of decay of the radiation emitted by the phosphor containing said decay modifying component is increased by 1 to 99%, such as from

30 to 90%, as compared with the rate of decay of the radiation emitted by the phosphor in the absence of said decay modifying component.
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