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MONOLITHIC TRANSLUCENT BaMgAloO:7:Eu® PHOSPHORS FOR
LASER-DRIVEN SOLID STATE LIGHTING

CROSS REFERENCE TO RELATED APPLICATIONS

Thus application claims the benefit under 35 U.S.C. Section 119{e} of co-pending
and commonly-assigned to U.S. Provisional Application Serial No. 62/384,622, by
Clayton 1. Cozzan, Steven P. DenBaars and Ram Seshadri, filed September 7, 2016,
entitled MONOLITHIC TRANSLUCENT BaMgAloO17Fu?' PHOSPHORS FOR
LASER-DRIVEN SOLID STATE LIGHTING (Attorney’s Docket No. 30794.634-US-
P1(UC ref. 2016-139-1), which application 1s mcorporated by reference herein.

This application 13 related to PCT International Patent Application No.
PCTAIS17/44724 by Clayton J. Cozzan and Ram Seshadn, filed July 31, 2017, entitled
Ce: YAG/ALO: COMPOSITES FOR LASER-EXCITED SOLID-STATE WHITE
LIGHTING {Attorney’s Docket No. 30794.622-US-WQ, which application claims the
benefit under 35 U S.C. Section 119{e} of Provisional Application Serial No. 62/368,614,
by Clayton J. Cozzan and Ram Seshadrn, filed July 29, 2016, entitled Ce YAG/ALOs
COMPOSITES FOR LASER-EXCITED SOLID-STATE WHITE LIGHTING
(Attorney’s Docket No. 30794.622-US-P1 (UC ref. 2016-99P), which applications are

imcorporated by reference herein.
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ARO000671 awarded by the U.S. Department of Energy’s Advanced Research Projects

Agency -Energy (ARPA-E). The Government has certain rights in this invention.



WO 2018/049050 PCT/US2017/050512

LA

10

20

BACKGROUND OF THE INVENTION

1. Field of the Invention.

The present invention 1s related to the fabrication of a phosphor for solid state

highting.

2. Description of the Related Art.

{Note: This application references a number of different publications as indicated
throughout the specification by one or more reference numbers in brackets, e.g, [x]. A
list of these different publications ordered according to these reference numbers can be
found below n the section entitied “References.” Each of these publications 1
mcorporated by reference herein. ).

Light emutting diode (LED) based lighting 1s rapidly replacing incandescent and
fluorescent sources [ 1] and advances in semi-polar and non-polar substrates for light
emitting diodes (ILEDs) have pushed current densities to beyond 1000 A/em? {2] Laser
diodes {(L.Ds) have peak efficiencies at much higher operating currents than LEDs and
therefore offer an alternative to the droop-limited LEDs {3]. Currently, both LEDs and
LDs are being explored to generate white light using inorganic phosphors, with LDs
holding the most promise for the future of high power white lighting that LEDs cannot
achigve due to droop [4-6]. Two common strategies with inorganic phosphors are utilized
tor white light generation. Either a blue LED or LD s used in conjunction with a vellow-
converting inorganic phosphor to generate a cool white hight, or a near-UV or violet LED
or L) is used to excite a mixture of blue, red, and green emitting inorganic phosphors to
generate a warm white light [7, 8].

Additionally, recent advances in laser diodes have also enabled visible light
communication {9} Laser-based phosphor-converted white light for visible light
communication has also been demonstrated, where 2 Gbit/s was achieved using a single

crystal phosphor [10].
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SUMMARY OF THE INVENTION

For the next generation of LED and LD-based lighting, thermally robust
phosphors are required. This can be achieved by avoiding low thermal conductivity
encapsulating materials altogether and creating phosphor monoliths, such as single
crystals or dense ceramics.

One or more embodiments of the present invention disclose a monolithic blue-
emitting phosphor suitable for converting ultraviolet {UV) light to blue Light with
quantum efficiencies defined by the quantum efficiency of the starting powder. Using
spark plasma sintering (SPS), translucent Bai-EuMgAli0017 (BAM:Eu?") has been
transformed from white powder to dense (92% of theoretical density} translucent
monoliths with diameters defined by the tooling used with the SPS and thicknesses on the
order of millimeters {mm)}. These monohthic samples are phase pure and do not contain
an encapsulating matenial, such as stlicone, epoxy, or glass, and are therefore suitable for
high power LED applications. They are also suitable for LD-based applications, such as
for providing a blue component to generate cool or warm white hight for general lighting
or visible light commumnication. When tested against the same powder in silicone
encapsulation, the silicone carbonizes (360 °C} after 11 seconds under 3 Watts of violet
laser wrradiation, whereas the monolith maintains a temperature of 70 °C and is stable.

To overcome the limitations described above, and to overcome other Iimitations
that will become apparent upon reading and understanding this specification, one or more
embodiments of the present invention discloses a phosphor, comprising Bay.
LuMgAhoOr7 (BAM:Eu®"), wherein 0 < x < 1, and the BAM:Eu*" emits blue light
and/or light having a wavelength in a range of 410 nm-510 nm in response to excitation
with electromagnetic radiation having a wavelength less than 450 nanometers.

To better illustrate the composition of matter and methods described herein, a
non-himiting list of examples s provided here:

3
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In Example 1, the phosphor ts a monohith.

In Example 3, the phosphor of one or any combination of the preceding examples
further includes additional compatible ceramic components increasing hight extraction,
mereasing thermal conductivity, and/or generating different types of Light.

In Example 4, the phosphor of one or any combination of the preceding examples
has a density of at least 70% of its theoretical density, or a density between 70% and
99 9% of the theoretical density.

In Example S, the phosphor of one or any combination of the preceding examples
is translucent.

In Example 6, the phosphor of one or any combmation of the preceding examples
has a thickness and/or density modulated to increase scattering of the electromagnetic
radiation by the phosphor.

In Example 7, the phosphor of one or any combination of the preceding examples
is phase pure and self-encapsulating.

In Example &, the phosphor of one or any combination of the preceding examples
1s a single crystal or sintered ceramic.

In Example 9, the phosphor of one or any combination of the preceding examples
is electromagnetically coupled to a light emitting device (e.g., laser} emuiting the
electromagnetic radiation having a wavelength less than 450 nm.

In Example 10, the phosphor of one or any combination of the preceding examples
maintains a temperature under a thermal quenching regime of the phosphor (eg., a
temperature of at most 70 degrees Celsius) and emits the same intensity of blue light after
absorbing the electromagnetic radiation having a power of 3 watts for 11 seconds.

In Example 11, the phosphor of one or any combination of the preceding
examples 1s a monolith having a diameter in a range of 500 micrometers to 20

millimeters.
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In Example 12, the phosphor of one or any combination of the preceding
examples 1s coupled to a light source emitting vellow, red, and/or green light, so that a
combination of the blue light and the yellow, red, and/or green light 1s white light
characterized by CIE coordimates within 3% of pure white light.

In Example 13, the phosphor of one or any combination of the preceding
examples 1a a monolith that is cooler and emits the blue light with higher quantum yield
as compared to the phosphor encapsulated 1n silicone.

In Example 14, the present disclosure further describes a method for fabricating a
phosphor of one or any combination of the preceding examples, comprising mixing
stoichiometric amounts of starting matenals so as to obtam a powder comprising Eu-
doped BaMgAlioO17 (BAM:Eu®™); and densifying the powder to form a monolith.

In Example 15, the densifying comprises rapidly heating the powder under a
pressure to a maximum temperature, the heating comprises increasing a temperature of
the powder at a rate of <600 degrees Celsius per minute and holding the maximum
temperature, the maxymum terperature 13 less than the melting temperature of the
constituents in the powder,
the pressure is in a range of <10 KN or 30 MPa-150 MPa, and the densifying is

performed in a time of 5 hours or less.

BRIEF BESCRIPTION OF THE DRAWINGS

Referring now to the drawings in which hike reference numbers represent
corresponding parts throughout:

Figure 1 15 a flowchart illustrating a method of fabricating a phosphor according
to one or more embodiments of the present invention.

Figure 2{(a} Hexagonal structure (space group Pos/mmc) of

Bao sssBuo.oisMgAlinO17 shown with Ba atoms charcoal, O atoms orange, Al atoms green,
Mg atoms purple, and AV/Mg-O polvhedra purple. Figure 2(b) shows Rietveld refinement

5
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of synchrotron X-ray diffraction shows no impurities, with unit cell data obtained from
Rietveld refinement as follows: ¢ = 6= 5623965 (3) A, c=22.639717(22) A, and cell
volume=0620.1360{10} A (parenthesis indicate the error in refined values).

Figure 3 is a Scanning Electron Microscope (SEM) micrograph of the BAM Eu?"
dense monolith SPS prepared sample according to one or more embodiments of the
present invention and showing the non-perfect arrangement of the hexagonal grains. This
stacking leads to translucency in these materials, as well as a density of 91 5% (black bar
15 20 pum long)

Figure 4{(a) Excitation {dashed line) and emission (solid line) profiles of
BaoogsEuo.01sMgAlioO17 show strong absorption 1n the UV and blue enussion due to the
allowed 53¢ to 4f transition in Eu?". Figure 4(b) shows QY (hex =340 nm) as a function of
Eu mol-% shows max quantum yield (QY) = 66% + 5% for 1.5 mol-% Eu nomunally.

Figure 5{(a) is a photograph of transiucent BAM:Eu®™ sample according to one or
more embodiments of the present invention being held by carbon-tipped tweezers, and
Figure 5(b} the same translucent BAM:Eu’" excited by a 402 nm laser diode incident
perpendicular to the surface of the sample. Under violet laser excitation, the phosphor
powder in silicone Figure 5{c} exceeded 360 °C and carbonized in 11 s, whereas the
translucent sample shown in Figure 5(d) only reached 70 °C. White lines on color bar
mark 100 °C increments

Figures 6(a) and 6(b) illustrate the transhucent phosphor used in an application
where light {e.g., having a wavelength of 450 nm or less, e.g., UV} is converted to blue
light and/or 1s filtered, according to one or more embodiments of the present mvention.
Figure 6(a} further illustrates further including any or all red-, green-, or yellow-enutting
phosphors that absorb the converted blue light from the phosphor monolith,

Figure 6{c} illustrates an additional phosphor 610 (e.g., red-, green-, or yellow-

emitting phosphor) coupled to the phosphor 602 so as to absorb the converted blue light
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608 from the phosphor monolith 602 and emit vellow, red, or green hight 612 in response

thereto.

DETAILED DESCRIPTION OF THE INVENTION

In the following description of the preferred ernbodiment, reference 1s made toa
specific embodiment in which the 1nvention may be practiced. It 15 to be understood that
other embodiments may be utilized and structural changes may be made without

departing from the scope of the present mvention.

Technical Description

With high power laser-based systems for lighting applications, the high intensity
hight generated requires phosphor morphologies with high thermal conductivity to keep a
tow operating temperature of the phosphor, and to combat phosphor self-heating due to
Stokes foss [11]

Spark plasma sintering (58PS} has been demonstrated to produce dense and
transparent phosphor samples. In SPS, powder 1s placed in a carbon-coated die set, a
pressure is placed on the powder by two die presses, and a current is applied to the
sample to achieve temperatures up to 1700 °C with fast ramp rates (>100°C/min) {12}
SPS of the canonical vellow-emitting phosphor, Ce-doped vttrium aluminum garnet, has
been previcusly explored {13-15]. In this cubic system, scattering i1s dominated by pores,
and the reduction of pores leads to transparent samples. Additionally, starting with a
nanoparticle powder results in transparent samples as it reduces the grain size. In
hexagonal systems, like the blue-emitting phosphor Eu-doped BaMgAlioGi7, the
refractive index 15 anisotropic meaning the refractive index depends on orientation of the
grains. This anisotropy leads to additional grain scattering versus cubic crystals, making

hexagonal systems translucent at best, and not transparent [16].

~3
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Example Preparations

The white powder of Fu-doped BaMgAlieQ7 (BAM:Eu®"), with any level of

europium {Eu} doping on the Ba site, was heated (e.g., using microwaves) and then
consohidated with SPS into transhucent cylindrical samples.

Figure 1 illustrates a method of fabricating the phosphor according to one or more
embodiments of the present invention,

Block 100 represents thoroughly mixing and grinding stoichiometric amounts of
the starting matenials, to form a mixture, e g, comprising a powder including Eu-doped
BaMgAliO1 (BAMEw™).

BaC0s; (99.99%% Sigma-Aldrich), MgO (99.95%, Cerac), Al2Os (99.99%, Sigma-
Aldrich), and Eu203 (99.99%, Sigma-Aldrich} were mixed to form a powder mixture.

Block 102 represents an optional step of heating the mixture, ¢.g., using
microwaves, to form a heated mixture

For microwave prepared samples, the muxture pre~fired at 700 ° C in a box
furnace for 12 h. Samples containing 0.5 atom %, 1.0 atom %, 1.5 atom %, 2.0 atom %,
2.5 atom %, and 3.0 atom¥ europium substitution levels were prepared. Samples
containing 1.5 atomic % Eu (BacsssEuooisMgAlioOr7) were prepared with 2 weight %
LiF {as flux, LiF {99.995%, Aldrich), but any rare earth doping amount, with or without
flux, could be used as starting powder.

The microwave heating procedure was based on work by Birkel ef o/ [18]. For
each preparation, 6 g of granular activated charcoal (12-20 mesh, DARCO®, Sigma-
Aldrich) was used as the microwave susceptor, and placed in a 50mL alumina crucible
{Advalue}. Approximately 0.5 g of the unreacted sample powder was placed ina 10mbL
alumina crucible, which was pushed into the carbon in the 50mL crucible, covered with
an alumina lid {Ad-value), and placed in a block of high temperature alumina insulation
toam. The materials were heated in a domestic microwave oven {(Panasonic NN-SN66TB,

1200W) operating at 720W for 25 muin. This power and time were found to be highly

8
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reproducible and yielded the most efficient microwave prepared phosphors in this study.
Other combinations of power and time produced the desired phase, but with phosphor
efficiencies that were lower than that measured for samples prepared at 720W for 25 min.
The roicrowave preparation method 15 fast due to direct heating of the reactauts, and
reduces the reaction time of these samples by an order of magnitude compared to
conventional heating methods.

Block 104 represents densifying the heated powder mixture, e g., using SPS,
forming a monolith.

For the SPS demonstration, an FCT Systeme GmbH SPS furnace was used.
Sample powders were placed i a graphite die of 10 mm diameter with Tmm thick
graphite foil hning the die, but any diameter die setup can be used. Typically, in 8PS, the
chamber holding the sample is pumped down to vacuum with a preload applied, with the
force increased after vacuum is achieved. To achieve transtucent BAM:Eu®" samples, a
preload of 3 kilonewtons (KN} was applied and increased to 5 kN over 30 seconds once
vacuurm was achieved. A heating rate of 200 °C/min was then inttiated. The sample was
heated to 1500 °C at a rate of 200 °C/min and held for 5 mmnutes {(min}, and cooled to
room temperature in 10 min. Samples were then sanded to remove the graphite foil.
Resulting samples were 9 mm in diameter and <1 mm thick. A representative sample 13
shown in Figure 5(a). Figure 5(b}) shows the sample under 402 nm laser excitation.

Other densifying technigues and process conditions can be used. In one or more
embodiments, the densifying comprises rapidly heating the powder under a pressure (e.g.,
typically 30 MPa-150 MPa or less than 10 KN} to a maximum temperature, and the
heating comprises increasing a temperature of the powder at a fast heating rate of <300
degrees Celsius per minute or at a rate in a range of 100 °C min™ - 600 °C nun™ and
holding the maximum temperature. The maximum temperature 1s less than the melting
temperature of the constituents in the powder, and the densitying is typically performed

in a time of 5 hours or less. In one or more embodiments, the pressure applied causes

9
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particle rearrangement, while current is supphied to achieve the fast heating rates via
Joule heating. These fast heating rates mitigate sintering mechanisms with low activation
energies that do not contribute to densification {(evaporation and surface diffusion) and
encourage densification of particles via grain boundary and volume diffusion [12].

In one or more embodiments, the phosphor is prepared from starting oxides and
densified m a single step, e.g., using SPS, without the microwave heating step. However,
dense monolithic phosphors cannot be made in a single step using microwave heating
alone.

The quantum yield (QY) of this non-consolidated phosphor powder mixture at
1.5% Eu doping and using an excitation wavelength of 340 nm was measured as 66%
{(+/-5 % error}, and 33% {(+/-5 % error) for an excuation wavelength of 400 nm, with an
excitation maximum at 337 nm and enussion maximum at 447 nm. Surprisingly and
unexpectedly, the powder fabricated using microwave assisted heating and SPS was
determined to be phase pure using synchrotron X-ray diffraction and subsequent Rietveld

refimement.

Characterization

Phase purity of Microwave prepared sample

To assess the phase purity of the microwave prepared phosphors, high resolution
synchrotron powder diffraction data were collected using beamline 11-BM at the
Advanced Photon Source, Argonne National Laboratory using an average wavelength of
0.459266 A. BAM:Eu*" crystallizes in the hexagonal space group P6s/mmc (no. 194) [19,
20]. The refined structure showing Oxygen O, Barium Ba, Magnesium Mg, and AV/Mg-O
polyhedra was visualized using the open-source crystallographic software VESTA [21]
and 1s shown in Figure 2(a}. The refined X-ray diffraction pattern for
Bao vasBuo.oisMgAlio017 15 shown in Figure 2(b). Rietveld refinements were performed

using the General Structure Analysis System with EXPGUI {22, 23] No impurity phases

10
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were discovered or refined, and the Ry of the fit was 11.75%. Ba and Eu occupancies
were held constant at the nominal amounts. Peak shapes were handled using the pseudo-
Voigt profile function, which combines Gaussian and Lorentzian components. The
background was handled using a Chebyshev polynonual The lack of impurities

demonstrates the viability of microwave assisted heating for preparing phosphors.

SEM of SPS nrepared sample

SEM images were collected using a FEI X130 Sirion FEG Dhigital Electron
Scanning Microscope 1n secondary electron mode using a 15 kV beam voltage. As shown
i a representative SEM image (Figure 3}, there are regions of densely packed layers that
are oriented at different angles relative to each other. This non-perfect stacking of
hexagonal grains appears to create spacing n the stacks themselves, and 15 also hikely the
source of grain scattering that makes SPS samples of this matenal translucent and not

transparent, as well as a density 91.5% of the theoretical maximum.

Phoroluminescence

Room temperature photoluminescence spectra and external quantum yield (QY)
of the initial BAM:Eu”" powder were measured using a fluorescence spectrometer
(Horiba, Fluoromax 4} equipped with an integrating sphere and are shown in Figure 4(a)
and Figure 4(b), respectively. BAM:Eu®" shows strong absorption in the UV and
emission centered around 445nm (Figure 4(a)). The emission is due to the excited 4/ %54
relaxing to the 4d° ground state [19]. No emission is observed around 600 nm, which
confirms the presence of Eu’" in the lattice instead of Fu’", demonstrating the versatility
of microwave assisted heating for preparing phosphor samples. QY of the starting
powder was measured as a function of Eu mol% (Figure 4(b}}. The maximum QY of 66%
(5 %) for Aex =340nm was achieved for the 1.5 mol% sample. The Commission

Internationale de U'Eclairage (CIE)} 1931 {x,3) coordinates were (0.15, 0.05} for all

i1
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samples measured. Phosphors were thoroughly mixed by 25-wt % 1n a stlicone matrix
(Momentive, RTV-615) using a high speed mixing system {FlackTek Inc., DAC 1501
FVZ-K) at 1500 rpm for 5 min, and subsequently deposited on a fused silica substrate
{Chemglass) and cured at 105 °C for 15 min in a box oven. Phosphors encapsulated in a
silicone matrix were then placed ina 15 cm diameter, Spectralon R-coated integrating
sphere (Horiba, Quanta ¢-) and excited by 340nm light, which was generated by a 150W
continuous output, ozone-free xenon lamp. QY was calculated based on the work by de

Mello et al [17].

OY with Laser Diode

To demonstrate viability of the SPS prepared phosphor monoliths with a 1L.B,
photohuminescence quantum yvield (PLQY) was calculated using a 50 centimeter (cm)
mtegrating sphere with a commercial 402 nm laser mouonted in a side port and the
phosphor sample mounted 1n the center of the integrating sphere. The monolith sample
surface was positioned at a shight angle from the incoming laser beam to prevent
reflection back towards the laser port, and the distance between the laser and the sample
was ~30 cm. The commercially avatlable LD, with an emission wavelength Anax = 402
nm, a full width at half maximum (FWHM) = 2.6 nm, threshold current of 30 mA, and
wall plug efficiency of 20%, was mounted in a copper heat sink. The diode was operated
at 500 mA with a voltage of 6.11 V (595 mW of laser power in output light incident on
sample surface), controlled by a Keithlev 2440 SourceMeter. The laser was observed to
redshift with increasing current, registering 406 nm at S00 mA.

The QY (at an excitation wavelength of Aex = 400 nmy) using a fluorimeter of the
phase pure starting powder encapsulated in silicone was 33 % = 5%. The same QY within
error {37 % * 5%) was calculated for the translucent ceramic monolith (no encapsulation)

using both a LD and a fluorimeter, indicating that densification of the BAM:Eu®" powder
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into a translucent monolith does not lower the QY. External QY for Aex = 400nm is lower
than Aex = 340nm as there 1s less absorption at 400nm (Figure 4(a)).
Better quality starting materials and lower emussion wavelengths will both serve

1o increase the QY of the translucent samples.

Thermal management

To study the thermal management of a translucent ceramic monolith versus
phosphor powder in silicon, commercial BAM Eu’" powder encapsulated in silicone (25
wi% phosphor) and a translucent ceramic monolith prepared using the same commercial
powder were thermally 1solated on quartz wool, rradiated with a laser diode placed 5 cm
from the sample surface, and monitored using a FLIR A310 thermal imaging camera
{(range
0°C - 360 °C). Photographs of a BAM: Eu?" sample without 500 and with 502 a
commercial violet LD incident to its surface are shown in Figure 5(a) and 5(b),
respectively. After 11 s of laser rradiation, the phosphor powder 504 in silicone (Figure
5(c}) exceeded 360 °C and carbonized. In the same time, the transhucent ceramic 506
(Figure 5(d}) reached 70°C. After two minutes of laser irradiation, the translucent sample
506 reached 160 °C. Both samples had the same dimensions (6mm x 6mm x 1mm}, and
the laser diode was operated at the same current and voltage as the LD QY (hex=400 nm)
measurements {595 mW of optical power incident on the sample}. The superior thermal
management observed shows promise for BAM:Eu”" ceramic monoliths as a blue

component in LED- and LD-based lighting.

Geometric Density

The geometric density of the SPS prepared pellet was measured as 3.45 g/em’
{(+/— 0.05), which is 91.5% of the theoretical density of 3.770 g/cm’ calculated from the

refined unit cell of the starting powder. The measured density of 91.5% 1s likely not due

13
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to the presence of pores along grain boundaries, but s likely due to the non-perfect

arrangement of hexagonal grains of the BAM:Eu’".

Example Device Structure

Figure 6{a) and 6(b) lustrate the use of the translucent phosphor monolith 300 1n
apphications {e g, laser based applications) where conversion or filtering of
electromagnetic radiation (e.g., blue light, UV light, radiation having a wavelength of 450
nm or less, or radiation having a wavelength of 10-400 nm) 1s required. Specifically,
Figure 6{a) and 6(b) illustrate a device 600 for converting or filtering electromagnetic
rachation, comprising the phosphor 602, 300 electromagnetically coupled to a hight emutting
device 604 (e.g., laser or LED) that emits radiation 606, wherein the radiation 606 13
mcident on the surface of the phosphor 602, The phosphor 602 emuts blue light 608 in
response to absorbing and/or scattering the radiation 606 {e.g., having a wavelength of 450
nm or less). In one or more embodiments, the phosphor 602 also filters out the UV from the
radiation 606. Figure 6(a} ilfustrates the device 600 in a transmussion geometry and Figure
o(b) illustrates the device 600 1n a reflective geometry.

In one or more embodiments, the device 600 1s combined with a yellow light source
610 emutting vellow light 612, wherein the combination of the blue hight 608 and the vellow
light 612 is white light 614,

In one or more further embodiments, the device/light source 600 is
combined/coupled with a red light source 610 emitting red light 612 and a green light source
610 enutting green light 612, wherein the combination of blue light 608, the green light 612,
and the red light 612, 1s white light 614 In one or more examples, the white light 614 1s
characterized by CIE coordinates within 5% of pure white light

In one or more embodiments, the yellow light source, the red light source, and the

green light source are LEDs or LDs or phosphors.

14
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In one example, the thermally stable blue phosphor 602 and red-, green-
phosphors 610 are optically pumped by violet light emitted from the light emitting device
604 comprising a violet laser diode, wherein the combination of light 612 and 608
emitted from the phosphors 610, 602 is warm white light 614 useful for visible hight
communications. A summary describing phosphor combinations for generating white
hight used in visible light communications 1s given in [25], [26].

In one or more embodiments, the phosphor 602 15 used as a filter in an application
that requires the UV radiation 606 from the hight enutting device 604 to be filtered.

Figure 6{c) dlustrates an additional phosphor 610 (e.g, red-, green-, or vellow-
emitting phosphor) coupled to the phosphor 602 so as to absorb the converted blue Light
608 from the phosphor monolith 602 and emit yellow, red, or green hight 612 in response
thereto.

In one or more examples, the phosphor 602 further inclades additional compatible
ceramic components ncreasing hight extraction of the phosphor 602, increasing thermal
conductivity of the phosphor 602, and/or generating different types of light from the
phosphor 602.

In one or more examples, the phosphor 602 has a density of at least 70% of its
theoretical density, or a density between 70% and 99.9% of the theoretical density.

In one or more examples, the phosphor is transhucent and a thickness T and/or
density of the phosphor 602 1s modulated so as to increase scattering of the
electromagnetic radiation 606 by the phosphor 602. In one or more examples, the
phosphor 602 1s a monolith having a diameter D in a range of 500 micrometers to 20
millimeters.

In one or more embodiments, the phosphor 602 1s phase pure and self-
encapsulating.

In one or more embodiments, the phosphor 602 s a single crystal or sintered

ceramic.

15
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In one or more embodiments, the phosphor 602 maintains a temperature under a
thermal quenching regime of the phosphor 602 (e.g., 70 degrees Celsius) and emits the
same intensity of blue light 608 after absorbing the electromagnetic radiation 606 having
a wavelength of 430 nm or less and a power of 3 watts for 11 seconds.

In one or more examples, the phosphor 602 1s a monolith that is cooler and emits
the blue light 608 with higher quantum yield as compared to the phosphor encapsulated

n silicone,

Advantages and Benefits

Currently, monolithic bhue-emitters do not exist. With the demand for higher
power white lighting using LEDs and LDs, solutions beyond organic resins and phosphor
glasses for encapsulating matenals must be developed. The present invention 1s the first
offering of a blue-emitting phosphor technology suitable for the next generation of
lighting, able to withstand high heat from LEDs and LDs due to the monohithic nature of
the phosphor, and wherein the phosphor 13 translucent (which allows reflection or
transmission depending on sample thickness). With the starting phosphor powder,
preparation mto a dense translucent sample unexpectedly takes a short period of time (< 1
hour), (with sample diameters < 20 mm common for most SPS furnaces) which is an
order of magnitude faster than techniques such as single crystal growth {which do not
currently exist for this particular phosphor) and therefore provides a rapid way to
fabricate encapsulation-free phosphors.

As indicated above, the QY measured of the transiucent monolith under laser
excitation at a wavelength of 402 nm was 37% {+/- 5% error), which is within the error of
the QY measured at this same wavelength for the phosphor in the powdered

unconsolidated state (prior to sintering). This demonstrates that, surprisingly and

16
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unexpectedly, the QY of the phosphor 1s not decreased after the SPS process (as
compared to in the powdered state}.

The present invention has demonstrated reproducibility for preparation/synthesis
of translucent samples, as well as conversion using a near-UV laser diode. The present
mvention has also demonstrated the phosphor’s superior performance as compared to a
phosphor in silicone, by thermally isolating the sample and monitoring laser conversion
with an infrared (IR) camera. Due to the monolithic nature of the present blue-enutting
phosphor, translucent phosphors prepared according to embodiments of the present
mvention mitigate phosphor self-heating greatly as compared to silicone encapsulation,
making them extremely useful as a UV light filter and/or a blue component in warm
white light generation using near-UV LEDs and L.Ds for general illumination and visible

hight communication.

Possible Modifications

Preparation parameters for maxumum density samples, as well as use of higher

quality and smaller particle size starting matenials.
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Conclusion

This concludes the description of the preferred embodiment of the present
mvention. The foregoing description of one or more embodiments of the invention has
been presented for the purposes of iHustration and description. It is not intended to be
exhaustive or to limit the invention to the precise form disclosed. Many modifications
and variations are possible m light of the above teaching. It is intended that the scope of
the invention be himited not by this detatled description, but rather by the claims

appended hereto.
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WHAT IS CLAIMED IS:

1. A phosphor, comprising;

Bar.FuMgAlioQ (BAM:Eu?"), wherein:

O0<<x<1, and

the BAM:Eu®" emits blue light and/or light having a wavelength in a range of 410
om-310 nm in response to excitation with electromagnetic radiation having a wavelength

less than 450 nanometers.

2. The phosphor of claim 1, wherein the phosphor 15 a monolith.

3. The phosphor of claim 1, further comprising additional compatible
ceramic components increasing light extraction, mcreasing thermal conductivity, and/or

generating different types of light.

4, The phosphor of claim 2, wherein the phosphor has a density of at least

70% of 1ts theoretical density, or a density between 70% and 99.9% of the theoretical

density.
5. The phosphor of any of the claims 1-3, wherein the phosphor 13
transhucent.
6. The phosphor of claim 5, wheremn a thickness and/or density of the

phosphor 18 modulated to mcrease scattering of the electromagnetic radiation by

the phosphor.
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7. The phosphor of any of the claims 1-6, wherein the phosphor 1s phase pure

and self-encapsulating.

&. The phosphor of any of the claims 1-7, wherein the phosphor 1s a single

LA

crystal or sintered ceramic.

9, A device for converting or filtering electromagnetic radiation, comprising:

the phosphor of any of the claims 1-8 electromagnetically coupled to a light emitting
device emititing the electromagnetic radiation having a wavelength less than 450 nm.
10

10. The device of claim 9, wherein the phosphor maintains a temperature
under a thermal quenching regime of the phosphor and enuts the same intensity of blue

light after absorbing the ultraviolet radiation having a power of 3 watts for 11 seconds.

15 1L The device of claims 9-10, wherein the light emitting device 15 a laser.

12. The device of any of the claims 9-11, wherein the monolith emuts light in

response to the electromagnetic radiation having the wavelength of 450 nm or less.

20 13. The device of any of the preceding claims, wherein the monolith has

adiameter in a range of 500 micrometers to 20 millimeters.

14, The device of any of the preceding claims, wherein the device is coupled
to a light source emitting vellow, red, and/or green light, so that a combination of the blue
S light and the yellow, red, and/or green light i1s white light characterized by CIE

coordinates within 5% of pure white light.

b2
A9
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15. The device of claim 14, wherein the monolith is cooler and emits the blue

light with higher quantum yield as compared to the phosphor encapsulated in silicone.

16. A method for fabricating a phosphor, comprising:
mixing stoichiometric amounts of starting materials so as to obtain a powder
comprising Fu-doped BaMgAlioO17 (BAM:Eu?"); and

densifying the powder to form a monolith.

17 The method of claum 16, wherein:

the densifying comprises rapidly heating the powder under a pressure to a
maximum temperature,

the heating comprises increasing a temperature of the powder at a rate of <600
degrees Celsius per minute and holding the maximum temperature,

the maximum temperature is less than the melting temperature of the constituents
n the powder,

the pressure 18 in a range of <10 KN or 30 MPa-150 MPa, and

the densifying 1s performed in a time of 5 hours or less.

18. The method of claim 17, wherein the densifying uses spark plasma
sintering.
19. The method of claim 17, wherein the monolith has a density of at least

70% of 1ts theoretical density, or a density between 70% and 99.9% of the theoretical

density.

20. The method of claim 17, wherein the monolith 1s translucent.
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21 The method of claim 17, wherein the monolith 1s phase pure and self-
encapsulating.
22, The method of claim 17, wherein the phosphor 15 a8 single crystal or

5 sintered ceramic.
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