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LIGHT EMITTING DEVICES WITH EFFICIENT WAVELENGTH
CONVERSION AND ASSOCIATED METHODS

TECHNICAL FIELD

[0001] The present disclosure is related to light emitting devices with efficient wavelength

conversion and associated methods.
BACKGROUND

[0002] Light emitting diodes ("LEDs") and other types of light emitting devices are widely
used for background illumination in electronic devices and for signage, indoor lighting, outdoor
lighting, and other types of general illumination. Such light emitting devices typically emit at
only one center wavelength and thus do not produce white light. One conventional technique
for emulating white light with LEDs includes depositing a phosphor on an LED die. Figure 1A
shows a conventional light emitting device 10 that has a support 2 carrying both an LED die 4
and a phosphor 6. As shown in Figure 1B, one example LED die 4 can include a substrate 12,
an N-type gallium nitride (GaN) material 14, GaN/indium gallium nitride (InGaN) multiple
quantum wells ("MQWs") 16, a P-type GaN material 18, a first contact 20, and a second contact
22.

[0003] Referring to both Figures 1A and 1B, in operation, an electrical voltage is applied
between the first and second contacts 20 and 22. In response to the applied voltage, the MQWs
16 of the LED die 4 produce a first emission (e.g., a blue light). The phosphor 6 absorbs a
portion of the first emission and "converts" it into a second emission (e.g., a yellow light). The
combination of the first and second emissions can appear white to human eyes if matched
appropriately. As discussed in more detail below, using phosphors to "convert" the first

emission has certain drawbacks.
BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Figure 1A is a schematic cross-sectional diagram of a light emitting device in

accordance with the prior art.
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[0005] Figure 1B is a schematic cross-sectional diagram of an LED die in accordance with
the prior art.
[0006] Figure 2A is a schematic cross-sectional diagram of a light emitting device with a

semiconductor conversion material in accordance with embodiments of the technology.

[0007] Figures 2B-2D are schematic cross-sectional diagrams of a semiconductor
conversion material in the light emitting device of Figure 2A in accordance with additional

embodiments of the technology.

[0008] Figures 3A-3C are energy versus crystal momentum (k-vector) diagrams of an
AllnGaP lattice system with different compositions in accordance with embodiments of the

technology.

[0009] Figures 4A and 4B are charge carrier density versus crystal momentum diagrams
of the AllnGaP lattice system in Figure 3C undoped and doped, respectively, in accordance with

embodiments of the technology.

[0010] Figure 5 is a flowchart illustrating a method for forming embodiments of the light

emitting device of Figure 2A in accordance with embodiments of the technology.

[0011] Figure 6 is a schematic cross-sectional diagram of a light emitting package
incorporating the semiconductor conversion material of Figures 2B-2D in accordance with

embodiments of the technology.
DETAILED DESCRIPTION

[0012] Various embodiments of light emitting devices with semiconductor conversion
materials and associated methods of manufacturing are described below. As used hereinafter,
the term "light emitting device" generally refers to LEDs, laser diodes, and/or other suitable
sources of illumination other than electrical filaments, a plasma, or a gas. A person skilled in
the relevant art will also understand that the technology may have additional embodiments, and
that the technology may be practiced without several of the details of the embodiments

described below with reference to Figures 2A-6.

[0013] Figure 2A is a schematic cross-sectional diagram of a light emitting device 100
with a semiconductor conversion material in accordance with embodiments of the technology.

As shown in Figure 2A, the light emitting device 100 can include a substrate material 112, an

2
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optional buffer material 113, a first semiconductor material 114, an active region 116, a second
semiconductor material 118, and a semiconductor conversion material 120. Even though only
one semiconductor conversion material 120 is shown in Figure 2A for illustration purposes, in
other embodiments, the light emitting device 100 may include two, three, four, or any other
suitable number of conversion materials (not shown) with different emission center wavelengths
and/or other characteristics. In further embodiments, the light emitting device 100 can include
electrical contacts (e.g., gold contacts and/or transparent conductive contacts), a reflective
material (e.g., a silver film), a carrier material (e.g., a ceramic substrate), an optical component

(e.g., a collimator), and/or other suitable components.

[0014] In certain embodiments, the first semiconductor material 114 can be grown on the
substrate material 112. For example, the substrate material 112 can include silicon (Si), at least
a portion of which has the Si(1,1,1) crystal orientation, silicon with other crystal orientations
(e.g., Si(1,0,0)), gallium arsenide (GaAs), AlGaN, GaN, silicon carbide (SiC), sapphire (Al,0O5),
zinc oxide (Zn0O,), a combination of the foregoing materials, and/or other suitable substrate
materials or engineered substrates. In the illustrated embodiment, the substrate material 112 has
a generally planar surface 111 proximate to the optional buffer material 113. In other
embodiments, the substrate material 112 may also include a non-planar surface (e.g., having
openings, channels, textures, and/or other surface features, not shown). In other embodiments,
the first semiconductor material 114 can be grown on a different substrate and then bonded or
otherwise attached to the substrate material 112. The substrate material 112 can be made from a

dielectric, conductive or semiconductive material in such embodiments.

[0015] As shown in Figure 2A, the light emitting device 100 includes the optional buffer
material 113 can be configured to facilitate formation of the first and second semiconductor
materials 114 and 118 and the active region 116 on the substrate material 112. The optional
buffer material 113 can include at least one of aluminum nitride (AIN), aluminum-gallium
nitride (AlGaN), zinc nitride (ZnN), GaN, and/or other suitable materials. In other
embodiments, the optional buffer material 113 may be omitted, and the first semiconductor
material 114 may be formed directly on the surface 111 of the substrate material 112. In yet
further embodiments, other intermediate materials (e.g., zinc oxide (ZnQ;)) may be formed on

the substrate material 112 in addition to or in licu of the optional buffer material 113.

[0016] The first and second semiconductor materials 114 and 118 can be configured as

cladding structures for the active region 116. In certain embodiments, the first semiconductor
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material 114 can include an N-type GaN material (e.g., doped with silicon (Si)), and the second
semiconductor material 118 can include a P-type GaN material (e.g., doped with magnesium
(Mg)). In other embodiments, the first semiconductor material 114 can include a P-type GaN
material, and the second semiconductor material 118 can include an N-type GaN material. In
further embodiments, the first and second semiconductor materials 114 and 118 can include
AlGaN, aluminum gallium arsenic (AlGaAs), gallium arsenide phosphide (GaAsP), gallium(III)
phosphide (GaP), zinc selenide (ZnSe), boron nitride (BN), and/or other suitable semiconductor

materials.

[0017] The active region 116 can include a single quantum well ("SQW"), MQWs, and/or
a bulk semiconductor material configured to produce a first emission via electroluminescence.
As used hereinafter, a "bulk semiconductor material" generally refers to a single grain
semiconductor material (e.g., InGaN) with a thickness greater than about 10 nanometers and up
to about 500 nanometers. In certain embodiments, the active region 116 can include an InGaN
SQW, InGaN/GaN MQWs, and/or an InGaN bulk material. In other embodiments, the active
region 116 can include aluminum gallium indium phosphide (AllnGaP), aluminum gallium
indium nitride (AlGalnN), and/or other suitable materials or configurations. In any of the
foregoing embodiments, the first semiconductor material 114, the active region 116, the second
semiconductor material 118, and the optional buffer material 113 can be formed on the substrate
material 112 via metal organic chemical vapor deposition ("MOCVD"), molecular beam epitaxy
("MBE"), liquid phase epitaxy ("LPE"), hydride vapor phase epitaxy ("HVPE"), and/or other

suitable epitaxial growth techniques.

[0018] The semiconductor conversion material 120 can be configured to "convert" at least
a portion of the first emission to a second emission via photoluminescence. In one embodiment,
the semiconductor conversion material 120 may include a generally homogeneous bulk material
(c.g., AllnGaP) with one or more N-type dopants formed via doping, ion implantation, and/or
other suitable techniques, as described in more detail below with reference to Figure 2B. The N-
type dopant can include at least one of the Group IV elements (e.g., silicon (Si), germanium

(Ge), and tin (Sn)) and/or other suitable compositions.

[0019] In other embodiments, the semiconductor conversion material 120 can include a
plurality of epitaxial materials individually having a thickness and/or a select bandgap energy.
At least one of the epitaxial materials may be configured to efficiently absorb a portion of the

first emission at a first wavelength. At least another may be configured to efficiently produce
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the second emission at a second wavelength longer than the first wavelength. One example of
such a semiconductor conversion material 120 is described in more detail below with reference
to Figure 2C. In further embodiments, the semiconductor conversion material 120 can include a
bulk material (e.g., AllnGaP) with one or more N-type dopants having graduated dopant
concentrations, as described in more detail below with reference to Figure 2D. In yet further
embodiments, the semiconductor conversion material 120 can include a combination of the

foregoing structures and/or compositions.

[0020] In operation, an electrical voltage is applied and an electrical current (not shown)
flows through the first semiconductor material 114, the active region 116, and the second
semiconductor material 118. In response to the applied voltage and resulting current, the active
region 116 produces the first emission (e.g., a blue light) with a first center wavelength (e.g.,
450nm). The first emission passes through the second semiconductor material 118 to reach the
semiconductor conversion material 120 as indicated by an emission direction generally

represented by the arrow 124.

[0021] In one embodiment, a first portion of the first emission then passes through the
semiconductor conversion material 120 to an external environment. The semiconductor
conversion material 120 absorbs a second portion of the first emission and emits the second
emission (e.g., a green-yellow light) with a second center wavelength (e.g., in the 550nm -
590nm range). The combined first and second emissions with certain desired characteristics
(e.g., appearing white or other colors to human eyes) are then emitted to the external
environment. In another example, the semiconductor conversion material 120 can generally
completely absorb the first emission and emits the second emission with the second center
wavelength to the external environment via photoluminescence. The first portion of the first

emission may have approximately zero intensity in this case.

[0022] In certain embodiments, the ratio between the first and second portions of the first
emission may be controlled by adjusting a thickness of the semiconductor conversion material
120. For example, if the thickness of the semiconductor conversion material 120 is increased
from a first thickness to a second thickness, more of the first emission may be absorbed. As a
result, the intensity of the second emission increases, and the intensity of the first emission
decreases. In other embodiments, the ratio between the first and second portions of the first
emission may be controlled by adjusting a transparency, a light scattering characteristic, and/or

other properties of the semiconductor conversion material 120.
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[0023] Figures 2B-2D are schematic cross-sectional diagrams of embodiments of the
semiconductor conversion material 120 in accordance with the technology. The embodiment of
the semiconductor conversion material 120 shown in Figure 2B includes a single epitaxial
material 121 with an N-type dopant 123. Figure 2C shows a different embodiment in which the
semiconductor conversion material 120 includes a plurality of epitaxial materials 121 (e.g., first,
second, and third epitaxial materials 121a, 121b, and 121c, respectively). The epitaxial
materials 121 can individually contain an N-type dopant with a select composition and/or
concentration. As a result, the first, second, and third epitaxial materials 121a, 121b, and 121¢
can individually have a particular bandgap energy different than others. In further
embodiments, as shown in Figure 2D, the semiconductor conversion material 120 can include a
single epitaxial material 121 containing an N-type dopant with graduated doping concentrations

(as represented by the shading) with respect to the emission direction 124.

[0024] It has been recognized that one material system suitable for forming the
semiconductor conversion material 120 is an AllnGaP matched to a GaAs (growth substrate)
lattice system. The inventors also recognized that native (i.e., undoped) AllnGaP lattice systems
may have low radiative recombination efficiencies under certain conditions and in certain
wavelength ranges less than about 600nm. Such low radiative recombination may be improved
by doping the AllnGaP lattice system with an N-type dopant, as explained in more detail below
with reference to Figures 3A-4C.

[0025] Figures 3A-3C are energy versus crystal momentum (k-vector) diagrams of an
AllnGaP lattice system with different compositions in accordance with embodiments of the
technology. Even though the AllnGaP lattice system is used as an example to illustrate various
embodiments of the present technology, one of ordinary skill in the art will understand that such
doping scheme may also be applied to other suitable material systems with similar bandgap

properties.

[0026] Without being bound by theory, it is believed that the AllnGaP lattice system can
have different relationships between a direct bandgap energy and an indirect bandgap energy
based on a concentration of aluminum (Al) in the AllnGaP lattice system. As used herein, a
"direct bandgap" generally refers to a bandgap in which the maximum energy state in the
valence band has the same crystal momentum (k-vector) as the minimum energy state in the

conduction band. An "indirect bandgap” generally refers to a bandgap in which the maximum
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energy state in the valence band has a different crystal momentum (k-vector) than that of the

minimum energy state in the conduction band.

[0027] For example, as shown in Figures 3A-3C, the AllnGaP lattice system can include a
conduction band 130 and a valence band 132 spaced apart from each other. The conduction
band 130 includes a first minimum energy state 131a and a second minimum energy state 131b
along the k-vector axis. The valence band 132 includes a maximum energy state 133 that has
the same k-vector as the first minimum energy state 131a of the conduction band 130. As a
result, the first minimum energy state 131a and the maximum energy state 133 form a direct
bandgap 134a with a direct energy gap of E, gireet. The second minimum energy state 131b and
the maximum energy state 133 form an indirect bandgap 134b with an indirect energy gap of

E g_indirect-

[0028] Without being bound by theory, it is believed that as the aluminum (Al)
concentration in the AllnGaP lattice system changes, the relationship between the direct energy
gap E, direct and the indirect energy gap of E; indirect also varies. For example, as shown in Figure
3A, at a first aluminum concentration, the direct energy gap of E; gireet 18 less than the indirect
energy gap of Eg indirect: As shown in Figure 3B, at a second aluminum concentration different
than the first aluminum concentration, the direct energy gap of Eg girect 1S generally equal to the
indirect energy gap of Eg indirect. As shown in Figure 3C, at a third aluminum concentration
different than both the first and second aluminum concentrations, the direct energy gap of

E, direct 15 greater than the indirect energy gap of Eg indirect.

[0029] The variation in the relationship between the direct energy gap Eg girect and the
indirect energy gap E; indgirect can influence a radiative recombination rate in the AllnGaP lattice
system. Figures 4A and 4B are charge carrier density versus crystal momentum diagrams of the
AlInGaP lattice system in Figure 3C when undoped and doped, respectively, in accordance with
embodiments of the technology. Referring to Figure 4A, when the AllnGaP lattice system is
undoped, if a non-equilibrium population of charge carriers (i.e., electrons and holes) is created
(e.g., via photoluminescence) and allowed to thermally equalize within the conduction band 130
and the valence band 132 without recombining, the charge carriers are believed to have a
distribution in k-vector. This shows that a first number of electrons in the first minimum energy
state 131a is much less than a second number of electrons in the second minimum energy state
131b due at least in part to the higher direct energy gap of E; girect than the indirect energy gap of

Eg indireet. It 15 also believed that a radiative recombination rate is generally proportional to a
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product of electron and hole densities in the direct bandgap 134a. As a result, when the
AllnGaP lattice system is undoped, the radiative recombination rate can be low because the

electron density corresponding to the direct bandgap 134a is low.

[0030] Referring to Figure 4B, the inventors have discovered that the low radiative
recombination rate in the undoped AllnGaP lattice system may be improved by doping the
AlInGaP lattice system with an N-type dopant. Doping the AllnGaP lattice system with an N-
type dopant may increase the electron density in the first minimum energy state 131a compared
to the undoped AllnGaP lattice system shown in Figure 1A. As a result, the radiative
recombination rate in the direct bandgap 134a may be increased. Figure 4B also shows that the
electron density in the second minimum energy state 131b is also increased when compared to
the undoped AlInGaP lattice system. However, it is believed that the non-radiative
recombination across the indirect bandgap 134b has a weaker dependence on the electron
density because such a process is phonon and/or dislocation assisted. Thus, the radiative rate
across the direct bandgap 134a may be increased when compared to the undoped AllnGaP

lattice system.

[0031] Further, it is believed that recombination across the direct bandgap 134a is more
efficient that radiative recombination across the indirect bandgap 134b. As a result, as the
electron density in the first minimum energy state 131a is depleted via radiative recombination
across the direct bandgap 134a, electrons in the second minimum energy state 131b may be
transferred to the first minimum energy state 131a via thermal equalization and/or other suitable
mechanisms. Accordingly, the radiative recombination in the AllnGaP lattice system may be

further improved.

[0032] Figure 5 is a flowchart illustrating a method 200 for forming embodiments of the
light emitting device 100 in Figure 2A in accordance with embodiments of the technology. In
one embodiment, the method 200 includes determining a relationship in energy between a direct
bandgap and an indirect bandgap (block 202). The direct bandgap can have an energy value

less than, equal to, or greater than that of the indirect bandgap.

[0033] The method 200 further includes determining whether the direct bandgap has an
energy value lower than that of the indirect bandgap (block 204). If the direct bandgap has an
energy value smaller than that of the indirect bandgap, the process proceeds to forming the

semiconductor conversion material (block 208). In one embodiment, the semiconductor

conversion material may be formed via MOCVD, MBE, LPE, HVPE, and/or other suitable
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epitaxial growth techniques. In other embodiments, the semiconductor conversion material may
be formed via bonding (e.g., with or without an adhesive), mechanical fastening, and/or other

suitable techniques.

[0034] If the direct bandgap does not have an energy value smaller than that of the
indirect bandgap, the process proceeds to doping the semiconductor conversion material with an
N-type dopant (block 206) via ion implantation and/or other suitable techniques. In one
embodiment, doping the semiconductor conversion material includes determining a
concentration of the N-type dopant. Without being bound by theory, higher the N-type dopant
concentrations are expected to produce higher the radiative recombination rates across the direct
bandgap. However, introducing a high level of N-type dopant may negatively affect the crystal
quality of the semiconductor conversion material. For example, high N-type dopant
concentrations may cause solid phase precipitation and/or other defects in the semiconductor
conversion material. As a result, it is believed that the N-type dopant may not have a
concentration higher than a threshold value. Example ranges of the N-type dopant may include
about 10'%/cm? to about 10"/cm®. After doping with the N-type dopant, the process proceeds to

forming the semiconductor conversion material (block 208).

[0035] Embodiments of the semiconductor conversion material 120 discussed above with
reference to Figures 2B-2D may be incorporated in various light emitting packages. For
example, Figure 6 is a schematic cross-sectional diagram of a light emitting package 300
incorporating the semiconductor conversion material of Figures 2B-2D in accordance with
embodiments of the technology. As shown in Figure 6, the light emitting package 300 can
include a housing 302, a support 304, an LED die 308 carried by the support 304, a
semiconductor conversion material 120 attached to the LED die 308 with an optional transparent
adhesive 310, and a phosphor 312 in the housing 302. In certain embodiments, the optional
transparent adhesive 310 can include a polyamide, silicon oxide (SiO;), and/or other suitable
adhesive materials. In other embodiments, the optional transparent adhesive 310 may be
omitted, and the semiconductor conversion material 120 may be attached to the LED die 308

directly (e.g., formed on the LED die 308).

[0036] The LED die 308 can have a configuration generally similar to the LED die 4
shown in Figure 1B. For example, the LED die 308 can include a first semiconductor material

314, an active region 316, and a second semiconductor material 318 arranged in series. The



WO 2012/170280 PCT/US2012/040260

LED die 308 can also include a first contact 324 and a second contact 326 electrically coupled to

the first and second semiconductor materials 314 and 318, respectively.

[0037] The phosphor 312 can have a composition that emits at a desired wavelength under
stimulation. For example, in one embodiment, the phosphor 312 can include Cerium(II)-doped
Yttrium Aluminum Garnet ("YAG") at a particular concentration. Such a converter material
104 can emit a broad range of colors from green to yellow and to red under photoluminescence.
In other embodiments, the phosphor 312 can include neodymium-doped YAG, neodymium-
chromium double-doped YAG, erbium-doped YAG, ytterbium-doped YAG, neodymium-cerium
double-doped YAG, holmium-chromium-thulium triple-doped YAG, thulium-doped YAG,
chromium(IV)-doped YAG, dysprosium-doped YAG, samarium-doped YAG, terbium-doped
YAG, and/or other suitable phosphor compositions. In yet other embodiments, the phosphor
312 can include Europium phosphors (e.g., CaS:Eu, CaAlSiNs:Eu, Sr;SisNg:Fu, SrS:Eu,
Ba,SisNg:Eu, Sr;S104:Eu, SrSi;N,0,:Eu, SrGa,S;:Eu, SrAl,O4:Eu, Ba,SiO4:Eu, Sr;All40,5:Eu,
SrSiAl,O3N:Eu, BaMgAl¢O,7:Eu, Sr,P,07:Eu, BaSO4:Eu, and/or SrB4O7:Eu).

[0038] In operation, an electrical voltage applied to the LED die 308 via the first and
second contacts 324 and 326 produces a first emission (e.g., a blue light). As discussed above,
the semiconductor conversion material 120 can absorb at least a portion of the first emission and
produce a second emission (e.g., a red light) at a different center wavelength. The phosphor 312
can then absorb a portion of the remaining first emission and produce a third emission at a yet
different center wavelength (e.g., a yellow light). The combination of the first, second, and third

emissions are then emitted from the light emitting package 300 to an external environment.

[0039] In the light emitting package 300, at least one of the emission characteristics of the
LED die 308, the semiconductor conversion material 120, and the phosphor 312 may be
adjusted to achieve a target color rendering index ("CRI"). As a result, a warm white light with
high CRI (e.g., greater than about 85) may be generated without using more than one phosphor

or using more than one LED die.

[0040] From the foregoing, it will be appreciated that specific embodiments of the
technology have been described herein for purposes of illustration, but that various
modifications may be made without deviating from the disclosure. In addition, many of the
clements of one embodiment may be combined with other embodiments in addition to or in lieu
of the elements of the other embodiments. Accordingly, the disclosure is not limited except as

by the appended claims.

-10-
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CLAIMS
1I/We claim:

1. A light emitting device, comprising:

a first semiconductor material;

a second semiconductor material spaced apart from the first semiconductor material;

an active region between the first and second semiconductor materials, the active region
being configured to produce a light via electroluminescence; and

a conversion material on the second semiconductor material, the conversion material
containing aluminum gallium indium phosphide (AllnGaP) having a direct
bandgap energy and an indirect bandgap energy that is equal to or lower than the
direct bandgap energy, wherein the conversion material is doped with an N-type

dopant.

2. The light emitting device of claim 1 wherein the conversion material includes a
single layer of AllnGaP doped with at least one of silicon (Si), germanium (Ge), tin (Sn),

phosphorus (P), arsenic (As), and antimony (Sb).

3. The light emitting device of claim 1 wherein the conversion material includes a
plurality of layers of AllnGaP doped with at least one of silicon (Si), germanium (Ge), tin (Sn),
phosphorus (P), arsenic (As), and antimony (Sb), and wherein the individual layers of AllnGaP

have a dopant concentration different than other layers of AllnGaP.

4. The light emitting device of claim 1 wherein:

the light emitting device has an emission direction;

the conversion material includes a single layer of AllnGaP doped with at least one of
silicon (Si), germanium (Ge), tin (Sn), phosphorus (P), arsenic (As), and
antimony (Sb); and

the single layer of AlInGaP has a dopant concentration that continuously varies along the

emission direction.

5. A light emitting device, comprising:

a first semiconductor material;

11-
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a second semiconductor material spaced apart from the first semiconductor material;

an active region between the first and second semiconductor materials, the active region
being configured to produce a light via electroluminescence; and

a conversion material on the second semiconductor material, the conversion material
containing aluminum gallium indium phosphide (AllnGaP) doped with an N-type
dopant.

6. The light emitting device of claim 5 wherein the conversion material is doped
with at least one of silicon (Si), germanium (Ge), tin (Sn), phosphorus (P), arsenic (As), and

antimony (Sb).

7. A light emitting package, comprising:

a housing having a support;

a light emitting diode (LED) die carried by the support, the LED die having an active
region configured to produce an emission via electroluminescence;

a conversion material on the LED die, the conversion material containing aluminum
gallium indium phosphide (AllnGaP) having a direct bandgap energy and an
indirect bandgap energy that is no higher than the direct bandgap energy, wherein
the conversion material is doped with an N-type dopant; and

a phosphor encapsulating the LED die and the conversion material in the housing.

8. The light emitting package of claim 7 wherein:

the LED die is configured to produce a first emission having a first wavelength;

the conversion material is configured to absorb at least a portion of the first emission and
produce a second emission having a second wavelength longer than the first
wavelength; and

the phosphor is configured to absorb at least a portion of the first and second emissions
and produce a third emission with a third wavelength different than both the first

and second wavelengths.

9. The light emitting package of claim 7 wherein:
the LED die is configured to produce a blue light;
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the conversion material is configured to absorb at least a portion of the blue light and
produce a red light; and

the phosphor is configured to absorb at least a portion of the blue and red lights and
produce a yellow light.

10.  The light emitting package of claim 7 wherein the conversion material includes a
single layer of AllnGaP doped with at least one of silicon (Si), germanium (Ge), tin (Sn),
phosphorus (P), arsenic (As), and antimony (Sb).

11.  The light emitting package of claim 7 wherein the conversion material includes a
plurality of layers of AllnGaP doped with at least one of silicon (Si), germanium (Ge), tin (Sn),
phosphorus (P), arsenic (As), and antimony (Sb), and wherein the individual layers of AllnGaP

have a dopant concentration different than other layers of AllnGaP.

12.  The light emitting package of claim 7 wherein:

the light emitting package has an emission direction;

the conversion material includes a single layer of AllnGaP doped with at least one of
silicon (Si), germanium (Ge), tin (Sn), phosphorus (P), arsenic (As), and
antimony (Sb); and

the single layer of AlInGaP has a dopant concentration that continuously varies along the

emission direction.

13. A method of forming a light emitting device, comprising:

forming a first semiconductor material, a second semiconductor material, and an active
region between the first and second semiconductor materials on a substrate
material, the active region being configured to produce a first emission; and

forming a conversion material on the second semiconductor material, the conversion
material being configured to absorb at least a portion of the first emission and
produce a second emission via photoluminescence;

determining whether the conversion material has a direct bandgap energy that is higher
than an indirect bandgap energy; and

if the direct bandgap energy is higher than the indirect bandgap energy, doping the

conversion material with an N-type dopant.
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14.  The method of claim 13, further comprising adjusting a thickness of the
conversion material such that the first emission is substantially absorbed by the conversion

material.

15.  The method of claim 13 wherein doping the conversion material includes doping
the conversion material with at least one of silicon (Si), germanium (Ge), tin (Sn), phosphorus

(P), arsenic (As), and antimony (Sb).

16.  The method of claim 13 wherein:

the conversion material has a minimum energy state corresponding to the direct bandgap
energy; and

doping the conversion material includes increasing an electron density in the minimum

energy state corresponding to the direct bandgap energy in the conduction band.

17.  The method of claim 13 wherein:

the conversion material has a first minimum energy state corresponding to the direct
bandgap energy and a second minimum energy state corresponding to the indirect
bandgap energy; and

doping the conversion material includes increasing an electron density in both the first

and second minimum energy states in the conduction band.

18. A method of forming a light emitting device, comprising:

forming a first semiconductor material, a second semiconductor material, and an active
region between the first and second semiconductor materials on a substrate
material, the active region being configured to produce a first emission;

forming a conversion material on the second semiconductor material, the conversion
material being configured to absorb at least a portion of the first emission and
produce a second emission via photoluminescence; and

doping the conversion material with an N-type dopant at a concentration that increases a
radiative recombination rate across a direct bandgap of the doped conversion

material.
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19.  The method of claim 18, wherein the N-type dopant concentration is about

10'¥/cm? to about 10*/cm?.

20.  The method of claim 18, wherein the N-type dopant concentration varies within

the conversion material.
21. The method of claim 18, wherein:

the N-type dopant concentration is about 10'*/cm” to about 10"°/cm?; and

the conversion material is aluminum gallium indium phosphide.

-15-



WO 2012/170280 PCT/US2012/040260

1/6

7 2
FIG. 14
(Prior Art)
4
. by
18 7 N\ P-type GaN 22
16 7 N\ GaN/InGaN MQWs {
N-type GaN " 14
12
FIG. 1B

(Prior Art)



WO 2012/170280 PCT/US2012/040260

2/6

100
A ;
124

112

121c
121b
121a

FIG. 2C

121




PCT/US2012/040260

WO 2012/170280

3/6

JDE OIA

o¢l

qg¢ OId

\A@mcm_<

Ve OIA

o€l

\A@mcm_<



PCT/US2012/040260

WO 2012/170280

4/6

Aususp s|oH

Ayisusp uonos|g

o€l

qry 'OId

Ajsus(g

Aususp s|oH

Aysusp uoios|g

Ve OIAd

o€l

Ajsus(g



WO 2012/170280

PCT/US2012/040260

5/6

200

=

202

Determine relationship
between direct band gap and
indirect band gap

204
s direct band gap
energy lower?

Yes

No
206

Dope with N-type dopant

208

Form semiconductor
conversion material

=)

FIG. 5



WO 2012/170280

PCT/US2012/040260
6/6
300
/f 302
120
f_J 310 312
3 318
316

314




INTERNATIONAL SEARCH REPORT

International application No.

PCT/US2012/040260

A. CLASSIFICATION OF SUBJECT MATTER

HOIL 33/26(2010.01)i, HOI1L 33/32(2010.01)i, HO1L 33/50(2010.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

HO1L 33/26; HO1L 33/30; HO1L 33/00

Minimum documentation searched (classification system followed by classification symbols)

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO internal) & Keywords: wavelength conversion, conversion material, direct bandgap, indirect bandgap

C. DOCUMENTS CONSIDERED TO BE RELEVANT

See abstract and figure 1

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A KR 10-2001-0084332 A (KNOWLEDGE ON INC.) 06 September 2001 1-21
See abstract; page 4, lines 6-12; claims 3,4, and figure 2
A EP 2237329 A2 (KABUSHIKI KAISHA TOSHIBA) 06 October 2010 1-21
See paragraphs [0016]-[0017] and figure 1
A KR 10-0564303 B1 (OPTOWELL CO., LTD.) 29 March 2006 1-21
See page 3 and figure 2
A US 7652281 B2 (KEN TAKAHASHI et al.) 26 January 2010 1-21

|:| Further documents are listed in the continuation of Box C.

& See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L"  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P"  document published prior to the international filing date but later
than the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

30 OCTOBER 2012 (30.10.2012)

Date of mailing of the international search report

31 OCTOBER 2012 (31.10.2012)

Name and mailing address of the ISA/KR

Korean Intellectual Property Office
189 Cheongsa-ro, Seo-gu, Daejeon Metropolitan
City, 302-701, Republic of Korea

Facsimile No. 82-42-472-7140

Authorized officer

PARK, Hye Lyun

Telephone No.  82-42-481-8362

Form PCT/ISA/210 (second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2012/040260

Patent document Publication Patent family Publication

cited in search report date member(s) date

KR 10-2001-0084332 A 06.09.2001 None

EP 2237329 A2 06.10.2010 CN 1237628 CO 18.01.2006
CN 1351384 AO 29.05.2002
EP 1202355 A2 02.05.2002
EP 1202355 A3 04.04.2007
EP 2237329 A3 13.10.2010
JP 2002-203987 A 19.07.2002
JP 4091261 B2 28.05.2008
TW 507386 A 21.10.2002
TW 507386 B 21.10.2002
US 2002-0050601 A1 02.05.2002
US 2003-0201449 A1 30.10.2003
US 6586773 B2 01.07.2003
US 6846686 B2 25.01.2005

KR 10-0564303 B1 29.03.2006 None

US 7652281 B2 26.01.2010 CN 100499191 C 10.06.2009
CN 101159306 AO 09.04.2008
JP 2008-091789 A 17.04.2008
US 2008-0083919 At 10.04.2008

Form PCT/ISA/210 (patent family annex) (July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - claims
	Page 13 - claims
	Page 14 - claims
	Page 15 - claims
	Page 16 - claims
	Page 17 - drawings
	Page 18 - drawings
	Page 19 - drawings
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - wo-search-report
	Page 24 - wo-search-report

