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Description

Technical Field

[0001] The present invention relates to an optical material and a manufacturing method thereof, and a light-emitting
device, an optical isolator, and an optical processing apparatus using the optical material.

Background Art

[0002] Demand is increasing for phosphors used for illumination, etc. and for optical materials used for optical parts
such as optical isolators. In response to an increasing demand for the use of an LED for illumination in recent years, the
brightness of light-emitting diode (LED) has been increasing. A high-luminance LED emits high-intensity light and at the
same time dissipates a large amount of heat as a result of feeding of a large current. Since each structural member of
an LED is exposed to high-intensity light and disposed in hot places for a long period of time, it must have a high
resistance to light and heat.
[0003] Typical white light-emitting devices (hereinafter referred to as white LEDs) are roughly classified into the following
three types (Non-Patent Literature 1). The first type is a white LED wherein a package includes a red light-emitting diode,
a green light-emitting diode, and a blue light-emitting diode. Since this type does not require a binding agent (binder)
such as epoxy resin in the package, and can thus be constructed using light-emitting diodes only, it can be made to be
highly resistant to light and heat. Meanwhile, it is difficult to adjust the brightness and color tone of the three light-emitting
diodes, which complicates circuit configuration and thus increases manufacturing cost.
[0004] The second type is a white LED wherein a package includes: an ultraviolet (UV) light-emitting diode; and UV-
excited red phosphor, UV-excited green phosphor, and UV-excited blue phosphor dispersed in a binding agent (binder),
such as epoxy resin, covering the light-emitting diode. The third type is a white LED wherein a package includes: a blue
light-emitting diode; and a blue light-excited red phosphor and blue light-excited green phosphor dispersed in a binding
agent (binder), such as epoxy resin, covering the light-emitting diode.
[0005] The second and the third types have an advantage that the brightness and the color tone can be adjusted more
easily than the first type, circuit can be simplified, and thus manufacturing cost can be reduced because they are in a
structure wherein only one light-emitting diode is used in a package. Another advantage is that the color temperature
adjustment range can be made large. Meanwhile, all of these types are in a structure requiring a binder. As a result of
exposure of the binder to intense light and high temperature for a long time, the binder degrades and forms color, thus
decreasing the light transmittance and the luminous efficiency, which are disadvantages. Furthermore, when a large
current is fed to cause high-luminance emission, not only degradation of the binder but also decrease in characteristics
of the phosphors may occur (Non-Patent Literature 2).
[0006] The white LEDs are not limited to those of a structure using the three luminescent colors described above. The
white LED’s may be constructed using two luminescent colors having a complementary color relation, namely the colors
positioned opposite to each other with respect to the chromaticity coordinate of white (0.33, 0.33) of the CIE chromaticity
coordinate. For example, there is a white LED wherein a package includes a blue light-emitting diode combined with
particulate blue light-excited yellow phosphor dispersed in a binding agent (binder) such as epoxy resin (Patent Literature
1). Such a white LED also has a problem that its luminous efficiency decreases due to degradation of the binder.
[0007] To solve the problem of the degradation of epoxy resin, an attempt was made to use silicone resin instead, but
the problem has yet to be solved completely.
[0008] Conventionally, a magnetooptic material, of the optical materials, is also called a Faraday rotator, and is used
for an isolator, a circulator, etc. An optical isolator is used for the optical communication. The optical isolator has recently
been used also for an optical processing apparatus. The optical processing apparatus is used increasingly to perform
marking on metal, welding, and cutting, and consequently, an Yb-doped fiber laser optical processing apparatus having
the oscillation wavelength of 1080 nm is becoming the mainstream. The Yb-doped fiber laser is a combination of a laser
diode (LD) light source and a fiber amplifier, i.e. the low-power optical output from the LD is amplified by the fiber amplifier.
[0009] As a result, the optical isolator that can cut reflection return light having wavelength of 1080 nm efficiently, thus
preventing degradation of the light source, and is highly resistant to high-power light is desired. It is necessary for such
the optical isolator as followings:

(1) to have a high transmittance of light having wavelength of 1080 nm,
(2) to have a large Faraday rotation angle, and
(3) to be capable of obtaining a large single crystal.

As a material suitable to this wavelength, a terbium gallium garnet (TGG: Tb3Ga5O12) single crystal has recently been
developed and put into practical use (Non-Patent Literature 3).
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[0010] However, since gallium oxide, namely a raw material component of TGG, evaporates rapidly, it is difficult to
increase the crystal size, improve quality, and ensure reproducibility, which was the reason why the cost cannot be
decreased. As described in Non-Patent Literature 3, it is therefore desired to develop a material that has a larger Faraday
rotation angle (Verdet constant) than TGG and can be produced at low cost. However, a single crystal that satisfies the
above-mentioned conditions have yet to be obtained, and TGG only has been used in the market.
[0011] To solve the above problems of TGG, the development of a terbium aluminum garnet (TAG: Tb3Al5O12) single
crystal was pursued. As a method of manufacturing TAG, the improved floating zone method (FZ method), which uses
the laser as a heating source, is known (Non-Patent Literature 4). The TAG described in Non-Patent Literature 4 is
considered superior to TGG because it has a larger Verdet constant than that of TGG. Meanwhile, since it has an
inharmonious melting composition (Non-Patent Literature 3), it is difficult to grow a large crystal, which is why it has yet
to be put into practical use.
[0012] After that, the research has also been conducted on the growth of a terbium scandium aluminum garnet (TSAG:
Tb3Sc2Al3O12) single crystal, and there is a report that TSAG single crystal is advantageous in increasing crystal size
(Patent Literature 2). The TSAG disclosed in Patent Literature 2 has a Verdet constant larger than that of TGG, meaning
that a larger single crystal can be grown compared to TAG. However, compared to TGG, it is more difficult to increase
the size of the single crystal.
[0013] A terbium scandium lutetium aluminum garnet (TSLAG) single crystal was then developed. The TSLAG single
crystal has a Faraday rotation angle larger than that of the TGG single crystal, and crystal size was thus increased.
However, since the TSLAG single crystal contains Lu, which is expensive, the high cost remains the problem to be
solved. Furthermore, although its Faraday rotation angle is larger than that of the TGG single crystal, materials having
yet larger Faraday rotation angle are also needed.
Y. Zorenko et al. discuss in "Luminescence Properties of Phosphors Based on Tb3Al5O12 (TbAG) Terbium-Aluminum
Garnet",Optics and Spectroscopy, 2009, Vol. 106, No. 3, pp. 365-374 Ce-doped TbAG materials, wherein no Sc is
contained and which are grown by liquid-phase epitaxy.
WO 2011/049102 A1 discloses, on the other hand, single crystals for optical isolators without Ce doping grown by the
melt grown method.

Citation List

Patent Literature

[0014]

Patent Literature 1: JP 2010-155891 A
Patent Literature 2: JP 2002-293693 A

Non-Patent Literature

[0015]

Non-Patent Literature 1: "About high-luminance LED materials" NIKKAN KOGYO SHIMBUN LTD., p44 (2005)
Non-Patent Literature 2: Materials Science and Engineering R, 71 (2010) 1-34
Non-Patent Literature 3: Journal of Crystal Growth 306 (2007) 195-199
Non-Patent Literature 4: Journal of Crystal Growth 267 (2004) 188-193

Summary of Invention

Technical Problem

[0016] The purpose of the present invention is to provide: a UV-excited yellow light-emitting material capable of emitting
yellow light stably and highly efficiently even if a large current is fed to obtain high-luminescence emission; an optical
material, such as an optical isolator material which has a high light transmittance in the wavelength range from 500 to
1100 nm, has a larger Faraday rotation angle than those of the TGG single crystal and the TSLAG single crystal, and
achieves a cost reduction and a growth of a large and a high-quality single crystal with good reproducibility; and a
manufacturing method of the same.
[0017] Another purpose of the present invention is to provide a light-emitting device obtaining a long-term, a high-
efficiency, and a high-luminance yellow or white light emission, an optical isolator, and an optical processing apparatus.
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Solution to Problem

[0018] The inventor et al. conducted various experiments repeatedly, and newly developed a cerium-doped terbium
scandium aluminum garnet (Ce: TSAG or TCSAG) type single crystal. This single crystal was found to be able to emit
the high-luminance yellow light stably, with a UV light used as an excitation light. The present inventors have thought
upon the present invention discovering that by combining this single crystal with a UV light-emitting diode, a high lumi-
nance, a high efficiency, a simple circuit, and a low manufacturing cost light-emitting device capable of emitting yellow
or white light could be provided without using epoxy resin.
[0019] Furthermore, the TSLAG developed previously is an excellent crystal as the material for the optical isolator
from a viewpoint that it is a Tb-based garnet type single crystal. The inventor et al. therefore considered that it is necessary
to find an element having a larger Faraday rotation angle than Tb in order to develop a material which has a larger
Faraday rotation angle than TSLAG and is capable of growing a large single crystal, and found that Ce might have a
larger Faraday rotation angle than Tb.
[0020] Furthermore, the inventor et al. examined a composition which has Ce in as high concentration as possible
and is capable of growing a large single crystal, found a terbium cerium aluminum garnet type single crystal, and
concluded that an optical isolator and optical processing apparatus can be provided. The present invention has thus
been completed.
[0021] The present invention has the following structures in order to achieve the above objectives.

(1) The optical material of the present invention includes an oxide containing Ce, wherein the optical material is a
cerium-doped terbium scandium aluminum garnet type single crystal, wherein a part of terbium (Tb) of a terbium
aluminum garnet type single crystal is substituted by cerium (Ce), and a part of the aluminum of the terbium aluminum
garnet type single crystal is substituted by scandium.
(2) It is preferable that the composition ratio of the number of moles of cerium to the total number of moles of terbium
and cerium, namely the composition ratio of cerium, is 0.01 mol% or higher but not exceeding 50 mol%.
(3) It is preferable that the composition ratio of cerium of the optical material of the present invention is 5 mol% or lower.
(4) The part of aluminum or a part of scandium of the optical material of the present invention may be substituted
by any one of terbium, cerium, yttrium, lutetium, ytterbium, and thulium, or by two or more of these elements.
(5) The part of aluminum or the part of scandium of the optical material of the present invention may be substituted
by a combination of elements exhibiting valences of 2+ and 4+.
(6) The optical material of the present invention is preferably represented by chemical formula (I) as shown below.

((Tb1-zCez)1-yLy)a(M1-xNx)bAlcO12-w (I)

In the above chemical formula (I): L represents any one of Sc, Y, Lu, Yb, Tm, Mg, Ca, Hf and Zr, or two or more of
these elements; M represents Sc; and N represents any one of Tb, Ce, Y, Lu, Yb, Tm, Mg, Ca, Hf, and Zr, or two
or more of these elements. a, b, c, x, y, z, and w satisfy the following expressions. 
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(7) A method of manufacturing an optical material of the present invention is a single crystal manufacturing method
based on the method of single crystal growth from melt, comprising: heating and dissolving a powder raw material
containing at least terbium oxide, aluminum oxide, cerium oxide, and scandium oxide; and pulling up a seed crystal
from the obtained solution to grow a cerium-doped terbium scandium aluminum garnet type single crystal.
(8) It is preferable that with the method of manufacturing the optical material of the present invention, the single
crystal is grown so that the composition ratio of cerium to the total number of moles of terbium and cerium becomes
5 mol% or lower.
(9) The light-emitting device of the present invention includes: a plate material which uses the optical material
described in any one of (1) to (6) above as a UV-excited yellow light-emitting material; and a UV light-emitting diode
having a light-emitting surface, wherein the UV-excited yellow light-emitting material is disposed with respect to the
UV light-emitting diode so that a surface of the plate material faces the light-emitting surface.
(10) The emission peak wavelength of the UV light-emitting diode preferably falls within the range from 250 nm to
425 nm.
(11) The UV-excited yellow light-emitting material is preferably disposed, contacting the light-emitting surface of the
UV light-emitting diode.
(12) The UV-excited yellow light-emitting material is preferably disposed, being apart from the light-emitting surface
of the UV light-emitting diode.
(13) It is preferable that a UV-excited blue light-emitting material is disposed, in addition to the UV-excited yellow
light-emitting material.
(14) The UV-excited blue light-emitting material is preferably a Ce: R2SiO5 single crystal (R is any one of Lu, Y, and
Gd, or two or more of these elements).
(15) The optical isolator of the present invention has the optical material described in any one of (1) to (6) above,
and is either a polarization dependent type or a polarization independent type.
(16) The optical isolator of the present invention is preferably the polarization independent type.
(17) The optical processing apparatus of the present invention includes: the optical isolator described in (15) or (16)
above; and a laser light source, wherein the optical isolator is disposed on the optical path of the laser light emitted
from the laser light source. (18) With the optical processing apparatus of the present invention, it is preferable that
the oscillation wavelength of the laser light source is 1080 nm.

Advantageous Effects of Invention

[0022] The optical material of the present invention can be used as a UV-excited yellow light-emitting material. Since
the UV-excited yellow light-emitting material is of a structure of a cerium-doped terbium scandium aluminum garnet type
single crystal, stable and high-efficiency yellow light emission is obtained even if a large current is fed to perform high-
luminance emission by UV light excitation.
[0023] The method of manufacturing the UV-excited yellow light-emitting material of the present invention includes:
a process of preparing a powder raw material containing terbium oxide, scandium oxide, aluminum oxide, and cerium
oxide; and a process of pulling up a seed crystal out of a solution obtained by dissolving the powder raw material by
heating, thereby growing a cerium-doped terbium scandium aluminum garnet type single crystal by the method of crystal
growth from melt so that the composition of Ce to the total number of moles of Tb and Ce becomes 5 mol% or lower. A
light-emitting material capable of emitting high-luminance yellow light stably, highly efficiently, and for a long time can
thus be manufactured.
[0024] The light-emitting device of the present invention includes: a plate material made of the UV-excited yellow light-
emitting material described above; and a UV light-emitting diode having a light-emitting surface, wherein the UV-excited
yellow light-emitting material is disposed with respect to the UV light-emitting diode so that one surface of the plate
material and the light-emitting surface face each other. This structure allows the light emitted from the UV light-emitting
diode to be introduced to the UV-excited yellow light-emitting material, and allows the light emitted from the UV light-
emitting diode to excite the UV-excited yellow light-emitting material, thus causing emission of light. Consequently,
according to the light-emitting device of the present invention, the light-emitting device capable of emitting high efficiency
and high luminance yellow light for a long time can be provided without using a binder. In addition, since the circuit is
simplified, the manufacturing cost can be reduced.
[0025] The light-emitting device of the present invention may be further constructed wherein a UV-excited blue light-
emitting material is disposed, contacting to the UV-excited yellow light-emitting material. In this case, the light emitted
from the UV light-emitting diode excites the UV-excited blue light-emitting material, in addition to the UV-excited yellow
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light-emitting material, thus causing emission to occur. Consequently, a light-emitting device capable of emitting high
efficiency and high luminance white light for a long period of time without using epoxy resin can be provided. In addition,
since the circuit can be simplified, manufacturing cost can be reduced.
[0026] The optical material of the present invention can also be used as an optical isolator material. Since the optical
isolator material of the present invention is the oxide material containing Ce, which has a larger Faraday rotation angle
than terbium, and preferably is a single crystal, the Faraday rotation angle can be increased. Furthermore, the material
that has a large Faraday rotation angle exceeding that of the TGG single crystal and TSLAG single crystal in the
wavelength range from 500 nm to 1100 nm can be obtained. The transmittance in the above wavelength range can also
be maintained at 79% or higher. This value can be further increased by performing coating. In addition, the diameter
can be increased to 10 mm or larger, and by increasing the diameter of the single crystal having the above characteristics,
it can be processed into an optical isolator easily.
[0027] The optical isolator material of the present invention is the terbium cerium aluminum garnet type single crystal,
wherein a part of terbium (Tb) of the terbium aluminum garnet type single crystal is substituted by cerium (Ce). The
Faraday rotation angle of the optical isolator material of the present invention can be increased by allowing it to contain
Ce, which has the larger Faraday rotation angle than that of terbium. In addition, the material which has the large Faraday
rotation angle exceeding that of the TGG single crystal and TSLAG single crystal in the wavelength range from 500 nm
to 1100 nm can be provided. In addition, the transmittance in the above wavelength range can be increased to 79% or
higher. This value can be further increased by performing coating. Furthermore, the diameter can be increased to 10
mm or larger, and by increasing the diameter, the crystal can be processed into an optical isolator easily.
[0028] The method of manufacturing the optical isolator material of the present invention is the method of manufacturing
the single crystal by the method of crystal growth from melt, wherein the powder raw material containing at least terbium
oxide, aluminum oxide, and cerium oxide is dissolved by heating, and by pulling up the seed crystal from the obtained
solution, the terbium cerium aluminum garnet single crystal is grown. Consequently, the optical isolator material described
previously can be produced easily, its mass production is facilitated, and the manufacturing cost can also be reduced.
Since the crystal diameter can be increased to 10 mm or larger, the manufacturing cost can be reduced further.
[0029] The optical isolator of the present invention, which has the material for the optical isolator described previously,
is either the polarization dependent type or the polarization independent type. Consequently, when the Yb-doped fiber
laser having oscillation wavelength of 1080 nm, or even the wavelength falling within the range from 500 nm to 1100
nm, is used, the decrease in the power of the laser light source can be prevented by the optical isolator. Furthermore,
the Faraday rotation angle exceeding that of the TGG single crystal and the TSLAG single crystal can be obtained in
the above wavelength range. Consequently, the optical isolator can be downsized compared to the case where the TGG
single crystal or the TSLAG single crystal is used. In addition, since the structure not containing Lu, unlike the TSLAG
single crystal, can be obtained, the significant cost reduction can be achieved. Furthermore, since the high-quality single
crystal having the large diameter of 10 mm or larger can be provided, the crystal can be processed into the optical isolator.
[0030] Owing to the advantages described above, the optical isolator that cuts reflection return light efficiently, thereby
preventing degradation of the light source, and has the high resistance to high-power light can be provided.
[0031] The optical processing apparatus of the present invention includes: the optical isolator described previously;
and the laser light source, wherein the optical isolator is disposed on the light path of the laser light emitted from the
laser light source. Consequently, the optical processing apparatus of the present invention can cut reflection return light
efficiently, when the Yb-doped fiber laser having oscillation wavelength of 1080 nm is used as the light source, thus
preventing degradation of the light source. At the same time, the resistance to high-power light can be maintained high.
In addition, by downsizing the optical isolator, the optical processing apparatus can also be downsized.

Brief Description of Drawings

[0032]

FIG. 1 is a process chart showing a typical manufacturing method of a UV-excited yellow light-emitting material
according to the embodiment of the present invention.
FIG. 2 is a schematic diagram of a light-emitting device according to a first embodiment of the present invention,
wherein (a) is a cross-sectional view of the light-emitting device and (b) is a cross-sectional view of a light-emitting
diode constituting the light-emitting device and its surrounding part.
FIG. 3 is a schematic diagram of the light-emitting device according to a second embodiment, wherein (a) is a cross-
sectional view of the light-emitting device, (b) is a cross-sectional view of a light-emitting diode constituting the light-
emitting device and surrounding part, and (c) is a plan view of the light-emitting diode constituting the light-emitting
device.
FIG. 4 is a cross-sectional view of the light-emitting device according to a third embodiment.
FIG. 5 is a cross-sectional view of the light-emitting device according to a fourth embodiment.
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FIG. 6 is a schematic diagram of the light-emitting device according to a fifth embodiment, wherein (a) is a cross-
sectional view of the light-emitting device, and (b) is a cross-sectional view of the light-emitting diode constituting
the light-emitting device.
FIG. 7 is a cross-sectional view of the light-emitting device according to a sixth embodiment.
FIG. 8 is a cross-sectional view of the light-emitting device according to a seventh embodiment.
FIG. 9 is a cross-sectional view of the light-emitting device according to an eighth embodiment.
FIG. 10 is a cross-sectional view of the light-emitting device in a ninth embodiment.
FIG. 11 is a cross-sectional view of the light-emitting device in a tenth embodiment.
FIG. 12 is an outline drawing showing a typical optical isolator of the present invention as an eleventh embodiment.
FIG. 13 is an outline drawing showing a typical optical processing apparatus using a single crystal according to the
present invention.
FIG. 14 is a view showing a photo of crystal A (sample in Example 1).
FIG. 15 is a view showing the fluorescence spectra of crystal A (sample in Example 1).
FIG. 16 is a chart showing the excitation spectra of crystal A (sample in Example 1).
FIG. 17 is a chart showing the transmission spectra of TCSAG 2% single crystal in Example 1 and TCSAG 20%
single crystal in Example 2.
FIG. 18 is a chart showing the relation between Verdet constant and wavelength in Example 1 (TCSAG 2% single
crystal), Example 2 (TCSAG 20% single crystal), Comparative Example 1 (TGG single crystal), and Comparative
Example 2 (TSLAG single crystal).

Reference Signs List

[0033]

1, 1A, 1B, 1C, 1D, 1E, 1F, 1G, 1H, 1J: Light-emitting device
2: UV-excited yellow light-emitting material
2a: First surface
2b: Second surface (light-emitting surface)
3: Ceramic substrate
4, 5: Main body
4A, 5A: Opening
4b: Upper face
6: Transparent substrate
7, 10, 10A: UV light-emitting diode
11: Diode substrate
11a: First main surface
11b: Second main surface (light-emitting surface)
12: n-type AlGaN: Si layer
13: Emission layer
14: p-type AlGaN: Mg layer
15A: n-side electrode
15B: p-side electrode
16: Bump
20: Crystal pulling furnace
21: Crucible
22: Cylindrical vessel
23: High-frequency coil
24: Solution
25: Seed crystal
26: Grown crystal
31, 32: Wiring part
40, 50: Reflecting surface
51: Retaining member
61, 62: Wiring part
70: Ga2O3 substrate
71: Buffer layer
72: n+-GaN layer
73: n-AlGaN layer
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74: Multiple-quantum well (MQW) layer
75: p-AlGaN layer
76: p+-GaN layer
77: p electrode
78: n electrode
95, 96, 97: UV-excited blue light-emitting material
121, 122: UV-excited yellow light-emitting material
121a, 122a: First surface
121b, 122b: Second surface
140: Transparent electrode
140b: Surface (light-emitting surface)
201: Polarizer
202: Analyzer
203: Optical isolator material (Faraday rotator)
210: Optical isolator
211: Laser light source
220: Optical processing apparatus
311, 321, 611, 621: Bonding wire
L: Laser beam
P: Optical path
Q: Body to be processed

Description of Embodiments

[0034] The present invention will hereinafter be described in detail by referring to some embodiments and examples.

[First embodiment]

<UV-excited yellow light-emitting material>

[0035] First, a UV-excited yellow light-emitting material as an optical material in the embodiment of the present invention
will be described.
[0036] The UV-excited yellow light-emitting material in the embodiment of the present invention is a cerium-doped
terbium scandium aluminum garnet type single crystal (hereinafter also referred to as Ce: TSAG or TCSAG type single
crystal).
[0037] It is preferable that in the UV-excited yellow light-emitting material in the embodiment of the present invention,
Ce is added at the composition ratio to the total number of moles of terbium (Tb) and cerium (Ce) of 5 mol% or lower.
Consequently, the yellow light-emitting material having the excitation peak wavelength in the range from 250 to 425 nm
and the emission peak wavelength in the range from 500 to 630 nm can be provided. By combining the UV-excited
yellow light-emitting material with a UV light-emitting diode having emission peak wavelength in the range from 250 to
425 nm, a high luminance and a high efficiency yellow light-emitting device can be provided.
[0038] In the UV-excited yellow light-emitting material in the embodiment of the present invention, a part of scandium
(Sc) may be substituted by any one of terbium, cerium, yttrium (Y), lutetium (Lu), ytterbium (Yb), and thulium (Tm), or
by two or more of these elements. In addition, a part of the scandium may be substituted by a combination of elements
exhibiting valences of 2+ and 4+. Even so, the yellow light-emitting material having the excitation peak wavelength within
the range from 250 to 425 nm and the emission peak wavelength within the range from 500 to 630 nm can be provided.
[0039] It is preferable that the UV-excited yellow light-emitting material in the embodiment of the present invention is
represented by chemical formula (I).

((Tb1-zCez)1-yLy)a(M1-xNx)bAlcO12-w (I)

In the above formula (I): L represents any one of Sc, Y, Lu, Yb, Tm, Mg (magnesium), Ca (calcium), Hf (hafnium) and
Zr (zirconium), or two or more of these elements; M represents Sc; and N represents any one of Tb, Ce, Y, Lu, Yb, Tm,
Mg, Ca, Hf, and Zr, or two or more of these elements. a, b, c, x, y, z, and w satisfy the following expressions. 
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[0040] By allowing a, b, c, x, y, z, and w to fall within the above range, an occurrence of defects such as cracks at the
time of growing a single crystal can be suppressed. In addition, the yellow light-emitting material having the excitation
peak wavelength within the range from 250 to 425 nm and the emission peak wavelength within the range from 500 to
630 nm can be provided, and the high-luminance and the high-efficiency yellow light emission is obtained by excitation
of UV light.
[0041] As far as the composition ratio of Ce to the total number of moles of Tb and Ce falls within the range of 5 mol%
or lower, by adding Ce to Tb, the yellow light emission is obtained, and the fluorescence intensity can thus be increased
significantly. Meanwhile, when the composition ratio of Ce exceeds 5 mol%, the fluorescence intensity decreases by
concentration quenching.

<Method of manufacturing a UV-excited yellow light-emitting material>

[0042] Now, a method of manufacturing a UV-excited yellow light-emitting material according to the embodiment of
the present invention will be described.
[0043] FIG. 1 is a process chart showing a typical manufacturing method of the UV-excited yellow light-emitting material.
In FIG. 1, a crystal pulling furnace 20 used for growing the UV-excited yellow light-emitting material (single crystal) is
shown. The crystal pulling furnace 20 includes: a crucible 21 made of iridium (Ir); a ceramic cylindrical vessel 22 for
housing the crucible 21; and a high-frequency coil 23 wound around the cylindrical vessel 22, as major components.
The high-frequency coil 23 generates induced current in the crucible 21 to heat the crucible 21.
[0044] By using the crystal pulling furnace 20, the UV-excited yellow light-emitting material 2 (as shown in FIG. 2),
which is the garnet type single crystal, is grown by the method of crystal growth from melt. First, Tb4O7 powder, Sc2O3
powder, Al2O3 powder, and CeO2 powder are mixed by wet mixing at the mixing ratio based on the composition of a
single crystal to be grown, and then dried to prepare a powder raw material. To this powder raw material, at least a type
of another powder raw material may be further mixed as required. Mixing may be performed by dry mixing instead of
wet mixing.
[0045] The powder raw material is packed into the crucible 21. The high-frequency current is applied to the high-
frequency coil 23 to heat the crucible 21, thereby increasing the temperature of the powder raw material in the crucible
21 from a room temperature to a temperature level where the powder raw material can be dissolved. The powder raw
material is thus dissolved, and a solution 24 is obtained.
[0046] Then a seed crystal 25, which is used as a rod-shaped crystal pulling shaft, is prepared. As the seed crystal
25, the garnet type single crystal such as yttrium aluminum garnet (YAG) can be used.
[0047] After the tip of the seed crystal 25 is made to contact the solution 24, the seed crystal 25 is pulled up at a
specified pulling speed while being rotated at a specified number of revolutions. The number of revolutions of the seed
crystal 25 preferably falls within the range from 3 to 50 rpm, and more preferably within the range from 3 to 10 rpm. The
seed crystal 25 pulling speed preferably falls within the range from 0.1 to 10 mm/h, and more preferably within the range
from 0.5 to 3 mm/h. It is preferable that pulling of the seed crystal 25 is performed in an inert gas atmosphere. As the
inert gas, Ar, nitrogen, etc. can be used. A trace amount of oxygen may be mixed. To place the seed crystal 25 in the
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inert gas atmosphere, it is only necessary to feed the inert gas into a tightly-closed housing at a specified flow rate while
discharging it from there.
[0048] By pulling up the seed crystal 25 under the condition described above, a grown crystal 26 in bulk state can be
obtained at the tip of the seed crystal 25. The grown crystal 26 is a cerium-doped terbium scandium aluminum garnet
type single crystal wherein a part of Tb is substituted by Ce, namely a single crystal represented by chemical formula
(I) as shown above, and the UV-excited yellow light-emitting material 2, 121, 122 (See FIGS. 2, 3, and 4 as described
later) in the embodiment of the present invention.
[0049] By following the process described above, the grown crystal 26, namely the UV-excited yellow light-emitting
material 2, 121, 122 in the embodiment of the present invention, can be produced easily. At the same time, this method
of crystal growth from melt can increase the size of the grown crystal 26 easily.

<Light-emitting device>

[0050] A light-emitting device in a first embodiment of the present invention will then be described.
[0051] FIG. 2 is a schematic diagram of a light-emitting device 1 in a first embodiment of the present invention, where
(a) is a cross-sectional view of the light-emitting device 1, and (b) is a cross-sectional view of a UV light-emitting diode
10 constituting the light-emitting device 1 and surrounding part.
[0052] As shown in FIG. 2 (a), the light-emitting device 1 is roughly made up of including: a ceramic substrate 3; a UV
light-emitting diode (UV-LED) 10 disposed on the ceramic substrate 3; and a main body 4 in a form of a wall provided
around the UV light-emitting diode 10 on the ceramic substrate 3. The ceramic substrate 3 is a member in a shape of
a plate made of a ceramic material such as Al2O3. On the surface of the ceramic substrate 3, wiring parts 31, 32 made
of a metal such as tungsten are formed by pattern formation. The main body 4 is a member made of white resin formed
on the ceramic substrate 3, and an opening 4A is formed at its center. The opening 4A is formed in a tapered shape,
the size of the opening gradually increasing from the side of the ceramic substrate 3 toward outside. The inner surface
of the opening 4A is a reflecting surface 40 for reflecting the light from the UV light-emitting diode 10 toward outside.
[0053] As shown in FIG. 2 (b), in the UV light-emitting diode 10, an n-side electrode 15A and a p-side electrode 15B
are mounted to the wiring parts 31, 32 of the ceramic substrate 3 via bumps 16, 16, thereby electrically connecting.

<UV light-emitting diode>

[0054] As the UV light-emitting diode 10, a flip-chip type diode capable of emitting ultraviolet (UV) light having an
emission peak wavelength within the range from 250 to 425 nm is used. As its material, an AlGaN system compound
semiconductor can be used.
[0055] As shown in FIG. 2 (b), on a first main surface 11a of the diode substrate 11 made of sapphire, etc. of the UV
light-emitting diode 10, an n-type AlGaN: Si layer 12 is formed via a buffer layer and n+-GaN: Si layer, an AlGaN emission
layer 13 of a multiple-quantum well structure is formed, and then a p-type AlGaN: Mg layer 14 is formed via a p+-GaN:
Mg layer on the side of the p-type electrode, in this order. The electrode 15A on n side is formed on an exposed part of
the n-type AlGaN: Si layer 12, and the electrode 15B on p side is formed on the surface of the p-type AlGaN: Mg layer 14.
[0056] As a result of injecting carriers from the n-type AlGaN: Si layer 12 and the p-type AlGaN: Mg layer 14, the
emission layer 13 emits the UV light. This UV light penetrates the n-type AlGaN: Si layer 12 and the diode substrate 11,
and is then emitted from the second main surface 11b of the diode substrate 11. In other words, the second main surface
11b of the diode substrate 11 is a light-emitting surface of the light-emitting diode 10. Note that the light-emitting surface
is a surface of the UV light-emitting diode, on which light is emitted from inside to outside of the diode. In particular, it is
the surface that the amount of light emitted is large.
[0057] The UV-excited yellow light-emitting material 2 according to the embodiment of the present invention is disposed,
contacting the second main surface 11b of the diode substrate 11, which is the light-emitting surface of the UV light-
emitting diode 10 to cover the entire area of the second main surface 11b.
[0058] Since the UV-excited yellow light-emitting material 2 according to the embodiment of the present invention is
the single crystal in a shape of a flat plate, the first surface 2a facing the diode substrate 11 can be fixed directly to the
diode substrate 11, without inserting epoxy resin between the first surface and the second main surface 11b of the diode
substrate 11. The methods of fixing the UV-excited yellow light-emitting material 2 include a method of fixing it using a
metal piece etc. The single crystal in this case is defined as the one which has a size the same as or larger than the
second main surface 11b and is practically regarded as the single crystal as a whole. By fixing the first surface 2a to the
diode substrate 11 by allowing that the first surface to directly contact the diode substrate 11, without inserting epoxy
resin between the first surface and the second main surface 11b of the diode substrate 11, the light from the UV light-
emitting diode 10 can be introduced to the UV-excited yellow light-emitting material 2 while the loss of light is minimized.
Consequently, the luminous efficiency of the UV-excited yellow light-emitting material 2 can be improved.
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<Luminescence mechanism of the light-emitting device>

[0059] In the light-emitting device 1 according to the first embodiment as shown in FIG. 2, when the UV light-emitting
diode 10 is energized, electrons are injected into the emission layer 13 via the wiring part 31, the n-side electrode 15A,
and the n-type AlGaN: Si layer 12. Holes are injected into the emission layer 13 via the wiring part 32, the p-side electrode
15B, and the p-type AlGaN: Mg layer 14, and thus the emission layer 13 emits the UV light. The UV light from the
emission layer 13 penetrates the n-type AlGaN: Si layer 12 and the diode substrate 11, is emitted from the second main
surface 11b of the diode substrate 11, and introduced to the first surface 2a of the UV-excited yellow light-emitting
material 2.
[0060] The UV light entering from the first surface 2a excites the UV-excited yellow light-emitting material 2 as an
excitation light. The UV-excited yellow light-emitting material 2 absorbs the UV light from the UV light-emitting diode 10,
and performs wavelength conversion so that the absorbed UV light is converted into yellow light having the emission
peak wavelength in the range from 500 to 630 nm, for example. Thus, the light-emitting device 1 can emit the yellow light.
[0061] Since the light-emitting device 1 according to the first embodiment has a structure where the single-crystal UV-
excited yellow light-emitting material 2 in the shape of the flat plate is used and a binder for retaining particulate phosphors
such as epoxy resin is not used, the degradation of the binder, the degradation due to irradiation of high-power excitation
light in particular, can be suppressed, and consequently the decrease in luminous efficiency can be suppressed. In
addition, compared to the case where a large number of particulate phosphors are combined, the surface area of the
single-crystal UV-excited yellow light-emitting material 2 in the shape of the flat plate can be made small, thus allowing
degradation in characteristics due to the effect of the external environment to be suppressed. Since the single-crystal
consisting of the UV-excited yellow light-emitting material 2 in the form of the flat plate is used, the quantum efficiency
of the UV-excited yellow light-emitting material 2 can be improved, and the luminous efficiency of the light-emitting device
can be increased. Since the light-emitting device 1 according to the first embodiment uses the Ce: TSAG type single
crystal as the UV-excited yellow light-emitting material 2, the UV light from the UV light-emitting diode can be made to
be absorbed by the UV-excited yellow light-emitting material 2 efficiently, and thus the high luminance yellow light can
be emitted with high quantum efficiency.

[Second embodiment]

[0062] A second embodiment of the present invention will then be described.
[0063] FIG. 3 is a schematic diagram of a light-emitting device 1A according to a second embodiment, where (a) is a
cross-sectional view of the light-emitting device 1A, (b) is a cross-sectional view of a UV light-emitting diode 10A con-
stituting the light-emitting device 1A and its surrounding part, and (c) is a plan view of the UV light-emitting diode 10A.
[0064] The structure of the light-emitting device 1A in the second embodiment, wherein the light emitted from the UV
light-emitting diode 10A is introduced to a single-crystal UV-excited yellow light-emitting material 121 and the wavelength
conversion is performed, is the same as the light-emitting device 1 according to the first embodiment. Meanwhile, the
structure of the UV light-emitting diode 10A and the position of placement of the UV-excited yellow light-emitting material
121 with respect to the UV light-emitting diode are different from those of the first embodiment. The description of the
components of the light-emitting device 1A having the same function and structure as those of the light-emitting device
in the first embodiment will be omitted, with the same signs allotted to them, and different structures only will mainly be
described.
[0065] As shown in FIG. 3 (a) and (b), the diode substrate 11 of the UV light-emitting diode 10A in the light-emitting
device 1A is disposed so that it faces a ceramic substrate 3. In addition, a Ce: TSAG single-crystal UV-excited yellow
light-emitting material 121 is connected to the side of the opening 4A of the UV light-emitting diode 10A. As the UV-
excited yellow light-emitting material 121, the material having the same composition described in the embodiment of the
present invention can be used.
[0066] As shown in FIG. 3 (b) and (c), the UV light-emitting diode 10A includes: the diode substrate 11; the n-type
AlGaN: Si layer 12; the emission layer 13; and the p-type AlGaN: Mg layer 14. Furthermore, the UV light-emitting diode
10A also includes a transparent electrode 140 consisting of such as indium tin oxide (ITO) on the p-type AlGaN: Mg
layer 14. On the transparent electrode 140, the p-side electrode 15B (as shown in FIG. 3 (c)) is formed. Carriers injected
from the p-side electrode 15B are diffused into the transparent electrode 140 and injected into the p-type AlGaN: Mg
layer 14.
[0067] As shown in FIG. 3 (c), a UV-excited yellow light-emitting material 121 is formed in a shape of a rough square
having cutouts at places corresponding to the p-side electrode 15B and the n-side electrode 15A, which is formed on
the n-type AlGaN: Si layer 12. The composition of the UV-excited yellow light-emitting material 121 is the same as that
of the UV-excited yellow light-emitting material according to the embodiment of the present invention.
[0068] As shown in FIG. 3 (a), the n-side electrode 15A of the UV light-emitting diode 10A is connected to the wiring
part 31 of the ceramic substrate 3 by a bonding wire 311, whereas the p-side electrode 15B of the UV light-emitting
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diode 10A is connected to the wiring part 32 of the ceramic substrate 3 by a bonding wire 321.
[0069] When the UV light-emitting diode 10A structured as described above is energized, electrons are injected into
the emission layer 13 via the wiring part 31, the n-side electrode 15A, and the n-type AlGaN: Si layer 12. Holes are also
injected to the emission layer 13 via the wiring part 32, the p-side electrode 15B, the transparent electrode 140, and the
p-type AlGaN: Mg layer 14, and the emission layer 13 emits the UV light.
[0070] The UV light from the emission layer 13 penetrates the p-type AlGaN: Mg layer 14 and the transparent electrode
140, and is emitted from the surface 140b of the transparent electrode 140. Namely, the surface 140b of the transparent
electrode 140 is the light-emitting surface of the UV light-emitting diode 10A. The light emitted from the surface 140b of
the transparent electrode 140 is introduced to the first surface 121a of the UV-excited yellow light-emitting material 121.
[0071] The UV light introduced from the first surface 121a to the UV-excited yellow light-emitting material 121 excites
the UV-excited yellow light-emitting material 121 as an excitation light. The UV-excited yellow light-emitting material 121
absorbs the UV light from the UV light-emitting diode 10A and converts the wavelength of the absorbed light mainly into
a wavelength of yellow light. More specifically, the UV-excited yellow light-emitting material 121 is excited by the UV
light from the light-emitting diode 10A having an emission peak wavelength falling within the range from 250 to 425 nm,
and emits the yellow light having the emission peak wavelength falling within the range from 500 to 630 nm. As described
above, the light-emitting device 1A emits the yellow light. The same function and effect as those in the first embodiment
can be obtained also by this embodiment.

[Third embodiment]

[0072] A third embodiment of the present invention will then be described.
[0073] FIG. 4 is a cross-sectional view of a light-emitting device 1B according to a third embodiment. In this light-
emitting device 1B, the structure, where the light emitted from the UV light-emitting diode 10 is introduced to a single-
crystal UV-excited yellow light-emitting material 122 and wavelength conversion is performed, is the same as the light-
emitting device 1 according to the first embodiment. However, the position of placement of the UV-excited yellow light-
emitting material 122 is different from that in the first embodiment. The description of the components of the light-emitting
device 1B having the same function and structure as those of the light-emitting device in the first or the second embodiment
will be omitted, with the same signs allotted to them, and different structures only will mainly be described.
[0074] As shown in FIG. 4, the light-emitting device 1B has the UV light-emitting diode 10 in the same structure as
the first embodiment on the ceramic substrate 3. The UV light-emitting diode 10 emits UV light from the second main
surface lib of the diode substrate 11 (FIG. 2 (b)) placed on the side of the opening 4A of the main body 4 toward the
side of the opening 4A of the main body 4.
[0075] To the main body 4, the UV-excited yellow light-emitting material 122 is bonded, covering the opening 4A. The
UV-excited yellow light-emitting material 122 is formed in a shape of a flat plate, and bonded to the upper surface 4b of
the main body 4. As the UV-excited yellow light-emitting material 122, materials having compositions described in the
embodiment of the present invention can be used. Furthermore, the UV-excited yellow light-emitting material 122 actually
is larger than the UV light-emitting diode 10, and its entire body forms the single crystal.
[0076] When the light-emitting device 1B constructed as described above is energized, the UV light-emitting diode 10
becomes luminous and emits UV light from the second main surface 11b toward the UV-excited yellow light-emitting
material 122. The UV-excited yellow light-emitting material 122 takes in the UV light of the light-emitting element 10 from
the first surface 122a facing the light-emitting surface of the UV light-emitting diode 10, and emits yellow light obtained
by the excitation of this UV light to outside from a second surface 122 b. As described above, the light-emitting device
1B emits the yellow light.
[0077] With this embodiment also, the same function and effect as those described in the first embodiment can be
obtained. Since the UV light-emitting diode 10 and the UV-excited yellow light-emitting material 122 are placed apart
from each other, the large UV-excited yellow light-emitting material 122 can be used, unlike the case where the UV-
excited yellow light-emitting material is bonded to the light-emitting surface of the UV light-emitting diode 10. The assembly
of the light-emitting device 1B can thus be facilitated.

[Fourth embodiment]

[0078] A fourth embodiment of the present invention will then be described.
[0079] FIG. 5 is a cross-sectional view of a light-emitting device 1C according to a fourth embodiment. As shown in
FIG. 5, with this light-emitting device 1C, the positional relation among the UV light-emitting diode 10A, a substrate 6 to
which the UV light-emitting diode 10A is mounted, and the UV-excited yellow light-emitting material 122 are different
from those in the third embodiment. The description of the components of the light-emitting device 1C having the same
function and structure as those of the light-emitting device in the first, second, or the third embodiments will be omitted,
with the same signs allotted to them, and different structures only will mainly be described.
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[0080] The light-emitting device 1C according to the fourth embodiment includes: a main body 5 made of white resin;
a transparent substrate 6 retained at a slitted retaining member 51 formed in the main body 5; the UV-excited yellow
light-emitting material 122, namely a Ce: TSAG single crystal, disposed so that it covers the opening 5A of the main
body 5; a UV light-emitting diode 10A mounted on the surface of the transparent substrate 6 on the side opposite to the
UV-excited yellow light-emitting material 122; and wiring parts 61, 62 for energizing the UV light-emitting diode 10A. The
composition of the UV-excited yellow light-emitting material 122 is the same as that of the UV-excited yellow light-emitting
material according to the embodiment of the present invention.
[0081] At the center of the main body 5, a concave having a curved surface is formed, and the surface of this concave
is a reflecting surface 50 for reflecting the light emitted from the UV light-emitting diode 10A toward the side of the UV-
excited yellow light-emitting material 122. The transparent substrate 6 is made of translucent resin such as silicone resin,
acrylic resin, and PET, glassy substance, or a single crystal or polycrystal translucent member such as sapphire, ceramic,
quartz, and AlN. The transparent substrate 6 has translucency for transmitting the UV light from the UV light-emitting
diode 10A and insulation property. To the transparent substrate 6, a part of the wiring parts 61, 62 is bonded. The n-
side electrode and p-side electrode of the UV light-emitting diode 10A and one end of the wiring parts 61, 62 are electrically
connected by bonding wires 611, 621.
[0082] When the light-emitting device 1C structured as described above is energized, the UV light-emitting diode 10A
becomes luminous and a part of the UV light penetrates the transparent substrate 6 and is introduced to the first surface
122a of the UV-excited yellow light-emitting material 122. Also, the other part of the UV light is reflected by the reflecting
surface 50 of the main body 5, penetrates the transparent substrate 6, and is introduced to the first surface 122a of the
UV-excited yellow light-emitting material 122. The UV light introduced to the UV-excited yellow light-emitting material
122 is absorbed by the UV-excited yellow light-emitting material 122, and undergoes wavelength conversion. As described
above, the light-emitting device 1C emits the yellow light obtained by wavelength conversion performed by the UV-
excited yellow light-emitting material 122.
[0083] The same effect as that in the third embodiment can be obtained by this embodiment also. In addition, since
the light emitted from the UV light-emitting diode 10A to the side opposite to the side of the UV-excited yellow light-
emitting material 122 is reflected by the reflecting surface 50, penetrates the transparent substrate 6, and then is intro-
duced to the UV-excited yellow light-emitting material 122, the light extraction efficiency of the light-emitting device 1C
increases.

[Fifth embodiment]

[0084] A fifth embodiment of the present invention will then be described.
[0085] FIG. 6 is a schematic diagram of a light-emitting device 1D according to a fifth embodiment, where (a) is a
cross-sectional view of the light-emitting device 1D, and (b) is a cross-sectional view of a UV light-emitting diode 7
constituting the light-emitting device 1D.
[0086] As shown in FIG. 6 (a), the structure and the placement of the UV light-emitting diode 7 in this light-emitting
device 1D are different from those in the third embodiment. The description of the components of the light-emitting device
1D having the same function and structure as those of the light-emitting device in the first, second, or third embodiment
will be omitted, with the same signs allotted to them, and different structures only will mainly be described.
[0087] In the light-emitting device 1D, the UV light-emitting diode 7 is disposed on the wiring part 32 provided on the
ceramic substrate 3.
[0088] As shown in FIG. 6 (b), the UV light-emitting diode 7 is formed by depositing a β-Ga2O3 substrate 70, a buffer
layer 71, a Si-doped n+-GaN layer 72, a Si-doped n-AlGaN layer 73, a multiple-quantum well (MQW) layer 74, a Mg-
doped p-AlGaN layer 75, a Mg-doped p+-GaN layer 76, and a p-electrode 77 in this order. An n-electrode 78 is provided
on the surface of the β-Ga2O3 substrate 70 opposite to the buffer layer 71.
[0089] The β-Ga2O3 substrate 70 is made of β-Ga2O3 exhibiting the n-type conductivity. The MQW layer 74 is an
AlaGa1-aN/AlbGa1-bN (a, b are different numbers larger than 0) emission layer having a multiple-quantum well structure.
The p-electrode 77 is an indium tin oxide (ITO) transparent electrode and is electrically connected to the wiring part 32.
The n-electrode 78 is connected to the wiring part 31 of the ceramic substrate 3 by the bonding wire 321. As the diode
substrate, SiC may be used instead of β-Ga2O3.
[0090] When the UV light-emitting diode 7 structured as described above is energized, electrons are injected into the
MQW layer 74 via the n-electrode 78, the β-Ga2O3 substrate 70, the buffer layer 71, the n+-GaN layer 72, and the n-
AlGaN layer 73. Meanwhile, holes are injected into the MQW layer 74 via the p-electrode 77, the p+-GaN layer 76, and
the p-AlGaN layer 75, and consequently the UV light is emitted. This UV light penetrates the β-Ga2O3 substrate 70, etc.,
is emitted from a light-emitting surface 7a of the UV light-emitting diode 7, and introduced into the first surface 122a of
the UV-excited yellow light-emitting material 122. The UV-excited yellow light-emitting material 122 takes in the UV light
from the UV light-emitting diode 7 via the first surface 122a facing the light-emitting surface of the UV light-emitting diode
7, and emits yellow light excited by this UV light from the second surface 122b to outside. The light-emitting device 1D
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emits the yellow light as described above. The same function and effect as those in the third embodiment can be obtained
in this embodiment also.

[Sixth embodiment]

[0091] A sixth embodiment of the present invention will then be described.
[0092] FIG. 7 is a cross-sectional view of a light-emitting device 1E according to a sixth embodiment. As shown in
FIG. 7, this embodiment is the same as the composition of the first embodiment, except that a UV-excited blue light-
emitting material 95 is disposed on the UV-excited yellow light-emitting material 2 on the UV light-emitting diode 10. The
description of the components of the light-emitting device having the same function and structure as those of the light-
emitting device described previously will be omitted, with the same signs allotted to them, and different structures only
will mainly be described.
[0093] In this light-emitting device 1E, the UV-excited blue light-emitting material 95 is disposed on the UV-excited
yellow light-emitting material 2 on the UV light-emitting diode 10. This structure allows the UV-excited yellow light-emitting
material 2 to emit yellow light by a part of the UV light from the UV light-emitting diode 10, while the UV-excited blue
light-emitting material 95 emits blue light by the rest of the UV light from the UV light-emitting diode 10. Since the blue
color and the yellow color are in complementary color relation, the light-emitting device 1E emits white light.

[Seventh embodiment]

[0094] A seventh embodiment of the present invention will then be described.
[0095] FIG. 8 is a cross-sectional view of a light-emitting device 1F according to a seventh embodiment. As shown in
FIG. 8, this embodiment is the same as the composition of the second embodiment, except that a UV-excited blue light-
emitting material 96 is disposed on the UV-excited yellow light-emitting material 121 on the UV light-emitting diode 10A.
The description of the components of the light-emitting device having the same function and structure as those of the
light-emitting device described previously will be omitted, with the same signs allotted to them, and different structures
only will mainly be described.
[0096] In the light-emitting device 1F, the UV-excited blue light-emitting material 96 is disposed on the UV-excited
yellow light-emitting material 121 on the UV light-emitting diode 10A. This structure allows the UV-excited yellow light-
emitting material 121 to emit yellow light by a part of the UV light from the UV light-emitting diode 10A, while the UV-
excited blue light-emitting material 96 emits the blue light by the rest of the UV light from the UV light-emitting diode
10A. Since the blue color and the yellow color are in complementary color relation, the light-emitting device 1E emits
the white light.

[Eighth embodiment]

[0097] An eighth embodiment will then be described.
[0098] FIG. 9 is a cross-sectional view of a light-emitting device 1G in an eighth embodiment. As shown in FIG. 9, this
embodiment is the same as the composition of the third embodiment, except that a UV-excited blue light-emitting material
97 is disposed on the UV-excited yellow light-emitting material 122. The description of the components of the light-
emitting device having the same function and structure as those of the light-emitting device described previously will be
omitted, with the same signs allotted to them, and different structures only will mainly be described.
[0099] In the light-emitting device 1G, the UV-excited blue light-emitting material 97 is disposed on the UV-excited
yellow light-emitting material 122. This structure allows the UV-excited yellow light-emitting material 122 to emit yellow
light by a part of the UV light from the UV light-emitting diode 10, while the UV-excited blue light-emitting material 97
emits the blue light by the rest of the UV light from the UV light-emitting diode 10. Since the blue color and the yellow
color are in complementary color relation, the light-emitting device 1G emits the white light.

[Ninth embodiment]

[0100] A ninth embodiment of the present invention will then be described.
[0101] FIG. 10 is a cross-sectional view of a light-emitting device 1H according to a ninth embodiment. As shown in
FIG. 10, this embodiment is the same as the composition of the fourth embodiment, except that the UV-excited blue
light-emitting material 97 is disposed on the UV-excited yellow light-emitting material 122. The description of the com-
ponents of the light-emitting device having the same function and structure as those of the light-emitting device described
previously will be omitted, with the same signs allotted to them, and different structures only will mainly be described.
[0102] In the light-emitting device 1H, the UV-excited blue light-emitting material 97 is disposed on the UV-excited
yellow light-emitting material 122. This structure allows the UV-excited yellow light-emitting material 122 to emit the
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yellow light by a part of the UV light from the UV light-emitting diode 10A, while the UV-excited blue light-emitting material
97 emits the blue light by the rest of the UV light from the UV light-emitting diode 10A. Since the blue color and the
yellow color are in complementary color relation, the light-emitting device 1H emits the white light.

[Tenth embodiment]

[0103] A tenth embodiment of the present invention will then be described.
[0104] FIG. 11 is a cross-sectional view of a light-emitting device 1J according to a tenth embodiment. As shown in
FIG. 11, this embodiment is the same as the composition of the fifth embodiment, except that a UV-excited blue light-
emitting material 97 is disposed on the UV-excited yellow light-emitting material 122. The description of the components
of the light-emitting device having the same function and structure as those of the light-emitting device described pre-
viously will be omitted, with the same signs allotted to them, and different structures only will mainly be described.
[0105] In the light-emitting device 1J, the UV-excited blue light-emitting material 97 is disposed on the UV-excited
yellow light-emitting material 122. This structure allows the UV-excited yellow light-emitting material 122 to emit the
yellow light by a part of the UV light from the UV light-emitting diode 7, while the UV-excited blue light-emitting material
97 emits the blue light by the rest of the UV light from the UV light-emitting diode 7. Since the blue color and the yellow
color are in complementary color relation, the light-emitting device 1J emits the white light.
[0106] In the sixth to the tenth embodiments of the present invention, the UV-excited blue light-emitting material 96,
97 is preferably a Ce: R2SiO5 single crystal (R is any one of Lu, Y, and Gd, or two or more of these elements). This is
because the high-luminance light can be emitted, and at the same time processing into a specified size and the mounting
to the UV light-emitting diode or light-emitting device is easy.
[0107] In the sixth to the tenth embodiments of the present invention, an example where the UV-excited blue light-
emitting material 95, 96, 97 is mounted to the outside of the UV-excited yellow light-emitting material 2, 121, 122, namely
on the side opposite the UV light-emitting diode 10, 10A, 7, was shown. However, the structure is not limited to this one,
and the UV-excited blue light-emitting material 95, 96, 97 may be mounted inside the UV-excited yellow light-emitting
material 2, 121, 122, namely on the side of the UV light-emitting diode 10, 10A, 7.
[0108] In the sixth to the tenth embodiments of the present invention, it is preferable that the plate thickness of the
UV-excited yellow light-emitting material 2, 121, 122 and that of the UV-excited blue light-emitting material 95, 96, 97
are adjusted so that CIE chromaticity coordinate of the white light comes close to (0.33, 0.33), which improves color
purity, turning bluish or yellowish white to pure white.
[0109] In the first to the tenth embodiments of the present invention, the structure where the UV-excited yellow light-
emitting material 2, 121, 122 is disposed with respect to the UV light-emitting diode 10, 10A, 7 so that the light emitted
from the UV light-emitting diode 10, 10A, 7 is introduced to the UV-excited yellow light-emitting material 2, 121, 122.
This structure allows the emission from the UV light-emitting diode 10, 10A, 7 to excite the UV-excited yellow light-
emitting material 2, 121, 122 efficiently, thereby obtaining high-luminance emission.
[0110] Note that the shapes of the light-emitting device are not limited to those described above. Also, a structure
where a light-emitting device has a plurality of UV light-emitting diodes is also allowed. Furthermore, single crystal
materials having different color tones, such as red phosphor, green phosphor, etc., may be used in combination. Fur-
thermore, although the efficiency may decrease slightly, by crushing a phosphor single crystal in each color or in some
of the colors, a powder phosphor may be obtained, and the obtained phosphor may be sealed using a binder or glass.
The reason for this is that the phosphor powder obtained by crushing a single crystal is superior to the phosphor powder
obtained by the ceramics synthesis method in all of the luminous efficiency, the quantum efficiency, and the temperature
characteristics. At least, the characteristics of the phosphor can thus be improved.
[0111] The UV-excited yellow light-emitting material according to the embodiment of the present invention, the man-
ufacturing method thereof, and light-emitting device are not limited to the embodiments described previously, but various
modifications are allowed within the scope of the technical idea of the present invention. Specific examples using the
optical material of this embodiment are shown below, but the present invention is not limited to those examples.

[Eleventh embodiment]

<Optical isolator>

[0112] An optical isolator material as the optical material of the present invention, the manufacturing method thereof,
an optical isolator, and an optical processing apparatus will be described in detail by referring to the attached figures.
[0113] FIG. 12 is an outline drawing of an embodiment of an optical isolator 210, which will be described as an eleventh
embodiment of the present invention.
[0114] As shown in FIG. 12, the optical isolator 210 includes: a polarizer 201; analyzer 202; and a Faraday rotator
(optical isolator material) 203 disposed between the polarizer 201 and the analyzer 202. In this case, the polarizer 201
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and the analyzer 202 are disposed so that the transmission axis of each remains non-parallel to each other, forming a
45° angle, for example.
[0115] To the Faraday rotator 203, the magnetic flux density B is made to be applied in a direction from the polarizer
201 to the analyzer 202 for example, namely along the direction of introduction of light L. As a result of the application
of the magnetic flux density B, the Faraday rotator 203 rotates the polarization plane of the light L having penetrated the
polarizer 201, allowing the light to pass through the transmission axis of the analyzer 202.
[0116] Here, the structure of the optical isolator 210 is not limited to that described above. It is only necessary that the
optical isolator has at least one of the polarizer 201 and the analyzer 202. Namely, another analyzer 202 may be used
instead of the polarizer 201 so that two analyzers 202 are used. Another polarizer 201 may be used instead of the
analyzer 202 so that two polarizers 201 are used. The above structure is called polarization dependent type, but the
structure of the optical isolator 210 is not limited to this. For example, the polarization independent type may be adopted
instead. The polarization independent type is an optical isolator 210 wherein a birefringent crystal wedge is disposed
instead of the polarizer 210 and the analyzer 202. The polarized light is separated into an ordinary light and an extraor-
dinary light by the birefringent crystal wedge on the incoming side of the light, these lights are made to pass through the
Faraday rotator 203, and then introduced to the birefringent crystal wedge on the light-emitting side, where they are
emitted as one light. However, the light in the opposite direction does not focus into one light eventually. This isolator
can be used regardless of the state of incoming light as a highly versatile isolator.

<Optical isolator material (Faraday rotator)>

[0117] The Faraday rotator 203 will then be described in detail.
[0118] The Faraday rotator 203 is made of an optical isolator material made of the optical material of the present
invention. Namely, it is made of an oxide containing Ce. More specifically, the Faraday rotator 203 is made of the terbium
cerium aluminum garnet type single crystal wherein a part of terbium (Tb) of a terbium aluminum garnet type single
crystal is substituted by cerium (Ce), and a part of the aluminum of the terbium aluminum garnet type single crystal is
substituted by scandium. By having this structure, the optical isolator material 203 according to the embodiment of the
present invention exhibits: (1) the transmittance of 79% or higher within the wavelength range from 500 nm to 1100 nm
(further increase is obtained by coating); (2) the Verdet constant larger than that of TGG single crystal and TSLAG single
crystal within the same wavelength range, and thus has the Faraday rotation angle exceeding that of TGG single crystal
and TSLAG single crystal; and (3) thereby crystal diameter can be increased to 10 mm or larger.
[0119] In the optical isolator material 203 of the present invention, it is preferable that a part of terbium is substituted
by cerium at a composition ratio to terbium of 0.01 mol% or higher but not exceeding 50 mol%.
[0120] In this optical isolator material 203, a part of aluminum is substituted by scandium. Even if scandium is contained,
the single crystal having the characteristics listed in (1) to (3) above can be obtained.
[0121] Furthermore, in this optical isolator material 203, a part of aluminum or scandium may be substituted by any
one of terbium, cerium, yttrium, lutetium, ytterbium, and thulium, or two or more of these elements. Even if these elements
are contained, the single crystal having the characteristics listed in (1) to (3) above can be obtained.
[0122] It is preferable that the optical isolator material 203 is represented by chemical formula (I) shown below.

((Tb1-zCez)1-yLy)a(M1-xNx)bAlcO12-w (I)

[0123] In the above chemical formula (I): L represents any one of Sc, Y, Lu, Yb, Tm, Mg, Ca, Hf and Zr, or two or more
of these elements; M represents Sc; and N represents any one of Tb, Ce, Y, Lu, Yb, Tm, Mg, Ca, Hf, and Zr, or two or
more of these elements. a, b, c, x, y, z, and w satisfy the following expressions.
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[0124] In the above chemical formula (I), a is normally 3, but can vary within the range from 2.5 to 3.5 depending on
the type of constituent elements, generation of defects etc., and degree of crystal stability. b is normally 2, but can vary
within the range from 0 to 2.5 depending on the type of constituent elements, generation of defects etc., and degree of
crystal stability. Furthermore, c is normally 3, but can vary within the range from 2.5 to 5.5 depending on the type of
constituent elements, generation of defects etc., and degree of crystal stability.
[0125] In the above chemical formula (I), N may be any one of Tb, Ce, Y, Lu, Yb, Tm, Mg, Ca, Hf, and Zr only, or in
addition to the above one type of element, one or more types from Tb, Ce, Y, Lu, Yb, Tm, Mg, Ca, Hf, and Zr may be
contained.
[0126] Provided that x falls within the above range, higher effect of substitution of M, namely the site of Sc, by N,
namely any one of Tb, Ce, Y, Lu, Yb, Tm, Mg, Ca, Hf, and Zr, or two or more type of these elements, can be obtained,
and thereby more stable crystal can be obtained and the growing is easy, compared to the case where x is larger than 1.
[0127] When y falls within the above range, distortion within the crystal can be suppressed, compared to the case
where y does not fall within the above range. In this case, y is preferably as if there is a small value. In other words, it
is preferable that the site of Tb and Ce is not substituted by L, namely any one of Sc, Y, Lu, Yb, Tm, Mg, Ca, Hf, and
Zr, or two or more types of these elements, as far as possible. The smaller the value of y, the higher the Verdet constant
can be.
[0128] z represents a value indicating the amount of substitution of Tb by Ce. The number of moles of Ce with respect
to the total number of moles of Tb and Ce, namely the composition ratio of Ce preferably falls within the range from 0.01
mol% or higher but not exceeding 50 mol%, meaning that 0.0001≤z≤0.5 is preferably satisfied. The higher the concen-
tration of Ce, the larger the Verdet constant, but the crystal growth becomes difficult when the concentration is too high.
[0129] A part of aluminum or scandium may be substituted by a combination of elements exhibiting valences of 2+

and 4+, by a combination of elements such as Ca2+, Mg2+, Zr4+, and Hf4+, for example.

<Manufacturing method of optical isolator material (Faraday rotator)>

[0130] A manufacturing method of the above optical isolator material (Faraday rotator 3) will then be described.
[0131] First, a method of growing Faraday rotator 203 made of the optical material of the present invention using a
crystal pulling furnace will be described by referring to FIG. 1.
[0132] First, a powder raw material containing Tb4O7 powder, Al2O3 powder, and CeO2 powder is prepared. In this
case, if necessary, the powder raw material may further contain at least one of Sc2O3 powder, Lu2O3 powder, and Y2O3
powder. The above powder raw material can be obtained by mixing the Tb4O7 powder, Al2O3 powder, and CeO2 powder
by dry mixing. They may be mixed by wet mixing instead of dry mixing, and then dried.
[0133] The composition ratio of the Tb4O7 powder, Al2O3 powder, and CeO2 powder in the powder raw material is
determined based on the composition of the single crystal 26 to be grown.
[0134] The above powder raw material is packed in the crucible 21, and then high-frequency current is applied to the
high-frequency coil 23. The crucible 21 is thus heated, and the temperature of the powder raw material within the crucible
21 is increased from a room temperature to a specified temperature. The specified temperature in this case is defined
as a temperature at which the powder raw material can be dissolved. The powder raw material is thus dissolved, and
the solution 24 is obtained. Next, the solution 24 is grown by the method of crystal growth from melt. Specifically, a rod-
like crystal pulling shaft, namely the seed crystal 25, is provided. After allowing the tip of the seed crystal 25 to contact
the solution 24, the seed crystal 25 is pulled up at a specified pulling speed, while it is rotated at a specified number of
revolutions.
[0135] In this case, as the seed crystal 25, the garnet type single crystal such as yttrium aluminum garnet (YAG) is
used, for example, and the rotation speed of the seed crystal 25 preferably falls within the range from 3 to 50 rpm, and
more preferably from 3 to 10 rpm. The speed of pulling up the seed crystal 25 is preferably falls within the range from
0.1 to 3 mm/h, more preferably from 0.5 to 1.5 mm/h. It is preferable that pulling of the seed crystal 25 is performed in
an inert gas atmosphere. As the inert gas, Ar, nitrogen, etc., can be used. To place the seed crystal 25 in an inert gas
atmosphere, it is only necessary to feed an inert gas into a tightly closed housing at a specified flow rate while discharging
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it from the housing.
[0136] When the seed crystal 25 is pulled up in this way, a bulk grown crystal 26 represented by the chemical formula
(I) is grown at the tip of the seed crystal 25. At this time, a single crystal 26 made of the terbium cerium aluminum garnet
type single crystal wherein a part of Tb is substituted by Ce can be grown easily, and thus enlargement of the crystal
26 can be achieved.

[Twelfth embodiment]

<Optical processing apparatus>

[0137] An optical processing apparatus 220 according to a twelfth embodiment of the present invention will then be
described in detail by referring to FIG. 13. In FIG. 13, the description of the same or equivalent components as those in
FIG. 12 will be omitted.
[0138] FIG. 13 is an outline drawing showing an embodiment of the optical processing apparatus 220 of the present
invention. As shown in FIG. 13, the optical processing apparatus 220 includes: a laser light source 211; and the optical
isolator 210 disposed on the optical path P of the laser light L emitted from the laser light source 211. According to this
optical processing apparatus 220, the laser light L emitted from the laser light source 211 is emitted through the optical
isolator 210, and a body to be processed Q can be processed by the emitted light.
[0139] The typical optical isolator material 203 used for the optical isolator 210 is a terbium cerium aluminum garnet
type single crystal, for example. As described above, (1) the transmittance within the wavelength range from 500 nm to
1100 nm is 79% or higher (can be increased by coating), (2) the Verdet constant within the same wavelength range is
larger than that of TGG single crystal and TSLAG single crystal, and thus the Faraday rotation angle exceeding that of
the TGG single crystal and TSLAG single crystal can be obtained within the same wavelength range, and (3) sufficient
increase in size can be achieved.
[0140] It is therefore preferable to use Yb-doped fiber laser having oscillation wavelength of 1080 nm as the laser light
source 211. However, the laser light source is not limited to this, and those having wavelength falling within the range
from 500 nm to 1100 nm may be used. Consequently, the reflection return light can be cut efficiently to prevent degradation
of the light source, and at the same time resistance to the high-power light can be maintained high during use. In addition,
by downsizing the optical isolator 210, the optical processing apparatus 220 can also be downsized.
[0141] In the above embodiment, the optical isolator material 203 made of a terbium cerium aluminum garnet type
single crystal is used for the optical isolator 210 of the optical processing apparatus 220. However, in addition to the
optical isolator 210, by using the Faraday rotator 203, the optical isolator material is applicable to an optical magnetic
sensor for observing the change in magnetic field by measuring the change in the Faraday rotation angle, and so on.
[0142] The optical isolator material 203, the manufacturing method thereof, the optical isolator 210, and the optical
processing apparatus 220 of the present invention are not limited to the embodiments described above, but can be
implemented by modifying the embodiments in various ways within the technical idea of the present invention. Specific
examples of the embodiment will be described below, but the present invention is not limited to these examples.

[Example]

(Example 1: TCSAG 2% sample)

[0143] First, a raw material powder of terbium oxide (Tb4O7) having purity of 99.99%, a raw material powder of aluminum
oxide (Al2O3) having purity of 99.99%, a raw material powder of scandium oxide (Sc2O3) having purity of 99.99%, and
a raw material powder of cerium oxide (CeO2) having purity of 99.99% were prepared.
[0144] The above powder raw materials were mixed by dry mixing to obtain mixed powder. In this case, Ce is made
to be contained in the CeO2 raw material powder at the ratio of 2 mol% to the total number of moles of Tb and Ce (100
mol%), namely at a molar ratio of Tb4O7: CeO2: Sc2O3: Al2O3=1.47:0.12:2:3. The above mixed powder (powder raw
material) was then packed in the Ir crucible 21. The crucible 21 is in a shape of a cylinder whose diameter is approximately
40 mm and height of approximately 40 mm.
[0145] The powder raw material was then heated from a room temperature to approximately 1950 °C to dissolve it
and obtain a solution. To this solution, the tip of the yttrium aluminum garnet (YAG) seed crystal in a shape of a 3 mmx3
mm370 mm square rod was made to contact, and the seed crystal was pulled up at a speed of 1 mm per hour while it
was rotated at the rotation speed of 10 rpm to grow a bulk single crystal. The crystal was grown in an N2 gas atmosphere,
and the flow rate of N2 gas was 1.0 (1/min.)
[0146] The transparent single crystal 26 having diameter of approximately 1.4 cm and length of approximately 4.5 cm
(crystal A: Example 1 sample) was obtained in this way. The single crystal obtained in Example 1 may hereinafter be
called Ce: TSAG or TCSAG 2%.
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[0147] The appearance of the TCSAG 2% single crystal was observed. The result is shown in FIG. 14, and will be
described later. Crystal A was subjected to X-ray diffraction, and it was confirmed that a garnet type single crystal having
a single phase had been obtained. It was also confirmed that a part of Tb had been substituted by Ce, and a part of Al
had been substituted by Sc.
[0148] Furthermore, the TCSAG 2% single crystal was subjected to the chemical analysis by the inductively coupled
plasma (ICP) to check the composition of the single crystal (ratio of number of atoms of Tb, Sc, Al, and Ce). As a result,
it was confirmed that a single crystal having the composition represented by the following formula had been obtained:
Tb2.873Ce0.018Sc1.859A13.250O12.
[0149] The fluorescence spectra and the excitation spectra of this TCSAG 2% single crystal were measured. The
measurement results are shown in FIGS. 15 and 16.
[0150] The TCSAG 2% single crystal was cut out in a shape of a square rod in a size W [mm]3H [mm]xL [mm] = 3.5
mm x3.5 mm312 mm, and the transmittance of the cut crystal in a wide wavelength range (200 to 2500 nm) was
measured. The result is shown in FIG. 17.
[0151] Then, the Faraday rotation angle of the TCSAG 2% single crystal cut out in a shape of a square rod in a
wavelength range from 400 nm to 1100 nm was measured as follows. First, in a state where the single crystal 26 was
not inserted between the polarizers, the polarizers were rotated to reach the quenching state.
[0152] In a state where the TCSAG 2% single crystal cut out in a shape of a square rod was placed between the
polarizers and 0.42T magnetic flux density was applied along the longitudinal direction of the single crystal, the light was
introduced and the polarizers were rotated again to reach the quenching state.
[0153] Then, the difference between the rotation angle of the polarizers before the TCSAG 2% single crystal was
inserted between the polarizers and the rotation angle of the polarizers after the TCSAG2% single crystal was inserted
between the polarizers was calculated, and this difference of the angle was regarded as the Faraday rotation angle. The
wavelength of the light source was varied within the wavelength range from 400 nm to 1100 nm.
[0154] Then from the Faraday rotation angle θ, the passing distance of light Llight, and the intensity of the magnetic
field H, Verdet constant, which is the constant of proportionality γ in the expression represented as θ = γ Llight H in the
Faraday effect, was calculated. The result is shown in FIG. 18.

(Example 2: TCSAG 20% sample)

[0155] The transparent single crystal 26 (TCSAG 20% single crystal) having diameter of approximately 1.3 cm and
length of approximately 4.3 cm was obtained in the same manner as Example 1, except that CeO2 raw material was
made to contain Ce at the ratio of 20 mol% to the total number of moles of Tb and Ce (100 mol%) when the mixed
powder was prepared.
[0156] The TCSAG 20% single crystal obtained in this way was subjected to X-ray diffraction, and it was confirmed
that the garnet type single crystal having the single phase had been obtained. In addition, as a result of structural analysis
of the obtained crystal B performed by X-ray diffraction, a part of Tb was confirmed to have been substituted by Ce, and
a part of Al was confirmed to have been substituted by Sc.
[0157] Furthermore, the TCSAG 20% single crystal was subjected to the chemical analysis by inductively coupled
plasma (CP) in the same manner as Example 1.
[0158] It was found that the single crystal 26 having the composition represented by the following expression had
been obtained:

Tb2.699Ce0.195Sc1.915Al3.191O12

[0159] The appearance of the TCSAG 20% single crystal was observed as in the case of Example 1. In the same
manner as Example 1, the TCSAG 20% single crystal was cut out in a shape of a square rod, and its transmittance and
Faraday rotation angle were measured. The results are shown in FIGS. 17 and 18.

(Comparative Example 1)

[0160] In Comparative Example 1, Tb3Ga5O12 (TGG) manufactured by Fujian Castech Crystals, Inc. was used. As in
the case of Examples 1 and 2, the TGG was cut out in a shape of a square rod, and its Faraday rotation angle was
measured. The result is shown in FIG. 18.

(Comparative Example 2)

[0161] In Comparative Example 2, Tb3(Sc, Lu, Al)5O12 (TSLAG) grown by the following method was used.
[0162] First, the terbium oxide (Tb4O7) raw material powder having purity of 99.99%, the aluminum oxide (Al2O3) raw
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material powder having purity of 99.99%, the scandium oxide (Sc2O3) raw material powder having purity of 99.99%, and
the lutetium oxide (Lu2O3) raw material powder having purity of 99.99% were prepared.
[0163] The above raw powder materials were mixed by dry mixing to obtain mixed powder. At that time, Lu2O3 raw
material powder was made to be contained at the ratio of 2.5 mol% to the total number of moles of Sc2O3 raw material
powder and Lu2O3raw material powder (100 mol%). The mixed powder was then packed in the Ir crucible 21. The
crucible 21 is in a cylindrical shape and had the diameter of approximately 50 mm and the height of approximately 50 mm.
[0164] The powder raw material was then heated from a room temperature to 1950 °C to dissolve it and obtain a
solution. Then the tip of an yttrium aluminum garnet (YAG) seed crystal in a shape of a 3 mmx3 mm370 mm square
rod was made to contact the solution, and the seed crystal was pulled up at the speed of 1 mm per hour while it was
rotated at the rotation speed of 10 rpm to grow a bulk crystal. In this case, growing of crystal was performed in an N2
gas atmosphere, and the flow rate of N2 gas was 2.0 (l/min). A transparent single crystal having diameter of approximately
2.5 cm and length of approximately 12 cm was thus obtained. The TSLAG was cut out in a shape of a square rod as in
the case of Examples 1 and 2, and its Faraday rotation angle was measured. The result is shown in FIG. 18.
[0165] FIG. 14 is a photo of the TCSAG 2% single crystal. According to FIG. 14, the TCSAG2% single crystal was
transparent with a yellow tint. The same applies to the TCSAG 20% single crystal, which is not shown.
[0166] FIG. 15 shows the fluorescence spectrum of the TCSAG 2% single crystal. For comparison, the spectrum data
of Ce: YAG is also shown. The shape of the fluorescence spectrum was similar to that of Ce: YAG. A yellow fluorescence
spectrum having the emission peak wavelength around 550 nm was obtained.
[0167] FIG. 16 shows the excitation spectrum of the TCSAG 2% single crystal. For comparison, the spectrum data of
Ce: YAG is also shown. The shape of the excitation spectrum was much different from that of the Ce: YAG. An excitation
peak wavelength, which is not found in Ce: YAG, was found within the range from 360 to 390 nm.
[0168] From the above, the optical material of the present invention was found to be excited by ultraviolet light to
become the yellow light-emitting material having the emission peak wavelength in the range from 500 nm to 630 nm.
[0169] FIG. 17 is a chart showing the relation between the transmittance and the wavelength, namely transmission
spectrum, of the TCSAG 2% single crystal in Example 1 and of the TCSAG 20% single crystal in Example 2.
[0170] In FIG. 17, the transmission spectrum in Example 1 is shown by a solid line, and the transmission spectrum in
Example 2 is shown by a dotted line. Both single crystals 26 in Examples 1 and 2 exhibited the transmittance of 79%
or higher within the wavelength range from 500 to 1500 nm.
[0171] FIG. 18 is a chart showing the relation between the Verdet constant and the wavelengths in Example 1 (TCSAG
2% single crystal), Example 2 (TCSAG 20% single crystal), Comparative Example 1 (TGG single crystal), and Compar-
ative Example 2 (TSLAG single crystal).
[0172] As shown in FIG. 18, Comparative Example 1 (TGG) exhibited the smallest Verdet constant within the wave-
length range from 400 to 1100 nm. Comparative Example 2 (TSLAG) exhibited the second smallest Verdet constant
after TGG within the wavelength range from 400 to 1100 nm. Example 1 (TCSAG2%) exhibited the Verdet constant
slightly larger than that in Comparative Example 2 (TSLAG). Example 2 (TCSAG20%) exhibited the Verdet constant
larger than any of Comparative Example 1 (TGG), Comparative Example 2 (TSLAG), and Example 1 (TCSAG 2%)
within the wavelength range from 500 to 1100 nm.
[0173] The result as shown in FIG. 18 confirms the following:

(1) Both of the single crystals 26 in Examples 1 and 2 made of a terbium cerium aluminum garnet type single crystal,
wherein a part of Tb is substituted by Ce, exhibited transmittance of 79% or higher within the wavelength range
from 500 to 1500 nm. In other words, the high transmittance was maintained within the range around 1080 nm.
(2) The Verdet constants of the single crystals 26 in Examples 1 and 2 were larger than those of TGG single crystal
and TSLAG single crystal within the wavelength range from 500 to 1100 nm.
(3) In Examples 1 and 2, the large and transparent single crystals 26 having diameter of approximately 1.3 to 1.4
cm and length of 4.3 to 4.4 cm were obtained.

[0174] From the results described above, it was found that terbium cerium aluminum garnet type single crystal wherein
a part of Tb is substituted by Ce had the Faraday rotation angle exceeding those of the TGG single crystal and the
TSLAG single crystal at the wavelength of 1080 nm. Consequently, the present invention is preferable as the single
crystal for the optical isolator of the optical processing apparatus 220 that uses the Yb-doped fiber laser having the
oscillation wavelength of 1080 nm.
[0175] The optical isolator material 203 of the present invention can be made sufficiently large by the terbium cerium
aluminum garnet type single crystal as an example. Consequently, the obtained single crystal 26 can be cut into a large
number of single crystals 26, which reduces the cost of the optical isolator 210. Furthermore, since Lu, which is expensive,
is not used, the raw material cost can be reduced to lower than that of TSLAG.
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(Example 3: Fabrication and evaluation of the yellow light-emitting device)

[0176] First, the UV light-emitting diode having the AlGaN layer as the emission layer was prepared. Then by dicing
the TCSAG 2% single crystal manufactured in Example 1 on the surface perpendicular to the axial direction, the TCSAG
2% single crystal plate in a circular shape in planer view was fabricated. Then, these single crystal plate cut out in a size
matching to the size of the second main surface of the diode substrate of the UV light-emitting diode. The cut TCSAG2%
single crystal plate was then bonded to the second main surface of the diode substrate of this UV light-emitting diode.
Electrodes of the UV light-emitting diode were bonded to the wiring part formed on the ceramic substrate via bumps.
[0177] The light-emitting device in Example 3 having the structure as shown in FIG. 2 was fabricated by the processes
described above. By energizing it from the wiring part, the emission of high-luminance yellow light was obtained.

(Example 4: Fabrication and evaluation of the white light-emitting device)

[0178] First, the UV light-emitting diode having the AlGaN layer as the emission layer was prepared. Next, by dicing
the TCSAG 2% single crystal manufactured in Example 1 on the surface perpendicular to the axial direction, a TCSAG
2% single crystal plate in a circular shape in planer view was fabricated. Then, these single crystal plate cut out in a size
matching to the size of the second main surface of the diode substrate of the UV light-emitting diode. The cut Ce: TSAG
single crystal plate was then bonded to the second main surface of the diode substrate of this UV light-emitting diode.
Next, a Ce: Lu2SiO5 (LSO) single crystal plate, which is a blue phosphor, was prepared, and then cut in a size matching
to the second major surface of the diode substrate of the UV light-emitting diode. The cut LSO single crystal plate was
bonded to this TCSAG 2% single crystal plate. Electrodes of the UV light-emitting diode were bonded to the wiring part
formed on the ceramic substrate via bumps.
[0179] By the processes described above, the light-emitting device 1E in Example 4 having the structure as shown in
FIG. 7 was fabricated. By energizing it from the wiring parts 31, 32, the emission of high-luminance white light was obtained.

(Example 5: Optical isolator and optical processing apparatus)

[0180] The TCSAG 2% single crystal 26 fabricated in Example 1 was used for the optical isolator 210 and the optical
processing apparatus 220 in Example 5.

Industrial Applicability

[0181] As described above, the optical material of the present invention can be used favorably as the UV-excited
yellow light-emitting material having the emission peak wavelength within the range from 500 nm to 630 nm by being
excited by the ultraviolet light. Such UV-excited yellow light-emitting material is applied to light-emitting devices. In
addition, the optical material of the present invention can also be used favorably as the optical isolator material of the
optical processing apparatus using the Yb-doped fiber laser having the oscillation wavelength of 1080 nm, and is appli-
cable in the optical processing and optical device industries, etc. Furthermore, by measuring the change in the Faraday
rotation angle by using a Faraday rotator, the present invention is also applicable to the optical magnetic sensor, etc.
for observing the change in magnetic field.

Claims

1. An optical material, comprising: an oxide containing Ce, characterized in that
the optical material is a cerium-doped terbium scandium aluminum garnet type single crystal,
wherein a part of the terbium of a terbium aluminum garnet type single crystal is substituted by cerium, and a part
of the aluminum of the terbium aluminum garnet type single crystal is substituted by scandium.

2. The optical material as set forth in claim 1, wherein the ratio of number of moles of cerium to the total number of
moles of the terbium and the cerium, namely the composition ratio of the cerium, is 0.01 mol% or higher but not
exceeding 50 mol%, or
wherein the composition ratio of the cerium is 5 mol% or lower.

3. The optical material as set forth in claim 1, wherein the part of the aluminum or a part of the scandium is substituted
by any one of terbium, cerium, yttrium, lutetium, ytterbium, and thulium, or two or more of these elements, optionally
wherein the part of the aluminum or the part of the scandium is substituted by a combination of elements exhibiting
valences of 2+ and 4+.
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4. The optical material as set forth in claim 1 represented by chemical formula (I) shown below:

((Tb1-zCez)1-yLy)a(M1-xNx)bAlcO12-w (I)

where: L represents any one of Sc, Y, Lu, Yb, Tm, Mg, Ca, Hf, and Zr, or two or more of these elements; M represents
Sc; N represents any one of Tb, Ce, Y, Lu, Yb, Tm, Mg, Ca, Hf, and Zr, or two or more of these elements; and a,
b, c, x, y, z, and w satisfy the following expressions: 

 

5. The optical material as set forth in claim 1, wherein the optical material is Tb2.873Ce0.018Sc1.859Al3.250O12, or
Tb2.699Ce0.195Sc1.915Al3.191O12.

6. A method of manufacturing the optical material as set forth in any one of claims 1 to 5 by the method of single crystal
growth from melt, comprising:

heating and dissolving a powder raw material containing terbium oxide, aluminum oxide, cerium oxide, and
scandium oxide; and
pulling up a seed crystal from an obtained solution, thereby growing the cerium-doped terbium scandium alu-
minum garnet type single crystal.

7. The method of manufacturing the optical material as set forth in claim 6, wherein the seed crystal is made of yttrium
aluminum garnet (YAG).

8. The method of manufacturing the optical material as set forth in claim 6 or 7, wherein the single crystal is grown so
that the composition ratio of cerium to the total number of moles of the terbium and the cerium becomes 5 mol% or
lower.

9. A light-emitting device comprising:

a plate material using the optical material as set forth in any one of claims 1 to 5 as a UV-excited yellow light-
emitting material; and
a UV light-emitting diode having a light-emitting surface, wherein a surface of the plate material and the light-
emitting surface are disposed so that they face each other.

10. The light-emitting device as set forth in claim 9, wherein the emission peak wavelength of the UV light-emitting diode
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falls within a range from 250 to 425 nm.

11. The light-emitting device as set forth in claim 9, wherein the UV-excited yellow light-emitting material is disposed,
contacting the light-emitting surface of the UV light-emitting diode, or wherein the UV-excited yellow light-emitting
material is disposed, being apart from the light-emitting surface of the UV light-emitting diode.

12. The light-emitting device as set forth in claim 9, wherein a UV-excited blue light-emitting material is disposed, in
addition to the UV-excited yellow light-emitting material, optionally
wherein the UV-excited blue light-emitting material is a Ce: R2SiO5 (R represents any one, or two or more, of
elements selected from Lu, Y, and Gd) single crystal.

13. An optical isolator comprising: the optical material as set forth in any one of claims 1 to 5, wherein the optical isolator
is a polarization dependent type or a polarization independent type.

14. The optical isolator as set forth in claim 13, wherein the optical isolator is the polarization independent type.

15. An optical processing apparatus comprising: the optical isolator as set for in claim 13 or 14; and a laser light source,
wherein the optical isolator is disposed on a light path of a laser light emitted from the laser light source, optionally
wherein the oscillation wavelength of the laser light source is 1080 nm.

Patentansprüche

1. Optisches Material, das ein Ce enthaltendes Oxid enthält, dadurch gekennzeichnet, dass
das optische Material ein mit Cerium dotierter Terbium-Scandium-Aluminium-Einkristall vom Granat-Typ ist,
wobei ein Teil des Terbiums eines Terbium-Aluminium-Einkristalls vom Granat-Typ durch Cerium substituiert ist
und ein Teil des Aluminiums des Terbium-Aluminium-Einkristalls vom Granat-Typ durch Scandium substituiert ist.

2. Optisches Material nach Anspruch 1, wobei das Verhältnis der Anzahl der Mole von Cerium zur Gesamtanzahl der
Mole des Terbiums und des Ceriums, nämlich das Zusammensetzungsverhältnis des Ceriums, 0,01 Mol-% oder
höher, aber nicht über 50 Mol-% ist, oder
wobei das Zusammensetzungsverhältnis des Ceriums 5 Mol-% oder niedriger ist.

3. Optisches Material nach Anspruch 1, wobei der Teil des Aluminiums oder ein Teil des Scandiums durch eines von
Terbium, Cerium, Yttrium, Lutetium, Ytterbium und Thulium oder zwei oder mehrere dieser Elemente substituiert
ist, wobei optional der Teil des Aluminiums oder der Teil des Scandiums durch eine Kombination von Elementen
mit Wertigkeiten von 2+ und 4+ substituiert ist.

4. Optisches Material nach Anspruch 1, das durch die unten gezeigte chemische Formel (I) repräsentiert ist:

((Tb1-zCez)1-yLy)a(M1-xNx)bAlcO12-w (I)

wobei L eines von Sc, Y, Lu, Yb, Tm, Mg, Ca, Hf und Zr oder zwei oder mehrere dieser Elemente darstellt; M
Sc darstellt; N eines von Tb, Ce, Y, Lu, Yb, Tm, Mg, Ca, Hf und Zr oder zwei oder mehrere dieser Elemente
darstellt,
und wobei a, b, c, x, y, z und w die folgenden Ausdrücke erfüllen: 
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5. Optisches Material nach Anspruch 1, wobei das optische Material Tb2,873Ce0,018Sc1,859Al3,250O12 oder
Tb2,99Ce0,195Sc1,915Al3,91O12 ist.

6. Verfahren zur Herstellung des optischen Materials nach einem der Ansprüche 1 bis 5 durch das Verfahren des
Einkristallwachstums aus einer Schmelze, das Folgendes umfasst:

Erwärmen und Auflösen eines Terbiumoxid, Aluminiumoxid, Ceriumoxid und Scandiumoxid enthaltenden pul-
verförmigen Rohmaterials; und
Herausziehen eines Keimkristalls aus einer erhaltenen Lösung, wodurch der mit Cerium dotierte Terbium-
Scandium-Aluminium Einkristall vom Granat-Typ gezüchtet wird.

7. Verfahren zur Herstellung des optischen Materials nach Anspruch 6, wobei der Keimkristall aus Yttrium-Aluminium-
Granat (YAG) besteht.

8. Verfahren zur Herstellung des optischen Materials nach Anspruch 6 oder 7, wobei der Einkristall derart gezüchtet
wird, dass das Zusammensetzungsverhältnis von Cerium zur Gesamtanzahl der Mole von Terbium und Cerium 5
Mol-% oder niedriger wird.

9. Lichtemittierende Einrichtung, die Folgendes umfasst:

ein Plattenmaterial, das das optische Material nach einem der Ansprüche 1 bis 5 als UV-angeregtes, Gelblicht
emittierendes Material verwendet; und
eine UV-Licht emittierende Diode mit einer lichtemittierenden Fläche, wobei eine Fläche des Plattenmaterials
und die lichtemittierende Fläche derart angeordnet sind, dass sie einander gegenüber stehen.

10. Lichtemittierende Einrichtung nach Anspruch 9, wobei das Maximum der Emissionswellenlänge der UV-Licht emit-
tierenden Diode in einem Bereich von 250 bis 425 nm liegt.

11. Lichtemittierende Einrichtung nach Anspruch 9, wobei das UV-angeregte, Gelblicht emittierende Material derart
angeordnet ist, dass es die lichtemittierende Fläche der UV-Licht emittierenden Diode berührt, oder wobei das UV-
angeregte, Gelblicht emittierende Material getrennt von der lichtemittierenden Fläche der UV-Licht emittierenden
Diode angeordnet ist.

12. Lichtemittierende Einrichtung nach Anspruch 9, wobei ein UV-angeregtes, Blaulicht emittierendes Material zusätzlich
zum UV-angeregten, Gelblicht emittierenden Material angeordnet ist,
wobei optional das UV-angeregte, Blaulicht emittierende Material ein Einkristall aus Ce: R2SiO5 ist (R stellt ein oder
zwei oder mehrere der Elemente ausgewählt aus Lu, Y und Gd dar).

13. Optischer Isolator, der das optische Material nach einem der Ansprüche 1 bis 5 umfasst, wobei der optische Isolator
ein polarisationsabhängiger Typ oder ein polarisationsunabhängiger Typ ist.

14. Optischer Isolator nach Anspruch 13, wobei der optische Isolator der polarisationsunabhängige Typ ist.

15. Optische Verarbeitungsvorrichtung, die den optischen Isolator nach Anspruch 13 oder 14 und eine Laserlichtquelle
umfasst, wobei der optische Isolator auf einem Lichtweg eines von der Laserlichtquelle emittierten Laserlichts
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angeordnet ist, wobei optional die Oszillationswellenlänge der Laserlichtquelle 1080 nm ist.

Revendications

1. Matériau optique, comprenant : un oxyde contenant du Ce, caractérisé en ce que
le matériau optique est un simple cristal de type grenat d’aluminium, scandium, terbium dopé au cérium,
dans lequel une partie du terbium d’un simple cristal de type grenat d’aluminium terbium est substitué par du cérium,
et une partie de l’aluminium du simple cristal de type grenat d’aluminium terbium est substitué par du scandium.

2. Matériau optique selon la revendication 1, dans lequel le rapport du nombre de moles de cérium au nombre total
de moles de terbium et de cérium, notamment le rapport de composition du cérium est de 0,01 % en moles ou plus
mais ne dépasse pas 50 % en moles, ou
dans lequel le rapport de composition du cérium est de 5 % en moles ou moins.

3. Matériau optique selon la revendication 1, dans lequel la partie de l’aluminium ou une partie du scandium est
substituée par l’un quelconque du terbium, du cérium, de l’yttrium, du lutétium, de l’ytterbium et du thulium, ou deux
ou plus de ces éléments, éventuellement dans lequel la partie de l’aluminium ou la partie du scandium est substituée
par une combinaison d’éléments présentant des valences de 2+ et 4+.

4. Matériau optique selon la revendication 1 représenté par la formule chimique (I) montrée ci-dessous :

((Tb1-zCez)1-yLy)a(M1-xNx)bAlcO12-w (I)

où : L représente l’un quelconque de Sc, Y, Lu, Yb, Tm, Mg, Ca, Hf et Zr ou deux ou plus de ces éléments ; M
représente Sc ; N représente l’un quelconque de Tb, Ce, Y, Lu, Yb, Tm, Mg, Ca, Hf et Zr, ou deux ou plus de ces
éléments ; et a, b, c, x, y, z, et w satisfont les expressions suivantes : 

5. Matériau optique selon la revendication 1, dans lequel le matériau optique est Tb2,873Ce0,018Sc1,859Al3,250D12, ou
Tb2,699Ce0,195Sc1,915Al3,191O12.

6. Procédé de fabrication du matériau optique selon l’une quelconque des revendications 1 à 5 par le procédé de
croissance de simple cristal à partir d’une fusion, comprenant :

le chauffage et la dissolution d’une matière brute en poudre contenant de l’oxyde de terbium, de l’oxyde d’alu-
minium, de l’oxyde de cérium et de l’oxyde de scandium ; et
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la formation d’un cristal de semence à partir d’une solution obtenue, faisant croître ainsi le simple cristal de
type grenat d’aluminium scandium terbium dopé au cérium.

7. Procédé de fabrication du matériau optique selon la revendication 6, dans lequel le cristal de semence est constitué
de grenat d’aluminium yttrium (GAY).

8. Procédé de fabrication du matériau optique selon la revendication 6 ou 7, dans lequel on fait croître le simple cristal
de sorte que le rapport de composition du cérium au nombre total de moles de terbium et de cérium devient de 5
% en moles ou moins.

9. Dispositif émetteur de lumière comprenant :

un matériau de plaque utilisant le matériau optique selon l’une quelconque des revendications 1 à 5 comme
matériau émetteur de lumière jaune excité par les UV ; et
une diode émettrice de lumière UV ayant une surface émettrice de lumière, dans lequel une surface du matériau
de plaque et la surface émettrice de lumière sont disposées de sorte qu’elles font face l’une à l’autre.

10. Dispositif émetteur de lumière tel que présenté dans la revendication 9, dans lequel la longueur d’onde du pic
d’émission de la diode émettrice de lumière UV se situe dans une plage de 250 à 425 nm.

11. Dispositif émetteur de lumière selon la revendication 9, dans lequel le matériau émetteur de lumière jaune excité
par les UV est agencé, contactant la surface émettrice de lumière de la diode émettrice de lumière UV, ou dans
lequel le matériau émetteur de lumière jaune excité par les UV est agencé en faisant partie de la surface émettrice
de lumière de la diode émettrice de lumière UV.

12. Dispositif émetteur de lumière selon la revendication 9, dans lequel un matériau émetteur de lumière bleue excité
par les UV est agencé, en plus du matériau émetteur de lumière jaune excité par les UV, éventuellement dans
lequel le matériau émetteur de lumière bleue excité par les UV est un simple cristal Ce : R2SiO5 (R représente l’un
quelconque, ou deux ou plus, des éléments choisis parmi Lu, Y et Gd).

13. Isolateur optique comprenant : le matériau optique selon l’une quelconque des revendications 1 à 5, dans lequel
l’isolateur optique est de type dépendant de la polarisation ou de type indépendant de la polarisation.

14. Isolateur optique selon la revendication 13, dans lequel l’isolateur optique est de type indépendant de la polarisation.

15. Appareil de traitement optique comprenant : l’isolateur optique selon la revendication 13 ou 14 ; et une source de
lumière laser, dans lequel l’isolateur optique est agencé sur un chemin de lumière d’une lumière laser émise à partir
de la source de lumière laser, éventuellement dans lequel la longueur d’onde d’oscillation de la source de lumière
laser est de 1080 nm.
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