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LIGHT-EMITTING APPARATUS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS REFERENCE 1O RELATED
APPLICATIONS

This application is a reissue application of U.S. Pat. No.
10,359,155 issued on Jul. 23, 2019 issued from U.S. patent
application Ser. No. 15/206,273 filed on Jul. 10, 2016, which
claims priority to Japanese Patent Application No. 2015-
163681 filed on Aug. 21, 2015, Japanese Patent Application
No. 2015-162405 filed on Aug. 20, 2015, Japanese Patent
Application No. 2015-163680 filed on Aug. 21, 2015, Japa-
nese Patent Application No. 2015-163042 filed on Aug. 20,
2015, Japanese Patent Application No. 2015-162404 filed
on Aug. 20, 2015, Japanese Patent Application No. 2015-
162403 filed on Aug. 20, 2015 and Japanese Patent Appli-
cation No. 2016-070837 filed on Mar. 31, 2016.

BACKGROUND
1. Technical Field

The present disclosure relates to a light-emitting appara-
tus and more particularly to a light-emitting apparatus
having a photoluminescent layer.

2. Description of the Related Art

Optical devices, such as lighting fixtures, displays and
projectors, which output light in the necessary direction, are
required for many applications. Photoluminescent materials,
such as those used for fluorescent lamps and white light-
emitting diodes (LEDs), emit light in all directions. Thus,
those materials are used in combination with optical ele-
ments such as reflectors and lenses to emit light only in a
particular direction. For example, Japanese Unexamined
Patent Application Publication No. 2010-231941 discloses a
lighting system including a light distributor and an auxiliary
reflector to provide sufficient directionality.

An optical component, such as a reflector or lens, in an
optical device increases the size of the optical device. Thus,
miniaturization of such an optical component can advanta-
geously decrease the size of the optical device.

SUMMARY

In one general aspect, the techniques disclosed here
feature a light-emitting apparatus that includes an excitation
light source that emits first light; a light-emitting device on
an optical path of the first light, the light-emitting device
emitting second light having a wavelength A, in air; and a
first converging lens on an optical path of the second light.
The light-emitting device comprises: a photoluminescent
layer that emits the second light by being excited by the first
light; and a light-transmissive layer on the photoluminescent
layer. At least one of the photoluminescent layer and the
light-transmissive layer has a surface structure comprising
projections or recesses arranged perpendicular to a thickness
direction of the photoluminescent layer. At least one of the
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2

photoluminescent layer and the light-transmissive layer has
a light emitting surface perpendicular to the thickness direc-
tion, the second light emitted from the light emitting surface.
The surface structure limits the directional angle of the
second light emittied from the light emitting surface.

General or specific embodiments may be implemented as
a device, an apparatus, a system, a method, or any selective
combination thereof.

Additional benefits and advantages of the disclosed
embodiments will become apparent from the specification
and drawings. The benefits and/or advantages may be indi-
vidually obtained by the various embodiments and features
of the specification and drawings, which need not all be
provided in order to obtain one or more of such benefits
and/or advantages.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a perspective view of the structure of a
light-emitting device according to an embodiment;

FIG. 1B is a fragmentary cross-sectional view of the
light-emitting device illustrated in FIG. 1A;

FIG. 1C is a perspective view of the structure of a
light-emitting device according to another embodiment;

FIG. 1D is a fragmentary cross-sectional view of the
light-emitting device illustrated in FIG. 1C;

FIG. 2 is a graph showing the calculation results of the
enhancement of light emitted in the front direction with
varying emission wavelengths and varying heights of a
periodic structure;

FIG. 3 is a graph illustrating the conditions for m=1 and
m=3 in the formula (10);

FIG. 4 is a graph showing the calculation results of the
enhancement of light emitted in the front direction with
varying emission wavelengths and varying thicknesses t of
a photoluminescent layer;

FIG. 5A is a graph showing the calculation results of the
electric field distribution of a mode to guide light in the x
direction for a thickness t of 238 nm;

FIG. 5B is a graph showing the calculation results of the
electric field distribution of a mode to guide light in the x
direction for a thickness t of 539 nm;

FIG. 5C is a graph showing the calculation results of the
electric field distribution of a mode to guide light in the x
direction for a thickness t of 300 nm;

FIG. 6 is a graph showing the calculation results of the
enhancement of light under the same conditions as in FIG.
2 except that the polarization of light is in the TE mode,
which has an electric field component perpendicular to the
y direction;

FIG. 7A is a plan view of a two-dimensional periodic
structure;

FIG. 7B is a graph showing the results of calculations
performed as in FIG. 2 for the two-dimensional periodic
structure;

FIG. 8 is a graph showing the calculation results of the
enhancement of light emitted in the front direction with
varying emission wavelengths and varying refractive indices
of the periodic structure;

FIG. 9 is a graph showing the results obtained under the
same conditions as in FIG. 8 except that the photolumines-
cent layer has a thickness of 1,000 nm;

FIG. 10 is a graph showing the calculation results of the
enhancement of light emitted in the front direction with
varying emission wavelengths and varying heights of the
periodic structure;
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FIG. 11 is a graph showing the results of calculations
performed under the same conditions as in FIG. 10 except
that the periodic structure has a refractive index n,, of 2.0;

FIG. 12 is a graph showing the results of calculations
performed under the same conditions as in FIG. 9 except that
the polarization of the light is in the TE mode, which has an
electric field component perpendicular to the y direction;

FIG. 13 is a graph showing the results of calculations
performed under the same conditions as in FIG. 9 except that
the photoluminescent layer has a refractive index n,,,, of
1.5;

FIG. 14 is a graph showing the results of calculations
performed under the same conditions as in FIG. 2 except that
the photoluminescent layer and the periodic structure are
disposed on a transparent substrate having a refractive index
of 1.5;

FIG. 15 is a graph illustrating the condition represented by
the formula (15);

FIG. 16 is a schematic view of a light-emitting apparatus
including a light-emitting device illustrated in FIGS. 1A and
1B and a light source that emits excitation light toward a
photoluminescent layer;

FIG. 17A is a schematic view of a one-dimensional
periodic structure having a period p, in the x direction;

FIG. 17B is a schematic view of a two-dimensional
periodic structure having a period p, in the x direction and
a period p,, in the y direction;

FIG. 17C is a graph showing the wavelength dependence
of light absorptivity in the structure illustrated in FIG. 17A;

FIG. 17D is a graph showing the wavelength dependence
of light absorptivity in the structure illustrated in FIG. 17B;

FIG. 18A is a schematic view of a two-dimensional
periodic structure;

FIG. 18B is a schematic view of another two-dimensional
periodic structure;

FIG. 19A is a schematic view of a modified example in
which a periodic structure is formed on a transparent sub-
strate;

FIG. 19B is a schematic view of another modified
example in which a periodic structure is formed on a
transparent substrate;

FIG. 19C is a graph showing the calculation results of the
enhancement of light emitted from the structure illustrated in
FIG. 19A in the front direction with varying emission
wavelengths and varying periods of the periodic structure;

FIG. 20 is a schematic view of a mixture of light-emitting
devices in powder form;

FIG. 21 is a plan view of a two-dimensional array of
periodic structures having different periods on a photolumi-
nescent layer;

FIG. 22 is a schematic view of a light-emitting device
including photoluminescent layers each having a textured
surface;

FIG. 23 is a cross-sectional view of a structure including
a protective layer between a photoluminescent layer and a
surface structure;

FIG. 24 is a cross-sectional view of a structure including
a surface structure formed by processing only a portion of a
photoluminescent layer;

FIG. 25 is a cross-sectional transmission electron micros-
copy (TEM) image of a photoluminescent layer formed on
a glass substrate having a periodic structure;

FIG. 26 is a graph showing the measurement results of the
spectrum of light emitted from a sample light-emitting
device in the front direction;

FIG. 27A is a schematic view of a light-emitting device
that can emit linearly polarized light in the TM mode, rotated
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about an axis parallel to the line direction of the one-
dimensional periodic structure;

FIG. 27B is a graph showing the measurement results of
the angular dependence of light emitted from the sample
light-emitting device rotated as illustrated in FIG. 27A;

FIG. 27C is a graph showing the calculation results of the
angular dependence of light emitted from the sample light-
emitting device rotated as illustrated in FIG. 27A;

FIG. 27D is a schematic view of a light-emitting device
that can emit linearly polarized light in the TE mode, rotated
about an axis parallel to the line direction of the one-
dimensional periodic structure;

FIG. 27E is a graph showing the measurement results of
the angular dependence of light emitted from the sample
light-emitting device rotated as illustrated in FIG. 27D;

FIG. 27F is a graph showing the calculation results of the
angular dependence of light emitted from the sample light-
emitting device rotated as illustrated in FIG. 27D;

FIG. 28A is a schematic view of a light-emitting device
that can emit linearly polarized light in the TE mode, rotated
about an axis perpendicular to the line direction of the
one-dimensional periodic structure;

FIG. 28B is a graph showing the measurement results of
the angular dependence of light emitted from the sample
light-emitting device rotated as illustrated in FIG. 28A;

FIG. 28C is a graph showing the calculation results of the
angular dependence of light emitted from the sample light-
emitting device rotated as illustrated in FIG. 28A;

FIG. 28D is a schematic view of a light-emitting device
that can emit linearly polarized light in the TM mode, rotated
about an axis perpendicular to the line direction of the
one-dimensional periodic structure;

FIG. 28E is a graph showing the measurement results of
the angular dependence of light emitted from the sample
light-emitting device rotated as illustrated in FIG. 28D;

FIG. 28F is a graph showing the calculation results of the
angular dependence of light emitted from the sample light-
emitting device rotated as illustrated in FIG. 28D;

FIG. 29 is a graph showing the measurement results of the
angular dependence of light (wavelength: 610 nm) emitted
from a sample light-emitting device;

FIG. 30 is a schematic perspective view of a slab wave-
guide;

FIG. 31 is a schematic view illustrating the relationship
between the wavelength and emission direction of light
under the emission enhancement effect in a light-emitting
device having a surface structure on a photoluminescent
layer;

FIG. 32A is a schematic plan view of an example structure
of an array of periodic structures having different wave-
lengths at which the light enhancement effect is produced;

FIG. 32B is a schematic plan view of an example structure
that includes an array of one-dimensional periodic structures
having projections extending in different directions;

FIG. 32C is a schematic plan view of an example structure
that includes an array of two-dimensional periodic struc-
tures;

FIG. 33 is a schematic cross-sectional view of a light-
emitting device including microlenses:

FIG. 34A is a schematic cross-sectional view of a light-
emitting device that includes photoluminescent layers hav-
ing different emission wavelengths;

FIG. 34B is a schematic cross-sectional view of another
light-emitting device that includes photoluminescent layers
having different emission wavelengths;
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FIG. 35 is a schematic view of an exemplary structure of
a light-emitting apparatus according to an embodiment of
the present disclosure;

FIG. 36 is a schematic view illustrating coupling effi-
ciency between a light-emitting device and a converging
lens in a light-emitting apparatus according to an embodi-
ment of the present disclosure;

FIG. 37 is a schematic view illustrating coupling effi-
ciency between a phosphor and a converging lens in a
light-emitting apparatus according to a comparative
example;

FIG. 38 is a schematic view of another modified example
of a light-emitting apparatus according to an embodiment of
the present disclosure;

FIG. 39 is a schematic view of still another modified
example of a light-emitting apparatus according to an
embodiment of the present disclosure;

FIG. 40 is a schematic view of still
example of a light-emitting apparatus
embodiment of the present disclosure;

FIG. 41 is a schematic view of still
example of a light-emitting apparatus
embodiment of the present disclosure;

FIG. 42 is an outside drawing of a projector according to
an embodiment of the present disclosure;

FIG. 43 is a schematic view of an optical system of the
projector illustrated in FIG. 42;

FIG. 44 is a block diagram of the projector illustrated in
FIG. 42,

FIG. 45A is a schematic view of an image formed using
light reflected from a micro electro mechanical system
(MEMS) mirror;

FIG. 45B is a schematic view of another example of an
optical system for changing the wavelength of light emitted
from an optical fiber;

FIG. 46 is a schematic view of another optical system of
the projector;

FIG. 47 is a block diagram of the optical system illus-
trated in FIG. 46;

FIG. 48 is a schematic view illustrating optical coupling
between a light source and an optical fiber;

FIG. 49 is a schematic graph of the relationship between
the luminous area S of a light source and the amount A of
light introduced into an optical fiber;

FIG. 50 is an outside drawing of a projector according to
a comparative example including a lighting unit that houses
all the optical components of an image forming optical
system,

FIG. 51 is a schematic view of image forming compo-
nents in the lighting unit of the projector illustrated in FIG.
50,

FIG. 52 is a schematic view of still another optical system
of the projector;

FIG. 53 is a schematic view of still another optical system
of the projector;

FIG. 54A is a schematic cross-sectional view of a light-
emitting apparatus including a light-emitting device and a
support for supporting the light-emitting device;

FIG. 54B is a plan view of the light-emitting apparatus
illustrated in FIG. 54A, viewed from above;

FIG. 54C is a schematic view of a light-emitting apparatus
including a light introducing structure for efficiently guiding
excitation light into a photoluminescent layer;

FIG. 55A is a schematic cross-sectional view of another
light-emitting apparatus including a light-emitting device
and a support for supporting the light-emitting device;
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FIG. 55B is a plan view of the light-emitting apparatus
illustrated in FIG. 55A, viewed from above;

FIG. 56A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 56B is a plan view of the light-emitting apparatus
illustrated in FIG. 56A, viewed from above;

FIG. 57A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 57B is a plan view of the light-emitting apparatus
illustrated in FIG. 57A, viewed from above;

FIG. 58A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 58B is a plan view of the light-emitting apparatus
illustrated in FIG. 58A, viewed from above;

FIG. 59A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 59B is a plan view of the light-emitting apparatus
illustrated in FIG. 59A, viewed from above;

FIG. 60A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 60B is a plan view of the light-emitting apparatus
illustrated in FIG. 60A, viewed from above;

FIG. 61A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 61B is a plan view of the light-emitting apparatus
illustrated in FIG. 61A, viewed from above;

FIG. 62A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 62B is a plan view of the light-emitting apparatus
illustrated in FIG. 62A, viewed from above;

FIG. 63A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 63B is a plan view of the light-emitting apparatus
illustrated in FIG. 63A, viewed from above;

FIG. 64A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 64B is a plan view of the light-emitting apparatus
illustrated in FIG. 64A, viewed from above;

FIG. 65A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 65B is a plan view of the light-emitting apparatus
illustrated in FIG. 65A, viewed from above;

FIG. 66A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;
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FIG. 66B is a plan view of the light-emitting apparatus
illustrated in FIG. 66A, viewed from above;

FIG. 67A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 67B is a plan view of the light-emitting apparatus
illustrated in FIG. 67A, viewed from above;

FIG. 68A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 68B is a plan view of the light-emitting apparatus
illustrated in FIG. 68A, viewed from above;

FIG. 69A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 69B is a plan view of the light-emitting apparatus
illustrated in FIG. 69A, viewed from above;

FIG. 70A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 70B is a plan view of the light-emitting apparatus
illustrated in FIG. 70A, viewed from above;

FIG. 71A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 71B is a plan view of the light-emitting apparatus
illustrated in FIG. 71A, viewed from above;

FIG. 72A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 72B is a plan view of the light-emitting apparatus
illustrated in FIG. 72A, viewed from above;

FIG. 73A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 73B is a plan view of the light-emitting apparatus
illustrated in FIG. 73A, viewed from above;

FIG. 74A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 74B is a plan view of the light-emitting apparatus
illustrated in FIG. 74A, viewed from above;

FIG. 75A is a schematic cross-sectional view of still
another light-emitting apparatus including a light-emitting
device and a support for supporting the light-emitting
device;

FIG. 75B is a plan view of the light-emitting apparatus
illustrated in FIG. 75A, viewed from above;

FIG. 76A is a schematic plan view of still another
light-emitting apparatus including a light-emitting device
and a support for supporting the light-emitting device;

FIG. 76B is a schematic plan view of still another
light-emitting apparatus including a light-emitting device
and a support for supporting the light-emitting device;

FIG. 77 is a schematic view of the structure of a light-
emitting apparatus including a reflector;

FIG. 78 is a schematic view of the structure of a light-
emitting apparatus including no reflector;
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FIG. 79 is a schematic view of the structure of another
light-emitting apparatus including a reflector;

FIG. 80 is a schematic view of a light-emitting apparatus
including a support;

FIG. 81 is a schematic view of another light-emitting
apparatus including a support;

FIG. 82 is a schematic view of still another light-emitting
apparatus including a support;

FIG. 83 is a schematic view of a light-emitting apparatus
including an excitation light source and a light-emitting
device supported by a support;

FIG. 84A is a schematic view indicating the size of a
lighting apparatus including a known light-emitting device;

FIG. 84B is a schematic view indicating the size of a
lighting apparatus including a light-emitting device accord-
ing to an embodiment of the present disclosure;

FIG. 84C is a schematic view indicating the size of a
lighting apparatus including a light-emitting device accord-
ing to an embodiment of the present disclosure and a
reflector;

FIG. 85 is a schematic view of a light-emitting apparatus
for synthesizing light beams emitted from light sources;

FIG. 86 is a detailed view of a light-emitting apparatus for
synthesizing light beams emitted from light sources;

FIG. 87 is a schematic view of a light-emitting apparatus
in which an additional light source also emits excitation
light;

FIG. 88 is a schematic view of another light-emitting
apparatus for synthesizing light beams emitted from light
sources;

FIG. 89 is a schematic view of still another light-emitting
apparatus for synthesizing light beams emitted from light
sources;

FIG. 90 is a schematic view of still another light-emitting
apparatus for synthesizing light beams emitted from light
sources;

FIG. 91 is a schematic view of still another light-emitting
apparatus for synthesizing light beams emitted from light
sources;

FIG. 92 is a schematic view of still another light-emitting
apparatus for synthesizing light beams emitted from light
sources;

FIG. 93 is a schematic view of still another light-emitting
apparatus for synthesizing light beams emitted from light
sources;

FIG. 94 is a schematic view of still another light-emitting
apparatus for synthesizing light beams emitted from light
sources;

FIG. 95 is a schematic view of still another light-emitting
apparatus for synthesizing light beams emitted from light
sources;

FIG. 96 is a schematic view of a household fiber lighting
system as an application example;

FIG. 97 is a schematic view of a light-emitting apparatus
for synthesizing light beams in different wavelength ranges
emitted in different directions from a light-emitting device;

FIG. 98 is a detailed view of a light-emitting apparatus for
synthesizing light beams in different wavelength ranges;

FIG. 99 is a schematic view of a light-emitting apparatus
for producing white light by synthesizing light beams of
three particular wavelengths;

FIG. 100 is a schematic view illustrating first light in a
first direction and second light in a second direction emitted
from a light-emitting device into different optical fibers;

FIG. 101 is a schematic view of another light-emitting
apparatus including coupled optical fibers;
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FIG. 102 is a schematic view of a structure including tiled
light-emitting devices instead of the light-emitting device
illustrated in FIG. 101;

FIG. 103 is a schematic view of a structure in which part
of light emitted from an excitation light source is utilized in
the structure illustrated in FIG. 97,

FIG. 104 is a schematic view of a structure in which the
position of the excitation light source illustrated in FIG. 103
was changed;

FIG. 105 is a schematic view of a structure in which part
of light emitted from an excitation light source is utilized in
the structure illustrated in FIG. 100;

FIG. 106 is a schematic view of a household fiber lighting
system as an application example; and

FIG. 107 is a schematic cross-sectional view of a surface
structure having projections or recesses or both.

DETAILED DESCRIPTION

A light-emitting apparatus according to an embodiment of
the present disclosure includes an excitation light source, a
light-emitting device on an optical path of excitation light
emitted from the excitation light source, and a converging
lens on an optical path of light emitted from the light-
emitting device. The light-emitting device includes a pho-
toluminescent layer for emitting light having a wavelength
A, 1n air upon receiving excitation light. As will be described
in detail later, a light-emitting device of a light-emitting
apparatus according to the present disclosure has a novel
structure in which the luminous efficiency, directionality, or
polarization characteristics of a photoluminescent material
can be controlled. An embodiment of the present disclosure
can provide a light-emitting apparatus having a novel struc-
ture that utilizes a photoluminescent material. A light-emit-
ting device for use in a light-emitting apparatus according to
the present disclosure will be described below. The entire
structure of the light-emitting apparatus will be described in
detail later.

A light-emitting device according to an embodiment of
the present disclosure includes a photoluminescent layer, a
light-transmissive layer located on or near the photolumi-
nescent layer, and a surface structure formed on a surface of
at least one of the photoluminescent layer and the light-
transmissive layer and having projections or recesses or
both. The surface structure limits the directional angle of the
light having the wavelength A, in air emitted from the
photoluminescent layer. The surface structure may be a
submicron structure on the photoluminescent layer or light-
transmissive layer. For example, the submicron structure
may be a periodic structure having projections or recesses or
both. For example, the submicron structure has projections
or recesses. Light from the photoluminescent layer includes
first light having a wavelength ., in air, and the distance D,,,,
between adjacent projections or recesses and the refractive
index n,,,, , of the photoluminescent layer for the first light
satisty A /n, . <D, <k, .In other words, the periodic struc-
ture has a period p, that satisfies A/, ,<p,<A,. The
wavelength A, may be in the visible wavelength range (for
example, 380 to 780 nm). When infrared light is used, the
wavelength A, may be more than 780 nm. When ultraviolet
light is used, the wavelength A, may be less than 380 nm. In
the present disclosure, all electromagnetic waves, including
infrared light and ultraviolet light, are referred to as “light”
for convenience.

The photoluminescent layer contains a photoluminescent
material. The term “photoluminescent material” refers to a
material that emits light in response to excitation light. The
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term “photoluminescent material” encompasses fluorescent
materials and phosphorescent materials in a narrow sense,
encompasses inorganic materials and organic materials (for
example, dyes), and encompasses quantum dots (that is, tiny
semiconductor particles). The photoluminescent layer may
contain a matrix material (host material) in addition to the
photoluminescent material. Examples of matrix materials
include resins and inorganic materials, such as glasses and
oxides.

The light-transmissive layer located on or near the pho-
toluminescent layer is formed of a material, for example, an
inorganic material or resin, having high transmittance to
light emitted from the photoluminescent layer. For example,
the light-transmissive layer can be formed of a dielectric
material (particularly, an insulator having low light absorp-
tivity). The light-transmissive layer may also be a substrate
that supports the photoluminescent layer. If the surface of
the photoluminescent layer exposed to air has a submicron
structure, an air layer can serve as the light-transmissive
layer.

A surface structure having projections or recesses or both
is formed on a surface of at least one of the photolumines-
cent layer and the light-transmissive layer. The term “sur-
face”, as used herein, refers to a portion in contact with
another substance (that is, an interface). If the light-trans-
missive layer is a gas layer, such as air, the interface between
the gas layer and another substance (for example, the
photoluminescent layer) is a surface of the light-transmis-
sive layer. This surface structure can also be referred to as a
“texture”. The surface structure typically has projections or
recesses periodically arranged in one or two dimension.
Such a surface structure can be referred to as a “periodic
structure”. The projections and recesses are formed at the
boundary between two adjoining members (or media) hav-
ing different refractive indices. Thus, the “periodic struc-
ture” has a refractive index that varies periodically in a
certain direction. The term “periodically” refers not only to
periodically in the strict sense but also to approximately
periodically. In the present specification, the distance
between any two adjacent centers (hereinafter also referred
to as the “center distance”) of continuous projections or
recesses in a periodic structure having a period p varies
within +15% of p.

The term “projection”, as used herein, refers to a raised
portion higher than the reference height. The term “recess”,
as used herein, refers to a recessed portion lower than the
reference height. When projections and recesses have a
particular shape, size, or distribution, it may be difficult to
distinguish between projections and recesses. For example,
in a cross-sectional view of FIG. 107, a member 610 has
recesses, and a member 620 has projections, or alternatively
the member 610 has projections, and the member 620 has
recesses. In either case, each of the member 610 and the
member 620 has projections or recesses or both.

The distance between the centers of two adjacent projec-
tions or recesses in the surface structure (the period p in the
case of a periodic structure) is typically shorter than the
wavelength A, in air of light emitted from the photolumi-
nescent layer. The distance is submicron if light emitted
from the photoluminescent layer is visible light, near-infra-
red light having a short wavelength, or ultraviolet light.
Thus, such a surface structure is sometimes referred to as a
“submicron structure”. The “submicron structure” may
partly have a center distance or period of more than 1
micrometer (um). In the following description, it is assumed
that the photoluminescent layer principally emits visible
light, and the surface structure may be a “submicron struc-
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ture”. However, the following description can also be
applied to a surface structure having a micrometer structure
(for example, a micrometer structure used in combination
with infrared light).

In an embodiment of the present disclosure, a unique
electric field distribution is formed inside the photolumines-
cent layer and the light-transmissive layer, as described in
detail later with reference to the results of calculations and
experiments. Such an electric field distribution is formed by
an interaction between guided light and a submicron struc-
ture (that is, a surface structure). Such an electric field
distribution is formed in an optical mode referred to as a
“quasi-guided mode”. A quasi-guided mode can be utilized
to improve the luminous efficiency, directionality, and polar-
ization selectivity of photoluminescence, as described later.
The term “quasi-guided mode” may be used in the following
description to describe novel structures and/or mechanisms
contemplated by the present inventors. Such a description is
for illustrative purposes only and is not intended to limit the
present disclosure in any way.

For example, the submicron structure has projections and
satisfies the relationship A, /n,,,, ,<D,,<A,, where D,, , is the
center-to-center distance between adjacent projections.
Instead of the projections, the submicron structure may have
recesses. For simplicity, the following description will be
directed to a submicron structure having projections. The
symbol A denotes the wavelength of light, and the symbol A,
with a subscript “a” denotes the wavelength of light in air.
The symbol n,,,, denotes the refractive index of the pho-
toluminescent layer. If the photoluminescent layer is formed
of'a medium containing a mixture of materials, the refractive
index n,,,, represents the average of the refractive indices of
the materials weighted by their respective volume fractions.
Although it is desirable to use the symbol n,,,,,., to refer to
the refractive index for light having a wavelength A , because
the refractive index n generally depends on the wavelength,
it may be abbreviated for simplicity. The symbol n,,,
basically denotes the refractive index of the photolumines-
cent layer, however, if a layer having a higher refractive
index than the photoluminescent layer is adjacent to the
photoluminescent layer, the refractive index n,,,,, represents
the average of the refractive indices of the layer having the
higher refractive index and the photoluminescent layer
weighted by their respective volume fractions. This situation
is optically equivalent to a photoluminescent layer com-
posed of layers of different materials.

The effective refractive index n,; of the medium for light
in a quasi-guided mode satisfies n,<n_s<n,,,, wherein n,
denotes the refractive index of air. If light in a quasi-guided
mode propagates through the photoluminescent layer while
being totally reflected at an incident angle 6, the effective
refractive index n,, can be written as n,z=n,,,, sin 8. The
effective refractive index n,,is determined by the refractive
index of the medium present in the region where the electric
field of a quasi-guided mode is distributed. For example, if
the submicron structure is formed in the light-transmissive
layer, the effective refractive index n,depends not only on
the refractive index of the photoluminescent layer but also
on the refractive index of the light-transmissive layer.
Because the electric field distribution also varies with the
polarization direction of a quasi-guided mode (TE mode or
TM mode), the effective refractive index n,, can differ
between the TE mode and the TM mode.

The submicron structure is formed on at least one of the
photoluminescent layer and the light-transmissive layer. If
the photoluminescent layer and the light-transmissive layer
are in contact with each other, the submicron structure may
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be formed at the interface between the photoluminescent
layer and the light-transmissive layer. In such a case, the
photoluminescent layer and the light-transmissive layer
have the submicron structure. The photoluminescent layer
may have no submicron structure. In such a case, a light-
transmissive layer having a submicron structure is located
on or near the photoluminescent layer. A phrase like “a
light-transmissive layer (or its submicron structure) located
on or near the photoluminescent layer”, as used herein,
typically means that the distance between these layers is less
than half the wavelength A,. This allows the electric field in
a guided mode to reach the submicron structure, thus form-
ing a quasi-guided mode. However, the distance between the
submicron structure of the light-transmissive layer and the
photoluminescent layer may exceed half the wavelength X,
if the light-transmissive layer has a higher refractive index
than the photoluminescent layer, because light reaches the
light-transmissive layer even if the above relationship is not
satisfied. In the present specification, if the photolumines-
cent layer and the light-transmissive layer have a positional
relationship that allows the electric field in a guided mode to
reach the submicron structure and form a quasi-guided
mode, they may be associated with each other.

If the submicron structure satisfies A, /n,,,,. ,<D,,<h, as
described above, the surface structure is characterized by a
submicron size in applications utilizing visible light. The
submicron structure can include at least one periodic struc-
ture, as in the light-emitting devices of light-emitting appa-
ratuses according to the embodiments described in detail
later. The at least one periodic structure has a period p,, that
can satisty A, /m,,,, ,<p,<h,. Thus, the submicron structure
can include a periodic structure in which the distance D,,,,
between adjacent projections is constant at p,. If the sub-
micron structure includes such a periodic structure, light in
a quasi-guided mode propagates while repeatedly interact-
ing with the periodic structure so that the light is diffracted
by the submicron structure. Unlike the phenomenon in
which light propagating through free space is diffracted by
a periodic structure, this is the phenomenon in which light
is guided (that is, repeatedly totally reflected) while inter-
acting with the periodic structure. This can efficiently dif-
fract light even if the periodic structure causes a small phase
shift (that is, even if the periodic structure has a small
height).

The above mechanism can be utilized to improve the
luminous efficiency of photoluminescence by the enhance-
ment of the electric field due to a quasi-guided mode and
also to couple emitted light to the quasi-guided mode. The
angle of travel of light in a quasi-guided mode is changed by
the angle of diffraction determined by the periodic structure.
This can be utilized to emit light having a particular wave-
length in a particular direction. This can significantly
improve directionality as compared with submicron struc-
tures including no periodic structure. Furthermore, high
polarization selectivity can be simultaneously achieved
because the effective refractive index n_, (=n,,, sin 6)
differs between the TE mode and the TM mode. For
example, as demonstrated by the experimental examples
below, a light-emitting device can be provided that emits
intense linearly polarized light (for example, the TM mode)
of'a particular wavelength (for example, 610 nm) in the front
direction. The directional angle of light emitted in the front
direction is less than 15 degrees, for example. The term
“directional angle”, as used herein, refers to the angle
between the direction of maximum intensity and the direc-
tion of 50% of the maximum intensity of linearly polarized
light having a particular wavelength to be emitted. In other
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words, the term “directional angle” refers to the angle of one
side with respect to the direction of maximum intensity,
which is assumed to be O degrees. Thus, the periodic
structure (that is, surface structure) in an embodiment of the
present disclosure limits the directional angle of light having
a particular wavelength A,. In other words, the distribution
of light having the wavelength A is narrowed as compared
with submicron structures including no periodic structure.
Such a light distribution in which the directional angle is
narrowed as compared with submicron structures including
no periodic structure is sometimes referred to as a “narrow-
angle light distribution”. Although the periodic structure in
an embodiment of the present disclosure limits the direc-
tional angle of light having the wavelength A, the periodic
structure does not necessarily emit the entire light having the
wavelength A_ at narrow angles. For example, in an embodi-
ment described later in FIG. 29, light having the wavelength
A, is slightly emitted in a direction (for example, at an angle
in the range of 20 to 70 degrees) away from the direction of
maximum intensity. However, as a whole, emitted light
having the wavelength A_ mostly has an angle in the range
of 0 to 20 degrees and has limited directional angles.

Unlike general diffraction gratings, the periodic structure
in a typical embodiment of the present disclosure has a
shorter period than the light wavelength A,. General diffrac-
tion gratings have a sufficiently longer period than the light
wavelength A,, and consequently light having a particular
wavelength is divided into diffracted light emissions, such as
zero-order light (that is, transmitted light) and *1-order
diffracted light. In such diffraction gratings, higher-order
diffracted light is generated on both sides of zero-order light.
Higher-order diffracted light generated on both sides of
zero-order light in diffraction grating makes it difficult to
provide a narrow-angle light distribution. In other words,
known diffraction gratings do not have the effect of limiting
the directional angle of light to a predetermined angle (for
example, approximately 15 degrees), which is a character-
istic effect of an embodiment of the present disclosure. In
this regard, the periodic structure according to an embodi-
ment of the present disclosure is significantly different from
known diffraction gratings.

A submicron structure having lower periodicity results in
lower directionality, luminous efficiency, polarization, and
wavelength selectivity. The periodicity of the submicron
structure may be adjusted depending on the need. The
periodic structure may be a one-dimensional periodic struc-
ture, which has higher polarization selectivity, or a two-
dimensional periodic structure, which allows for lower
polarization.

The submicron structure may include periodic structures.
For example, these periodic structures may have different
periods (pitches) or different periodic directions (axes). The
periodic structures may be formed on the same plane or may
be stacked on top of each other. The light-emitting device
may include photoluminescent layers and light-transmissive
layers, and each of the layers may have submicron struc-
tures.

The submicron structure can be used not only to control
light emitted from the photoluminescent layer but also to
efficiently guide excitation light into the photoluminescent
layer. That is, excitation light can be diffracted by the
submicron structure and coupled to a quasi-guided mode
that guides light in the photoluminescent layer and the
light-transmissive layer and thereby can efficiently excite the
photoluminescent layer. The submicron structure satisfies
Ad Moy o <D; <A, wherein A, denotes the wavelength of
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photoluminescent material, and n,,,, ., denotes the refrac-
tive index of the photoluminescent layer for the excitation
light. The symbol n,,,,,,_., denotes the refractive index of the
photoluminescent layer at the emission wavelength of the
photoluminescent material. Alternatively, the submicron
structure may include a periodic structure having a period
D.. that satisfies A_./n,, .. ..<p..<A... The excitation light has
a wavelength A__ of 450 nm, for example, but may have a
shorter wavelength than visible light. If the excitation light
has a wavelength in the visible range, the excitation light
may be emitted together with light emitted from the pho-
toluminescent layer.

1. Underlying Knowledge Forming Basis of the
Present Disclosure

The underlying knowledge forming the basis for the
present disclosure will be described before describing spe-
cific embodiments of the present disclosure, and then an
exemplary structure of a light-emitting device including a
photoluminescent layer will be described. As described
above, photoluminescent materials, such as those used for
fluorescent lamps and white light-emitting diodes (LLEDs),
emit light in all directions. Thus, in general, such photolu-
minescent materials are used in combination with optical
elements, such as reflectors and lenses, to emit light in a
particular direction. However, the size of such an optical
element, for example, a lens can be decreased if the pho-
toluminescent layer itself emits directional light. This results
in a significant reduction in the size of optical devices and
equipment. With this idea in mind, the present inventors
have conducted a detailed study on the photoluminescent
layer to achieve directional light emission.

The present inventors have investigated the possibility of
inducing light emission with particular directionality so that
light from the photoluminescent layer is localized in a
particular direction. Based on Fermi’s golden rule, the
emission rate I, which is a measure characterizing light
emission, is represented by the formula (1):

2n s (68)
I'm= T((d -Em) o)

In the formula (1), r denotes the vector indicating the
position, A denotes the wavelength of light, d denotes the
dipole vector, E denotes the electric field vector, and p
denotes the density of states. In many substances other than
some crystalline substances, the dipole vector d is randomly
oriented. The magnitude of the electric field E is substan-
tially constant irrespective of the direction if the size and
thickness of the photoluminescent layer are sufficiently
larger than the wavelength of light. Hence, in most cases, the
value of <(d-E(r))>? is independent of the direction. Accord-
ingly, the emission rate I" is constant irrespective of the
direction. Thus, in most cases, the photoluminescent layer
emits light in all directions.

As can be seen from the formula (1), to achieve aniso-
tropic light emission, it is necessary to align the dipole
vector d in a particular direction or to enhance a component
of the electric field vector in a particular direction. One of
these approaches can be employed to achieve directional
light emission. Embodiments of the present disclosure uti-
lize a quasi-guided mode in which an electric field compo-
nent in a particular direction is enhanced by confinement of
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light in a photoluminescent layer. Structures for utilizing a
quasi-guided mode have been studied and analyzed in detail
as described below.

2. Structure for Enhancing Electric Field Only in
Particular Direction

The present inventors have investigated the possibility of
controlling light emission using a guided mode with an
intense electric field. Light can be coupled to a guided mode
using a waveguide structure that itself contains a photolu-
minescent material. However, a waveguide structure simply
formed using a photoluminescent material emits little or no
light in the front direction because the emitted light is
coupled to a guided mode. Accordingly, the present inven-
tors have investigated the possibility of combining a wave-
guide containing a photoluminescent material with a peri-
odic structure. When the electric field of light is guided in a
waveguide while overlapping with a periodic structure
located on or near the waveguide, a quasi-guided mode is
formed by the effect of the periodic structure. That is, a
quasi-guided mode is a guided mode restricted by the
periodic structure and is characterized in that the antinodes
of the amplitude of the electric field have the same period as
the periodic structure. Light in this mode is confined in the
waveguide structure to enhance the electric field in a par-
ticular direction. This mode also interacts with the periodic
structure and undergoes diffraction, so that light in this mode
is converted into light propagating in a particular direction
and can be emitted from the waveguide. The electric field of
light other than quasi-guided modes is not enhanced because
little or no such light is confined in the waveguide. Thus,
most light is coupled to a quasi-guided mode with a large
electric field component.

That is, the present inventors have investigated the pos-
sibility of using a photoluminescent layer containing a
photoluminescent material as a waveguide (or a waveguide
layer including a photoluminescent layer) in combination
with a periodic structure located on or near the waveguide to
couple light to a quasi-guided mode in which the light is
converted into light propagating in a particular direction,
thereby providing a directional light source.

As a simple waveguide structure, the present inventors
have studied slab waveguides. A slab waveguide has a planar
structure in which light is guided. FIG. 30 is a schematic
perspective view of a slab waveguide. In FIG. 30, there is a
mode of light propagating through a waveguide 110S if the
waveguide 110S has a higher refractive index than a sub-
strate 140 that supports the waveguide 110S. If such a slab
waveguide includes a photoluminescent layer, the electric
field of light emitted from an emission point overlaps largely
with the electric field of a gnided mode. This allows most of
the light emitted from the photoluminescent layer to be
coupled to the guided mode. If the photoluminescent layer
has a thickness close to the wavelength of light, a situation
can be created where there is only a guided mode with a
large electric field amplitude.

If a periodic structure is located on or near the photolu-
minescent layer, the electric field of a guided mode interacts
with the periodic structure to form a quasi-guided mode.
Even if the photoluminescent layer is composed of multiple
layers, a quasi-guided mode can be formed as long as the
electric field of a gnided mode reaches the periodic structure.
Not all of the photoluminescent layer needs to be formed of
a photoluminescent material, provided that at least a portion
of the photoluminescent layer functions to emit light.
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If the periodic structure is made of a metal, a mode due
to a guided mode and plasmon resonance is formed. This
mode has different properties from the quasi-guided mode
described above and is less effective in enhancing emission
because a large loss occurs due to high absorption by the
metal. Thus, it is advantageous to form the periodic structure
using a dielectric material having low absorptivity.

The present inventors have studied the coupling of light to
a quasi-guided mode that can be emitted as light propagating
in a particular angular direction using a periodic structure
formed on a waveguide. FIG. 1A is a schematic perspective
view of a light-emitting device 100 including a waveguide
(for example, a photoluminescent layer) 110 and a periodic
structure (for example, part of a light-transmissive layer)
120. If the light-transmissive layer has a periodic structure
(that is, if a periodic submicron structure is formed on the
light-transmissive layer), the surface structure 120 is some-
times referred to as a “light-transmissive layer 120”. In this
example, the surface structure 120 is a one-dimensional
periodic structure in which stripe-shaped projections extend-
ing in the y direction are arranged at regular intervals in the
x direction. FIG. 1B is a cross-sectional view of the light-
emitting device 100 taken along a plane parallel to the xz
plane. If a periodic structure having a period p is provided
in contact with the waveguide 110, a quasi-guided mode
having a wave number k., in the in-plane direction is
converted into light propagating outside the waveguide 110.
The wave number k,,,, of the light can be represented by the
formula (2):

out

27
m=

@

Kour = kway —

In the formula (2), m is an integer indicating the diffrac-
tion order.

For simplicity, light guided in the waveguide 110 is
assumed to be a ray of light propagating at an angle 0,,,,..
This approximation gives the formulae (3) and (4):

kvavdo
27

kgur)LO
2n

(€)

= Dy Sinbhyay

Q)
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In these formulae, A, denotes the wavelength of the light
in air, n,,,,, denotes the refractive index of the waveguide
110, now denotes the refractive index of the medium on the
light emission side, and 6,,, denotes the angle at which the
light is emitted from the waveguide 110 to a substrate or to
the air. From the formulae (2) to (4), the output angle 0,
can be represented by the equation (5):
sin 8 w SIN O, —mAy/p

Noye oy

(©)
If n,,,, sin 6,,,,=mAy/p in the formula (5), this results in

6,,,=0, meaning that the light can be emitted in the direction
perpendicular to the plane of the waveguide 110 (that is, in
the front direction).

Based on this principle, light can be coupled to a particu-
lar quasi-guided mode and be converted into light having a
particular output angle using the periodic structure to emit
intense light in that direction.

There are some constraints to achieving the above situa-
tion. To form a quasi-guided mode, light propagating
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through the waveguide 110 has to be totally reflected. The
conditions therefor are represented by the formula (6):

n,,<nmn

out " wav

©

To diffract a quasi-guided mode using the periodic struc-
ture and thereby emit light from the waveguide 110, —1<sine
0,,,<1 has to be satisfied in the formula (5). Hence, the
following formula (7) has to be satisfied:

sin 9,

Dy mlo M
$infyg —

Dour Do P

-1< <1

Taking into account the formula (6), the formula (8) has
to be satisfied:

mAo

®

<
2 P

To emit light from the waveguide 110 in the front direc-
tion (0 ,=0), as can be seen from the formula (5), the

our

formula (9) has to be satisfied:
©

As can be seen from the formulae (9) and (6), the required
conditions are represented by the formula (10):

P=mA¢/ (N SiN 6,,5,)

mAg mAg

Dour
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<p<
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The periodic structure as illustrated in FIGS. 1A and 1B
may be designed based on first-order diffracted light (that is,
m=1) because higher-order diffracted light having m of 2 or
more has low diffraction efficiency. In a typical embodiment
of the present disclosure, the period p of the periodic
structure is determined so as to satisfy the formula (11),
which is given by substituting m=1 into the formula (10):

Ao <p< Ao
Nour

an

nWﬂV

If the waveguide (for example, the photoluminescent
layer) 110 is not in contact with a transparent substrate, as
illustrated in FIGS. 1A and 1B, n,,, is equal to the refractive
index of air (approximately 1.0). Thus, the period p is
determined so as to satisfy the formula (12):

A 12
0 <p<lo 12

Dyyay

Alternatively, a structure as illustrated in FIGS. 1C and
1D may be employed in which a photoluminescent layer
serving as the waveguide 110 and the surface structure 120
are formed on a substrate 140. The substrate 140 is typically
a transparent substrate. The substrate 140 is hereinafter also
referred to as a transparent substrate 140.

When the waveguide 110 and the surface structure 120 are
formed on the transparent substrate 140, since the refractive
index n, of the transparent substrate 140 is higher than the
refractive index of air, the period p is determined so as to
satisfy the following formula (13), which is given by sub-
stituting n,_,,,.=n. into the formula (11):

out’
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a3

Although m=1 is assumed in the formula (10) to give the
formulae (12) and (13), m may be 2 or more. That is, if both
surfaces of the light-emitting device 100 are in contact with
air layers, as shown in FIGS. 1A and 1B, the period p is
determined so as to satisfy the formula (14):

mi, 14
— <p<mly

wherein m is an integer of 1 or more.

Likewise, as in a light-emitting device 100a illustrated in
FIGS. 1C and 1D, if a photoluminescent layer serving as the
waveguide 110 is formed on the transparent substrate 140,
the period p is determined so as to satisfy the following
formula (15):

as

By determining the period p of the periodic structure so as
to satisty the above formulae, light from the photolumines-
cent layer can be emitted in the front direction. Thus, a
directional light-emitting apparatus can be provided. The
waveguide 110 is hereinafter also referred to as a photolu-
minescent layer 110.

3. Verification by Calculations

3-1. Period and Wavelength Dependence

The present inventors verified, by optical analysis,
whether light emission in a particular direction as described
above is actually possible. The optical analysis was per-
formed by calculations using DiffractMOD available from
Cybernet Systems Co., Ltd. In these calculations, the change
in the absorption of extemal light incident perpendicular to
a light-emitting device by a photoluminescent layer was
calculated to determine the enhancement of light output
perpendicular to the light-emitting device. The calculation
of the process by which extemal incident light is coupled to
a quasi-guided mode and is absorbed by the photolumines-
cent layer corresponds to the calculation of a process oppo-
site to the process by which light emitted from the photolu-
minescent layer is coupled to a quasi-guided mode and is
converted into propagating light output perpendicular to the
light-emitting device. Similarly, the electric field distribu-
tion of a quasi-guided mode was calculated from the electric
field of external incident light.

FIG. 2 shows the calculation results of the enhancement
of light emitted in the front direction with varying emission
wavelengths and varying periods of the periodic structure.
The photoluminescent layer had a thickness of 1 um and a
refractive index n,,,,, of 1.8, and the periodic structure had a
height of 50 nm and a refractive index of 1.5. In these
calculations, the periodic structure was a one-dimensional
periodic structure uniform in the y direction, as illustrated in
FIG. 1A, and the polarization of light was in the TM mode,
which has an electric field component parallel to the y
direction. The results in FIG. 2 show that there are enhance-
ment peaks at certain combinations of wavelength and
period. In FIG. 2, the magnitude of the enhancement is
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expressed by different shades of color; a darker color (black)
indicates a higher enhancement, whereas a lighter color
(white) indicates a lower enhancement.

In the above calculations, the periodic structure had a
rectangular cross section as illustrated in FIG. 1B. FIG. 3 is
a graph illustrating the conditions for m=1 and m=3 in the
formula (10). A comparison between FIGS. 2 and 3 shows
that the peaks in FIG. 2 are located within the regions
corresponding to m=1 and m=3. The intensity is higher for
m=1 because first-order diffracted light has a higher diffrac-
tion efficiency than third- or higher-order diffracted light.
There is no peak for m=2 because of low diffraction effi-
ciency in the periodic structure.

In FIG. 2, a plurality of lines are observed in each of the
regions corresponding to m=1 and m=3 in FIG. 3. This
indicates the presence of a plurality of quasi-guided modes.
3-2. Thickness Dependence

FIG. 4 is a graph showing the calculation results of the
enhancement of light emitted in the front direction with
varying emission wavelengths and varying thicknesses t of
the photoluminescent layer. The photoluminescent layer had
a refractive index n,,,, of 1.8, and the periodic structure had
a period of 400 nm, a height of 50 nm, and a refractive index
of' 1.5. FIG. 4 shows that the enhancement of light is highest
at a particular thickness t of the photoluminescent layer.

FIGS. 5A and 5B show the calculation results of the
electric field distributions in a mode to guide light in the x
direction for a wavelength of 600 nm and thicknesses t of
238 nm and 539 nm, respectively, at which there are peaks
in FIG. 4. For comparison, FIG. 5C shows the results of
similar calculations for a thickness t of 300 nm, at which
there is no peak. In these calculations, as in the above
calculations, the periodic structure was a one-dimensional
periodic structure uniform in the y direction. In each figure,
a darker region has higher electric field strength, and a
lighter region has lower electric field strength. Whereas the
results for t=238 nm and t=539 nm show high electric field
strength, the results for t=300 nm show low electric field
strength as a whole. This is because there is a guided mode
in the case of t=238 or 539 nm, so that light is strongly
confined. Furthermore, regions with the highest electric field
strength (antinodes) are always present in or directly below
the projections, indicating the correlation between the elec-
tric field and the surface structure 120 (the periodic structure
in this example). Thus, the resulting guided mode depends
on the arrangement of the surface structure 120. A compari-
son between the results for t=238 nm and t=539 nm shows
that these modes differ by one in the number of nodes (white
regions) of the electric field in the z direction.

3-3. Polarization Dependence

To examine the polarization dependence, the enhance-
ment of light was calculated under the same conditions as in
FIG. 2 except that the polarization of light was in the TE
mode, which has an electric field component perpendicular
to the y direction. FIG. 6 shows the calculation results.
Although the peaks in FIG. 6 differ slightly in position from
the peaks for the TM mode (FIG. 2), they are located within
the regions shown in FIG. 3. This demonstrates that the
structure according to this embodiment is effective for both
the TM mode and the TE mode.

3-4. Two-Dimensional Periodic Structure

The effect of a two-dimensional periodic structure has
also been studied. FIG. 7A is a partial plan view of a
two-dimensional surface structure 120" including recesses
and projections arranged in both the x direction and the y
direction. In FIG. 7A, black regions represent projections,
and white regions represent recesses. For a two-dimensional
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periodic structure, both the diffraction in the x direction and
the diffraction in the y direction have to be taken into
account. Although the diffraction only in the x or y direction
is similar to that in a one-dimensional periodic structure, a
two-dimensional periodic structure can be expected to give
different results from the one-dimensional periodic structure
because diffraction also occurs in a direction containing both
an x component and a y component (for example, at an angle
ot 45 degrees). FIG. 7B shows the calculation results of the
enhancement of light for the two-dimensional periodic struc-
ture. The calculations were performed under the same con-
ditions as in FIG. 2 except for the type of periodic structure.
As shown in FIG. 7B, peaks matching the peaks for the TE
mode in FIG. 6 were observed in addition to peaks matching
the peaks for the TM mode in FIG. 2. These results dem-
onstrate that the two-dimensional periodic structure also
converts and outputs the TE mode by diffraction. For a
two-dimensional periodic structure, diffraction that simulta-
neously satisfies the first-order diffraction conditions in both
the x direction and the y direction also has to be taken into
account. Such diffracted light is emitted at an angle corre-
sponding to V2 times (that is, 2*/* times) the period p. Thus,
peaks will occur at V2 times the period p in addition to peaks
that occur in a one-dimensional periodic structure. Such
peaks are also observed in FIG. 7B.

The two-dimensional periodic structure does not have to
be a square grid structure having equal periods in the x
direction and the y direction, as illustrated in FIG. 7A, but
may be a hexagonal grid structure, as illustrated in FIG.
18A, or a triangular grid structure, as illustrated in FIG. 18B.
The two-dimensional periodic structure may have different
periods in different directions (for example, in the x direc-
tion and the y direction for a square grid structure).

In this embodiment, as demonstrated above, light in a
characteristic quasi-guided mode formed by the periodic
structure and the photoluminescent layer can be selectively
emitted only in the front direction through diffraction by the
periodic structure. With this structure, the photoluminescent
layer can be excited with excitation light such as ultraviolet
light or blue light to emit directional light.

4. Study on Constructions of Periodic Structure and
Photoluminescent Layer

The effects of changes in various conditions such as the
constructions and refractive indices of the periodic structure
and the photoluminescent layer will now be described.
4-1. Refractive Index of Periodic Structure

The refractive index of the periodic structure has been
studied. In the calculations performed herein, the photolu-
minescent layer had a thickness of 200 nm and a refractive
index n,,,, of 1.8, the surface structure was a one-dimen-
sional periodic structure uniform in the y direction, as
illustrated in FIG. 1A, and had a height of 50 nm and a
period of 400 nm, and the polarization of light was the TM
mode, which has an electric field component parallel to the
y direction. FIG. 8 shows the calculation results of the
enhancement of light emitted in the front direction with
varying emission wavelengths and varying refractive indices
of the periodic structure. FIG. 9 shows the results obtained
under the same conditions except that the photoluminescent
layer had a thickness of 1,000 nm.

The results show that the photoluminescent layer having
a thickness of 1,000 nm (FIG. 9) results in a smaller shift in
the wavelength at which the light intensity is highest (the
wavelength is hereinafter referred to as a peak wavelength)
with the change in the refractive index of the periodic
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structure than the photoluminescent layer having a thickness
of 200 nm (FIG. 8). This is because the quasi-guided mode
is more affected by the refractive index of the periodic
structure as the photoluminescent layer is thinner. Specifi-
cally, a periodic structure having a higher refractive index
increases the effective refractive index and thus shifts the
peak wavelength toward longer wavelengths, and this effect
is more noticeable as the photoluminescent layer is thinner.
The effective refractive index is determined by the refractive
index of a medium present in the region where the electric
field of a quasi-guided mode is distributed.

The results also show that a periodic structure having a
higher refractive index results in a broader peak and lower
intensity. This is because a periodic structure having a higher
refractive index emits light in a quasi-guided mode at a
higher rate and is therefore less effective in confining light,
that is, has a lower Q value. To maintain high peak intensity,
a structure may be employed in which light is moderately
emitted using a quasi-guided mode that is effective in
confining light (that is, has a high Q value). This means that
it is advantageous to use a periodic structure formed of a
material not having a much higher refractive index than the
photoluminescent layer. Thus, in order to increase the peak
intensity and Q value, the refractive index of a dielectric
material constituting the periodic structure (that is, the
light-transmissive layer) can be lower than or similar to the
refractive index of the photoluminescent layer. This is also
true if the photoluminescent layer contains materials other
than photoluminescent materials.

4-2. Height of Periodic Structure

The height of the periodic structure has been studied. In
the calculations performed herein, the photoluminescent
layer had a thickness of 1,000 nm and a refractive indexn,,,,
of 1.8, the surface structure was a one-dimensional periodic
structure uniform in the y direction, as illustrated in FIG. 1A,
and had a refractive index n,, of 1.5 and a period of 400 nm,
and the polarization of the light was the TM mode, which
has an electric field component parallel to the y direction.
FIG. 10 shows the calculation results of the enhancement of
light emitted in the front direction with varying emission
wavelengths and varying heights of the periodic structure.
FIG. 11 shows the results of calculations performed under
the same conditions except that the periodic structure has a
refractive index n,, of 2.0. Whereas the results in FIG. 10
show that the peak intensity and the Q value (that is, the peak
line width) do not change when the periodic structure has at
least a certain height, the results in FIG. 11 show that the
peak intensity and the Q value decrease with increasing
height of the periodic structure. If the refractive index n,,,,,,
of the photoluminescent layer is higher than the refractive
index n,, of the periodic structure (FIG. 10), light is totally
reflected, and only a leaking (evanescent) portion of the
electric field of a quasi-guided mode interacts with the
periodic structure. If the periodic structure has a sufficiently
large height, the influence of the interaction between the
evanescent portion of the electric field and the periodic
structure remains constant irrespective of the height. In
contrast, if the refractive index n,,,,,, of the photoluminescent
layer is lower than the refractive index n, of the periodic
structure (FIG. 11), light reaches the surface of the periodic
structure without being totally reflected and is therefore
more influenced by the periodic structure with a larger
height. As shown in FIG. 11, a height of approximately 100
nm is sufficient, and the peak intensity and the Q value
decrease above a height of 150 nm. Thus, if the refractive
index n,,,, of the photoluminescent layer is lower than the
refractive index n,, of the periodic structure, the periodic

10

15

20

25

30

35

40

45

50

55

60

65

22

structure may have a height of 150 nm or less to achieve a
high peak intensity and Q value.
4-3. Polarization Direction

The polarization direction has been studied. FIG. 12
shows the results of calculations performed under the same
conditions as in FIG. 9 except that the polarization of light
was in the TE mode, which has an electric field component
perpendicular to the y direction. The TE mode is more
influenced by the periodic structure than the TM mode
because the electric field of a quasi-guided mode leaks more
largely in the TE mode than in the TM mode. Thus, the peak
intensity and the Q value decrease more significantly in the
TE mode than in the TM mode if the refractive index n,, of
the periodic structure is higher than the refractive index n,,,,,
of the photoluminescent layer.
4-4. Refractive Index of Photoluminescent Layer

The refractive index of the photoluminescent layer has
been studied. FIG. 13 shows the results of calculations
performed under the same conditions as in FIG. 9 except that
the photoluminescent layer had a refractive index n,,,, of
1.5. The results for the photoluminescent layer having a
refractive index n,,,, of 1.5 are similar to the results in FIG.
9. However, light having a wavelength of 600 nm or more
was not emitted in the front direction. This is because, from
the formula (10), Ay <n,,, xp/m=1.5x400 nm/1=600 nm.

The above analysis demonstrates that a high peak inten-
sity and Q value can be achieved if the periodic structure has
a refractive index lower than or similar to the refractive
index of the photoluminescent layer or if the periodic
structure has a higher refractive index than the photolumi-
nescent layer and a height of 150 nm or less.

5. Modified Examples

Modified examples of the embodiments of the light-
emitting device will be described below.
5-1. Structure Including Substrate

The light-emitting device may have a structure in which
the photoluminescent layer 110 and the surface structure 120
are formed on the transparent substrate 140, as illustrated in
FIGS. 1C and 1D. Such a light-emitting device 100a may be
produced by forming a thin film of the photoluminescent
material for the photoluminescent layer 110 (optionally
containing a matrix material; the same applies hereinafter)
on the transparent substrate 140 and then forming the
surface structure 120 thereon. In this structure, the refractive
index n, of the transparent substrate 140 has to be lower than
or equal to the refractive index n,,,, of the photoluminescent
layer 110 so that the photoluminescent layer 110 and the
surface structure 120 function to emit light in a particular
direction. If the transparent substrate 140 is provided in
contact with the photoluminescent layer 110, the period p is
set so as to satisty the formula (15), which is given by
replacing the refractive index n_,,, of the output medium in
the formula (10) by n,.

To demonstrate this, calculations were performed under
the same conditions as in FIG. 2 except that the photolumi-
nescent layer 110 and the surface structure 120 were dis-
posed on a transparent substrate 140 having a refractive
index of 1.5. FIG. 14 shows the calculation results. As in the
results in FIG. 2, light intensity peaks are observed at
particular periods for each wavelength, although the ranges
of periods where peaks appear differ from those in FIG. 2.
FIG. 15 is a graph illustrating the condition represented by
the formula (15), which is given by substituting n_,,=n, into



US RES50,041 E

23
the formula (10). In FIG. 14, light intensity peaks are
observed in the regions corresponding to the ranges shown
in FIG. 15.

Thus, for the light-emitting device 100a, in which the
photoluminescent layer 110 and the surface structure 120 are
disposed on the transparent substrate 140, a period p that
satisfies the formula (15) is effective, and a period p that
satisfies the formula (13) is significantly effective.

5-2. Light-Emitting Apparatus Including Excitation Light
Source

FIG. 16 is a schematic view of a light-emitting apparatus
200 including the light-emitting device 100 illustrated in
FIGS. 1A and 1B and a light source 180 that emits excitation
light to the photoluminescent layer 110. In this embodiment,
as described above, the photoluminescent layer can be
excited with excitation light, such as ultraviolet light or blue
light, and emit directional light. The light-emitting apparatus
200 including the light source 180 that can emit such
excitation light can emit directional light. Although the
wavelength of excitation light emitted from the light source
180 is typically in the ultraviolet or blue range, it is not
necessarily within these ranges, but may be determined
depending on the photoluminescent material for the pho-
toluminescent layer 110. Although the light source 180
illustrated in FIG. 16 is configured to direct excitation light
into the bottom surface of the photoluminescent layer 110,
it may be configured otherwise, for example, to direct
excitation light into the top surface of the photoluminescent
layer 110. Excitation light may be directed at an angle (that
is, obliquely) with respect to a direction perpendicular to a
main surface (the top surface or the bottom surface) of the
photoluminescent layer 110. Excitation light directed
obliquely so as to be totally reflected in the photolumines-
cent layer 110 can more efficiently induce light emission
from the photoluminescent layer 110.

Excitation light may be coupled to a quasi-guided mode
to efficiently emit light. FIGS. 17A to 17D illustrate such a
method. In this example, as in the structure illustrated in
FIGS. 1C and 1D, the photoluminescent layer 110 and the
surface structure 120 are formed on the transparent substrate
140. As illustrated in FIG. 17A, the period p, in the x
direction is first determined so as to enhance light emission.
As illustrated in FIG. 17B, the period p, in the y direction is
then determined so as to couple excitation light to a quasi-
guided mode. The period p, is determined so as to satisfy the
condition given by replacing p by p, in the formula (10). The
period p, is determined so as to satisfy the formula (16):
wherein m is an integer of 1 or more, A, denotes the
wavelength of excitation light, and n,,, denotes the refrac-
tive index of a medium having the highest refractive index
of the media in contact with the photoluminescent layer 110
except the surface structure 120.

MAey MAey
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In the example in FIG. 17B, n,,, denotes the refractive
index n, of the transparent substrate 140. For a structure
including no transparent substrate 140, as illustrated in FIG.
16, n,,, denotes the refractive index of air (approximately
1.0).

In particular, excitation light can be more effectively
converted into a quasi-guided mode if m=1, that is, if the
period p,, is determined so as to satisfy the formula (17):
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an

Thus, excitation light can be converted into a quasi-
guided mode if the period p, is set so as to satisfy the
condition represented by the formula (16) (particularly, the
condition represented by the formula (17)). As a result, the
photoluminescent layer 110 can efficiently absorb excitation
light having the wavelength A,..

FIGS. 17C and 17D are the calculation results of the
proportion of absorbed light to light incident on the struc-
tures shown in FIGS. 17A and 17B, respectively, for each
wavelength. In these calculations, p,=365 nm, p,=265 nm,
the photoluminescent layer 110 had an emission wavelength
A of about 600 nm, excitation light had a wavelength A_, of
about 450 nm, and the photoluminescent layer 110 had an
extinction coefficient of 0.003. FIG. 17D shows high absorp-
tivity not only for light from the photoluminescent layer 110
but also for excitation light of approximately 450 nm. This
indicates that incident light is effectively converted into a
quasi-guided mode and thereby increases the proportion of
light absorbed into the photoluminescent layer 110. The
photoluminescent layer 110 also has high absorptivity for
the emission wavelength, that is, approximately 600 nm.
This indicates that light having a wavelength of approxi-
mately 600 nm incident on this structure is similarly effec-
tively converted into a quasi-guided mode.

The surface structure 120 illustrated in FIG. 17B is a
two-dimensional periodic structure including structures hav-
ing different periods (different periodic components) in the
x direction and the y direction. Such a two-dimensional
periodic structure including multiple periodic components
allows for high excitation efficiency and high output inten-
sity. Although excitation light is incident on the transparent
substrate 140 in FIGS. 17A and 17B, the same effect can be
achieved if excitation light is incident on the surface struc-
ture 120.

Also available are two-dimensional periodic structures
including periodic components as illustrated in FIGS. 18A
and 18B. The structure illustrated in FIG. 18A includes
periodically arranged projections or recesses having a hex-
agonal planar shape. The structure illustrated in FIG. 18B
includes periodically arranged projections or recesses hav-
ing a triangular planar shape. These structures have major
axes (axes 1 to 3 in these examples) that can be assumed to
be periodic. Thus, the structures can have different periods
in different axial directions. These periods may be set so as
to increase the directionality of light beams of different
wavelengths or to efficiently absorb excitation light. In any
case, each period is set so as to satisfy the condition
corresponding to the formula (10).

5-3. Periodic Structure on Transparent Substrate

As illustrated in FIGS. 19A and 19B, a surface structure
120a may be formed on the transparent substrate 140, and
the photoluminescent layer 110 may be disposed thereon. In
the example in FIG. 19A, the photoluminescent layer 110 is
formed along the texture of the surface structure 120a on the
transparent substrate 140. As a result, a surface structure
120b with the same period is formed in the surface of the
photoluminescent layer 110. In the example in FIG. 19B, the
surface of the photoluminescent layer 110 is flattened. In
these examples, directional light emission can be achieved
by setting the period p of the surface structure 120a so as to
satisfy the formula (15).
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To verify the effect of these structures, the enhancement
of light emitted from the structure illustrated in FIG. 19A in
the front direction was calculated with varying emission
wavelengths and varying periods of the periodic structure. In
these calculations, the photoluminescent layer 110 had a
thickness of 1,000 nm and a refractive index n,,,, of 1.8, the
surface structure 120a was a one-dimensional periodic struc-
ture uniform in the y direction and had a height of 50 nm,
a refractive index n,, of 1.5, and a period of 400 nm, and the
polarization of light was in the TM mode, which has an
electric field component parallel to the y direction. FIG. 19C
shows the calculation results. Also in these calculations,
light intensity peaks were observed at the periods that satisfy
the condition represented by the formula (15).

5-4. Powder

These embodiments show that light having any wave-
length can be enhanced by adjusting the period of the
periodic structure and/or the thickness of the photolumines-
cent layer. For example, if the structure illustrated in FIGS.
1A and 1B is formed using a photoluminescent material that
emits light over a wide wavelength range, only light having
a certain wavelength can be enhanced. The structure of the
light-emitting device 100 as illustrated in FIGS. 1A and 1B
may be provided in powder form for use as a fluorescent
material. Alternatively, the light-emitting device 100 as
illustrated in FIGS. 1A and 1B may be embedded in resin or
glass.

The single structure as illustrated in FIGS. 1A and 1B can
emit only light having a certain wavelength in a particular
direction and is therefore not suitable for light having a wide
wavelength spectrum, such as white light. Accordingly, as
shown in FIG. 20, light-emitting devices 100 that differ in,
for example, the period of the periodic structure or the
thickness of the photoluminescent layer, may be mixed in
powder form to provide a light-emitting apparatus with a
wide wavelength spectrum. In such a case, the individual
light-emitting devices 100 have sizes of, for example, sev-
eral micrometers to several millimeters in one direction and
can include, for example, one- or two-dimensional periodic
structures with several periods to several hundreds of peri-
ods.

5-5. Array of Structures with Different Periods

FIG. 21 is a plan view of a two-dimensional array of
periodic structures having different periods on a photolumi-
nescent layer. In a light-emitting device 100c¢ illustrated in
FIG. 21, three types of surface structures 120a, 120b, and
120c are arranged without any space therebetween. The
periods of the surface structures 120a, 120b, and 120c are set
to emit, for example, light in the red, green, and blue
wavelength ranges, respectively, in the front direction. Such
structures having different periods can be arranged on the
photoluminescent layer to emit directional light having a
wide wavelength spectrum. The periodic structures are not
necessarily formed as described above, but may be formed
in any manner.

5-6. Layered Structure

FIG. 22 illustrates a light-emitting device including pho-
toluminescent layers 110 each having a textured surface. A
transparent substrate 140 is disposed between the photolu-
minescent layers 110. The texture on each of the photolu-
minescent layers 110 corresponds to the periodic structure or
the submicron structure. The example in FIG. 22 includes
three periodic structures having different periods. The peri-
ods of these periodic structures are set to emit light in the
red, green, and blue wavelength ranges in the front direction.
The photoluminescent layer 110 in each layer is formed of
a material that emits light having the color corresponding to
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the period of the periodic structure in that layer. Thus,
periodic structures having different periods can be stacked
on top of each other to emit directional light having a wide
wavelength spectrum.

The number of layers and the constructions of the pho-
toluminescent layer 110 and the periodic structure in each
layer are not limited to those described above, but may be
selected as appropriate. For example, for a structure includ-
ing two layers, first and second photoluminescent layers are
formed opposite each other with a light-transmissive sub-
strate therebetween, and first and second periodic structures
are formed on the surfaces of the first and second photolu-
minescent layers, respectively. In such a case, the first
photoluminescent layer and the first periodic structure sat-
isfy the condition represented by the formula (15), and the
second photoluminescent layer and the second periodic
structure satisfy the condition represented by the formula
(15). For a structure including three or more layers, the
photoluminescent layer and the periodic structure in each
layer satisfy the condition represented by the formula (15).
The positional relationship between the photoluminescent
layers and the periodic structures in FIG. 22 may be
reversed. Although the layers have different periods in FIG.
22, all the layers may have the same period. In such a case,
although the spectrum cannot be broadened, the emission
intensity can be increased.

5-7. Structure Including Protective Layer

FIG. 23 is a cross-sectional view of a structure including
a protective layer 150 between the photoluminescent layer
110 and the surface structure 120. The protective layer 150
may be provided to protect the photoluminescent layer 110.
However, if the protective layer 150 has a lower refractive
index than the photoluminescent layer 110, the electric field
of light leaks into the protective layer 150 only by about half
the wavelength. Thus, if the protective layer 150 has a
thickness greater than the wavelength, no light reaches the
surface structure 120. As a result, there is no quasi-guided
mode, and the function of emitting light in a particular
direction cannot be achieved. If the protective layer 150 has
a refractive index higher than or similar to that of the
photoluminescent layer 110, light reaches the interior of the
protective layer 150; therefore, there is no limitation on the
thickness of the protective layer 150. Nevertheless, a thinner
protective layer 150 is advantageous because more light is
emitted if most of the portion in which light is guided (this
portion is hereinafter referred to as a “waveguide layer”) is
formed of a photoluminescent material. The protective layer
150 may be formed of the same material as the surface
structure (or light-transmissive layer) 120. In such a case,
the light-transmissive layer 120 having the periodic structure
also functions as a protective layer. The light-transmissive
layer 120 advantageously has a lower refractive index than
the photoluminescent layer 110.

6. Materials

Directional light emission can be achieved if the photolu-
minescent layer (or waveguide layer) and the surface struc-
ture are formed of materials that satisty the above condi-
tions. The surface structure may be formed of any material.
However, a photoluminescent layer (or waveguide layer) or
a surface structure formed of a medium with high light
absorption is less effective in confining light and therefore
results in a lower peak intensity and Q value. Thus, the
photoluminescent layer (or waveguide layer) and the surface
structure may be formed of a material with relatively low
light absorption.
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For example, the surface structure may be formed of a
dielectric material having low light absorptivity. Examples
of candidate materials for the periodic structure include
magnesium fluoride (MgF,), lithium fluoride (LiF), calcium
fluoride (CaF,), quartz (Si0O,), glasses, resins, magnesium
oxide (MgO), indium tin oxide (ITO), titanium oxide (Ti0,),
silicon nitride (SiN), tantalum pentoxide (Ta,Os), zirconia
(Zr0O,), zinc selenide (ZnSe), and zinc sulfide (ZnS). To
form a surface structure having a lower refractive index than
the photoluminescent layer, as described above, MgF,, LiF,
CaF,, SiO,, glasses, and resins can be used, which have
refractive indices of approximately 1.3 to 1.5.

The term “photoluminescent material” encompasses fluo-
rescent materials and phosphorescent materials in a narrow
sense, encompasses inorganic materials and organic mate-
rials (for example, dyes), and encompasses quantum dots
(for example, tiny semiconductor particles). In general,
fluorescent materials containing an inorganic host material
tend to have a higher refractive index. Examples of fluores-
cent materials that emit blue light include M, ,(PO,),Cl,:
Eu?* (wherein M is at least one element selected from Ba,
Sr, and Ca), BaMgAl, O, :Euv**, M,MgSi,O:Fu**
(wherein M is at least one element selected from Ba, Sr, and
Ca), and MSiO,Cl:Bu** (wherein M is at least one element
selected from Ba, Sr, and Ca). Examples of fluorescent
materials that emit green light include M,MgSi,O,:Bu**
(wherein M is at least one element selected from Ba, Sr, and
Ca), SrSisAlO,N:Bu**, SrSi,O,N,:Fu**, BaAl,O,:Fu*,
BaZrSi,Og:Eu**, M,SiO,:Eu** (wherein M is at least one
element selected from Ba, Sr, and Ca), BaSi,O,N,:Fu*,
CaMg(Si0,),Cl:Eu**, Ca,Si0,Cl,:Eu*, CaSi,5 (i
Al O N4,:Ce’*, and B-SiAION:Eu**. Examples of
fluorescent materials that emit red light include CaAlISiNj;:
Eu?*, SrAlSi,O,:Eu**, M,SisNg:Eu?* (wherein M is at least
one element selected from Ba, Sr, and Ca), MSiN,:Eu**
(wherein M is at least one element selected from Ba, Sr, and
Ca), MSi,O,N,:Yb** (wherein M is at least one element
selected from Sr and Ca), Y,0,S:Eu**, Sm**, La,0,S:Eu**,
Sm’**, CaWO,:Li'*, Ev**, Sm>*, M,SiS,:Eu** (wherein M
is at least one element selected from Ba, Sr, and Ca), and
M,SiO5:Eu* (wherein M is at least one element selected
from Ba, Sr, and Ca). Examples of fluorescent materials that
emit yellow light include Y,A1.0,,:Ce®*, CaSi,O,N,:Eu**,
Ca,S¢,Si;0,,:Ce®,  CaSc,0,:Ce®,  a-SiAION:Eu*,
MSi,0,N,:Eu** (wherein M is at least one element selected
from Ba, Sr, and Ca), and M,(SiO5)4Cl,:Eu** (wherein M is
at least one element selected from Ba, Sr, and Ca).

Examples of quantum dots include materials such as CdS,
CdSe, core-shell CdSe/ZnS, and alloy CdSSe/ZnS. Light
having various wavelengths can be emitted depending on the
material. Examples of matrices for quantum dots include
glasses and resins.

The substrate 140, as illustrated in, for example, FIGS. 1C
and 1D, is formed of a light-transmissive material having a
lower refractive index than the photoluminescent layer 110.
Examples of such materials include MgF,, LiF, CaF,, SiO,,
glasses, and resins. In structures in which excitation light
enters the photoluminescent layer 110 without passing
through the substrate 140, the substrate 140 is not necessar-
ily transparent. For example, the substrate 140 may be
formed of BaF,, SrF,, MgO, MgAl,O,, sapphire (Al,O;),
SrTi0;, LaAlO;, TiO,, Gd;Gas0,,, LaSrAlO,, LaSrGaO,,
LaTaOj;, SrO, yttria-stabilized zirconia (YSZ) ZrO,.Y,Oj,
yttrium-aluminum-garnet (YAG), or Tb;Gas0,,.

7. Production Method

A method for producing a light-emitting device will be
described below.

10

15

20

25

30

35

40

45

50

55

60

65

28

A method for forming the structure illustrated in FIGS. 1C
and 1D includes forming a thin film of the photoluminescent
layer 110 on the transparent substrate 140, for example, by
evaporation, sputtering, or coating of a fluorescent material,
forming a dielectric film, and then patterning the dielectric
film, for example, by photolithography to form the surface
structure 120. Alternatively, the surface structure 120 may
be formed by nanoimprinting. As illustrated in FIG. 24, the
surface structure 120 may also be formed by partially
processing the photoluminescent layer 110. In such a case,
the surface structure 120 is formed of the same material as
the photoluminescent layer 110.

The light-emitting device 100 illustrated in FIGS. 1A and
1B can be produced, for example, by producing the light-
emitting device 100a illustrated in FIGS. 1C and 1D and
then removing the photoluminescent layer 110 and the
surface structure 120 from the substrate 140.

The structure illustrated in FIG. 19A can be produced, for
example, by forming the surface structure 120a on the
transparent substrate 140 by a process such as a semicon-
ductor process or nanoimprinting and then depositing
thereon the material of the photoluminescent layer 110 by a
process such as evaporation or sputtering. The structure
illustrated in FIG. 19B can also be formed by filling the
recesses in the surface structure 120a with the photolumi-
nescent layer 110 by coating.

These production methods are for illustrative purposes
only, and the light-emitting devices according to the embodi-
ments of the present disclosure may be produced by other
methods.

8. Experimental Examples

Light-emitting devices for use in light-emitting appara-
tuses according to embodiments of the present disclosure are
described in the following examples.

A sample light-emitting device having the structure as
illustrated in FIG. 19A was prepared and evaluated for its
properties. The light-emitting device was prepared as
described below.

A one-dimensional periodic structure (stripe-shaped pro-
jections) having a period of 400 nm and a height of 40 nm
was formed on a glass substrate, and a photoluminescent
material YAG:Ce was deposited thereon to form a film
having a thickness of 210 nm. FIG. 25 shows a cross-
sectional transmission electron microscopy (TEM) image of
the resulting light-emitting device. FIG. 26 shows the mea-
surement results of the spectrum of light emitted from the
light-emitting device in the front direction when YAG:Ce
was excited with an LED having an emission wavelength of
450 nm. FIG. 26 shows the results (ref) for a light-emitting
device having no periodic structure, the results for the TM
mode, and the results for the TE mode. The TM mode has
a polarization component parallel to the one-dimensional
periodic structure. The TE mode has a polarization compo-
nent perpendicular to the one-dimensional periodic struc-
ture. The results show that the intensity of light having a
particular wavelength is significantly higher in the presence
of the periodic structure than in the absence of the periodic
structure. The results also show that the light enhancement
effect is greater in the TM mode, which has a polarization
component parallel to the one-dimensional periodic struc-
ture.

FIGS. 27A to 27F and FIGS. 28A to 28F show the results
of measurements and calculations of the angular dependence
of the intensity of light emitted from the same sample. FIG.
27A illustrates a light-emitting device that can emit linearly
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polarized light in the TM mode, rotated about an axis
parallel to the line direction of the one-dimensional periodic
structure 120. FIGS. 27B and 27C show the results of
measurements and calculations for the rotation. FIG. 27D
illustrates a light-emitting device that can emit linearly
polarized light in the TE mode, rotated about an axis parallel
to the line direction of the one-dimensional periodic struc-
ture 120. FIGS. 27E and 27F show the results of measure-
ments and calculations for the rotation. FIG. 28A illustrates
a light-emitting device that can emit linearly polarized light
in the TE mode, rotated about an axis perpendicular to the
line direction of the one-dimensional periodic structure 120.
FIGS. 28B and 28C show the results of measurements and
calculations for the rotation. FIG. 28D illustrates a light-
emitting device that can emit linearly polarized light in the
TM mode, rotated about an axis perpendicular to the line
direction of the one-dimensional periodic structure 120.
FIGS. 28E and 28F show the results of measurements and
calculations for the rotation.

As is clear from FIGS. 27A to 27F and FIGS. 28A to 28F,
the enhancement effect is greater for the TM mode. The
wavelength of enhanced light shifts with angle. For
example, light having a wavelength of 610 nm is observed
only in the TM mode and in the front direction, indicating
that the light is directional and polarized. Furthermore, the
measurement results and the calculation results match each
other in FIGS. 27B and 27C, FIGS. 27E and 27F, FIGS. 28B
and 28C, and FIGS. 28E and 28F. Thus, the validity of the
above calculations was experimentally demonstrated.

FIG. 29 shows the angular dependence of the intensity of
light having a wavelength of 610 nm for rotation about an
axis perpendicular to the line direction, as illustrated in FIG.
28D. The results show that the light was significantly
enhanced in the front direction and was little enhanced at
other angles. The directional angle of light emitted in the
front direction is less than 15 degrees. As described above,
the directional angle is the angle at which the intensity is
50% of the maximum intensity and is expressed as the angle
of one side with respect to the direction with the maximum
intensity. The results shown in FIG. 29 demonstrates that
directional light emission was achieved. In addition, all the
light was in the TM mode, which demonstrates that polar-
ized light emission was simultaneously achieved.

Although YAG:Ce, which emits light in a wide wave-
length range, was used in the above experiment, directional
and polarized light emission can also be achieved using a
similar structure including a photoluminescent material that
emits light in a narrow wavelength range. Such a photolu-
minescent material does not emit light having other wave-
lengths and can therefore be used to provide a light source
that does not emit light in other directions or in other
polarized states.

9. Other Modifications

As described above, the wavelength and emission direc-
tion of light under the light enhancement effect depend on
the submicron structure of a light-emitting device according
to the present disclosure. FIG. 31 illustrates a light-emitting
device having a surface structure 120 on a photoluminescent
layer 110. The surface structure 120 is formed of the same
material as the photoluminescent layer 110 and has the
one-dimensional periodic structure illustrated in FIG. 1A.
Light to be enhanced by the one-dimensional periodic
structure satisfies pxn,,,,,xsin 0,,,,—pxn,,,xsin 0, ,~mA (see
the formula (5)), wherein p (nm) denotes the period of the
one-dimensional periodic structure, n,,,,, denotes the refrac-
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tive index of the photoluminescent layer 110, n,,, denotes
the refractive index of an outer medium to which the light is
emitted, 0,,,, denotes the incident angle on the one-dimen-
sional periodic structure, and 8,,,, denotes the angle at which
the light is emitted from one-dimensional periodic structure
to the outer medium. A is the light wavelength in air, and m
is an integer.

The formula can be transformed into 6, avX
sin 0,,,,,—mA/p)/n_,,|. Thus, in general, the output angle 0,
of light under the light enhancement effect varies with the
wavelength A. Consequently, as schematically illustrated in
FIG. 31, the color of visible light varies with the observation
direction.

This visual angle dependency can be reduced by deter-
mining n,,,,, and n,,, so as to make (n,,,,xsin 9,,,,—mA/p)/
n,,,, constant for any wavelength A. The refractive indices of
substances have wavelength dispersion (wavelength depen-
dence). Thus, a material to be selected should have the
wavelength dispersion characteristics of n,,, and n_,,, such
that (n,,,,xsin 0,,,,—~mA/p)/n,,, is independent of the wave-
length A. For example, if the outer medium is air, n,,, is
approximately 1.0 irrespective of the wavelength. Thus, the
material of the photoluminescent layer 110 and the one-
dimensional periodic structure has a narrow wavelength
dispersion of the refractive index n,,,,. The material may
have reciprocal dispersion, in which the refractive index
n,,,, decreases with decreasing wavelength of light.

As illustrated in FIG. 32A, an array of periodic structures
having different wavelengths at which the light enhancement
effect is produced can emit white light. In the example
illustrated in FIG. 32A, a surface structure 120r that can
enhance red light (R), a surface structure 120g that can
enhance green light (G), and a surface structure 120b that
can enhance blue light (B) are arranged in a matrix. Each of
the surface structures 120r, 120g, and 120b may be a
one-dimensional periodic structure. The projections of the
surface structures 120r, 120g, and 120b are arranged in
parallel. Thus, the red light, green light, and blue light have
the same polarization characteristics. Light beams of three
primary colors emitted from the surface structures 120r,
120g, and 120b under the light enhancement effect are
mixed to produce linearly polarized white light.

Each of the surface structures 120r, 120g, and 120b
arranged in a matrix is referred to as a unit periodic structure
(or pixel). The size (the length of one side) of the unit
periodic structure may be at least three times the period. The
unit periodic structures are advantageously not perceived by
the human eye in order to produce the color mixing effect.
For example, the length of one side is less than 1 mm.
Although each of the unit periodic structures is square in
FIG. 32A, adjacent surface structures 120r, 120g, and 120b
may be in the shape other than square, such as rectangular,
triangular, or hexagonal.

A photoluminescent layer under each of the surface
structures 120r, 120g, and 120b may be the same or may be
formed of different photoluminescent materials correspond-
ing to each color of light.

As illustrated in FIG. 32B, the projections of the one-
dimensional periodic structures (including surface structures
120h, 1201, and 120j) may extend in different directions.
Light emitted from each of the periodic structures under the
light enhancement effect may have the same wavelength or
different wavelengths. For example, the same periodic struc-
tures arranged as illustrated in FIG. 32B can produce unpo-
larized light. The surface structures 120r, 120g, and 120b in
FIG. 32A arranged as illustrated in FIG. 32B can produce
unpolarized white light as a whole.

=arcsin [(n
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As a matter of course, the periodic structures to be tiled
are not limited to one-dimensional periodic structures and
may be two-dimensional periodic structures (including sur-
face structures 120k, 120m, and 120n), as illustrated in FIG.
32C. The period and direction of each of the surface struc-
tures 120k, 120m, and 120n may be the same or different, as
described above, and may be appropriately determined as
required.

As illustrated in FIG. 33, for example, an array of
microlenses 130 may be disposed on a light emission side of
a light-emitting device. The array of microlenses 130 can
refract oblique light in the normal direction and thereby
produce the color mixing effect.

The light-emitting device illustrated in FIG. 33 includes
regions R1, R2, and R3, which include the surface structures
120r, 120g, and 120b, respectively, illustrated in FIG. 32A.
In the region R1, the surface structure 120r emits red light
R in the normal direction and, for example, emits green light
G in an oblique direction. The microlens 130 refracts the
oblique green light G in the normal direction. Consequently,
a mixture of red light R and green light G is observed in the
normal direction. Thus, the microlenses 130 can reduce
difference in light wavelength depending on the angle.
Although the microlens array including microlenses corre-
sponding to the periodic structures is described here, another
microlens array is also possible. As a matter of course,
periodic structures to be tiled are not limited to those
described above and may be the same periodic structures or
the structures illustrated in FIG. 32B or 32C.

A lenticular lens may also be used as an optical element
for refracting oblique light instead of the microlens array. In
addition to lenses, prisms may also be used. A prism array
may also be used. A prism corresponding to each periodic
structure may be arranged. Prisms of any shape may be used.
For example, triangular prisms or pyramidal prisms may be
used.

White light (light having a broad spectral width) may be
produced by using the periodic structure described above or
using two or more photoluminescent layers as illustrated in
FIG. 34A or 34B. As illustrated in FIG. 34A, photolumi-
nescent layers 110b, 110g, and 110r having different emis-
sion wavelengths may be stacked to produce white light. The
stacking sequence is not limited to that illustrated in FIG.
34A. As illustrated in FIG. 34B, a photoluminescent layer
110y that emits yellow light may be disposed on a photolu-
minescent layer 110b that emits blue light. The photolumi-
nescent layer 110y may be formed of YAG.

When photoluminescent materials, such as fluorescent
dyes, to be mixed with a matrix (host) material are used,
photoluminescent materials having different emission wave-
lengths may be mixed with the matrix material to emit white
light from a single photoluminescent layer. Such a photolu-
minescent layer that can emit white light may be used in
tiled unit periodic structures as illustrated in FIGS. 32A to
32C.

10. Light-Emitting Apparatus Including Converging
Lens

An exemplary structure of a light-emitting apparatus
according to an embodiment of the present disclosure will be
described below. FIG. 35 is a schematic view of an exem-
plary structure of a light-emitting apparatus according to an
embodiment of the present disclosure. A light-emitting appa-
ratus 210A illustrated in FIG. 35 roughly includes the
light-emitting apparatus 200 illustrated in FIG. 16 and a
converging lens 202 for receiving light from the light-
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emitting apparatus 200. More specifically, the light-emitting
apparatus 210A includes the excitation light source 180, the
light-emitting device 100, and the converging lens 202.

The light-emitting device 100 is disposed on the optical
path of excitation light emitted from the excitation light
source 180. Excitation light emitted from the excitation light
source 180 enters the photoluminescent layer 110 of the
light-emitting device 100 disposed on the optical path of the
excitation light. The photoluminescent material in the pho-
toluminescent layer 110 emits light upon receiving excita-
tion light. Light from the photoluminescent layer 110 is
emitted from the light-emitting device 100 through the
surface structure 120 (see FIG. 16, for example). As
described above, the light-emitting device 100 can emit light
in a particular direction. In this example, light is emitted in
the front direction of the light-emitting device 100. As a
matter of course, the light-emitting device 100a illustrated in
FIGS. 1C and 1D may be used instead of the light-emitting
device 100.

Light emitted from the light-emitting device 100 enters
the converging lens 202 facing the surface structure 120. In
the structure illustrated in FIG. 35, the converging lens 202
is supported by a housing 300 so as to be disposed on the
optical path of light emitted from the light-emitting device
100. The housing 300 may fix the positions of the light-
emitting device 100 and the converging lens 202.

In the structure illustrated in FIG. 35, the light-emitting
apparatus 210A is coupled to an optical fiber 250. In this
example, the housing 300 has an opening 300a at an incident
position of light passing through the converging lens 202.
One end of the optical fiber 250 is inserted into the opening
300a and is fixed to the light-emitting apparatus 210A.

One end of the optical fiber 250 coupled to the light-
emitting apparatus 210A is disposed at an incident position
of light passing through the converging lens 202. Thus, at
least part of light passing through the converging lens 202
enters the optical fiber 250. Thus, the optical fiber 250
coupled to the light-emitting apparatus 210A is optically
coupled to the light-emitting apparatus 210A. Thus, in the
structure illustrated in FIG. 35, the opening 300a functions
as a joint for the optical fiber 250. In this example, the
optical axis of the converging lens 202 coincides with the
axis of the optical fiber 250.

A structure for coupling of an optical fiber may be any
structure that can receive an inlet of the optical fiber and is
not limited to the structure illustrated in FIG. 35. The
opening 300a may be provided with a transparent member
that can transmit light passing through the converging lens
202. A transparent member on the opening 300a may have
an antireflection coating. The light-emitting apparatus 210A
may have an optical connector, socket, slot, or plug as a joint
for an optical fiber at the incident position of light passing
through the converging lens 202.

As described above, the light-emitting device 100 has a
novel structure for controlling the directionality of emitted
light. For example, the light-emitting device 100 can selec-
tively emit light from the photoluminescent layer 110 in the
front direction. Thus, as schematically illustrated in FIG. 36,
the outgoing beams can almost entirely enter the converging
lens 202 without a collimating lens. Since the light-emitting
device 100 can emit directional light, the present embodi-
ment of the present disclosure can improve light-use effi-
ciency without a large converging lens. Thus, a smaller
light-emitting apparatus or optical device can be provided.

FIG. 37 illustrates a light-emitting apparatus 510 accord-
ing to a comparative example. The light-emitting apparatus
510 includes a known phosphor 512 instead of the light-
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emitting device 100. In FIGS. 36 and 37, the housing 300
illustrated in FIG. 35 is omitted. The housing 300 may also
be omitted in other figures.

In the light-emitting apparatus 510, the phosphor 512
emits light in all directions. Thus, the outgoing beams from
the phosphor 512 include light beams that cannot theoreti-
cally enter the converging lens 202. Thus, light from the
phosphor 512 cannot be effectively utilized. For example, as
schematically illustrated in FIG. 37, the percentage of light
beams emitted from the phosphor 512 and incident on the
converging lens 202 is approximately 20%. The remainder
(80%) of the light beams emitted from the phosphor 512 are
lost.

In the optical system illustrated in FIG. 36 or 37 in which
light emitted from the light source (the light-emitting device
100 or the phosphor 512) enters the optical fiber 250, it is
known that the amount called “ectendue” is preserved in the
absence of diffusion. For example, the etendue of a light
source is defined as the product of the luminous area of the
light source and the solid angle of divergent light from the
light source. Etendue is also defined for a surface for
receiving light from the light source. The etendue on a
light-receiving side represents the ability of introducing
light. When the etendue on a light-receiving side is smaller
than the etendue of a light source, light from the light source
is not entirely introduced into the light-receiving side and is
partly lost. When the etendue of a light source is identical
with the etendue of an optical fiber to be irradiated, the
light-use efficiency reaches its maximum. The etendue of the
optical fiber 250 depends on the numerical aperture of the
optical fiber 250. An etendue of the light source greater than
the etendue of the optical fiber causes a loss.

In the light-emitting apparatus 210A illustrated in FIG.
36, when the converging lens 202 has a focal length that
matches the numerical aperture of the optical fiber 250, and
the distance between the converging lens 202 and an end
surface of the optical fiber 250 is appropriate, light from the
converging lens 202 can almost entirely enters the optical
fiber 250. If the light-emitting apparatus 210A has a joint for
an optical fiber, the optical fiber 250 can be fixed to the
light-emitting apparatus 210A, and the light-emitting appa-
ratus 210A and the optical fiber 250 can advantageously
have high coupling efficiency.

In contrast, in the structure that includes the known
phosphor 512 instead of the light-emitting device 100 (see
FIG. 37), the phosphor 512 emits light in all directions, and
the etendue of the phosphor 512 is generally greater than the
etendue of the optical fiber. Thus, the phosphor 512 and the
optical fiber 250 cannot have high coupling efficiency. In the
structure illustrated in FIG. 37, the phosphor 512 and the
optical fiber 250 have a coupling efficiency of only 20%. As
long as the etendue on a light-receiving side is constant, the
amount of light incident on the optical fiber 250 does not
increase with increasing luminous area of the light source
(the phosphor 512). As described above, the etendue of the
optical fiber 250 depends on the numerical aperture of the
optical fiber 250. Thus, if the numerical aperture of the
optical fiber 250 is constant, an increase in the diameter of
the converging lens 202 to increase the number of light
beams incident on the converging lens 202 cannot increase
the number of light beams incident on the optical fiber 250.

In the light-emitting apparatus 210A, outgoing beams
from the light-emitting device 100 can almost entirely enter
the converging lens 202 (see FIG. 36). Light from the
light-emitting device 100 can almost entirely enter the
optical fiber 250. Thus, in the present embodiment of the
present disclosure, the emission direction of light from the
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light-emitting device 100 can be controlled through the
converging lens 202 such that the light enters the optical
fiber 250. This can improve coupling efficiency between the
light-emitting device 100 and the optical fiber 250.

In the present embodiment of the present disclosure, the
same output (light beam) from the optical fiber 250 can be
produced with smaller input energy due to higher coupling
efficiency between the light-emitting device 100 and the
optical fiber 250. For example, if the optical fiber 250
produces an output of 2.3 W using a laser diode having a
power conversion efficiency of 40% as the excitation light
source 180, and the phosphor has a conversion efficiency of
55%, then energy input to the excitation light source 180 per
unit time is approximately 53.9 W in the light-emitting
apparatus 510 according to the comparative example illus-
trated in FIG. 37 and approximately 10.7 W in the light-
emitting apparatus 210A illustrated in FIG. 36. Thus, the
light-emitting apparatus 210A can save energy.

In FIGS. 35 to 37, the converging lens 202 is a biconvex
lens. However, the converging lens 202 is not limited to the
biconvex lens and may be a plano-convex lens, a Fresnel
lens, or a gradient refractive index lens (GRIN) lens, in
which the refractive index changes along an axis. The
converging lens 202 may be a lens attached to an end surface
of the optical fiber.

10-1. Modified Examples of Light-Emitting Apparatus
Including Converging Lens

FIG. 38 illustrates another modified example of a light-
emitting apparatus according to an embodiment of the
present disclosure; A light-emitting apparatus 210B illus-
trated in FIG. 38 includes a collimating lens 204 between the
light-emitting device 100 and the converging lens 202. Light
emitted from the light-emitting device 100 has a relatively
small directional angle. Thus, high light-use efficiency can
be achieved even with the collimating lens 204 having a
small diameter. In this structure, the distance between the
light-emitting device 100 and a joint of the optical fiber 250
can be increased. This improves the design flexibility of the
optical system.

FIG. 39 illustrates still another modified example of a
light-emitting apparatus according to an embodiment of the
present disclosure. A light-emitting apparatus 210C illus-
trated in FIG. 39 includes a collimating lens 208 between the
excitation light source 180 and the light-emitting device
100. In this structure, the light-emitting device 100 can be
irradiated with collimated excitation light. Thus, the pho-
toluminescent layer 110 can be evenly excited.

FIG. 40 illustrates still another modified example of a
light-emitting apparatus according to an embodiment of the
present disclosure. A light-emitting apparatus 210D illus-
trated in FIG. 40 includes the collimating lens 208 between
the excitation light source 180 and the light-emitting device
100 and a converging lens 206 between the collimating lens
208 and the light-emitting device 100. This structure can
converge excitation light and therefore miniaturize the light-
emitting device 100. Thus, the optical system can be min-
iaturized. Furthermore, the distance between the excitation
light source 180 and the light-emitting device 100 can be
increased. This improves the design flexibility of the optical
system.

FIG. 41 illustrates still another modified example of a
light-emitting apparatus according to an embodiment of the
present disclosure. As in the light-emitting apparatus 210B
illustrated in FIG. 38, a light-emitting apparatus 210E illus-
trated in FIG. 41 includes the collimating lens 204 between
the light-emitting device 100 and the converging lens 202.
As in the light-emitting apparatus 210D illustrated in FIG.
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40, the light-emitting apparatus 210E further includes the
collimating lens 208 and the converging lens 206 between
the excitation light source 180 and the light-emitting device
100. As illustrated in FIG. 41, the collimating lens 208 and
the converging lens 206 are disposed in this order from the
excitation light source 180 to the light-emitting device 100.
As illustrated in FIG. 41, a collimating lens and a converging
lens may be disposed between the excitation light source
180 and the light-emitting device 100 and between the
light-emitting device 100 and an optical component (the
optical fiber 250) that receives light from the light-emitting
apparatus. Thus, the light-emitting apparatus 210E has the
same advantages as the light-emitting apparatus 210B illus-
trated in FIG. 38 and the light-emitting apparatus 210D
illustrated in FIG. 40.

As described above, an optical system in a light-emitting
apparatus according to the present disclosure can be vari-
ously designed. In addition to the structures illustrated in
FIGS. 38 to 41, for example, the collimating lens 208 can be
removed from the light-emitting apparatus 210D illustrated
in FIG. 40 or the light-emitting apparatus 210E illustrated in
FIG. 41. In other words, there may be no collimating lens
between the excitation light source 180 and the light-
emitting device 100. In FIGS. 35 to 41, each of the con-
verging lenses (the converging lenses 202 and 206) is a
biconvex lens. However, this is for convenience of expla-
nation. A converging lens in a light-emitting apparatus
according to the present disclosure may be a combination of
lenses. The same is true for the collimating lenses (the
collimating lenses 204 and 208). As a matter of course, the
collimating lenses (the collimating lenses 204 and 208) are
not limited to biconvex lenses.

As described above, light-emitting devices and light-
emitting apparatuses including the light-emitting devices
according to the present disclosure have various advantages
and can be used with advantageous effects in various optical
devices. For example, the following applications are prac-
ticable.

A light-emitting device according to the present disclo-
sure can emit directional light in a particular direction. Such
high directionality can be suitably utilized in edge-light
backlight units that include a light guide plate of a liquid
crystal display unit. For example, when a known light source
having low directionality is used, light from the light source
is directed to a light guide plate through a reflector and/or a
diffuser. When a light source having high directionality in a
particular direction is used, light can be efficiently directed
to a light guide plate without these optical components.

When a plurality of the light-emitting apparatuses 210A
illustrated in FIG. 35 are used, and the output end surfaces
of the optical fibers 250 optically coupled to the light-
emitting apparatuses 210A are two-dimensionally arranged,
the light-emitting apparatuses 210A can function as a dis-
play apparatus. Any of the light-emitting apparatuses 2108
to 210E illustrated in FIGS. 38 to 41 may be used instead of
the light-emitting apparatus 210A.

Known lighting fixtures include an optical component,
including a reflector, to direct isotropic light in a desired
direction. In contrast, in an embodiment of the present
disclosure, a light-emitting device and an optical fiber can be
optically coupled with high coupling efficiency. Thus,
reflectors can be omitted. The use of a light-emitting device
according to the present disclosure allows for a simple
design for directional light instead of a complex design for
isotropic light. Consequently, lighting fixtures can be
reduced in size, or the process of designing lighting fixtures
can be simplified.
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A light-emitting device according to the present disclo-
sure can enhance light having a particular wavelength alone.
Thus, a light source that emits light having a required
wavelength alone can be easily provided. The wavelength of
emitted light can be adjusted by changing the periodic
structure without changing the material of the photolumi-
nescent layer. Furthermore, the wavelength of emitted light
can be changed with the angle relative to the periodic
structure. Such wavelength selectivity can be suitable for a
narrow-band imaging (NBI, registered trademark) tech-
nique, for example. A light-emitting device according to the
present disclosure can also be used for visible light com-
munication.

In the field of illumination, color-enhancing light color
illumination and beautifying light color illumination tech-
niques have been developed. Such illumination can finely
produce the color of an object to be illuminated. The
color-enhancing light color illumination is effective in mak-
ing foods, such as vegetables, look more delicious. The
beautifying light color illumination is effective in ensuring
natural-looking skin tones. Such illumination is performed
by controlling the spectrum of the light source (the intensity
distribution as a function of light wavelength) depending on
the object. Hitherto, the spectrum of illumination light has
been controlled by selective transmission of light emitted
from a light source using an optical filter. The optical filter
absorbs unnecessary light and consequently decreases light-
use efficiency. In contrast, a light-emitting device according
to the present disclosure can enhance light having a particu-
lar wavelength and requires no optical filter, thus improving
light-use efficiency.

A light-emitting device according to the present disclo-
sure can emit polarized light (linearly polarized light). When
unpolarized light including two linearly polarized light
components intersecting at right angles is emitted from a
light source, linearly polarized light has hitherto been pro-
duced by absorbing one of the two linearly polarized light
components using a polarizing filter (also referred to as a
“polarizer”). Thus, the light-use efficiency is 50% or less.
The use of a light-emitting device according to the present
disclosure as a polarized light source can obviate the need
for a polarizing filter and improve light-use efficiency.
Polarized illumination is used to reduce reflected light, for
example, from windowpanes of shop windows and view
restaurants. Polarized illumination can also be used as
washstand illumination, which utilizes the dependence of
the reflection characteristics of the skin surface on polarized
light, and is used to facilitate the observation of lesion sites
with an endoscope.

A polarized light source is suitably used as a backlight for
liquid crystal display units and as a light source for liquid
crystal projectors. When a light-emitting device according to
the present disclosure is used as a light source for liquid
crystal projectors, in combination with the use of the wave-
length selectivity, the light-emitting device can constitute a
three-primary-color polarized light source. For example, a
light-emitting device that emits red linearly polarized light,
a light-emitting device that emits green linearly polarized
light, and a light-emitting device that emits blue linearly
polarized light may be joined together to form a disk. While
the disk is irradiated with excitation light, the disk may be
rotated to form a light source that successively emits red,
green, and blue three-primary-color polarized light beams.

Application examples of a light-emitting device accord-
ing to the present disclosure are not limited to those
described above. A light-emitting device according to the
present disclosure can be applied to various optical devices.
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For example, as described below, a light-emitting device
according to the present disclosure can be used to provide a
small projector.

11. Projector

An exemplary structure of a projector that includes a
light-emitting device according to the present disclosure will
be described below. A projector according to an embodiment
of the present disclosure includes a light source unit, an
image-forming unit including a light modulator, and an
optical fiber that introduces light from the light source unit
at one end thereof and guides the light to the image-forming
unit. In other words, the light source unit and the image-
forming unit are coupled together via the optical fiber. As
described in detail below, the light modulator changes the
traveling direction of light emitted from the optical fiber in
accordance with the image signal, thereby forming an image
on a projection target, such as a screen or wall.

In an embodiment of the present disclosure, the light
source unit includes an excitation light source, a photolu-
minescent layer for emitting light having a wavelength A, in
air upon receiving excitation light from the excitation light
source, a light-transmissive layer located on or near the
photoluminescent layer, and a surface structure formed on a
surface of at least one of the photoluminescent layer and the
light-transmissive layer and having projections or recesses
or both. The photoluminescent layer, light-transmissive
layer, and surface structure can have the structure as
described above. Directional light from the photolumines-
cent layer can be emitted in a particular direction without an
optical component (or with a small optical component), such
as a reflector or lens. Thus, a projector having a much
smaller size than before can be provided.

Light directed from the light source unit to the image-
forming unit via the optical fiber may be excitation light
emitted from the excitation light source. In another embodi-
ment of the present disclosure, the photoluminescent layer,
the light-transmissive layer, and the surface structure are
disposed in the image-forming unit. In this case, the light
modulator receives light having a wavelength A, in air from
the photoluminescent layer.

11-1. Projector Including Excitation Light Source in Light
Source Unit

FIG. 42 is an outside drawing of a projector according to
an embodiment of the present disclosure. In the structure
illustrated in FIG. 42, a projector 2300 includes a main body
unit 2350 and a lighting unit 2310. The main body unit 2350
may be attachable to a ceiling. The projector 2300 includes
an optical fiber 2250 between the main body unit 2350 and
the lighting unit 2310. In the projector 2300, light generated
in the main body unit 2350 is transmitted to the lighting unit
2310 via the optical fiber 2250.

The lighting unit 2310 irradiates a screen or wall with
light to form an image (motion picture or still picture). In the
structure illustrated in FIG. 42, the lighting unit 2310 has an
opening 2330. Light for forming an image is emitted from
the lighting unit 2310 through the opening 2330. The
lighting unit 2310 is coupled to the main body unit 2350
with a joint, such as a hinge, and can change the emission
direction of light.

FIG. 43 illustrates an optical system of the projector 2300
illustrated in FIG. 42. The optical system of the projector
2300 roughly includes a light source unit 2360A, an image-
forming unit 2320A, and the optical fiber 2250, which
optically couples the light source unit 2360A with the
image-forming unit 2320A. The light source unit 2360A and
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the image-forming unit 2320A are disposed in the main body
unit 2350 and the lighting unit 2310, respectively.

In the structure illustrated in FIG. 43, the light source unit
2360A includes the excitation light source 180 and a disk-
shaped light-emitting device 100w. The light-emitting
device 100w includes regions along its circumference. Each
of the regions has the structure of the light-emitting device
100 or 100a. More specifically, each of the regions in the
light-emitting device 100w includes the photoluminescent
layer and the surface structure. In this example, as sche-
matically illustrated in FIG. 43, each of the regions in the
light-emitting device 100w has the structure of the light-
emitting device illustrated in FIG. 19A. Although the light-
emitting device 100a including the photoluminescent layer
110 on the substrate 140 (transparent substrate) is described
below, the light-emitting device 100 may be used instead of
the light-emitting device 100a.

The light-emitting device 100w is disposed on the optical
path of excitation light emitted from the excitation light
source 180. The excitation light source 180 may be an LED
or laser diode. In this example, the light-emitting device
100w is disposed in the main body unit 2350 such that the
substrate 140 faces the excitation light source 180. Excita-
tion light emitted from the excitation light source 180 enters
the photoluminescent layer 110 of the light-emitting device
100w through the substrate 140. As described above, the
surface structure (periodic structure 120a and/or 120b) of the
light-emitting device 100w functions to limit the directional
angle of particular light emitted from the photoluminescent
layer 110. Thus, the light-emitting device 100w emits
intense light having a particular wavelength in a particular
direction (for example, in the front direction).

The light-emitting device 100w is rotatably supported in
the lighting unit 2310 and is rotated by a driving unit (for
example, a motor, not shown in FIG. 43) during the opera-
tion of the projector 2300. Excitation light emitted from the
excitation light source 180 enters at least one of the regions
in the light-emitting device 100w depending on the rotation
angle of the light-emitting device 100w.

Typically, the regions in the light-emitting device 100w
have different periodic structures. In other words, the dif-
ferent regions in the light-emitting device 100w emit intense
light beams of different wavelengths in a particular direc-
tion. Thus, the light-emitting device 100w emits light having
a different wavelength depending on the region(s) that
excitation light enters. The light-emitting device 100w may
be referred to as a directional-light-emitting color wheel.

One end of the optical fiber 2250 is disposed on the
optical path of light emitted from the light-emitting device
100w. One end of the optical fiber 2250 on the optical path
of light emitted from the light-emitting device 100w is
optically coupled to the light-emitting device 100w. As
described above, a light-emitting device according to the
present disclosure has a novel structure for controlling the
directionality of emitted light. Thus, the light-emitting
device 100w and the optical fiber 2250 can have high
coupling efficiency. A converging lens may be disposed
between the optical fiber 2250 and the light-emitting device
100w.

The optical fiber 2250 transmits light from the light
source unit 2360A of the main body unit 2350 to the lighting
unit 2310 (see FIG. 42). Thus, light generated in the light
source unit 2360A is transmitted to the image-forming unit
2320A in the lighting unit 2310 via the optical fiber 2250.

The image-forming unit 2320A includes a MEMS mirror
2322A that receives light from the optical fiber 2250. Light
from the light source unit 2360A entering one end of the
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optical fiber 2250 is emitted from the other end of the optical
fiber 2250 toward the MEMS mirror 2322A. Light emitted
from the optical fiber 2250 spreads out according to the
numerical aperture of the optical fiber 2250. Typically,
therefore, a collimating lens 2260 is disposed between the
optical fiber 2250 and the MEMS mirror 2322A in order to
produce parallel light. As long as light emitted from the
optical fiber 2250 is directly or indirectly incident on the
MEMS mirror 2322A, another optical component, such as
the collimating lens 2260, may be disposed between the
MEMS mirror 2322A and the optical fiber 2250.

Light incident on the MEMS mirror 2322 A is reflected by
a movable mirror 2323 of the MEMS mirror 2322A at an
angle corresponding to the inclination of the movable mirror
2323. Light reflected by the movable mirror 2323 is emitted
from the lighting unit 2310 through the opening 2330 and
forms an image.

FIG. 44 illustrates the structure of the projector 2300
illustrated in FIG. 42. As described above, the main body
unit 2350 includes the light source unit 2360A, which
includes the excitation light source 180. In this example, the
light source unit 2360A in the main body unit 2350 includes
the light-emitting device 100w. The main body unit 2350
can further include a driving unit 2352 for the light-emitting
device 100w, a driver 2354 for the excitation light source
180, a control circuit 2356, and an input/output interface
2358.

The input/output interface 2358 can transfer electric sig-
nals to and from an external device (for example, a computer
or removable memory) and can receive image data and
control signals by wire or radio from an external device (for
example, a server or terminal device connected to a net-
work). For example, the control circuit 2356 includes a
memory, a central processing unit (CPU), and an image-
processing circuit, such as a digital signal processor (DSP),
and generates image signals based on image data (or signals)
input via the input/output interface 2358. The control circuit
2356 controls the operation of each unit of the projector
2300 on the basis of the input from the input/output interface
2358. For example, the control circuit 2356 sends control
signals to the driver 2354 to turn on or off the excitation light
source 180. The incidence of excitation light on the optical
fiber 2250 may be controlled by the driver 2354 controlling
the operation of a shutter disposed between the optical fiber
2250 and the excitation light source 180. The shutter can be
disposed at any position between the excitation light source
180 and a light modulator 2322 described later. The control
circuit 2356 also controls the driving unit 2352 (typically a
motor) for rotating the light-emitting device 100w and
selects the region in the light-emitting device 100w that
excitation light from the excitation light source 180 enters.

In this example, the lighting unit 2310 includes a driver
2324 for driving the light modulator 2322 of the image-
forming unit 2320A. The MEMS mirror 2322A is an
example of the light modulator 2322. In the structure illus-
trated in FIG. 44, the control circuit 2356 controls the driver
2324.

11-2. Formation of Image

A method for forming images with the MEMS mirror
2322A will be described below.

FIG. 45A is a schematic view of an image formed using
light reflected from the MEMS mirror 2322A. For example,
the MEMS mirror 2322A includes a movable mirror sup-
ported by a minute beam and a driving mechanism (elec-
trostatic actuator) for changing the inclination of the mov-
able mirror. In the structure illustrated in FIG. 45A, the
MEMS mirror 2322A is a two-dimensional MEMS mirror in
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which the movable mirror can rotate about two orthogonal
axes (a axis and f§ axis). The movable mirror can be tilted
in a desired direction by applying an appropriate voltage as
a drive signal to the MEMS mirror 2322A for an appropriate
time. The inclination of the movable mirror can be con-
trolled to reflect incident light toward a desired position in
a projection target, such as a screen. A light beam reflected
from the MEMS mirror 2322A can be scanned in the
horizontal and vertical directions by defferentiating the
driving frequency with respect to the o axis and the f§ axis.

As illustrated in FIG. 43, light emitted from the light-
emitting device 100w and transmitted through the optical
fiber 2250 is directly or indirectly incident on the MEMS
mirror 2322A. As described above, the light-emitting device
100w includes regions from which intense light beams of
different wavelengths are emitted in a particular direction
(for example, in the direction normal to the light-emitting
device 100w). For example, one region in the light-emitting
device 100w has a periodic structure that enhances light
having a wavelength corresponding to red light, and another
region has a periodic structure that enhances light having a
wavelength corresponding to green light. Still another
region has a periodic structure that enhances light having a
wavelength corresponding to blue light. Thus, the peak
wavelength of light emitted in the direction normal to the
light-emitting device 100w may vary from one region to
another.

Thus, the wavelength of light coupled to the optical fiber
2250 can be altered by rotating the light-emitting device
100w to change the region(s) that excitation light enters. In
other words, the wavelength of light incident on the MEMS
mirror 2322A can be sequentially changed. Thus, for
example, red (R), green (G), and blue (B) light spots can be
formed on the projection target by controlling the rotation of
the light-emitting device 100w in synchronism with scan-
ning of light beams on the projection target, as schematically
illustrated in FIG. 45A. For example, a desired color image
based on the image signal sent to the projector 2300 can be
displayed by scanning R, G, and B light beams. In order to
display black, for example, light incident on the MEMS
mirror 2322 A can be reflected toward a light absorber in the
lighting unit 2310. Some regions in the light-emitting device
100w may have the same periodic structure, and photolu-
minescent materials of different emission wavelengths may
be used in some regions.

A structure for emitting light having a desired wavelength
from the optical fiber 2250 to the light modulator 2322 is not
limited to the structure illustrated in FIG. 43. As illustrated
in FIG. 45B, light having a desired wavelength may be
generated by coupling optical fibers, which are optically
coupled to light-emitting devices that emit intense light
beams of different wavelengths, with the optical fiber 2250
via an optical fiber coupler 2252.

In the structure illustrated in FIG. 45B, light-emitting
devices 100r, 100g, and 100b are disposed between the
excitation light source 180 and an optical fiber 2250z,
between the excitation light source 180 and an optical fiber
2250g, and between the excitation light source 180 and an
optical fiber 2250b, respectively. A collimating lens 2270 is
disposed between the excitation light source 180 and each of
the light-emitting devices 100r, 100g, and 100b. For
example, the light-emitting devices 100r, 100g, and 100b
have a periodic structure, the period of which is set to emit
intense light in red, green, and blue wavelength ranges,
respectively, in the front direction. Thus, light in the red,
green, and blue wavelength ranges enters one end of the
optical fibers 2250r, 2250g, and 2250r, respectively. The
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light-emitting devices 100r, 100g, and 100b may be
designed to include photoluminescent layers of different
emission wavelengths and thereby emit intense light in
different wavelength ranges. As illustrated in the figure, a
converging lens 2272 may be disposed between the light-
emitting device 100r and the optical fiber 2250r, between the
light-emitting device 100g and the optical fiber 2250g, and
between the light-emitting device 100b and the optical fiber
2250b.

The other end of each of the optical fibers 2250r, 2250¢g,
and 2250b is coupled to one end of the optical fiber 2250 via
the optical fiber coupler 2252. The other end of the optical
fiber 2250 faces the light modulator 2322. For example, the
optical fiber coupler 2252 has a structure in which optical
fibers are coupled together by fusion or a structure that
utilizes a waveguide. Red light transmitted through the
optical fiber 2250r, green light transmitted through the
optical fiber 2250g, and blue light transmitted through the
optical fiber 2250b are synthesized in the optical fiber
coupler 2252, and the synthesized light is emitted from the
other end of the optical fiber 2250. Light having a desired
color (spectrum) can be emitted from the other end of the
optical fiber 2250 by adjusting the output of the excitation
light source 180. Thus, the color of a light beam traveling
toward the projection target can be changed. The intensity of
excitation light emitted from the excitation light source 180
can be controlled by drivers 2354r, 2354g, and 2354b each
coupled to the excitation light source 180. These drivers
2354r, 2354g, and 2354b are controlled by the control circuit
2356, for example.

An aperture for each color may be disposed between the
light-emitting device 100r and the optical fiber 2250r,
between the light-emitting device 100g and the optical fiber
2250g, and between the light-emitting device 100b and the
optical fiber 2250b, and the degree of opening of the
aperture may be controlled by the drivers 2354r, 2354g, and
2354b. The intensity ratio of light beams to be synthesized
can be adjusted by changing the degree of opening of the
aperture. Thus, synthesized light can have any desired color.
Although red light, green light, and blue light are synthe-
sized in the present example, the wavelength range of light
to be synthesized and the number of light-emitting devices
are not particularly limited.

11-3. Modified Examples of Projector

FIG. 46 is a schematic view of another optical system of
the projector 2300. FIG. 47 is a block diagram of the optical
system illustrated in FIG. 46.

In the structure illustrated in FIGS. 46 and 47, the
projector 2300 includes a light source unit 2360B including
the excitation light source 180, an image-forming unit
23208 including the MEMS mirror 2322A, and the optical
fiber 2250, which optically couples the light source unit
2360B with the image-forming unit 2320B. In this example,
the image-forming unit 2320B includes the light-emitting
device 100w. In this example, as schematically illustrated in
FIG. 47, the light modulator 2322 and the light-emitting
device 100w are disposed in the lighting unit 2310. The
driving unit 2352 for the light-emitting device 100w is also
disposed in the lighting unit 2310. The excitation light
source 180 is disposed in the main body unit 2350 as in the
example illustrated in FIGS. 43 and 44.

In the structure illustrated in FIGS. 46 and 47, one end of
the optical fiber 2250 is disposed on the optical path of
excitation light emitted from the excitation light source 180.
The optical fiber 2250 transmits excitation light from the
excitation light source 180 to the image-forming unit 2320B.
Excitation light emitted from the optical fiber 2250 is
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incident on the light-emitting device 100w in the image-
forming unit 2320B. Thus, the optical fiber 2250 emits
excitation light from the other end thereof toward the
light-emitting device 100w. A collimating lens may be
disposed between the optical fiber 2250 and the light-
emitting device 100w.

Upon receiving excitation light, the light-emitting device
100w emits intense light having a particular wavelength in
a particular direction (for example, in the direction normal
to the light-emitting device 100w). The MEMS mirror
2322A in the image-forming unit 2320B receives light
enhanced by the light-emitting device 100w. Thus, the
MEMS mirror 2322A is placed such that light emitted from
the light-emitting device 100w is incident on the MEMS
mirror 2322A. As long as light enhanced by the light-
emitting device 100w is directly or indirectly incident on the
MEMS mirror 2322A, a converging lens may be disposed
between the light-emitting device 100w and the MEMS
mirror 2322A. The MEMS mirror 2322A changes the trav-
eling direction of incident light in accordance with the drive
signal.

In this manner, excitation light generated in the light
source unit 2360B may be transmitted to the image-forming
unit 2320B via the optical fiber 2250. A desired image can
also be displayed on a screen by using such a structure.
11-4. Optical Coupling Between Light-Emitting Device and
Optical Fiber

FIG. 48 is a schematic view illustrating optical coupling
between a light source and an optical fiber. FIG. 48 sche-
matically illustrates that light emitted from a light source
2280 enters the optical fiber 2250 through a converging lens
2290.

As described above, the etendue of an optical system is
preserved in the absence of diffusion. In the example illus-
trated in FIG. 48, the center of the light source 2280, the
optical axis of the converging lens 2290, and an axis L. of the
optical fiber 2250 are coincident. The etendue of the light
source 2280 is represented by S sin”0, wherein 0 denotes the
maximum angle between diverging light emitted from the
light source 2280 and the axis [, and S denotes the luminous
area of the light source 2280. The refractive index of air is
assumed to be 1.

As described above, if the etendue on a light-receiving
side, which represents the ability of introducing light, is
smaller than the etendue of a light source, then light from the
light source is not entirely introduced into the light-receiving
side and is partly lost. In FIG. 48, deep shading schemati-
cally represents light entering the optical fiber 2250, and
light shading schematically represents light not entering the
optical fiber 2250 when the light source 2280 has a large
etendue.

The etendue of the optical fiber 2250 on the light-
receiving side can be represented by the numerical aperture
NA of the optical fiber 2250. The numerical aperture NA of
the optical fiber 2250 is represented by the maximum angle
0f between the light beam introduced into the optical fiber
2250 and the axis L. The angle 6f depends on the conditions
under which total reflection occurs in the optical fiber 2250.
When light enters the optical fiber 2250, the etendue on a
light-receiving side depends on the type of the optical fiber
2250.

As long as the etendue on the light-receiving side is
constant, the amount of light introduced into the optical fiber
2250 does not increase with increasing luminous area of the
light source 2280. The same is true even if the diameter of
the converging lens 2290 between the light source 2280 and
the optical fiber 2250 is increased.
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FIG. 49 schematically illustrates the relationship between
the luminous area S of the light source 2280 and the amount
A of light introduced into the optical fiber 2250. The broken
line in FIG. 49 indicates isotropic emission from the light
source 2280 and a relatively large etendue of the light source
2280. The coupling efficiency between the light source 2280
and the optical fiber 2250 is approximately 20%, for
example. The dash-dot line in FIG. 49 indicates high direc-
tionality and a relatively small etendue of the light source
2280. The solid line in FIG. 49 indicates complete direc-
tionality of the light source 2280 and an etendue of approxi-
mately 0. The coupling efficiency can reach approximately
100%. Thus, optical coupling between a light source having
some luminous area and an optical fiber is improved when
the light source has higher directionality.

The surface structure (the periodic structure 120a and/or
120b) of the light-emitting device 100w forms a quasi-
guided mode in the photoluminescent layer 110. In the
quasi-guided mode, light having a particular wavelength
emitted from the photoluminescent layer 110 has the maxi-
mum intensity in a particular direction (for example, in the
front direction). The directional angle of light having a
wavelength A, emitted from the photoluminescent layer 110
is limited to, for example, less than 15 degrees by the surface
structure of the light-emitting device 100w. This provides a
narrow-angle light distribution. Since the light-emitting
device 100w has a structure for controlling the directionality
of emitted light, the light-emitting device 100w and the
optical fiber 2250 can have high coupling efficiency. Thus,
light from the light-emitting device 100w can be efficiently
transmitted via the optical fiber 2250 (see FIG. 43, for
example). Thus, bright images can be displayed even when
the optical fiber 2250 is disposed between the light-emitting
device 100w and the light modulator 2322 (the MEMS
mirror 2322 A). Because of high coupling efficiency between
the light-emitting device 100w and the optical fiber 2250,
the projector can reduce power consumption.

As illustrated in FIG. 42, in a light-emitting device
according to the present disclosure, the main body unit 2350
can be optically coupled to the lighting unit 2310 via the
optical fiber 2250, and all the optical components of the
image forming optical system are not necessarily housed in
the lighting unit 2310. Thus, the lighting unit can be easily
miniaturized and has high design flexibility.

FIG. 50 is an outside drawing of a projector according to
a comparative example including a lighting unit that houses
all the optical components of an image forming optical
system. A projector 2500 illustrated in FIG. 50 includes a
lighting unit 2510 coupled to a main body unit 2550. The
lighting unit 2510 has an opening 2530, in which a focusing
lens 2332 is disposed.

FIG. 51 illustrates image forming components in the
lighting unit 2510 of the projector 2500 illustrated in FIG.
50. The projector 2500 is a digital light processing (DLP)
projector including a digital micromirror device (DMD).
The lighting unit 2510 includes a light source 2580 for
emitting white light, a color wheel 2520, a digital micro-
mirror device 2322B (hereinafter referred to as “DMD
2322B”) for receiving light passing through the color wheel
2520, and the focusing lens 2332. The color wheel 2520 has
a disk shape and includes regions along its circumference.
The regions are formed of different color filters and include
a region for transmitting red light (R), a region for trans-
mitting green light (G), a region for transmitting blue light
(B), and a region for directly transmitting white light (W)
emitted from the light source 2580, for example. The color
wheel 2520 is rotatably supported in the lighting unit 2510
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and is rotated by a driving unit (for example, a motor, not
shown). The color of light entering the DMD 2322B changes
with the rotation of the color wheel 2520. The DMD 2322B
includes a substrate 2326 and many minute mirrors 2325
arranged on the substrate 2326. Light incident on the mirrors
2325 is reflected in a predetermined direction to form an
image. In FIG. 51, for simplicity, two out of thousands of
mirrors 2325 arranged in a matrix are illustrated. The
structure and operation of the DMD 2322B will be described
in detail later.

As illustrated in FIGS. 50 and 51, in the case that the light
source 2580 is disposed in the lighting unit 2510, a relatively
large component for cooling the light source 2580, such as
a heat sink or fan (not shown in FIG. 51), is disposed in the
lighting unit 2510. Thus, it is difficult to miniaturize the
lighting unit 2510. In the generally cylindrical lighting unit
2510 illustrated in FIG. 50, the diameter and longitudinal
length are approximately 20 and 30 cm, for example. The
lighting unit 2510 including a large heat sink has an
increased weight. For example, the lighting unit 2510
weighs approximately 3 kg.

In contrast, in a projector including a light-emitting
device according to the present disclosure, since a light
source unit can be optically coupled to an image-forming
unit via an optical fiber, the excitation light source 180 and
the light modulator 2322 can be easily separately disposed
in the main body unit 2350 and the lighting unit 2310,
respectively. Thus, a component that generates much heat is
not necessarily disposed in the lighting unit 2310, and a heat
sink is not necessarily disposed in the lighting unit 2310.
Thus, the lighting unit 2310 can include no heat sink and can
be decreased in size and weight. For example, the lighting
unit 2310 weighs approximately 0.3 kg. Since the lighting
unit 2310 can be relatively easily decreased in size and
weight, the lighting unit 2310 can substitute for spotlights
and downlights in houses, stores, and offices.

Laser beams have sometimes been used to display images
on a screen. For example, in the optical system illustrated in
FIG. 51, the light source 2580 may be a laser diode (LD). A
projector according to the present disclosure displays images
using light emitted from the light-emitting device 100w.
Upon receiving excitation light, the projector emits light
from the light-emitting device 100w toward a projection
target. Thus, the projector offers a higher level of safety.
When a laser beam is used to display images, speckle noise
must be prevented. A projector according to the present
disclosure does not use a laser beam to display images and
requires no particular mechanism for reducing speckle
noise.

11-5. Other Modified Examples of Projector

FIGS. 52 and 53 illustrate still another optical system of
the projector 2300. As illustrated in FIGS. 52 and 53, the
light modulator 2322 may be the DMD 2322B illustrated in
FIG. 51.

In the structure illustrated in FIG. 52, the projector 2300
includes the light source unit 2360A, an image-forming unit
2320C including the DMD 2322B, and the optical fiber
2250, which optically couples the light source unit 2360A
with the image-forming unit 2320C. The light source unit
2360A and the image-forming unit 2320C are disposed in
the main body unit 2350 and the lighting unit 2310, respec-
tively (see FIG. 42).

Light generated in the light source unit 2360A is trans-
mitted to the image-forming unit 2320C via the optical fiber
2250. Light emitted from the optical fiber 2250 is directly or
indirectly incident on the DMD 2322B. In this example, a
lens system 2340 is disposed between the optical fiber 2250
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and the DMD 2322B. The lens system 2340 expands light
emitted from the optical fiber 2250. The DMD 2322B is
uniformly irradiated with a light beam expanded by the lens
system 2340.

As described above, the DMD 2322B includes many
minute mirrors 2325 arranged on the substrate 2326. Each of
the mirrors 2325 supported by the substrate 2326 can be
tilted at a desired angle with an actuator (not shown). The
inclination of each of the mirrors 2325 can be changed by
approximately 10 degrees according to the digital input
signal sent from the driver 2324 (see FIG. 44). Each of the
mirrors 2325 reflects incident light toward the focusing lens
2332 or a light absorber in the lighting unit 2310 depending
on its inclination. As described above, the wavelength of
light incident on the DMD 2322B through the optical fiber
2250 can be changed by rotating the light-emitting device
100w. Thus, a desired color image can be displayed on a
screen by independently changing the inclination of each of
the mirrors 2325 in synchronism with the rotation of the
light-emitting device 100w (for example, at a frequency of
thousands per second).

As described above, the light modulator 2322 can be a
DMD, and the light-emitting device 100w can be optically
coupled to the DMD via the optical fiber 2250. This embodi-
ment of the present disclosure can achieve high coupling
efficiency between the light-emitting device 100w and the
optical fiber 2250 and can provide an optical system with
low optical loss. Thus, bright images can be displayed.
Furthermore, since the excitation light source 180 can be
disposed in the main body unit 2350, this embodiment has
the same advantages as the structure illustrated in FIGS. 43
and 46.

As in the structure illustrated in FIG. 46, the light-
emitting device 100w may be disposed in the lighting unit
2310. In FIG. 53, the light-emitting device 100w is disposed
in the lighting unit 2310. In the structure illustrated in FIG.
53, the image-forming unit 2320D in the lighting unit 2310
includes the DMD 2322B and the light-emitting device
100w. Even in this structure, the excitation light source 180
is disposed in the main body unit 2350, and the structure has
the same advantages as the structure illustrated in FIGS. 43
and 46.

In addition to these embodiments, the technique of the
present disclosure can be variously modified. For example,
the light modulator 2322 may be based on the liquid crystal
on silicon (LCOS) technology. The light modulator 2322
reflects or transmits incident light to form images. In the
embodiments described above, the wavelength of light inci-
dent on the light modulator 2322 is changed by selecting the
region(s) in the light-emitting device 100w that excitation
light enters. However, without being limiting to these
embodiments, a light-emitting device may be independently
disposed for each of the wavelength ranges (for example,
red, green, and blue) used to form color images.

12. Light-Emitting Apparatus Including Support for
Photoluminescent Layer

Still another modified example of a light-emitting appa-
ratus according to the present disclosure will be described
below.

FIG. 54A is a schematic cross-sectional view of a light-
emitting apparatus including a light-emitting device 100'
and a support 3540 for supporting the light-emitting device
100'. FIG. 54B is a plan view of the light-emitting apparatus,
as viewed from above in FIG. 54A. Although the light-
emitting device 100" has a very large surface structure 120
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in these figures, the surface structure 120 can practically
have many fine projections or recesses. This is also true in
the other figures in the present disclosure. In the light-
emitting apparatus illustrated in FIGS. 54A and 54B, the
support 3540 surrounds and supports the light-emitting
device 100'.

The support 3540 is in contact with the side of the
light-emitting device 100" and fixes the light-emitting device
100'. Advantageously, the support 3540 protects the light-
emitting device 100" and makes it easy to hold the light-
emitting apparatus. The support 3540 can be composed of a
material having a higher thermal conductivity than the
photoluminescent layer 110. This allows the support 3540 to
function as a heat bath or heat sink for dissipating heat
generated in the photoluminescent layer 110.

Without a heat bath for dissipating heat, the photolumi-
nescent layer 110 may be heated in high power operation and
have low luminous efficiency. The support 3540 having high
thermal conductivity in contact with the photoluminescent
layer 110 can promote heat dissipation and suppress the
decrease in luminous efficiency. The support 3540 can be
composed of a material having a relatively high thermal
conductivity, such as aluminum, brass, or copper. Another
material may also be used. In the case that the support 3540
is provided in order to protect the light-emitting device 100"
from impacts, the support 3540 may be composed of a
material having a lower thermal conductivity than the pho-
toluminescent layer 110.

The light-emitting device 100' can have the structure of
any of the light-emitting devices according to the present
disclosure described above. For example, in FIG. 54 A, the
light-emitting device 100" includes a light-transmissive layer
3520 and the photoluminescent layer 110 on the substrate
140. A surface structure (typically a periodic structure) 120
is disposed between the light-transmissive layer 3520 and
photoluminescent layer and between the photoluminescent
layer 110 and the air layer. This structure is particularly
effective when the substrate 140 is composed of an inex-
pensive transparent material, such as soda-lime glass or
borosilicate glass. However, the substrate 140 composed of
such an inexpensive glass may be damaged in a process of
sintering a photoluminescent material in the production of
the light-emitting device 100". In order to avoid this, it is
effective to form the light-transmissive layer 3520 formed of
a heat-resistant material (for example, SiO,, Al,O0;, MgO,
SiN, Ta,0;, or TiO,) and having the surface structure 120 on
the low-cost substrate 140. The light-transmissive layer
3520 can block sintering heat when the photoluminescent
layer 110 is heated with a laser beam for a short time and
thereby protect the substrate 140 from damage. The structure
of the light-emitting device 100' is not limited to the
structure illustrated in FIG. 54A and can be variously
modified as described later.

In FIG. 54A, the light-emitting apparatus further includes
an excitation light source 3510. The excitation light source
3510 obliquely irradiates the bottom of the light-emitting
device 100' (the interface between the substrate 140 and the
air) with excitation light. The incident angle of excitation
light is more than 0 degrees. Preferably, a light introducing
structure is provided such that excitation light is totally
reflected in the photoluminescent layer 110. As illustrated in
FIG. 54C, the light introducing structure may be a triangular
prism disposed on the substrate 140 facing the excitation
light source 3510. The light introducing structure 3590 (a
triangular prism in this example) may be another structure,
such as a hemisphere, pyramid, diffraction grating, or blazed
diffraction grating. Such a structure can reduce reflection
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from the surface of the substrate 140 and allows excitation
light to efficiently enter the photoluminescent layer 110.
Such a structure is described in detail as a light guide
structure in Japanese Patent Application No. 2015-031515
filed by the same applicant. Japanese Patent Application No.
2015-031515 is incorporated herein by reference in its
entirety. The position and orientation of the excitation light
source 3510 are adjusted so as to satisfy the incident angle.
Consequently, excitation light enters the photoluminescent
layer 110 at an angle with respect to the direction normal to
the photoluminescent layer 110 and propagates through the
photoluminescent layer 110. This improves luminous effi-
ciency compared with excitation light perpendicularly inci-
dent on the photoluminescent layer 110.

The surface structure 120 emits intense light having a
particular wavelength in a particular direction. Thus, the
surface structure 120 also most strongly emits excitation
light in a particular direction. The excitation light source can
be disposed such that excitation light enters the light-
emitting device 100" at the same angle as its output angle
0,,, This allows excitation light to efficiently enter the
photoluminescent layer 110 and improves luminous effi-
ciency.

The support 3540 illustrated in FIGS. 54A to 54C can be
wide open for the excitation light source 3510 such that
excitation light can obliquely enter the light-emitting device
100'. The opening has a side surface 3540a inclined with
respect to the direction normal to the photoluminescent layer
110. The opening widens gradually from a portion 3540b in
contact with the light-emitting device 100" (referred to as a
“supporting portion”) toward the excitation light source
3510. In other words, the opening has a tapered side surface.
Excitation light can obliquely enter the light-emitting device
100" along the side surface 3540a of the opening. Although
the opening in FIGS. 54A to 54C is a truncated pyramid
having a square bottom, the opening may have any shape,
provided that the opening does not interfere with the optical
path of excitation light. For example, the opening may have
a step instead of the tapered side surface 3540a.

As in the embodiments described above, the light-emit-
ting apparatus illustrated in FIGS. 54A to 54C has the
surface structure 120 for limiting the directional angle of
light having a particular wavelength. This can improve the
directionality of light having a particular wavelength. The
light-emitting device 100' is fixed to the support 3540 such
that a portion of the light-emitting device 100' on which
excitation light is incident (the bottom of the substrate 140)
is exposed. Thus, excitation light can enter the light-emitting
device 100' at a desired angle while the light-emitting device
100" is protected. If the support 3540 is composed of a
material having a higher thermal conductivity than the
photoluminescent layer 110, the light-emitting apparatus can
have good heat dissipation characteristics and is less likely
to have low luminous efficiency.

FIGS. 55A and 55B illustrate another example of the
light-emitting device 100" having a different structure. In this
light-emitting device 100", the light-transmissive layer 3520
and the surface structure 120 on the surface thereof are
eliminated from the structure illustrated in FIGS. 54A and
54B. More specifically, the light-emitting device 100'
includes the substrate 140, the photoluminescent layer 110
disposed on the substrate 140, and the surface structure 120
on the surface of the photoluminescent layer 110. The
components other than the light-emitting device 100" are the
same as in FIGS. 54A and 54B. In FIGS. 55A and 55B, the
surface structure 120 is only disposed on top of the pho-
toluminescent layer 110, and therefore the production pro-
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cess can be simplified. This structure is particularly effective
when the substrate 140 is composed of heat-resistant quartz
glass. Because of its high heat resistance, quartz glass is less
likely to be damaged by sintering of the photoluminescent
material. Thus, the photoluminescent layer 110 can be
directly formed on the substrate 140, and the surface struc-
ture 120 can be formed on the photoluminescent layer 110.

FIGS. 56A and 568 illustrate still another example of the
light-emitting device 100" having a different structure. In this
light-emitting device 100, the surface structure 120 on the
photoluminescent layer 110 is eliminated from the structure
illustrated in FIGS. 54A and 54B. More specifically, the
light-emitting device 100" includes the substrate 140, the
light-transmissive layer 3520 disposed on the substrate 140,
the surface structure 120 on the surface of the light-trans-
missive layer 3520, and the photoluminescent layer 110
disposed on the light-transmissive layer 3520. The surface
structure 120 is disposed only at the interface between the
photoluminescent layer 110 and the light-transmissive layer
3520. This structure can also simplify the production pro-
cess.

In FIGS. 57A and 57B, the support 3540 has a structure
different from the structure illustrated in FIGS. 54A and
54B. As illustrated in FIG. 57B, the shape of the outer and
inner peripheries of the side surface 3540a of the support
3540 is circular rather than tetragonal, as viewed in the
direction perpendicular to the photoluminescent layer. In
other words, the opening is truncated conical rather than
truncated pyramidal. Except for this, the structure is the
same as the structure illustrated in FIGS. 54A and 54B. This
structure also has the same advantages as the structure
illustrated in FIGS. 54A and 54B.

In FIGS. 58A and 58B, the support 3540 of the light-
emitting apparatus illustrated in FIGS. 55A and 55B is
substituted by the support illustrated in FIGS. 57A and 57B.
Having a difference only in the shape of the side surface of
the opening in the support, this structure has the same
advantages as the structure illustrated in FIGS. 55A and
55B.

In FIGS. 59A and 59B, the support 3540 of the light-
emitting apparatus illustrated in FIGS. 56A and 56B is
substituted by the support illustrated in FIGS. 57A and 57B.
Having a difference only in the shape of the side surface of
the opening in the support, this structure has the same
advantages as the structure illustrated in FIGS. 56A and
56B.

FIGS. 60A and 60B illustrate a light-emitting apparatus in
which the support 3540 is disposed only on the side surface
of the light-emitting device 100'. In this example, the
periphery of the support 3540 does not protrude toward the
excitation light source 3510; that is, the support 3540 does
not have an opening facing the excitation light source 3510.
Except for this, the structure is the same as the structure
illustrated in FIGS. 54 A and 54B. This example can provide
a directional-light-emitting apparatus having a simple struc-
ture and high impact resistance or good heat dissipation
characteristics.

In a light-emitting apparatus illustrated in FIGS. 61A and
61B, the light-emitting device 100' in the structure illus-
trated in FIGS. 60A and 60B is substituted by the light-
emitting device illustrated in FIGS. 55A and 55B. This
example can also provide a directional-light-emitting appa-
ratus having a simple structure and good heat dissipation
characteristics.

In a light-emitting apparatus illustrated in FIGS. 62A and
62B, the light-emitting device 100' in the structure illus-
trated in FIGS. 60A and 60B is substituted by the light-
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emitting device illustrated in FIGS. 56A and 56B. This
example can also provide a directional-light-emitting appa-
ratus having a simple structure and good heat dissipation
characteristics.

In FIGS. 63A and 63B, the structure of the support 3540
of the light-emitting apparatus illustrated in FIGS. 54A and
54B is substituted by still another structure. The support
3540 has an opening 3540c extending along the optical path
of excitation light from a supporting portion 3540b disposed
in contact with the light-emitting device 100'. The opening
3540c functions as a light guide path for directing excitation
light to the light-emitting device 100'. Excitation light
emitted from the excitation light source 3510 travels through
the opening 3540c and obliquely enters the bottom of the
light-emitting device 100". This structure can also provide a
directional-light-emitting apparatus having high impact
resistance or good heat dissipation characteristics.

In a light-emitting apparatus illustrated in FIGS. 64A and
64B, the light-emitting device 100' in the structure illus-
trated in FIGS. 63A and 63B is substituted by the light-
emitting device illustrated in FIGS. 55A and 55B. In a
light-emitting apparatus illustrated in FIGS. 65A and 65B,
the light-emitting device 100' in the structure illustrated in
FIGS. 63A and 63B is substituted by the light-emitting
device illustrated in FIGS. 56A and 56B. Having a difference
only in the structure of the light-emitting device 100", these
examples have the same advantages as the example illus-
trated in FIGS. 63A and 63B.

A structure illustrated in FIGS. 66A and 66B includes a
reflecting mirror (reflector) 3530 in a light guide path. The
reflector reflects excitation light. The light-emitting device
100’ can have the structure illustrated in FIGS. 54A and 54B.
In this example, the opening 3540c¢ (light guide path) in the
support 3540 has a bend at which a reflector 3530 is
disposed. The reflector 3530 has a high reflectance in a
wavelength range of excitation light. The reflector 3530 is
not limited to a general mirror and may be a dichroic mirror.
Excitation light reflected from the reflector 3530 enters the
bottom of the light-emitting device 100'. The reflector 3530
in the light guide path relaxes location constraints on the
excitation light source 3510. This structure can provide a
small light-emitting apparatus.

In FIGS. 67A and 67B, the light-emitting device 100' in
the light-emitting apparatus illustrated in FIGS. 66A and
668 is substituted by the light-emitting device illustrated in
FIGS. 55A and 55B. In FIGS. 68A and 68B, the light-
emitting device 100' in the light-emitting apparatus illus-
trated in FIGS. 66A and 66B is substituted by the light-
emitting device illustrated in FIGS. 56 A and 56B. Having a
difference only in the structure of the light-emitting device
100", these examples have the same advantages as the
example illustrated in FIGS. 66A and 66B.

In structures illustrated in FIGS. 69A to 71B, excitation
light enters a side surface of the photoluminescent layer 110.
An example illustrated in FIGS. 69A and 69B includes the
light-emitting device 100' illustrated in FIGS. 54A and 54B.
An example illustrated in FIGS. 70A and 70B includes the
light-emitting device 100' illustrated in FIGS. 55A and 55B.
An example illustrated in FIGS. 71A and 71B includes the
light-emitting device 100' illustrated in FIGS. 56 A and 56B.
In the examples illustrated in FIGS. 69A to 71B, the support
3540 has an opening (light guide path) 3540c extending
from a side surface (not a main surface) of the photolumi-
nescent layer 110 toward the excitation light source 3510.
Excitation light travels through the opening 3540c and
obliquely enters the side surface of the photoluminescent
layer 110. Thus, excitation light directly enters the photolu-
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minescent layer 110. These structures can provide a direc-
tional-light-emitting apparatus particularly miniaturized in
the vertical direction (in the direction perpendicular to the
photoluminescent layer).

FIGS. 72A to 75B illustrate a light-emitting apparatus that
includes radiating fins 3560 in addition to the support 3540.
In a structure illustrated in FIGS. 72A and 72B, the radiating
fins 3560 are added to the light-emitting apparatus illustrated
in FIGS. 55A and 55B. In a structure illustrated in FIGS.
73A and 73B, the radiating fins 3560 are added to the
light-emitting apparatus illustrated in FIGS. 64A and 64B. In
a structure illustrated in FIGS. 74A and 74B, the radiating
fins 3560 are added to the light-emitting apparatus illustrated
in FIGS. 67A and 67B. In a structure illustrated in FIGS.
75A and 75B, the radiating fins 3560 are added to the
light-emitting apparatus illustrated in FIGS. 70A and 70B.
Although the light-emitting device 100' in these examples is
the light-emitting device illustrated in FIGS. 55A and 55B,
the light-emitting device 100" may have any of the structures
described above.

In the examples illustrated in FIGS. 72A to 75B, the
radiating fins 3560 are attached at regular intervals to the
periphery of the support 3540 surrounding the light-emitting
device 100'. The support 3540 and the radiating fins 3560 are
composed of a material having a higher thermal conductivity
than the photoluminescent layer 110 (for example, alumi-
num, brass, or copper). The radiating fins 3560 and the
support 3540 may be composed of the same material or
different materials. Heat generated in the photoluminescent
layer 110 is dissipated by the radiating fins 3560 via the
support 3540. This can further improve the heat dissipation
characteristics of the directional-light-emitting apparatus.
The shape and position of the radiating fins 3560 are not
limited to those illustrated in the figures. The radiating fins
3560 may have any structure that can efficiently dissipate
heat.

Although the support 3540 is a single continuous structure
and entirely surrounds the light-emitting device 100" in the
examples described above, the support 3540 is not limited to
such a structure. For example, as illustrated in FIG. 76A, the
support 3540 is interrupted around the light-emitting device
100, and the photoluminescent layer 110 is partly exposed.
As illustrated in FIG. 76B, the support 3540 is divided into
two portions, which hold the light-emitting device 100'
therebetween. Like these, the support 3540 is not necessarily
a single continuous structure. The support 3540 may have
any structure that fixes the light-emitting device 100' and is
partly open so as not to interfere with the optical path of
excitation light and so as to expose a portion of the light-
emitting device 100" that excitation light enters. For
example, the support 3540 may be in contact with only a
portion of the photoluminescent layer 110.

13. Light Source Unit Including Reflector

FIG. 77 is a schematic view of the structure of a light
source unit (light-emitting apparatus) including a reflector
(reflective member). A light source unit 4500 illustrated in
FIG. 77 includes an excitation light source 4510, a light-
emitting device 100a, a reflector 4530, and a collimating
lens 4520. The light-emitting device 100a has the structure
of the light-emitting device 100a illustrated in FIG. 1C. A
light-emitting device having one of the other structures
described above may be used instead of the light-emitting
device 100a. Although the light-emitting device 100a has a
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very large surface structure 120 in FIG. 77, the surface
structure 120 can practically have many fine projections or
recesses.

The reflector 4530 is a reflective member having a high
reflectance in a wavelength range of excitation light. For
example, the reflector 4530 may be a general mirror com-
posed of an alloy of metals or a dichroic mirror formed of
a dielectric multilayer film. The reflector 4530 is disposed on
the optical path of excitation light emitted from the excita-
tion light source 4510 and reflects and directs excitation
light to the light-emitting device 100a. The position and
orientation of the excitation light source 4510 and the
reflector 4530 are adjusted such that excitation light is
totally reflected in the photoluminescent layer 110.

The collimating lens 4520 is disposed between the exci-
tation light source 4510 and the reflector 4530. When the
excitation light source 4510 is a laser diode, excitation light
is generally emitted as a wide light beam. The wide light
beam is converted into parallel light by the collimating lens
4520 and enters the reflector 4530. Although the collimating
lens 4520 in FIG. 77 is a single lens, the collimating lens
4520 may be a combination of lenses. The shape of the
collimating lens 4520 may also be appropriately designed
for the required performance.

The light-emitting device 100a includes the photolumi-
nescent layer 110 for emitting light having a wavelength .,
in air upon receiving excitation light, the substrate 140
(typically a transparent substrate), and the surface structure
120 (typically a periodic structure) formed on the photolu-
minescent layer 110. The surface structure 120 may be one
of the surface structures described above. The directional
angle of light having a wavelength A, emitted from the
photoluminescent layer 110 is limited to, for example, less
than 15 degrees by the surface structure 120. This provides
a narrow-angle light distribution.

In the light source unit 4500 illustrated in FIG. 77,
excitation light is reflected from the reflector 4530 and then
enters the photoluminescent layer 110. The optical path of
excitation light is bent before excitation light enters the
photoluminescent layer 110. This can improve the degree of
freedom in the positional relationship between the excitation
light source 4510 and the light-emitting device 100a. Thus,
the light source unit 4500 can be miniaturized.

FIG. 78 illustrates a light source unit without the reflector
4530, for comparison purposes. In the light source unit
4500c illustrated in FIG. 78, the excitation light source 4510
is disposed away from the light-emitting device 100a such
that excitation light can obliquely enter the light-emitting
device 100a. Consequently, the light source unit 4500c is
larger than the light source unit 4500 illustrated in FIG. 77
in the direction parallel to the layers of the light-emitting
device 100a.

FIG. 79 illustrates another structure. In this example, the
position and orientation of the excitation light source 4510
and the orientation of the reflector 4530 are different from
those illustrated in FIG. 77. The excitation light source 4510
emits excitation light in a direction almost perpendicular to
a main surface of the photoluminescent layer 110. The
excitation light is reflected from the reflector 4530 and
obliquely enters the photoluminescent layer 110. This struc-
ture can also miniaturize the apparatus in the same manner
as in FIG. 77.

FIG. 80 illustrates still another structure. In this example,
the light-emitting apparatus includes a member (referred to
as a support) 4540 for supporting the light-emitting device
100a. The support 4540 surrounds and supports the light-
emitting device 100a. Although the support 4540 in FIG. 80
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appears to be separated into two portions, the support 4540
is practically a single continuous structure. Advantageously,
the support 4540 protects the light-emitting device 100a and
makes it easy to hold the light-emitting apparatus.

A portion of the support 4540 is a reflector 4530 formed
of a material that reflects excitation light. The reflector 4530
reflects and directs excitation light to the photoluminescent
layer 110. Thus, this structure has the same function as the
structure illustrated in FIG. 79. In this example, the support
4540 and the reflector 4530 are integrated and thereby
improve impact resistance. If the support 4540 is composed
of a material having high thermal conductivity, the support
4540 can function as a heat sink for efficiently dissipating
heat generated in the light-emitting device 100a.

FIG. 81 illustrates a modified example of FIG. 80. In a
light-emitting apparatus according to this example, the sup-
port 4540 has a structure different from the structure illus-
trated in FIG. 80. The support 4540 houses and protects the
excitation light source 4510 and the collimating lens 4520 as
well as the light-emitting device 100a. A slope near a portion
that holds the light-emitting device 100a functions as the
reflector 4530. The excitation light source 4510, the colli-
mating lens 4520, the reflector 4530, and the light-emitting
device 100a are supported while having a predetermined
positional relationship. This structure can prevent the optical
path of excitation light from being changed by impacts.
Thus, the structure can further improve impact resistance.

FIG. 82 illustrates another modified example. A light-
emitting apparatus according to this example includes the
light-emitting device 100a, a laser module 4580, a safety
filter 4560, a lens 4550, a reflector 4530, and a support 4540
for supporting these components. The laser module 4580
includes an excitation light source 4510 including a laser
diode and a collimating lens 4520. Excitation light emitted
from the excitation light source 4510 passes through the
collimating lens 4520, is reflected from the reflector 4530,
and enters the light-emitting device 100a at an optimum
angle.

When a laser diode is used as the excitation light source
4510, part of excitation light not converted by the light-
emitting device 100a passes through the light-emitting
device 100a. The laser beam passing through the light-
emitting device 100a is coherent and may cause damage to
the human body, particularly to the eye. In order to prevent
the leakage of the laser beam, the safety filter 4560 removes
light having a wavelength of excitation light emitted from
the excitation light source 4510. The lens 4550 converges
light passing through the safety filter 4560, for example, into
an optical fiber.

The reflector 4530 includes a rotating shaft 4570 that
functions as an angle control mechanism. The reflector 4530
can be manually rotated about the rotating shaft 4570. In this
structure, the incident angle of excitation light on the light-
emitting device 100a can be freely adjusted. For example,
the incident angle of excitation light can be manually
adjusted before product delivery. The angle control mecha-
nism may also be an automatic angle control mechanism
including a combination of a motor and a control circuit for
driving the motor. Instead of the reflector 4530 having an
angle control mechanism, the excitation light source 4510
may have an angle control mechanism. Such an angle
control mechanism may be a mechanism for rotating the
excitation light source 4510 about a rotating shaft.

In the example illustrated in FIG. 82, the support 4540
holds the lens 4550, the safety filter 4560, the light-emitting
device 100a, the reflector 4530, and the laser module 4580.
This prevents the positional relationship between these
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components from being changed by impacts and provides a
light-emitting apparatus with operational stability.

The reflector 4530 can bend the optical path of excitation
light emitted from the excitation light source 4510 and
thereby allows excitation light to enter the photoluminescent
layer 110. This can improve the degree of freedom in the
positional relationship between the excitation light source
4510 and the light-emitting device 100a and miniaturize the
apparatus.

FIG. 83 illustrates another modified example of a light-
emitting apparatus including the support 4540. The light-
emitting apparatus includes the excitation light source 4510,
the collimating lens 4520, the light-emitting device 100a,
and a support 4540 for supporting these components. This
example includes no reflector. Excitation light emitted from
the excitation light source 4510 passes through the colli-
mating lens 4520 and enters the photoluminescent layer of
the light-emitting device 100a at a desired angle. The
excitation light source 4510, the collimating lens 4520, and
the light-emitting device 100a are integrated with the sup-
port 4540 and thereby improve impact resistance.

The miniaturization effects of a light source unit including
the reflector 4530 will be described in the following specific
example.

FIGS. 84A to 84C illustrate the effects of the reflector
4530. FIG. 84A illustrates a light source unit that includes a
known light-emitting device 700c¢ not having high direction-
ality. FIG. 84B illustrates a light source unit that includes a
light-emitting device according to an embodiment of the
present disclosure and no reflector. FIG. 84C illustrates a
light source unit that includes a light-emitting device accord-
ing to an embodiment of the present disclosure and a
reflector.

In these structures, a laser diode (LD) is used as the
excitation light source 4510. Each of the light source units
can be used as a component of lighting apparatuses. For
example, a lighting apparatus suitable for an 8-mat (tatami)
(approximately 13 m?) room should emit a light beam of
approximately 5000 lumen (Im). If each LD has a light
output of approximately 4.3 W, and a light beam emitted
from each light source unit in the front direction is 500 lm,
then approximately 10 light-emitting modules need to be
integrated. Thus, it is necessary to miniaturize each light-
emitting module.

The light source unit illustrated in FIG. 84A includes a
known light-emitting device 700c having low directionality.
Thus, many excitation light sources 4510 are needed to emit
a light beam of 500 Im in the front direction. This increases
the size of each light source unit and the size of a lighting
apparatus in which many light source units are integrated.

The light source unit illustrated in FIG. 84B includes the
light-emitting device 100a having high directionality
according to an embodiment of the present disclosure. Thus,
for example, one excitation light source 4510 can emit a
light beam of 500 Im in the front direction. This can reduce
the size of each light source unit and the size of a lighting
apparatus. If the light source unit illustrated in FIG. 84A has
a volume of 100, the volume of the light source unit
illustrated in FIG. 84B can be decreased to 62.5, for
example.

In the light source unit illustrated in FIG. 84C, a light
beam of excitation light is bent by the reflector 4530 toward
the light-emitting device 100a. This can further reduce the
size of each light source unit. Consequently, a lighting
apparatus can have a much smaller size. If the light source
unit illustrated in FIG. 84 A has a volume of 100, the volume
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of the light source unit illustrated in FIG. 84C can be
decreased to 36, for example.

14. Light-Emitting Apparatus Including Additional
Light Source

The following embodiment relates to a light-emitting
apparatus for emitting light having a desired color (spec-
trum) by synthesizing light beams emitted from light
sources. The light-emitting apparatus includes one of the
light-emitting devices according to the embodiments
described above (hereinafter also referred to as a “direc-
tional-light-emitting device” or “directional light source™)
and another light source (hereinafter also referred to as an
“additional light source™). The additional light source emits
light having a different spectrum from light emitted from the
directional light source. Light emitted from the directional
light source and light emitted from the additional light
source are synthesized inside or outside the directional light
source. The synthesized light may enter an optical fiber
cable (hereinafter referred to simply as an “optical fiber”).
Such a light-emitting apparatus may be used for “optical
fiber illumination”.

The term “synthesis” of light, as used herein, refers to a
mixed state of light beams having different spectra. Each
light beam after synthesis does not necessarily have the
same propagation direction and spread angle. First light
emitted from the directional light source and second light
emitted from the additional light source are synthesized
inside or outside the directional light source. In the case that
the second light passes through the directional light source,
the first light and the second light are synthesized in the
directional light source. The first light and the second light
may be synthesized by an optical system or light guide
outside the directional light source.

The spectrum of light emitted from the directional light
source may lack a wavelength component of the spectrum of
light required for actual use. The additional light source can
compensate for the lacked wavelength component. The
spectrum and intensity of light emitted from each light
source can be changed to adjust the color and brightness of
illumination light.

FIG. 85 schematically illustrates such a light-emitting
apparatus. This light-emitting apparatus includes the light-
emitting device 100", an excitation light source 180, an
additional light source 5500, an optical system 5520, and an
optical fiber 5530. The optical system 5520 includes a
collimating lens 5520a and a converging lens 5520b.
Although the light-emitting device 100" in the figure has the
structure of the light-emitting device 100a illustrated in FIG.
1C, the light-emitting device 100" may have another struc-
ture, such as the structure illustrated in FIG. 1A.

The additional light source 5500 may be a light source
including a laser diode or another directional-light-emitting
device. The additional light source 5500 emits light having
a different spectrum from light emitted from the light-
emitting device 100'. Light emitted from the additional light
source 5500 contains a spectrum component that is insuffi-
cient in light emitted from the light-emitting device 100'. For
example, when white light is desired, and the light-emitting
device 100' emits light in a yellow (red and green) wave-
length range, the additional light source 5500 can be con-
figured to emit light in a blue wavelength range. Light
emitted from the additional light source 5500 is negligibly
absorbed or scattered, except when the light enters the
photoluminescent layer at a particular angle at which the
light is resonantly-coupled to a guided mode. Thus, when
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light emitted from the additional light source 5500 almost
perpendicularly enters the photoluminescent layer in the
light-emitting device 100" as illustrated in FIG. 85, most of
the light passes through the light-emitting device 100'.

The excitation light source 180 is separated from the
additional light source 5500 and excites a photoluminescent
material in the light-emitting device 100', thereby inducing
light emission. For example, excitation light emitted from
the excitation light source 180 enters the photoluminescent
layer in the light-emitting device 100' at an angle with
respect to the direction normal to the photoluminescent
layer.

First light produced by excitation light entering the light-
emitting device 100' and second light emitted from the
additional light source 5500 and entering the light-emitting
device 100" are synthesized in the light-emitting device 100'.
More specifically, the second light converges to a point in
the photoluminescent layer in the light-emitting device 100'
and is synthesized with first light at the moment when the
first light is produced at the point. Synthesized first and
second light in a mixed state propagates outside the light-
emitting device 100'. The synthesized light is converted into
parallel light by the collimating lens 5520a and converges
through the converging lens 5520b. The converging light
enters the optical fiber 5530. In the optical system 5520
including the lenses 5520a and 5520b, the first light and
second light are synthesized (gathered) and enter the optical
fiber 5530. The light in the optical fiber 5530 is emitted from
the other end. Thus, light having a desired color can be
emitted at a position distant from the light source unit
including the light-emitting device 100' and the additional
light source 5500. Although the optical fiber 5530 in FIG. 85
is relatively short, the optical fiber 5530 may be several to
hundreds of meters in some applications.

FIG. 86 is a detailed view of a light-emitting apparatus. In
addition to the light-emitting device 100", the additional light
source 5500, the excitation light source 180, and the optical
system 5520, a light-emitting apparatus 5400 further
includes a control circuit 5570 for controlling the excitation
light source 180 and the additional light source 5500 and a
connector 5580 for connecting the optical fiber 5530. In this
example, the optical fiber 5530 is disposed outside the
light-emitting apparatus 5400.

The control circuit 5570 may be an integrated circuit
including a processor, such as a microcontroller, coupled to
the excitation light source 180 and the additional light
source 5500. For example, the control circuit 5570 instructs
the excitation light source 180 and the additional light
source 5500 to change the intensity of output light according
to the input from a user. This adjusts the intensity ratio of
first light emitted from the light-emitting device 100' to
second light emitted from the additional light source 5500.
Consequently, the intensity and color of synthesized light
can be changed. Alternatively, the intensity ratio of the first
light to the second light may be adjusted by changing the
size of an aperture 5540 disposed between the optical system
5520 and the light-emitting device 100"

The excitation light source 180 may be a laser beam
source, and excitation light emitted from the excitation light
source 180 enters the light-emitting device 100' at an angle
at which the excitation light is totally reflected in the
photoluminescent layer in the light-emitting device 100'.
Thus, light emission can occur efficiently in the light-
emitting device 100'".

The connector 5580 is a terminal for connecting the
optical fiber 5530 and is disposed on a housing of the
light-emitting apparatus 5400. The optical fiber 5530 can be
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inserted into and removed from the connector 5580. Thus, in
the case that the optical fiber 5530 is a long cable laid in a
building, when the light-emitting apparatus 5400 has broken
down, or when the light-emitting apparatus 5400 is to be
replaced with a light-emitting apparatus having different
light-emitting properties, the light-emitting apparatus 5400
can be easily replaced.

As described above, the light-emitting apparatus illus-
trated in FIGS. 85 and 86 includes the directional light
source as a first light source and the additional light source
as a second light source. The first light source includes a
photoluminescent layer for emitting first light containing
light having a wavelength A, in air, a light-transmissive layer
located on or near the photoluminescent layer, and a surface
structure formed on a surface of at least one of the photolu-
minescent layer and the light-transmissive layer. The surface
structure has projections or recesses or both and limits the
directional angle of light having a wavelength A, in air
emitted from the photoluminescent layer. For example, the
center-to-center distance D,,,, between two adjacent projec-
tions or recesses in the surface structure and the refractive
index n,,,,. , of the photoluminescent layer for light having
a wavelength A, in air satisfy A /n,,, <D, <k, Alterna-
tively, the surface structure has at least one periodic struc-
ture, and the refractive index n,,,,,. , of the photoluminescent
layer for light having a wavelength A, in air and the period
p., of at least one periodic structure satisfy A,/m.,,,,. , <P, <A,
Consequently, light having a wavelength A, in air emitted
from the first light source has the maximum intensity in a
first direction predetermined by the projections or recesses
or both. The second light source emits second light contain-
ing light having a wavelength A (different from A,) in air.
The first light emitted from the first light source and the
second light emitted from the second light source are
synthesized. The synthesized light may enter one end of an
optical fiber and exits from the other end.

Such a structure can compensate for a deficiency in the
spectrum of the first light source, which is a directional light
source, with the second light source, thereby producing light
having a desired spectrum. The spectrum of the final light
can be adjusted by changing the intensity ratio of the first
light source to the second light source. Thus, the color and
brightness of the resulting optical fiber illumination can be
changed. The optical fiber may be replaced with a light
diffuser plate disposed at a position at which the first light
and the second light are synthesized. Light diffused by the
light diffuser plate can be utilized as illumination. Likewise,
in the embodiments described below, the optical fiber 5530
may be replaced with a light diffuser plate.

FIG. 87 is a schematic view of a light-emitting apparatus
in which the additional light source 5500 also emits exci-
tation light. In this example, second light emitted from the
additional light source 5500 contains a light component that
functions as excitation light. Part of the second light passes
through the light-emitting device 100" and is synthesized
with first light emitted from the light-emitting device 100" in
the optical system 5520. The additional light source 5500 is
disposed such that excitation light enters the light-emitting
device 100" at a particular incident angle 6.

When a photoluminescent material is resonantly excited,
excitation light incident at a particular angle 6 can efficiently
excite the photoluminescent material. In general, since the
wavelength of excitation light is shorter than the wavelength
of light having a narrow-angle light distribution emitted
from the light-emitting device 100', the light having a
narrow-angle light distribution is emitted at an angle smaller
than the angle 6. Thus, the lens 5520a used in this embodi-
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ment has a numerical aperture (NA,,,,;) of sin 6 or more in
order to introduce light at an angle in the range of 0 (front)
to 0 degrees. The lens 5520a allows both light having a
narrow-angle light distribution and excitation light to be
introduced into the optical system 5520.

When the lens 5520b has the same structure as the lens
5520a, most (ideally all) of light in the optical system 5520
can be transmitted to an optical fiber 5530 having a numeri-
cal aperture (NAg,,,) of sin 6 or more. When the lens 5520b
has a different structure from the lens 5520a, the optical fiber
5530 should have a NA,, of more than sin 6, wherein &'
(different from 0) denotes the incident angle of a light beam
converged into the optical fiber 5530 by the lens 5520b.

In the embodiment illustrated in FIG. 87, the additional
light source 5500 functions as an excitation light source, and
therefore the number of light sources can be decreased. This
can decrease the cost and size of the apparatus.

FIG. 88 illustrates still another structure of the light-
emitting apparatus. This light-emitting apparatus is different
from the example described above in the structure of the
optical system 5520 and the position of the additional light
source 5500. The optical system 5520 in this example
includes a dichroic mirror 5520c between the lens 5520a and
the lens 5520b. The additional light source 5500 is disposed
in front (on the right side in the figure) of the light-emitting
device 100" rather than at the back (on the left side in the
figure) of the light-emitting device 100'. Second light emit-
ted from the additional light source 5500 enters the dichroic
mirror 5520c. The excitation light source for emitting exci-
tation light to the light-emitting device 100' is omitted in
FIG. 88. Likewise, the excitation light source may be
omitted in the subsequent figures.

The dichroic mirror 5520c is designed to give high
transmittance of light in the wavelength range of first light
emitted from the light-emitting device 100" and have high
reflectance in the wavelength range of second light emitted
from the additional light source 5500. Second light emitted
from the additional light source 5500 crosses first light
emitted from the light-emitting device 100' (at right angles
in FIG. 88). The first light and the second light crosses at the
dichroic mirror 5520c. The angle of the dichroic mirror
5520c is adjusted such that transmitted first light and
reflected second light propagate in the same direction. The
first light and the second light are synthesized by the
dichroic mirror 5520c, converged by the lens 5520b, and
enter the optical fiber 5530. As in the other embodiments
described above, this structure can produce light having a
desired spectrum.

FIG. 89 illustrates still another structure of the light-
emitting apparatus. The light-emitting apparatus is different
from the other embodiments described above in that first
light and second light are synthesized in the optical fiber
5530 rather than by the optical system 5520. The optical
fiber 5530 in the light-emitting apparatus branches off in two
directions. One branch 5530a is hereinafter referred to as a
first optical fiber, and the other branch 5530b is hereinafter
referred to as a second optical fiber. The first optical fiber
5530a and the second optical fiber 5530b are joined together
at a junction 5530c. First light emitted from the light-
emitting device 100' enters the first optical fiber 5530a
through the optical system 5520. Second light emitted from
the additional light source 5500 enters the second optical
fiber 5530b. The first light and the second light are synthe-
sized at the junction 5530c of the optical fiber.

Also in such a structure, desired light can be emitted from
the optical fiber 5530. An optical branching and coupling
unit may be disposed at the junction 5530c of the optical
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fiber 5530 illustrated in FIG. 89. A plurality of optical fibers
can be connected to the unit to form a similar structure.

FIG. 90 illustrates still another modified example of the
light-emitting apparatus. In this example, the additional light
source 5500 is a directional-light-emitting device similar to
the light-emitting device 100'. Like the light-emitting device
100", the additional light source 5500 includes a photolumi-
nescent layer, a light-transmissive layer, and a surface struc-
ture. The surface structure of the light-emitting device 100'
limits the directional angle of light having a wavelength %,
whereas the additional light source 5500 limits the direc-
tional angle of light having a wavelength A, (different from
A,). The light-emitting device 100' and the additional light
source 5500 may be a single multilayer structure. Also in
this example, first light emitted from the light-emitting
device 100" and second light emitted from the additional
light source 5500 are synthesized in the optical system 5520
and enter the optical fiber 5530.

FIG. 91 illustrates a portion of a light-emitting apparatus
including tiled directional-light-emitting devices. The light-
emitting apparatus includes one- or two-dimensionally
arranged light-emitting devices (first light sources) 100r for
emitting light in a red wavelength range, light-emitting
devices (second light sources) 100g for emitting light in a
green wavelength range, and light-emitting devices (third
light sources) 100b for emitting light in a blue wavelength
range. Although FIG. 91 illustrates five light-emitting
devices, practically, more light-emitting devices may be
arranged. Light beams emitted from the light-emitting
devices 100r, 100g, and 100b are converged by the lens
5520d into the optical fiber 5530. Thus, white light can be
emitted from the optical fiber 5530. Although three light
sources of red, green, and blue are used in this example, light
emitted from first, second, and third light sources may have
any color (spectrum). Like this example, three types of
directional light sources can be combined to adjust the color
of output light having greater flexibility. Although three
types of light sources are used in this example, four or more
light sources may be combined. Second and third light
sources are not limited to directional-light-emitting devices
and may be another light source, such as a laser beam
source.

FIG. 92 illustrates still another example of the light-
emitting apparatus. The additional light source 5500 in this
light-emitting apparatus also functions as an excitation light
source. First light and second light are synthesized in the
optical fiber 5530. First light emitted from the light-emitting
device 100" is converged by the lens 5520a and a lens 5520e
into a first optical fiber 5530a of a branched optical fiber
5530. Second light emitted from the additional light source
5500 passes through the light-emitting device 100" and is
converged by the lens 5520a and a lens 55201 into a second
optical fiber 5530b of the branched optical fiber 5530. Thus,
the first light and the second light are synthesized at the
junction 5530c and are emitted from the optical fiber 5530.

FIG. 93 illustrates still another example of the light-
emitting apparatus. This example is similar to but is different
in the number of lenses from the structure illustrated in FIG.
87. Another lens 5520g is disposed between the lens 5520a
and the light-emitting device 100'. The lens 5520g is close
to the light-emitting device 100'. Thus, even when second
light emitted from the additional light source 5500 has a
large incident angle, the second light passing through the
light-emitting device 100' can enter the lens 5520g. The lens
5520a compensates for an insufficient bending of the optical
path of the second light bent by the lens 5520g. Conse-
quently, the optical axis of the first light emitted from the
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light-emitting device 100" becomes almost parallel to the
optical axis of the second light emitted from the additional
light source 5500. The first light and the second light are
converged by the lens 5520b into the optical fiber 5530.
Although three lenses are used in this example, the number
of lenses is not particularly limited. The shape, size, and
position of each lens are also not limited to those in the
figure and may be appropriately designed. For example, as
illustrated in FIG. 94, the number of lenses in the optical
system may be one (the lens 5520a). In this example,
because of a small number of lenses, the light-emitting
apparatus can be produced at low cost.

FIG. 95 illustrates still another structure of the light-
emitting apparatus. The light-emitting apparatus includes
the light-emitting device 100", the lens 5520a disposed on
one side of the light-emitting device 100, a mirror (reflector)
5560 disposed on the other side, a branched optical fiber
5530, and the additional light source 5500. Excitation light
emitted from the additional light source 5500 enters one
branch of the optical fiber 5530. The excitation light passes
through the lens 5520a and enters the light-emitting device
100'. Part of the excitation light incident on the light-
emitting device 100" is absorbed into the photoluminescent
layer and is converted into first light. The other part of the
excitation light passes through the light-emitting device
100", is reflected from the mirror 5560, and again passes
through the light-emitting device 100'. The first light emitted
from the light-emitting device 100" and the excitation light
(second light) passing through the light-emitting device 100"
are converged by the lens 5520a into the optical fiber 5530.
The first light and the second light are synthesized and
emitted from the optical fiber 5530. Excitation light reflected
from the mirror 5560 can be used in this manner.

Thus, a light-emitting apparatus including additional light
source can be variously modified. In any of the modified
examples, first light emitted from the first light source,
which is a directional light source, and second light emitted
from the second light source can be synthesized to produce
light having a desired spectrum.

FIG. 96 illustrates a household fiber lighting system as an
application example. The fiber lighting system includes a
light-emitting apparatus (hereinafter also referred to as a
light source unit) 5400 and optical fibers 5530. The light
source unit 5400 is placed at a predetermined location
around the house. Each of the optical fibers 5530 is laid from
the light source unit 5400 to a place in a room where a
lighting fixture is to be installed. Although the optical fibers
5530 appear as a single optical fiber in FIG. 96, they are
actually a plurality of optical fibers. The structure of the light
source unit 5400 is not limited to the structure illustrated in
FIG. 86. The light source unit 5400 illustrated in FIG. 96 has
the same structure as any of the light-emitting apparatuses
illustrated in FIGS. 85 to 95. Light beams emitted from light
sources including at least one directional light source are
synthesized and enter the optical fibers 5530. Thus, desired
light can be transmitted to a place where a lighting fixture is
to be installed and can be utilized as illumination light. The
color and brightness of illumination light can be adjusted to
the situation by changing the outputs of the light sources.
Such a fiber lighting system can be utilized not only in
houses but also in various facilities, such as office buildings,
underground cities, and stadiums.

The function of easily adjusting the spectrum can be
applied to beautitying light color illumination and color-
enhancing light color illumination techniques, for example.
These techniques beautify an object to be illuminated by
controlling the spectrum of the light source (the intensity
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distribution as a function of light wavelength). For example,
the skin can be beautified by reducing light having a
wavelength in the range of approximately 570 to 580 nm
responsible for darkening of the skin. Such beautifying light
color illumination can be achieved by synthesizing light in
a blue to green wavelength range of 570 nm or less and light
in a red wavelength range of 580 nm or more using a
light-emitting apparatus according to the present disclosure.

For example, foods having a red color can look fresher
when a component with a wavelength of approximately 580
nm is decreased, and a red component on the long wave-
length side is strengthened. This can make lean meat, red
flesh of fish, and red fruit and vegetables look fresher. Such
color-enhancing light color illumination can be achieved by
synthesizing light in a blue to green wavelength range of 570
nm or less and light in a red wavelength range of 590 nm or
more with a light-emitting apparatus according to the pres-
ent disclosure. Such wavelength control can also be utilized
to make scenery, such as red flowers and autumn leaves,
look more vivid.

A light-emitting apparatus that can adjust the spectrum of
output light as described above can be utilized to determine
the degree of freshness of foods. In many foods, the spec-
trum of reflected light changes with a decrease in the degree
of freshness. For example, a decrease in the degree of
freshness of beef results in a decrease in the amount of
component in a wavelength range of approximately 600 to
700 nm. Thus, the degree of freshness of a food can be easily
determined by irradiating the food with only light in a
wavelength range in which the reflectance of the light
depends greatly on the degree of freshness and by measuring
the intensity of reflected light. In some foods, the reflectance
changes greatly in different wavelength ranges. Even in such
a case, a light-emitting apparatus for synthesizing light
beams having different spectra emitted from light sources
can be used to produce light beams in desired wavelength
ranges.

15. Light-Emitting Apparatus for Synthesizing
Light Beams Emitted in Different Directions

A light-emitting apparatus for synthesizing light beams in
different wavelength ranges emitted from one light-emitting
device will be described below. As described above, a
light-emitting device according to the present disclosure
emits intense light having a particular wavelength in a
particular direction and emits intense light having another
wavelength in another direction. Utilizing the characteris-
tics, light beams in different wavelength ranges emitted in
different directions can be synthesized by an optical system
or light guide. Light beams in different wavelength ranges
can be synthesized to compensate for an insufficient spec-
trum component of one light beam with another light beam,
thereby making the light beams more similar to light having
a desired spectrum. Synthesized light can be introduced into
an optical fiber, for example. Such a light-emitting apparatus
can be used for optical fiber illumination, for example.

FIG. 97 is a schematic view of a light-emitting apparatus
for synthesizing light beams in different wavelength ranges
emitted in different directions from a light-emitting device.
The light-emitting apparatus includes the light-emitting
device 100, an optical system 6520, and an optical fiber
6530. The optical system 6520 includes a collimating lens
6520a and a converging lens 6520b. Although the light-
emitting device 100" in FIG. 97 has the same structure as the
light-emitting device 100 illustrated in FIG. 1A, a light-
emitting device having another structure, such as the struc-
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ture illustrated in FIG. 1C, may also be used. In FIG. 97,
each component is simplified and does not necessarily have
its actual structure. The same is true for other figures.
Although not shown in FIG. 97, an excitation light source
that emits excitation light to the light-emitting device 100'
may be provided.

The photoluminescent layer contains a photoluminescent
material having a broad emission spectrum. Light having a
wavelength A, emitted from the photoluminescent material
has directionality in a particular direction, and light having
a wavelength A, emitted from the photoluminescent material
has directionality in another direction. A light beam con-
taining first light having a wavelength A, and a light beam
containing second light having a wavelength A, are synthe-
sized (gathered) by the optical system 6520 and enter the
optical fiber 6530. The light in the optical fiber 6530 is
emitted from the other end. Thus, optical fiber illumination
for emitting light having a desired spectrum at a position
distant from the light source unit including the light-emitting
device 100" can be provided. Although the optical fiber 6530
in FIG. 97 is relatively short, the optical fiber 6530 may be
several to hundreds of meters in some applications.

FIG. 98 illustrates a detailed structure of a light-emitting
apparatus. In addition to the light-emitting device 100" and
the optical system 6520, a light-emitting apparatus 6400
further includes an excitation light source 180, a control
circuit 6570 for controlling the excitation light source 180,
and a connector 6580 for connecting the optical fiber 6530.
In this example, the optical fiber 6530 is disposed outside the
light-emitting apparatus 6400.

The control circuit 6570 may be an integrated circuit
including a processor, such as a microcontroller, coupled to
the excitation light source 180. For example, the control
circuit 6570 instructs the excitation light source 180 to
change the intensity of output light according to the input
from a user. This can change the intensity of first light and
second light emitted from the light-emitting device 100'. In
addition to such control, the intensity ratio of the first light
to the second light may be adjusted by changing the size of
an aperture 6540 disposed between the optical system 6520
and the light-emitting device 100'. This can adjust the
spectrum of synthesized light.

The excitation light source 180 may be a laser beam
source, and excitation light emitted from the excitation light
source 180 enters the light-emitting device 100' at an angle
at which the excitation light is totally reflected in the
photoluminescent layer in the light-emitting device 100'.
Thus, light emission can occur efficiently in the light-
emitting device 100'".

The connector 6580 is a terminal for connecting the
optical fiber 6530 and is disposed on a housing of the
light-emitting apparatus 6400. The optical fiber 6530 can be
inserted into and removed from the connector 6580. Thus, in
the case that the optical fiber 6530 is a long cable laid in a
building, when the light-emitting apparatus 6400 has broken
down, or when the light-emitting apparatus 6400 is replaced
with a light-emitting apparatus having different light-emit-
ting properties, the light-emitting apparatus 6400 can be
easily replaced.

As described above, the light-emitting apparatus illus-
trated in FIGS. 97 and 98 includes a photoluminescent layer
for emitting light containing first light having a wavelength
A, in air and second light having a wavelength A, in air, a
light-transmissive layer located on or near the photolumi-
nescent layer, a surface structure formed on a surface of at
least one of the photoluminescent layer and the light-
transmissive layer, and an optical system for synthesizing
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the first light and the second light. The surface structure has
projections and recesses and limits the directional angle of
the first light. For example, the center-to-center distance D,,,,
between two adjacent projections or recesses in the surface
structure and the refractive index n,,,, , of the photolumi-
nescent layer for first light having a wavelength A, in air
satisfy A, /n, . <D, <h,. Alternatively, the surface struc-
ture has at least one periodic structure, and the refractive
index n,,, , of the photoluminescent layer for light having
a wavelength A, in air and the period p, of at least one
periodic structure satisfy A,/m,,, ,<p,<h,. Consequently,
the first light has the maximum intensity in a first direction
predetermined by the projections or recesses or both, and the
second light has the maximum intensity in a second direc-
tion different from the first direction. The optical system
synthesizes the light beam containing the first light emitted
in the first direction and the light beam containing the second
light emitted in the second direction. The synthesized light
may enter one end of an optical fiber and exits from the other
end.

Such a structure can compensate for an insufficient spec-
trum component of the first light emitted in one direction
with the second light. As described above, the intensity ratio
of the first light to the second light can be controlled by
adjusting the size of the aperture 6540. Thus, the color and
brightness of the resulting optical fiber illumination can be
changed. In the present embodiment, the apparatus can be
advantageously miniaturized compared with the case in
which light beams from light sources are synthesized. A
small light-emitting apparatus can be provided that can
control the spectrum by synthesizing light beams of two or
more wavelengths or colors emitted from one light-emitting
device. The optical fiber may be replaced with a light
diffuser plate disposed at a position at which the first light
and the second light are synthesized. Light diffused by the
light diffuser plate can be utilized as illumination. Likewise,
in the embodiments described below, the optical fiber 6530
may be replaced with a light diffuser plate.

FIG. 99 illustrates a light-emitting apparatus for produc-
ing white light by synthesizing light beams of three particu-
lar wavelengths. In this example, the light-emitting device
100" emits light beams in three wavelength ranges of red (R),
green (G), and blue (B) in different directions. These three
color light beams are synthesized by the optical system 6520
and enter the optical fiber 6530. Thus, white light can be
emitted from the optical fiber 6530. Although red, green, and
blue light beams are used to produce white light in this
example, light beams of any color may be combined.

FIG. 100 illustrates first light in a first direction and
second light in a second direction emitted from the light-
emitting device 100" into different optical fibers 6530a and
6530b. A light-emitting apparatus in this example includes a
first optical system including lenses 6520a and 6520b and a
second optical system including lenses 6520c and 6520d.
First light emitted from the first optical system enters the
first optical fiber 6530a, and second light emitted from the
second optical system enters the second optical fiber 6530b.
The first optical fiber 6530a and the second optical fiber
6530b are coupled to an optical fiber 6530d via a synthesizer
6640. The first light and the second light are synthesized by
the synthesizer 6640 at the junction of the two optical fibers
6530a and 6530b. This structure also has the advantages as
described above.

FIG. 101 illustrates another light-emitting apparatus
including coupled optical fibers. The light-emitting appara-
tus includes the light-emitting device 100', a lens 6520a, a
lens array 6610, optical modulators 6582, optical fibers
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6530, and a synthesizer 6640. In the light-emitting appara-
tus, red (R), green (G), and blue (B) light beams emitted in
different directions from the light-emitting device 100' are
converted into parallel light by the lens 6520a, are con-
verged by the lens array 6610, and enter the optical fibers
6530 through the optical modulators 6582. Each of the
optical modulators 6582 receives red, green, or blue light
and outputs the light to the corresponding optical fiber 6530.
The optical modulators 6582 can weaken or block unnec-
essary light for the optical fibers 6530. Light beams propa-
gating through the optical fibers 6530 are synthesized by the
synthesizer 6640 and are emitted from one optical fiber.

Such a structure can produce light having any spectrum.
The structure can individually output light beams of three
primary colors of red, green, and blue and can be utilized not
only for illumination but also for display equipment, such as
displays and projectors.

FIG. 102 illustrates a structure including tiled light-
emitting devices 100r, 100g, and 100b instead of the light-
emitting device 100" illustrated in FIG. 101. The light-
emitting devices 100r, 100g, and 100b are directional-light-
emitting devices that emit light in red, green, and blue
wavelength ranges, respectively, at a narrow angle. The
light-emitting devices 100r, 100g, and 100b are one- or
two-dimensionally arranged. Although FIG. 102 illustrates
five light-emitting devices, practically, more light-emitting
devices may be arranged. Light beams emitted from the
light-emitting devices 100r, 100g, and 100b are converged
by the lens 6520a and enter the optical fibers 6530 through
the lens array 6610 and the optical modulators 6582. This
structure also has the same advantages as the structure
illustrated in FIG. 101.

Although red, green, and blue light beams are combined
in FIGS. 101 and 102, any colors may be combined. The
number of colors to be combined is not limited to three and
may be two or four or more.

FIG. 103 illustrates a structure in which part of light
emitted from the excitation light source 180 is utilized in the
structure illustrated in FIG. 97. In this example, third light
(for example, blue light) containing excitation light emitted
from the excitation light source 180 enters the light-emitting
device 100" at an angle (incident angle 8) with respect to the
direction normal to the photoluminescent layer. Part of the
third light is used for light emission, and another part of the
third light passes through the light-emitting device 100'. In
addition to first light and second light emitted from the
light-emitting device 100", the third light passing through the
light-emitting device 100" is transmitted to the optical fiber
6530 via the optical system 6520. When a desired spectrum
cannot be produced from light emitted from the light-
emitting device 100" alone, this structure can compensate for
the insufficient spectrum component(s).

As described above, when a photoluminescent material is
resonantly excited, excitation light incident at a particular
angle 0 can efficiently excite the photoluminescent material.
In general, since the wavelength of excitation light is shorter
than the wavelength of light having a narrow-angle light
distribution emitted from the light-emitting device 100", the
light having a narrow-angle light distribution is emitted at an
angle smaller than the angle 6. As described above with
reference to FIG. 87, the lens 6520a having a numerical
aperture (NA,,,,,) of sin 6 or more can be used to introduce
light at an angle in the range of O (front) to 6 degrees and to
introduce both light having a narrow-angle light distribution
and excitation light into the optical system 6520.

When the lens 6520b has the same structure as the lens
6520a, most (ideally all) of light in the optical system 6520
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can be transmitted to an optical fiber 6530 having a numeri-
cal aperture (NA,,,) of sin 6 or more. When the lens 6520b
has a different structure from the lens 6520a, the optical fiber
6530 should have a NA,,, of more than sin €', wherein ¢’
(different from 0) denotes the incident angle of a light beam
converged into the optical fiber 6530 by the lens 6520b.

FIG. 104 illustrates a structure in which the position of the
excitation light source 180 illustrated in FIG. 103 was
changed. In this example, third light containing excitation
light emitted from the excitation light source 180 perpen-
dicularly enters the light-emitting device 100'. Because most
of the third light passes through the light-emitting device
100", the components of the third light can be strengthened.
However, the luminous efficiency of the photoluminescent
layer decreases, and therefore another excitation light source
may be provided. When another excitation light source is
provided, the excitation light source 180 may be replaced
with a light source that emits light in a different wavelength
range from excitation light.

FIG. 105 illustrates a light-emitting apparatus in which
part of light emitted from the excitation light source 180 is
utilized in the structure illustrated in FIG. 100. In the
light-emitting apparatus, part of third light emitted from the
excitation light source 180 and passing through the photolu-
minescent layer enters a third optical fiber 6530c through a
third optical system (lens) 6520e. The first to third optical
fibers 6530a, 6530b, and 6530c are joined together at a
junction. The synthesizer 6640 at the junction synthesizes
first and second light emitted from the light-emitting device
100" and third light passing through the light-emitting device
100". This structure can also produce light having a desired
spectrum from light emitted from the excitation light source
180.

Thus, a light-emitting apparatus configured to synthesize
light beams in different wavelength ranges emitted in dif-
ferent directions from a light-emitting device can be vari-
ously modified. In any of the modified examples, first light
and second light emitted from a light-emitting device are
synthesized to produce light having a desired spectrum.

FIG. 106 illustrates a household fiber lighting system as
an application example. The fiber lighting system includes a
light-emitting apparatus (hereinafter also referred to as a
light source unit) 6400 and optical fibers 6530. The light
source unit 6400 is placed at a predetermined location
around the house. Each of the optical fibers 6530 is laid from
the light source unit 6400 to a place in a room where a
lighting fixture is to be installed. Although the optical fibers
6530 appear as a single optical fiber in FIG. 105, they are
actually a plurality of optical fibers. The structure of the light
source unit 6400 is not limited to the structure illustrated in
FIG. 98. The light source unit 6400 illustrated in FIG. 106
has the same structure as any of the light-emitting appara-
tuses illustrated in FIGS. 97 to 105. Light beams in different
wavelength ranges are synthesized and enter the optical
fibers 6530. Thus, as in the application example illustrated
in FIG. 96, desired light can be sent to a place where a
lighting fixture is to be installed and can be used as illumi-
nation light. The color and brightness of illumination light
can be adjusted to the situation by changing the synthesis
ratio of light beams in different wavelength ranges.

In the embodiments illustrated in FIGS. 97 to 106, the
spectrum can be easily adjusted. Thus, these embodiments
can be applied to beautifying light color illumination and
color-enhancing light color illumination techniques, as in
the embodiments illustrated in FIGS. 85 to 96. For example,
color-enhancing light color illumination can make foods,
such as meat and vegetables, look more delicious, can make
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scenery, such as red flowers and autumn leaves, look more
vivid, or can be utilized to determine the degree of freshness
of foods.

As described above, the spectrum of light has been
controlled with an optical filter by removing a component or
components in an unnecessary wavelength range from light
emitted from a light source. This decreases light-use effi-
ciency. In contrast, a light-emitting apparatus according to
the present disclosure can emit enhanced light having a
particular wavelength and does not need an optical filter.
Thus, a light-emitting apparatus according to the present
disclosure can have higher light-use efficiency than known
light-emitting apparatuses.

Light-emitting devices and light-emitting apparatuses
according to the present disclosure can be applied to various
optical devices, such as lighting fixtures, displays, and
projectors.

What is claimed is:

1. A light-emitting apparatus comprising:

an excitation light source that emits first light;

a light-emitting device on an optical path of the first light,
the light-emitting device emitting second light having a
wavelength A, in air; and

a first converging lens on an optical path of the second
light, wherein:

the light-emitting device comprises:

a photoluminescent layer that emits the second light by
being excited by the first light; and

a light-transmissive layer on the photoluminescent
layer,

[at least one of] the photoluminescent layer [and the
light-transmissive layer] has a surface structure com-
prising projections or recesses arranged perpendicular
to a thickness direction of the [photo luminescent]
photoluminescent layer,

the surface structure is entirely made of a light-transmis-
sive dielectric material,

[at least one of the photoluminescent layer and] the
light-transmissive layer has a light emitting surface
perpendicular to the thickness direction, the second
light emitted from the light emitting surface,

the surface structure limits the directional angle of the
second light emitted from the light emitting surface,

the photoluminescent layer comprises a dielectric layer,
[and]

the light-transmissive dielectric material is continuously
formed from the dielectric layer by a same material as
the dielectric layer so that the surface structure is
formed as a part of the photoluminescent layer, arnd

the surface structure satisfies the following relationship:

M/ Mopar-a<Dii <My

where m is an integer, D,,,, is a center-to-center distance
between adjacent two of the projections or the recesses,
and n,,,,,, is a refractive index of the photoluminescent
layer for the second light.

2. The light-emitting apparatus according to claim 1,
wherein the surface structure limits the directional angle of
the second light emitted from the light emitting surface to
less than 15 degrees.

[3. The light-emitting apparatus according to claim 1,
wherein the surface structure satisfies the following rela-
tionship:

A<D b
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where D, is a center-to-center distance between adjacent
two of the projections or the recesses, and n,,, , is a
refractive index of the photoluminescent layer for the second
light.]

4. The light-emitting apparatus according to claim 1,
wherein the surface structure has at least one periodic
structure that satisfies the following relationship:

[ra/Marv-aPa<ke] M/ Py <D<t

where m is an integer, p, is a period of the at least one
periodic structure.

5. The light-emitting apparatus according to claim 1,
further comprising a collimating lens between the light-
emitting device and the first converging lens.

6. The light-emitting apparatus according to claim 1,
further comprising a joint for an optical fiber, at an incident
position of light passing through the first converging lens.

7. The light-emitting apparatus according to claim 1,
further comprising a second converging lens between the
excitation light source and the light-emitting device.

8. The light-emitting apparatus according to claim 7,
further comprising a collimating lens between the excitation
light source and the second converging lens.

9. The light-emitting apparatus according to claim 1,
further comprising a collimating lens between the excitation
light source and the light-emitting device.

10. The light-emitting apparatus according to claim 1,
wherein the photoluminescent layer is in contact with the
light-transmissive layer.

11. The light-emitting apparatus according to claim 1,
wherein a thickness of the photoluminescent layer, [the] a
refractive index of the photoluminescent layer, and [the] a
center-to-center distance between adjacent two of the pro-
jections or the recesses are set to limit the directional angle
of the second light emitted from the light emitting surface.

[12. The light-emitting apparatus according to claim 1,
wherein the light-transmissive dielectric material is one of
magnesium fluoride (MgF,), lithium fluoride (LiF), calcium
fluoride (CaF,), resins, magnesium oxide (MgO), indium tin
oxide (ITO), silicon nitride (SiN), tantalum pentoxide
(Ta,0y), zirconia (Zr0,), zinc selenide (ZnSe), and zinc
sulfide (ZnS).]

13. A light-emitting apparatus comprising:

a light source that emits first light;

a light-emitting device on an optical path of the first light,
the light-emitting device emitting second light having a
wavelength ), in air; and

a first converging lens on an optical path of the second
light, wherein:

the light-emitting device comprises a photoluminescent
layer that emits the second light by being excited by the
first light,

the photoluminescent layer has a surface structure com-
prising projections or recesses arranged perpendicular
to a thickness direction of the photoluminescent layer,

the surface structure is entively made of a light-transmis-
sive dielectric material,

the surface structuve limits the directional angle of the
second light,

the photoluminescent layer comprises a dielectric layer,

the light-transmissive dielectric material is continuously
formed from the dielectric layer by a same material as
the dielectric layer so that the surface structure is
formed as a part of the photoluminescent layer,

the surface structure satisfies the following relationship:

M/ Mopar-a<Dis <My
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where m is an integer, D,,,, is a center-to-center distance
between adjacent two of the projections or the recesses,
and n,,,,,, is a refractive index of the photoluminescent
layer for the second light.

14. A light-emitting apparatus comprising:

a light source that emits first light; and

a light-emitting device on an optical path of the first light,
the light-emitting device emitting second light having a
wavelength )., in air, wherein:

the light-emitting device comprises a waveguide that
contains a photoluminescent material and emits the
second light,

the waveguide comprises a base layer and a surface
structure disposed over the base layer and comprising
periodic structures,

the surface structure limits the directional angle of the
second light,

the base layer and the surface structure are continuously
and entirely made of a light-transmissive dielectric
material,

the surface structure satisfies the following relationship:

M/ Mopar-a<Dii <My

where m is an integer, D,,,, is a center-to-center distance
between adjacent two of the projections or the recesses,
and n,,,, , is a refractive index of the photoluminescent
layer for the second light.

15. A light-emitting apparatus comprising:

an excitation light source that emits first light;

a light-emitting device on an optical path of the first light,
the light-emitting device emitting second light having a
wavelength ), in air; and

a first converging lens on an optical path of the second
light, wherein:

the light-emitting device comprises:

a photoluminescent layer that emits the second light by
being excited by the first light; and

a light-transmissive layer on the photoluminescent
layer,

the photoluminescent layer has a surface structure com-
prising projections or recesses arranged perpendicular
to a thickness direction of the photoluminescent layer,

the surface structure is entively made of a light-transmis-
sive dielectric material,

the light-transmissive layer has a light emitting surface
perpendicular to the thickness divection, the second
light emitted from the light emitting surface,

the surface structure limits the directional angle of the
second light emitted from the light emitting surface,

the photoluminescent layer comprises a dielectric layer,

the light-transmissive dielectric material is continuously

formed from the dielectric layer by a same material as
the dielectric layer so that the surface structure is
formed as a part of the photoluminescent layer, and
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the surface structure has at least one periodic structure
that satisfies the following relationship:

M Mopar-a P My

where m is an integer, p, is a period of the at least one

periodic structure.

16. A light-emitting apparatus comprising:

a light source that emits first light;

a light-emitting device on an optical path of the first light,
the light-emitting device emitting second light having a
wavelength ), in air; and

a first converging lens on an optical path of the second
light, wherein:

the light-emitting device comprises a photoluminescent
layer that emits the second light by being excited by the
first light,

the photoluminescent layer has a surface structure com-
prising projections or recesses arranged perpendicular
to a thickness direction of the photoluminescent layer,

the surface structure is entively made of a light-transmis-
sive dielectric material,

the surface structuve limits the directional angle of the
second light,

the photoluminescent layer comprises a dielectric layer,

the light-transmissive dielectric material is continuously
formed from the dielectric layer by a same material as
the dielectric layer so that the surface structure is
formed as a part of the photoluminescent layer, and

the surface structure has at least one periodic structure
that satisfies the following relationship:
mh/n <p,<mM\,

wav-a

where m is an integer, p, is a period of the at least one

periodic structure.

17. A light-emitting apparatus comprising:

a light source that emits first light; and

a light-emitting device on an optical path of the first light,
the light-emitting device emitting second light having a
wavelength )., in air, wherein:

the light-emitting device comprises a waveguide that
contains a photoluminescent material and emits the
second light,

the waveguide comprises a base laver and a surface
structure disposed over the base layer and comprising
periodic structures,

the surface structuve limits the directional angle of the
second light,

the base layer and the surface structure arve continuously
and entively made of a light-transmissive dielectric
material, and

the surface structure has at least one periodic structure
that satisfies the following relationship:
mh/n <p,<mM\,

wav-a

where m is an integer, p, is a period of the at least one

periodic structure.



