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preparing an electrophoretic deposition suspension

‘ /SZZ

installing a first electrode in the electrophoretic deposition
suspension, and installing a second electrode in the
electrophoretic deposition suspension in a manner that the
second electrode is around the first electrode

‘ /—823

applying a voltage to the first electrode and the second
electrode, to cause particles in the electrophoretic deposition
suspension to be driven by an electric field and be
electrophoretic self-assembled, to form a periodically arranged
geometrical structure deposited on the first electrode
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removing the first electrode that is inside the geometric structure

FIG. 2A
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preparing an electrophoretic deposition suspension
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installing a first electrode in the electrophoretic deposition
suspension, and installing a second electrode in the

- electrophoretic deposition suspension in a manner that the
second electrode is around the first electrode

‘ /—8220

installing between the first electrode and the second electrode a
three-dimensional template that has a certain geometric shape

1
' /823
applying a voltage to the first electrode and the second
electrode, causing particles in the electrophoretic deposition
suspension to be driven by an electric field and be electrophoretic
self-assembled, to pass holes of the three-dimensional template to
form a geometric structure that has the certain shape

FIG. 2B
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filling gaps between the particles of the geometric
structure with a first type material ‘

removing the particles of the geometric structure, to

form a macroporous structure having a plurality of
periodically arranged pores.

FIG. 3A
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filling gaps between the particles of the geometric
structure with a first type material

! /—-832

removing the particles of the geometric structure, to
form a macroporous structure having a plurality of
periodically arranged pores.
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filling pores of the macroporous structure with a
second type material, and removing the first type
material

FIG. 4
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PHOTONIC CRYSTAL AND METHOD OF
FABRICATING THE SAME

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] This invention relates to a photonic crystal and a
method of fabricating the photonic crystal, and more particu-
larly, to a photonic crystal fabricated by an electrophoretic
deposition technique, and a method of fabricating the photo-
nic crystal.

[0003] 2. Description of Related Art

[0004] A photonic crystal has a periodic dielectric distribu-
tion, and may be in one, two, or three-dimension. Light inter-
ference occurs when light passes a periodically arranged
structure. A photonic band gap is generated when the con-
structive interference increases and the destructive interfer-
encedecreases, and light is thus limited and controlled to have
high reflectivity and high dispersion.

[0005] Interms of the functionality, one-dimensional, two-
dimensional, and three-dimensional photonic crystals have
more applications in various field. A one-dimensional photo-
nic crystal may be a film, such as an anti-reflective film and a
total reflection film. A two-dimensional photonic crystal may
be a waveguide, a beam splitter, or an interferometer. A three-
dimensional photonic crystal may comprise a plurality of
nano-scaled, densely and periodically arranged particles.
[0006] A one-dimensional photonic crystal is fabricated by
growing layers of material that have moderate thickness and
reflectivity by a technique to form a semiconductor plating
film. Development and etching processes are used to fabricate
a two-dimensional photonic crystal, that is, periodically
arranging a high-k material, or forming an air column (low-k
material) on a silicon substrate. As shown in FIG. 1, a photo-
nic crystal fiber 1 comprises an array of air columns 10 that
are formed in a semiconductor 11 by the development pro-
cess. However, the development process is complicated,
time-consuming, hight-cost, and low-yield and is hardly used
to fabricate a three-dimensional structure. The development
process is further limited by an etching aspect ratio in a
semiconductor process, the perpendicularity of top and bot-
tom threshold sizes of holes etched, and the length of a pho-
tonic crystal. Accordingly, the photonic crystal fiber 1 has a
limited application.

[0007] A very large-scale integrated-circuit (VLSI) fabri-
cation technology may be used to fabricate a three-dimen-
sional photonic crystal that has a periodically arranged pho-
tonic crystal structure. A wafer lithography process or a
process that combines optical and chemical mechanical pol-
ishing may be also used to fabricate a similar structure. A
gravity sedimentation method and a solution evaporation
method are two of the most popular crystal fabricating meth-
ods in the art to fabricate a three-dimensional structure. How-
ever, it takes a long time to prepare a photonic crystal in the
gravity sedimentation method, and the solution evaporation
method may form a self-assembly layer that has visible wave
stripes, and a plating layer thus has no moderate thickness.
[0008] Therefore, how to develop a new-generation tech-
nique for fabricating a three-dimensional photonic crystal
that has any desirable geometric, periodically arranged struc-
ture is becoming one of the most urgent issues in the art.

SUMMARY OF THE INVENTION

[0009] The present invention provides a photonic crystal
and a method of fabricating the photonic crystal, in order to
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avoid the drawback of the prior art that the photonic crystal is
limited by the development technique.

[0010] The photonic crystal of the present invention
includes a three-dimensional geometric structure having a
plurality of electrophoretic self-assembled particles, wherein
the particles are periodically arranged at any cross sections of
the geometric structure. In an embodiment of the present
invention, the particles are balls or cubes, or have a symmetri-
cal structure, and the geometric structure is a cylinder, rect-
angle, or polygon.

[0011] Inanembodiment of the present invention, the geo-
metric structure has an appearance confined by a three-di-
mensional template that has a plurality of holes when the
particles are electrophoretic self-assembled. In another
embodiment of the present invention, the geometric structure
has a plurality of gaps between the particles, and a material
filled in the gaps.

[0012] The method includes the steps of (1) preparing an
electrophoresis deposition suspension; (2) installing a first
electrode in the electrophoresis deposition suspension, and
installing a second electrode in the electrophoresis deposition
suspension in a manner that the first electrode is encircled by
the second electrode; and (3) applying a voltage to the first
electrode and the second electrode to form an electric field
between the first electrode and the second electrode, causing
particles in the electrophoresis s deposition suspension to be
electrophoretic self-assembled to form a geometric structure
that has a periodic arrangement at any cross sections.

[0013] Inan embodiment of the present invention, the first
electrode is a conductive cylinder, rectangle, or polygon.
[0014] In another embodiment of the present invention,
step (3) includes, after the geometric structure is formed,
removing the first electrode that is inside the geometric struc-
ture.

[0015] Inyetanother embodiment of the present invention,
the method further includes filling gaps between the particles
with a first type material, then removing the particles, to form
a macroporous structure that has a plurality of periodically
arranged pores. In still another embodiment of the present
invention, the method further includes filling the pores of the
porous structure with a second type material, then removing
the first type material, to form another geometric structure.
[0016] Compared with the prior art, the present invention
applies a voltage to electrodes to cause particles to be elec-
trophoretic self-assembled, so as to fabricate a photonic crys-
tal. Therefore, the problems of the prior art that it takes a long
time to prepare a colloidal crystal in the gravity sedimentation
method and it’s difficult to control the appearance of the
geometric structure in the solution evaporation method may
be solved, and a photonic crystal of the present invention may
have three-dimensional geometric structure that has a peri-
odic arrangement at any cross sections.

BRIEF DESCRIPTION OF DRAWINGS

[0017] Theinvention can be more fully understood by read-
ing the following detailed description of the preferred
embodiments, with reference made to the accompanying
drawings, wherein:

[0018] FIG. 1 is a cross-sectional view of a two-dimen-
sional photonic crystal fiber fabricated by a development
process according to the prior art;

[0019] FIG. 2A is a flow chart of a method of fabricating a
photonic crystal of a first embodiment according to the
present invention;
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[0020] FIG. 2B is a flow chart of a method of fabricating a
photonic crystal of a variant of the first embodiment accord-
ing to the present invention;

[0021] FIG. 2C is a schematic diagram illustrating an
experiment disposition for the method of the present inven-
tion;

[0022] FIGS. 2D and 2E are two schematic diagrams illus-
trating particles in an electrophoresis self-assembly process
according to the present invention;

[0023] FIG. 2F is a scanning electron microscope image of
a geometric structure assembled by a polystyrene colloid
according to the present invention;

[0024] FIG. 3A is a flow chart of a method of fabricating a
photonic crystal of a second embodiment according to the
present invention;

[0025] FIG. 3B is a schematic diagram illustrating filling a
gap of a geometric structure formed by a plurality of particles
with a first-type material according to the present invention;
[0026] FIG.3Cis ascanning electron microscope image of
amacroporous structure that is the geometric structure shown
in F1G. 2F, with the gap filled with nickel and the polystyrene
colloid removed, according to the present invention; and
[0027] FIG. 4 is a flow chart of a method of fabricating a
photonic crystal of a third embodiment according to the
present invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0028] The following illustrative embodiments are pro-
vided to illustrate the disclosure of the present invention,
these and other advantages and effects can be apparently
understood by those in the art after reading the disclosure of
this specification. The present invention can also be per-
formed or applied by other different embodiments. The
details of the specification may be on the basis of different
points and applications, and numerous modifications and
variations can be devised without departing from the spirit of
the present invention.

[0029] The present invention provides a photonic crystal
that has a three-dimensional geometric structure formed by a
plurality of particles being electrophoresis self-assembly
(EPSA), such that the geometric structure has a periodic
arrangement at any cross sections. Specifically, the electro-
phoresis technique is applied to the deposition of the particles
of mono-disperse distribution, causing the particles to have a
long range orderly arranged structure.

[0030] Please refer to FIG. 2A, which is a flow chart of a
method of fabricating a photonic crystal of a first embodiment
according to the present invention.

[0031] In step S21, an electrophoresis deposition suspen-
sion (EPD suspension) is prepared. In the experiment, for
example, polystyrene (PS) is selected as the particles, PS
microspheres are synthesized via an emulsifier-free emulsion
polymerization process, and the obtained PS microspheres
are prepared, with ethanol as solvent, to form mono-dispersed
electrophoresis deposition suspension. The particles may be a
cube or have a symmetrical structure, in addition to the micro-
spheres. Proceed to step S22.

[0032] Instep S22, a first electrode is installed in the elec-
trophoresis deposition suspension, and a second electrode is
installed in the electrophoresis deposition suspension in a
manner that the second electrode is encircled by the first
electrode. Proceed to step S23.
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[0033] Instep S23,avoltageis applied to the first electrode
and the second electrode, to form an electric field between the
first electrode and the second electrode. As a result, the par-
ticles in the electrophoresis deposition suspension may be
driven by the electric field to migrate and assemble them-
selves to be deposited on the first electrode, to form a peri-
odically arranged geometric structure. The first electrode may
be a three-dimensional conductive cylinder, rectangle or
polygon. Proceed to step S24.

[0034] Instep S24, the first electrode inside the geometric
structure is removed. Whatis formed in steps S21 to S23 is the
geometric structure that is deposited on the first electrode by
the electrophoresis self-assembly. The geometric structure
may be formed in the shape of a tube by etching, calcining or
other methods to remove the first electrode. The photonic
crystal that is electrophoretic self-assembled by the particles
has a high enough reflectivity. Accordingly, the tube-shaped
geometric structure, with the first electrode removed, may act
as a photonic crystal fiber, such that the attenuation of emitted
light may be reduced.

[0035] The geometric structure that is fabricated in steps
S21 to S23 or S21 to S24 shown in FIG. 2A may be a cylinder,
rectangle, or three-dimensional polygon structure.

[0036] Please refer to FIG. 2B, which is a flow chart of a
method of fabricating a photonic crystal of a variant of the
first embodiment according to the present invention. After
steps S21 and S22, in which the EPD suspension is prepared
and the first electrode and the second electrodeare installed in
the EPD suspension, proceed to step S220. In step S220, a
three-dimensional template that is in a certain shape and has
aplurality of holes is installed between the first electrode and
the second electrode. Proceed to step S23'. In step S23', the
particles in the EPD suspension, when electrophoretic self-
assembled, pass the holes on the three-dimensional template
and form between the first electrode and the template a geo-
metric structure in the certain shape, due to the confinement
of the three-dimensional template in the certain shape.
[0037] Please refer to FIG. 2C, which is a schematic dia-
gram illustrating an experiment disposition for the method of
the present invention. In an electrophoresis tank 24 is con-
tained an electrophoresis deposition suspension 23 that has a
concentration between 0.001 g/ml and 0.1 g/m1. Particles 20
are suspended in the electrophoresis deposition suspension
23. The particles 20 may be high polymer such as polystyrene
(PS), Si0,, PMMA or other oxide called colloid. The first
electrode 21 and the second electrode 22 are immersed in the
electrophoresis deposition suspension 23. The first electrode
21 may be a carbon fiber (CF) with a diameter of 7 um and a
length of 2.5 cm, and the second electrode 22 may be a
stainless steel tube with a diameter of 4.6 cm and a length of
3 cm. In a preferred embodiment, the first electrode 21 and the
second electrode 22 may have an area ratio greater than 1:3.
The first electrode 21 and the second electrode 22 are spaced
at a distance greater than 0.5 cm. A voltage may be applied to
the first electrode 21 and the second electrode 22, in order to
form between the first electrode 21 and the second electrode
22 an electric field having an electric intensity between
1V/ecm and 100V/cm. The photonic crystal may be fabricated
at a temperature between 20° C. to 80° C. As shown in FIG.
2D, the particles 20 are driven by the electric field to migrate,
and are self-assembled on the first electrode 21. A geometric
structure is then formed, as shown in FIG. 2E.

[0038] Note that the parameters described in the context are
optimized data in a laboratory, and are not used to limit the
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geometric structure. For instance, the carbon fiber may be
longer, and the second electrode may have a greater diameter.
The fabrication parameters that affect the deposition speed of
the colloid particles include electrophoresis suspension tem-
perature, electrophoresis deposition suspension concentra-
tion, the amplitude of an applied electric field, the material of
the electrodes, the pH value of the suspension, and the poten-
tial of Zeta on the surfaces of the colloid particles in the
suspension.

[0039] Please refer to FIG. 2F, which is a scanning electron
microscope image of a tube-shaped crystal structure
assembled by a PS colloid according to the present invention,
in which a carbon fiber with a diameter of 7 um and a length
of 2.5 cm is used as the first electrode, and a cylinder with an
inner diameter 0f4.25 cm and a length of 3.4 cm is used as the
second electrode. The particles have a long range orderly
arranged structure.

[0040] The photonic crystal fabricated in steps S21 to S23
shown in FIG. 2A has a periodically arranged geometric
structure that have a plurality of electrophoretic self-as-
sembled particles.

[0041] Please refer to FIG. 3A, which is a flow chart of a
method of fabricating a photonic crystal of a second embodi-
ment according to the present invention.

[0042] In step S31, a first type material is filled in gaps
between the particles of the geometric structure, to form a
core-shell structure, with the first type material as a shell. In
step S32, the particles of the geometric structure are removed,
to form a macroporous structure having a plurality of peri-
odically arranged pores. FIG. 3B is a schematic diagram
illustrating removing the first electrode of the geometric
structure shown in FIG. 2E and filling a gap of a geometric
structure formed by a plurality of particles with a first-type
material according to the present invention.

[0043] The first type material may be filled in the gaps
between the particles of the geometric structure by electro-
plating, electroless plating, chemical vapor deposition, physi-
cal vapor deposition, sol-gel, EPD or solution colloid tech-
niques. For instance, the photonic crystal may be immersed in
an electroplating solution, metal in the electroplating solution
are filled in the gaps of the geometric structure by an electro-
phoretic deposition technique to cause the metal particles to
be deposited on surfaces of the particles, and the particles are
removed by high temperature calcining or etching tech-
niques, so as to form a metal porous structure. Alternatively,
an electrochemical polymerization technique may be used to
fill the gaps of the geometric structure, in order to obtain a
high-quality polyaniline structure that has a great area.

[0044] The macroporous structure that is fabricated from
the first type material by steps S21 to S23 shown in FIG. 2A
and steps S31 to S32 is called an inverse structure, or an
inverse opals structure. Please refer to FIG. 3C, which is a
scanning electron microscope image of the geometric struc-
ture shown in FIG. 2F, with the gaps filled with nickel and the
polystyrene colloid removed, according to the present inven-
tion. The macroporous structure, if made from metal, may be
similar to bone.

[0045] Proceed to step S33. Please refer to FIG. 4, which
shows a third embodiment according to the present invention.
[0046] In step S33, a second type material is filled in the
pores of the macroporous structure, and the first type material
is removed, so as to form another geometric structure that is
different from the geometric structure shown in step S32.
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[0047] The second type material may be filled in the pores
of the macroporous structure by electroplating, electroless
plating, chemical vapor deposition, physical vapor deposi-
tion, sol-gel, EPD or solution colloid techniques, in order to
form the geometric structure that is composed by the second
type material.

[0048] Note that the particles of the geometric structure
assembled by the particles are in contact with dots, while the
another geometric structure that is assembled by the second
type material has a greater contact area than the particles,
since the another geometric structure is formed by filling the
second type material in the pores of the macroporous struc-
ture. Accordingly, the another geometric structure assembled
by the second type material has a greater mechanical strength
than the geometric structure assembled by the particles.
[0049] During the migration and deposition processes of
fabricating the photonic crystal, the particles are hard to be
self-assembled due to a screening effect. An impulse voltage
may be applied to the first electrode and the second electrode,
to increase the time for the particles to be self-assembled/
migrated and deposited in the electrophoresis suspension or
electroplating solution.

[0050] Therefore, a photonic crystal and a method of fab-
ricating the photonic crystal of the present invention employ
an electrophoresis deposition technique to cause particles to
be electrophoretic self-assembled to form a three-dimen-
sional structure in any geometric shape, with periodically
arranged at any cross sections. A three-dimensional photonic
crystal fabricated by particles is used as a template, in order
for a first type material to be filled in gaps between the
particles. Therefore, a photonic crystal having an inverse
opals structure may be obtained, after the particles are
removed.

[0051] In conclusion, the photonic crystal and the method
for fabricating the same of the present invention has a simple
process, low equipment and material cost, and high deposi-
tion speed, and is easy to be controller. The photonic crystal
fabricated according to the present invention has periodic
arrangement at any cross sections.

[0052] The foregoing descriptions of the detailed embodi-
ments are only illustrated to disclose the features and func-
tions of the present invention and not restrictive of the scope
of the present invention. It should be understood to those in
the art that all modifications and variations according to the
spirit and principle in the disclosure of the present invention
should fall within the scope of the appended claims.

What is claimed is:

1. A photonic crystal, comprising;

a three-dimensional geometric structure having a plurality
of particles, the three-dimensional geometric structure
being electrophoretic self-assembled, wherein the par-
ticles are periodically arranged at any cross sections of
the geometric structure.

2. The photonic crystal of claim 1, wherein the particles are

balls or cubes, or have a symmetrical structure.

3. The photonic crystal of claim 1, wherein the geometric
structure is a cylinder, rectangle, or polygon.

4. The photonic crystal of claim 1, wherein the geometric
structure has an appearance formed by electrophoretic self-
assembled process with a three-dimensional template that has
a plurality of holes.

5. The photonic crystal of claim 1, wherein the geometric
structure has a plurality of gaps between the particles, and
wherein a material is filled in the gaps.
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6. A method of fabricating a photonic crystal, comprising
the steps of:

(1) preparing an electrophoresis deposition suspension;

(2) installing a first electrode in the electrophoresis depo-

sition suspension, and installing a second electrode in
the electrophoresis deposition suspension in a manner
that the first electrode is encircled by the second elec-
trode; and

(3) applying a voltage to the first electrode and the second

electrode to form an electric field between the first elec-
trode and the second electrode, causing particles in the
electrophoresis deposition suspension to be electro-
phoretic self-assembled to form a geometric structure
that has a periodic arrangement at any cross sections.

7. The method of claim 6, wherein step (3) comprises, after
the geometric structure is formed, removing the first electrode
inside the geometric structure.

8. The method of claim 6, further comprising filling gaps
between the particles with a first type material, then removing
the particles, to form a macroporous structure that has a
plurality of periodically arranged pores at any cross sections.

9. The method of claim 8, wherein the first type material is
filled in the gaps by electroplating, electroless plating, chemi-
cal vapor deposition, physical vapor deposition or solution
colloid techniques.

10. The method of claim 8, wherein the particles are
removed by high temperature calcining or chemical agent
etching techniques.
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11. The method of claim 8, further comprising filling the
pores of the macroporous structure with a second type mate-
rial, then removing the first type material, to form another
geometric structure.

12. The method of claim 6, wherein the particles are balls
or cubes, or have a symmetrical structure.

13. The method of claim 6, wherein the first electrode is a
conductive cylinder, rectangle, or polygon.

14. The method of claim 6, wherein step (1) comprises
installing between the first electrode and the second electrode
a three-dimensional template that has a certain geometric
shape.

15. The method of claim 14, wherein the three-dimensional
template has a plurality of holes, and the particles, when
electrophoresis self-assembled, pass through the holes of the
three-dimensional template so as to form the geometric struc-
ture having the certain geometric shape.

16. The method of claim 15, further comprising filling gaps
between the particles of the geometric structure with a first
type material, then removing the particles, to form a
macroporous structure that has a plurality of periodically
arranged pores at any cross sections.

17. The method of claim 16, further comprising filling the
pores with a second type material, then removing the first type
material, to form another geometric structure.
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