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(57) ABSTRACT

Systems and methods for manipulating light with tunable
ferroelectric photonic devices. Devices having tunable prop-
erties that exhibit photonic bandgap behavior are fabricated
from ferroelectric materials. Apparatus is provided to apply
tuning signals to the ferroelectric material using one or more
of electric fields, mechanical forces, optical fields, and
thermal fields. Control circuitry is provided to generate the
control signals needed to apply the tuning signals. Input and
output ports are provided to allow input signals to be
received and to provide output signals. In some cases, a
feedback loop is provided to use a portion of the output
signal as a diagnostic signal for control of the operation of
the device within an acceptable range. It is expected that
ferroelectric photonic devices operating according to prin-
ciples of the invention will be useful for a wide variety of
applications, including optical switching, optical modula-
tion, optical computing, and performing logic optically.

20 Claims, 14 Drawing Sheets
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FERROELECTRIC NANOPHOTONIC
MATERIALS AND DEVICES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to and the benefit of
co-pending U.S. provisional patent application Ser. No.
60/704,359, filed Aug. 1, 2005, which application is incor-
porated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
FUNDED RESEARCH OR DEVELOPMENT

The invention described herein was made in the perfor-
mance of work under Department of the Army Grant No.
DAADI19-01-1-0517, and is subject to the provisions of
Public Law 96-517 (35 U.S.C. §202) in which the Contrac-
tor has elected to retain title.

FIELD OF THE INVENTION

This invention relates to tunable optical and photonic
devices fabricated from ferroelectric and other active mate-
rials whose optical properties can be statically and dynami-
cally tuned and switched using one or more of a mechanical,
an electrical, an optical and a thermal stimulus. In particular,
this invention relates to optical waveguides, resonators, and
photonic crystals that can be statically and dynamically
tuned.

BACKGROUND OF THE INVENTION

Since the 16” century, the design of optical components
has centered on homogenous dielectric media. Such optical
components are limited by the achievable wave vectors and
dispersion relations at optical frequencies in the medium.
This is severely limiting since the refractive indices of
typical dielectric materials are both modest and essentially
constant below their optical gaps. This limitation has been
overcome in the last decade through the development of
photonic devices in heterogeneous materials including
waveguides, resonators and photonic crystals.

Photonic crystals are artificially fabricated structures,
typically made of a dielectric material, such as glass or
silicon, and typically containing a periodic array of holes.
Photonic crystals were first described by Yablonovitch in
1987 and were first constructed by mechanically drilling
holes in ceramic blocks. The propagation of electromagnetic
radiation, such as light, through such a heterogeneous peri-
odic medium is quite complicated, especially when the
wave-length becomes comparable to the periodicity of the
structure. The propagation of the electromagnetic radiation
can be described using a dispersion relation that relates the
frequency to the wave-number. The dispersion relation
depends on both the refractive index and also the geometry.
The slope of the dispersion curve gives the group velocity,
ie., the effective velocity with which electromagnetic
energy propagates in this medium. In photonic crystals the
group velocity can become very small and even zero.
Furthermore, a periodic array of materials with different
indices of refraction gives rise to forbidden frequencies of
light known as the optical or photonic band-gap (“PBG”).
The photonic crystal acts as a reflector for light of those
frequencies. Finally, by putting in defects wherein one
deviates from periodicity in selected regions, one can build
a number of interesting devices such as resonant cavities and
lasers.
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Photonic crystals are nanofabricated two- and three-di-
mensional periodic structures in glass and semiconductors
that allow one to design or to engineer the dispersion relation
of the medium. They can be designed with well-defined
photonic bandgaps, which are frequency bands within which
the propagation of electromagnetic waves is forbidden irre-
spective of the propagation direction in space and polariza-
tion of the incoming light. When combined with high index
contrast slabs in which light can be efficiently guided,
nanofabricated two-dimensional photonic bandgap mirrors
can be fabricated to confine and concentrate light into
extremely small volumes and to obtain very high field
intensities that enable a variety of applications. Fabrication
of optical structures has evolved to a precision that allows
the control of light within etched nanostructures. As one
example, nanofabricated high reflectivity mirrors can be
used to define high-Q cavities in Vertical Cavity Surface
Emitting Lasers (VCSELs). For example, room temperature
lasing in the smallest optical cavities with mode volumes
down to 2.5 (M2/n,,,)*, or 0.03 um® in InGaAsP emitting at
1.55 um have been demonstrated. As the mode volumes of
nano-cavities are decreased, the coupling efficiency between
the spontaneous emission within the cavity and the lasing
mode can be significantly improved. Furthermore, sub-
wavelength nano-optic cavities can be used for efficient and
flexible control over both emission wavelength and fre-
quency.

Photonic crystal waveguides play a crucial role in pho-
tonic crystal integrated circuits. These waveguides are
responsible for transferring light throughout the integrated
circuit as well as for the coupling of light into and out of the
integrated circuit. At ~1.5 um wavelengths, it is possible to
use silicon as a low-absorption waveguide material, and to
leverage upon the extensive fabrication and wafer prepara-
tion experience of the microelectronics industry. In particu-
lar, semiconductor on insulator (SOI) structures lend them-
selves well to fabrication of single mode waveguides from
high index silicon and the fabrication of passive two-
dimensional (“2-D”) photonic crystal structures. When
designed properly, a semiconductor on insulator layer can
serve as a high index optical waveguide, and can be pat-
terned to define 2-D PBG material.

Although photonic crystals and photonic devices are
currently fabricated, they are static structures. They possess
the dispersion relation and characteristics that exist when
they are fabricated.

A variety of materials exhibit ferroelectricity including
perovskites with the composition ABO;, where A and B are
suitable metals. A few common examples are barium titanate
(BaTiO;), lead titanate (PbTiO;) and lithium niobate
(LiNDbO;). Ferroelectric materials exhibit spontaneous polar-
ization and form domain patterns that can be switched
through applied fields, such as electrical, optical and
mechanical fields. They possess high refractive index and
birefringence that can be tuned through the application of
electric fields. BaTiO; is non-polar and cubic above its Curie
temperature of 403 K, but is spontaneously electrically
polarized along a <100> cubic direction and is spontane-
ously distorted into a tetragonal symmetry below the Curie
temperature. The reduction in symmetry at its phase transi-
tion means that the ferroelectric can exist in six equivalent
forms or variants below the Curie temperature. A typical
crystal contains a mixture of variants with domains of one
variant separated from the other by domain walls. The
domain pattern can be changed by the application of electric
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field and stress as one variant switches to another. This
material is a nonlinear anisotropic dielectric at room tem-
perature.

Ferroelectric perovskites like barium titanate display the
electro-optic effect wherein the refractive index can be
changed through the application of electric field. This elec-
trical-optical coupling has two sources. The first is the
intrinsic electro-optic coupling (that with fixed domain
pattern) under moderate fields, and the second is an extrinsic
electro-optic coupling (that associated with changing
domain patterns) under sufficiently high fields (above the
coercive field). The latter is a consequence of the fact that
ferroelectric perovskites are birefringent materials, in which
the refractive index in the direction of the spontaneous
polarization is different from the refractive index in a
direction perpendicular to the spontaneous polarization.
When the domains are switched through the application of
electric field, the direction of spontaneous polarization and
consequently the refractive index also changes.

Ferroelectric perovskites like barium titanate are also
wide-band gap semiconductors and display the photorefrac-
tive effect that can be influenced by doping. When illumi-
nated with light in the visible spectrum, charges are excited
into the conduction band from traps in the crystal. These
charges can diffuse away from the point of excitation before
they are retrapped. When there is a gradient in the illumi-
nation pattern, this process can establish space charge fields
with charges accumulating in the darker regions. The pres-
ence of the electric field modulates the index of refraction of
the material which in turn modulates light incident on the
crystal. This mechanism is known as electrical fixing, and
can be used to permanently store holograms recorded via the
photorefractive effect. The same internal fields can also be
used to locally align the domains of the crystal. Typically, a
strong external field is applied and the internal photorefrac-
tive field either adds or subtracts from it to cause the
domains to flip.

High-quality bulk crystals of LiNbO; can be synthesized.
The modulation of the refractive index via the 3™ order
nonlinear optical coeflicient using DC electric fields has led
to the development of commercial high speed (10-40
Gb/sec) electro-optic modulators formed as diffused
waveguides in bulk LiNbO;. However, these modulators
offer very limited tunability. These devices are limited in
their capabilities and necessarily are fabricated at the mil-
limeter scale or larger.

There is a need for apparatus that can manipulate light,
that can be small enough to allow fabrication of the analog
of integrated circuits, and that can operate in a tunable
fashion.

SUMMARY OF THE INVENTION

In one aspect, the invention relates to a photonic bandgap
light manipulation apparatus having a tunable property. The
apparatus comprises a photonic bandgap structure having a
dispersion relation, the photonic bandgap structure compris-
ing a ferroelectric material, the photonic bandgap structure
having at least one of an optical input port for receiving an
optical input signal and an optical output port for providing
an optical output signal; a control circuit that controls an
application of a tuning signal to the ferroelectric material;
and at least one structure operatively connected to the
ferroelectric material and to the control circuit, the at least
one structure configured to apply the tuning signal to the
ferroelectric material. The property of the photonic bandgap
light manipulation apparatus is tuned to provide a manipu-
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lation of at least one of the optical input signal that is
received at the apparatus at the optical input port and the
optical output signal that is provided by the apparatus at the
optical output port.

In one embodiment, the manipulation of light is a switch-
ing operation. In one embodiment, the manipulation of light
is a logic operation. In one embodiment, the manipulation of
light is a modulation of light. In one embodiment, the
manipulation of light is a memory operation. In one embodi-
ment, the manipulation of light is a computation operation.
In one embodiment, the manipulation of light involves
controlling a propagation direction of a beam of light.

In one embodiment, the tuning signal is an electrical
signal. In one embodiment, the tuning signal is a mechanical
force. In one embodiment, the tuning signal is an optical
signal. In one embodiment, the tuning signal is a thermal
signal.

In one embodiment, the at least one structure configured
to apply the tuning signal to the ferroelectric material is an
electrode. In one embodiment, the electrode comprises a
metal. In one embodiment, the electrode comprises an oxide.
In one embodiment, the electrode comprises a carbon nano-
tube. In one embodiment, the electrode comprises a doped
semiconductor.

In one embodiment, the at least one structure configured
to apply the tuning signal to the ferroelectric material is a
mechanical device. In one embodiment, the at least one
structure configured to apply the tuning signal to the ferro-
electric material is an optical source.

In one embodiment, the photonic bandgap light manipu-
lation apparatus further comprises a feedback loop that
includes a detector that receives an output signal from the
apparatus and provides a signal in response to the received
signal to the control circuit.

In one embodiment, the photonic bandgap light manipu-
lation apparatus further comprises a power supply that
provides power to at least one of the control circuit and the
at least one structure configured to apply the tuning signal to
the ferroelectric material.

The foregoing and other objects, aspects, features, and
advantages of the invention will become more apparent from
the following description and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The objects and features of the invention can be better
understood with reference to the drawings described below,
and the claims. The drawings are not necessarily to scale,
emphasis instead generally being placed upon illustrating
the principles of the invention. In the drawings, like numer-
als are used to indicate like parts throughout the various
views.

FIG. 1 is a drawing showing the dispersion relation in two
exemplary materials.

FIG. 2 is a schematic diagram showing various states of
a switchable mirror, according to principles of the invention.

FIG. 3 is a schematic diagram of an exemplary switchable
waveguide, according to principles of the invention.

FIG. 4 is a schematic diagram of a simple Mach-Zehnder
interferometer, according to principles of the invention.

FIG. 5 is a diagram showing a tunable laser cavity,
according to principles of the invention.

FIG. 6 is a schematic diagram of a structure that can be
used to study the properties of materials, using the principles
of the invention.
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FIG. 7 is an image of a ferroelectric photonic crystal
etched in 200 nm thick LiNbO; single crystal thin film on
Si0,/8Si fabricated by layer transfer, according to principles
of the invention.

FIG. 8 is a diagram that shows the relationship among the
steps of a process by which such ferroelectric photonic
materials and devices can be designed, fabricated, and
analyzed or characterized.

FIG. 9 is an image that shows, on the left, an example of
a 10x10 array of laser cavities tuned to different individual
fixed wavelengths, each wavelength being controlled by the
dimensions of the features of an individual cavity.

FIG. 10 is a diagram that shows an example of a single
defect photonic crystal cavity, which supports both shallow
acceptor modes as well as deep donor modes within the
same cavity.

FIG. 11 is an image showing photonic crystal waveguides.

FIG. 12 is an image showing a suspended photonic
waveguide fabricated in SOI silicon.

FIG. 13 shows the development of space charges and the
resulting local electric field near a 90 degree domain wall in
an n-doped specimen (Oxygen vacancies).

FIG. 14 shows the evolution of polarization under fixed
compressive stress and cyclic electric field in a bicrystal.

FIG. 15 is a diagram showing some of the features of an
exemplary ferroelectric material.

FIG. 16 is a schematic diagram that illustrates the layer
transfer process.

FIG. 17 is a diagram showing an atomic force micrograph
(AFM) and a piezoresponse force micrograph (PFM of a
transferred layer.

FIG. 18 is a diagram of a ferroelectric microactuator with
patterned electrodes used of obtain controlled domain
switching.

FIG. 19 is a diagram showing in elevation a cross section
through various tuning apparatus structures that can be
applied to ferroelectric photonic devices, according to prin-
ciples of the invention.

FIG. 20 is a schematic diagram showing in plan view a
ferroelectric photonic device with the associated compo-
nents of an exemplary system.

FIG. 21 is a flowchart that shows steps in the operation of
a ferroelectric photonic device.

DETAILED DESCRIPTION OF THE
INVENTION

For convenience of exposition, we will use the term
ferroelectric photonic crystal to denote a structure having the
properties of a photonic crystal that is constructed from a
ferroelectric material. A ferroelectric photonic crystal is one
embodiment of a material that can be used to make ferro-
electric photonic devices. These materials and devices are
often described using the prefix “nano” because such mate-
rials and devices are fabricated with dimensions of the order
of wavelengths of light, e.g., nanometer dimensions. The
invention involves the fabrication and operation of ferro-
electric nanophotonic materials and devices. These materials
and devices combine the geometric features of photonic
crystals with the inherent material properties of ferroelectric
materials to obtain unprecedented ability to manipulate
light. The nonlinear optical interactions in ferroelectric
photonic devices allow the application of these interactions
to make compact all optical switches and modulators. It is
expected that such devices will have a significant techno-
logical impact on optical communications and sensor tech-
nology.
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According to principles of the invention, a device uses
either the nonlinear optical properties or the electro-optic-
mechanical coupling features of ferroelectric materials to
provide a way to actively tune the dispersion relation of
photonic crystals and photonic devices. Tuning the disper-
sion relation can provide a mechanism to cause an individual
device to become active or inactive at a specified wave-
length, as may be desired. By controlling the behavior of at
least one individual device, one can cause a device, and a
circuit containing the device, to change a mode of operation,
for example from one of transmission, reflection, or extinc-
tion of light at a given frequency or wavelength to another
mode. Devices that change a mode of operation can be
employed to provide such functions as switching (change of
state) and memory (persistence of state). Such devices can
be controlled to create logic gates, to provide computational
capability, to control optical signals and the paths such
signals follow, and to provide other useful functionality.
According to principles of the invention, the apparatus,
systems and method of the invention provide waveguides,
resonators and photonic devices whose properties can be
statically and dynamically tuned.

This new capability will allow the reduction of the size of
optical components. Miniature components make possible
their integration in large numbers; much in the same way
electronic components have been integrated for improved
functionality to form electronic microchips. In addition,
methods of fabricating the materials and apparatus of the
invention provide the capability to produce integrated
devices comprising pluralities of individual devices.
Depending on the selection of materials that are used as
substrates upon which such devices are fabricated or
assembled, the possibility of having an integrated structure
that includes both optical and electrical signal manipulation
can be envisioned.

The switchable electrical and optical properties of ferro-
electric materials will be utilized to fabricate optical devices
with tunable properties. Optical constants in perovskite
materials vary with crystal orientation and applied electric
field. Mechanical and electrical switching of ferroelectric
domains leads to tunable optical properties. Controlling
birefringence and electrooptic response will lead to
waveguides, photonic crystals, and resonators with a wide
range of variable properties. Waveguides utilizing ferroelec-
tric thin films will be used in interferometric devices to
create optical switches. Ferroelectric photonic crystal reso-
nators and waveguides having tunability will provide
devices capable of variable cavity resonant frequency, swit-
chable Bragg reflectors, and others. Ring resonators fabri-
cated from ferroelectric thin films will similarly demonstrate
optical tunability.

The materials, devices, systems and methods of the inven-
tion combine control of dispersion relations with nonlinear
optical properties of active materials to create tunable and
switchable optoelectronic devices including waveguides,
resonators, lasers and modulators.

A dispersion relation is the relation between the wave-
length and wave number of light propagating in the medium.
The slope of the dispersion relation is group velocity and
describes the speed with which light (specifically energy
associated with the light) propagates through a medium. A
linear dispersion relation means light of all frequencies
propagate with the same velocity, while a nonlinear disper-
sion relation means that light of different velocities propa-
gate at different speeds. Further, a bandgap in the dispersion
relation indicates that light with some frequencies do not
propagate in the medium.
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FIG. 1 is a drawing showing the dispersion relation in two
exemplary materials. The dispersion relation of a medium
depends on the refractive index of the medium. A change in
the refractive index changes the dispersion relation and the
group velocity. Consider a medium with linear dispersion
relation shown on the left of FIG. 1. It has a linear dispersion
relation shown by the solid line. If one changes its refractive
index slightly, as shown by the dotted line, the material
exhibits a different dispersion relation. Note that the slope
changes, but very slightly, and that the slope is constant as
a function of wave number. Now consider a medium with
nonlinear dispersion relation, such as is shown on the right
of FIG. 1. When the refractive index is changed as before,
one observes that the slope changes dramatically at wave
numbers or frequencies where the slope is small. Therefore
a nonlinear dispersion relation is a means of magnifying
changes in refractive index. Conversely, changes in refrac-
tive index are a means of tuning dispersion relations.

The materials, devices, systems and methods of the inven-
tion take advantage of this principle by combining two
elements, a device with engineered dispersion relation and a
material with tunable refractive index. In order to tune or
modify the dispersion relation, one can apply a tuning
signal, for example by applying at least one of an electrical
field, a mechanical force (a stress or a strain), an optical
field, or a thermal field. One can choose various options for
each element as described below.

This invention can be embodied in various devices. A few
examples are described here.

FIG. 2 is a schematic diagram showing various states of
a switchable mirror. In the topmost layer of FIG. 2 light at
the band edge is propagating through a photonic structure, as
indicated by the arrow entering the layer on the left, and
exiting the layer on the right. In the middle layer light is
introduced on the left. An applied electric field changes the
band-gap in part of the structure (the region on the right of
the middle layer) so that the propagating light is in the
band-gap and is therefore forbidden to pass through the
region having the modified band gap. This structure now
acts as a mirror, and the light exits on the left, as indicated
by the second arrow. Further, the structure can be switched
back and forth between the transmitting and a reflecting
state. In another embodiment the switching is done in a
segmented manner, as indicated by the structure shown in
the lowest layer of FIG. 2, so that one obtains a reflector
where the reflected light has a different frequency from the
incoming light.

Another exemplary device is a switchable waveguide, as
indicated in schematic form in FIG. 3. One can create a
waveguide in a photonic crystal by using an array of defects.
It has been explained in the literature that a defect, or a
deliberately added distortion of the regular pattern that
adheres in a photonic bandgap material, can act in a manner
similar to a dopant atom in a semiconductor, to modify the
optical property of the photonic bandgap material locally. In
the current invention, one can create two arrays of defect
with slightly different structure. In such an embodiment, the
light is guided along one defect in the presence of an
electrical field and along another in its absence. It is also
known to make optical cavities, for example for use in
lasers, by introducing defects into a photonic bandgap
material.

FIG. 4 is a schematic diagram of a simple Mach-Zehnder
interferometer. However, since this is fabricated in a pho-
tonic device where the group velocity is very small, and
since the modulation is done by electrically induced changes
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of refractive index, the device can be made at sizes orders of
magnitude smaller than regular devices.

FIG. 5 is a diagram showing a tunable laser cavity. Here
a defect (the filled opening in the very center of the other-
wise periodic hexagonal array of holes) is used to confine
light and thus act as a laser. Lasers fabricated laser cavity
structures that are not tunable after fabrication, so that the
laser operates at a single fixed wavelength, are well known
and have been described in the literature. See, for example,
J O’Brien, 0 Painter, R Lee, C C Cheng, A Yariv, and A
Scherer, “Lasers incorporating 2D photonic bandgap mir-
rors”, Electronics Letters, 32(24):2243-2244 (1996). In vari-
ous embodiments of the present invention, an application of
electric field, mechanical stress or gate illumination can be
used to tune the refractive index of the photonic bandgap
structure, thus changing the lasing frequency.

FIG. 6 is a schematic diagram of a structure that can be
used to study the properties of materials, using the principles
of'the invention. A photonic structure is used to confine light
into very small volumes so that one has light-induced
domain switching in ferroelectric materials. This kind of
structure can be used as a probe for the properties of the
ferroelectric material itself. Viewed in another way, the
structure shown in schematic in FIG. 6 can be used as a kind
of memory device, in which a first behavior of light as it
passes interacts with the material represents a first state (for
example a zero), and a second behavior of light as it interacts
with the material represents a second state (for example a
one). By applying deliberate electrical fields to regions of a
material, a plurality of memory elements can be fabricated
and operated. In this kind of memory, it is believed that there
may additionally be the possibility of having more than two
response states for a given input signal (e.g., transmission,
reflection of light at a first wavelength, reflection of light at
a second wavelength or reflection of light at a third wave-
length), thereby constructing memory elements having a
high data storage density than a comparable memory ele-
ment having only two states.

FIG. 7 is an image of a ferroelectric photonic crystal
etched in 200 nm thick LiNbO; single crystal thin film on
Si0,/Si fabricated by layer transfer. The pattern transfer was
produced by focused ion beam milling.

We now turn to a more detailed discussion of the materials
devices, systems and methods that embody the invention. In
various embodiments, the device with an engineered or
controlled dispersion relation can be a photonic crystal
(described in greater detail below in section I-1), a surface
plasma polarization device (described in greater detail below
in section [-2), an engineered domain pattern (described in
greater detail below in section 1-3) or a compositionally
graded material (described in greater detail below in section
1-4). A photonic crystal is a nano-fabricated one, two or three
dimensional structure. It can be fabricated by electron-beam
lithography, optical lithography, focused ion beam milling or
self-assembly. A surface plasma polarization device is a
device with patterned surfaces. An engineered domain pat-
tern is a ferroelectric material with pinned domains. Com-
positionally-graded materials can be materials in which a
change in composition along at least one axial direction is
generated by producing materials having graded chemical
compositions, for example by depositing layers having
controlled chemical composition. Examples of composition-
ally graded materials are strained layer superlattices, and
materials with graded doping.

The active material (II) must have optical properties
which can be altered through the application of light, electric
field or mechanical stress (described in greater detail below
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in section II-1). These properties include the electro-optic
effect (described in greater detail below in section II-1-1)
which can either be obtained using domain switching or can
be inherent to the material, the photorefractive effect (de-
scribed in greater detail below in section II-1-2) or a strain
induced modulation of refractive index (described in greater
detail below in section II-1-3). These properties are available
in a variety of materials (described in greater detail below in
section I1I-2) including perovskites with composition ABO,
and liquid crystal elastomers. Finally, the synthesis (de-
scribed in greater detail below in section II-3) of these
materials can be performed by a variety of means including
pulsed laser deposition (described in greater detail below in
section II-3-1), chemical vapor deposition (described in
greater detail below in section II-3-2), molecular beam
epitaxy (described in greater detail below in section II-3-3)
and layer transfer (described in greater detail below in
section 11-3-4).

In various embodiments, the device includes a means of
applying the tuning field (described in greater detail below
in section III). This tuning may be achieved using electrical
fields applied using planar electrodes (described in greater
detail below in section III-1), interdigitated or otherwise
patterned electrodes (described in greater detail below in
section II1-2). In some embodiments, the electrodes may be
a combination of such electrodes. The tuning may also be
achieved using mechanical means using a mechanical load-
ing device (III-3). In some embodiments, tuning is achieved
optically, by the application of light and a photorefractive
material (described in greater detail below in section I11-4).
The tuning fields may be applied uniformly across the
device or in a spatially varying manner. The tuning fields
may be applied either statically or dynamically. The tuning
may be controlled manually, by application of a predefined
signal or by using a digital controller system (described in
greater detail below in section III-5). The various tuning
fields may also require a power supply (described in greater
detail below in section III-6). In some embodiments, after
the tuning field has been applied, the effect of the tuning field
may be fixed in the tuned medium. In the case of tuning by
application of an electrical field, the structure used to tune
the material may be considered to be the equivalent of a
capacitor, in which charges are applied to specifically
designed plates so as to apply a desired field across the
tunable medium. One the charge that is necessary to obtain
the desired tuning is applied, one or more of the capacitor
plates can be disconnected from a power supply, or other-
wise insulated, so that the charge applied is effectively
trapped or fixed on the capacitor plates. Such operation can
provide a persistent tuned state, which can be used as a
memory element. In addition, because energy and power are
expended only during the time that charge is flowing into or
out of the capacitor, such a device can be very energy
efficient.

In some embodiments, the device includes a means of
coupling light into it (described in greater detail below in
section IV). In various embodiments, the light coupling can
be achieved through gratings (described in greater detail
below in section IV-1), prism coupling (described in greater
detail below in section IV-2), tapered fiber coupling (de-
scribed in greater detail below in section IV-3), butt coupling
(described in greater detail below in section IV-4) and
plasmon coupling (described in greater detail below in
section IV-5).

In some embodiments, the device can be designed to
operate under various mode confinement regimes (described
in greater detail below in section V). These include planar
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ferroelectric core (described in greater detail below in sec-
tion V-1), planar SOl/ferroelectric core (described in greater
detail below in section V-2), planar plasmon/ferroelectric
core (described in greater detail below in section V-3) and
three dimensional ferroelectric modes (described in greater
detail below in section V-4).

1 Dispersion Control

Dispersion control is accomplished by providing a device
or a substance that permits alteration of a dispersion relation,
and additionally providing a system or a method that permits
the deliberate modification of the dispersion relation. In one
embodiment, the material or substance is a photonic crystal
constructed from a ferroelectric material, and the system or
method that permits the deliberate modification of the dis-
persion relation is a system that allows the deliberate appli-
cation of an electrical field, the deliberate application of an
optical field, or the deliberate application of a mechanical
force, that modifies the properties of the material, such as its
polarization state, at least one of its physical dimensions, or
its domain structure so as to change a dispersion relation,
thereby tuning the material behavior in a desired manner so
that a desired condition is provided. In other embodiments,
the material is a liquid crystal elastomer, and the system or
method that allows modification of the material properties is
one or more of an applied electrical field, a mechanical
force, and a thermal field.

1-1 Photonic Crystal

1-1.1 Fabrication

Nanofabricated Photonic Crystals

Photonic crystals are nanofabricated two- and three-di-
mensional periodic structures, commonly constructed in
glass and semiconductors, although many other materials
can in principle be used. They can be designed with well-
defined photonic bandgaps. A three dimensional photonic
bandgap is a frequency band within which the propagation
of electromagnetic waves is forbidden irrespective of the
propagation direction in space and polarization of the
incoming light. When combined with high index contrast
slabs or other structures in which light can be efficiently
guided, nanofabricated two-dimensional photonic bandgap
mirrors can confine and concentrate light into extremely
small volumes and can produce very high field intensities
that enable a variety of applications. High accuracy nano-
fabrication techniques and the development of finite-differ-
ence time-domain (FDTD) simulations can be used to pro-
duce reliable device designs.

FIG. 8 is a diagram that shows the relationship among the
steps of a process by which such ferroelectric photonic
materials and devices can be designed, fabricated, and
analyzed or characterized. The process can be iterative. For
purposes of exposition, one of the steps is selected arbitrarily
as a first step. The steps include simulation or theoretical
analysis of the interactions of domains in ferroelectric
materials with light, synthesis of desired structures having
photonic crystal geometry made in ferroelectric material,
characterization of the interactions of domains in ferroelec-
tric materials with light; and design and construction of
electro-optic devices that employ the properties of the
ferroelectric photonic crystal material.

Photonic Cavity Devices

Fabrication of optical structures has evolved to a precision
that allows the control of light within etched nanostructures.
For example, nanofabricated high reflectivity mirrors can be
used to define high-Q cavities in Vertical Cavity Surface
Emitting Lasers (VCSELs). As has been demonstrated by

































