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& (57) Abstract: An apparatus and methods for optical switching using nanoscale optics are disclosed herein. A nano-optics apparatus
(100) for use as an optical switch includes a metallic film (140) having a top surface, a bottom surface and a plurality of cylindrical
channels (160) containing a dielectric material (180), the metallic film (140) acting as an outer electrode; and an array of non-linear
optical components (120) penetrating the metallic film (140) through the plurality of cylindrical channels (160), the array acting as
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an array of inner electrodes.
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TITLE

APPARATUS AND METHODS FOR OPTICAL SWITCHING
USING NANOSCALE OPTICS

GOVERNMENT SUPPORT

The invention was supported, in whole or in part, by Contract No. DAAD16-02-C-
0037 from the U.S. Army Natick Soldier Systems Center. The Government has certain

rights in the invention.
FIELD

The embodiments disclosed herein relate to the field of optics, and more

particularly to an apparatus and methods for optical switching using nanoscale optics.

BACKGROUND

Nano-optics is the study of optical interactions with matter on a subwavelength
scale. Nano-optics has numerous applications in optical technologies such as
nanolithography, optical data storage, photochemistry on a nanometer scale, solar cells,
materials imaging and surface modification with subwavelength lateral resolution, local
linear and nonlinear spectroscopy of biological and solid-state structures, quantum

computing, quantum communication and optical networking.

As telecommunication networks continue to expand and require greater bandwidth,
it is necessary to introduce new technologies to keep up with growing demands.
Telecommunication technologies should not only facilitate the need for bandwidth but also
be easily incorporated into exiting network infrastructure. At the same time, the
technology should be flexible and versatile enough to fit the requirements of the future.
While current telecommunication systems include a combination of electronic and optical
data-transmission, there is movement towards optical networks due to the increased
bandwidth provided by high bit-rates and paraliel transmission through wavelength

division multiplexing.

Optical networks use light for much of the transmission of data between nodes in

an optical circuit. Optical cross-connects function as switches in these nodes by routing
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signals arriving at one input-port to one of a variety of output-ports. Most current optical
cross-connect systems comprise high-speed electronic cores, which are complex,
cumbersome, and expensive. These switches typically require a light signal to be
translated into an electronic signal, which is switched or routed to an output-port before
being reconverted to a light signal. Such optical-to-electronic-to-optical (OEO) devices are
typically the rate-limiting component in an optical network. As such, many options are
being considered to reduce the need for both OEO conversions, as well as electronic-

signal processing in optical network components.

The basic premise of optical switching is that by replacing existing electronic
network switches with optical ones, the need for OEO conversions is removed. The
advantages of being able to avoid the OEO conversion stage are significant. Optical
switching should be more economical, as there is no need for expensive high-speed
electronics. Removing the complexity should also make for physically smaller switches.
However, optical switching technology is still in its infancy. Semiconductor amplifiers,
liquid crystals, holographic crystals, and tiny mirrors have all been proposed to implement

light switching between optical fibers.

Prior art optical network devices have utilized optical switch arrays. Prior art
devices are described in U.S. Patent No. 7,035,498 entitled “Ultra-Fast All-Optical Switch
Array;” U.S. Patent No. 7,060,510 entitled “Electronic and Optoelep_tronic Devices and
Methods for Preparing Same;” U.S. Patent Appiication No 20020176650 entitled
“Ultrafast All-Optical Switch Using Carbon Nanotube Polymer Composites;” U.S. Patent
Application No. 20050199894 entitled “Semiconductor Device and Method Using
Nanotube Contacts;” U.S. Patent Application No. 20050243410 entitled “Optical Signal
Processing Device and Non-Linear Optical Component;” U.S. Patent Application No.
20060054922 entitled “Optically Controlled Electrical Switching Device Based on Wide
Bandgap Semiconductors;” and U.S. Patent Application No. 20060158760 entitled
“Optically Controlled Electrical-Switch Device Based Upon Carbon Nanotubes and
Electrical-Switch System Using the Switch Device,” all of which are hereby incorporated

by reference in their entireties for the teachings therein.

There is a need in the art for nanoscale optical networks fabricated from all-optical

switches that are based on nonlinear optical materials. The all-optical switches would be
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easily integrated into existing and future network infrastructure, ultrafast, inexpensive and

reduce the loss of bandwidth.
SUMMARY

An apparatus and methods for optical switching using nanoscale optics are

disclosed herein.

According to aspects illustrated herein, there is provided a nano-optics apparatus
for use as an optical switch that includes a metallic film having a top surface, a bottom
surface and a plurality of cylindrical channels containing a dielectric material wherein the
metallic film acts as an outer electrode; and an array of non-linear optical components
penetrating the metallic film through the plurality of cylindrical channels wherein the
array acts as an array of inner electrodes. In an embodiment, the array of non-linear

optical components is an array of carbon nanotubes.

According to aspects illustrated herein, there is provided a method of optical
switching including positioning an optical switch at a node in an optical circuit, wherein
the optical switch comprises a metallic film having a plurality of cylindrical channels
containing a dielectric material and an array of non-linear optical components penetrating
the metallic film through the plurality of cylindrical channels; receiving an optical signal
at a portion of each non-linear optical component that protrudes from a top surface of the
metallic film; tfansnlittin;g the optical signal from the portion that protrudes from the top
surface of the metallic film to a portion of the non-linear optical component that is
embedded within the metallic film such that the optical signal propagates through the non-
linear optical component; receiving an optical signal at a portion of each non-linear optical
component that protrudes from a bottom surface of the metallic film; transmitting the
optical signal from the portion that protrudes from the bottom surface of the metallic film
to the non-linear optical component embedded within the metallic film such that the
optical signal propagates through the non-linear optical component, wherein the optical
signal transmitted from the portion that protrudes from the bottom surface of the metallic
film produces an electric field inside the embedded portion of the non-linear optical
component that switches the optical signal coming from the portion of each non-linear

optical component that protrudes from a top surface of the metallic film.
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According to aspects illustrated herein, there is provided a method of fabricating an
ultrafast optical switch including obtaining a substrate; coating the substrate with a
chromium layer; electrodepositing a catalytic transition metal on the coated substrate;
growing an array of non-linear optical components on the coated substrate; etching the
chromium layer; coating the coated substrate and the array of non-linear optical
components with a dielectric material; and coating the coated substrate and the array of

non-linear optical components with a metal material.
BRIEF DESCRIPTION OF THE DRAWINGS

The presently disclosed embodiments will be further explained with reference to
the attached drawings, wherein like structures are referred to by like numerals throughout
the several views. The drawings are not necessarily to scale, the emphasis having instead
been generally placed upon illustrating the principles of the presently disclosed

embodiments.

FIG. 1A shows a schematic image of a nano-optics apparatus that includes an array
of non-linear optical components, the array consists of portions that protrude from a
metallic film, known as nano-optical antennas, and a portion that is embedded within the
metallic film, known as a nano-coaxial transmission line. The nano-optics apparatus is

synthesized in accordance with the presently disclosed embodiments.

" FIG. 1B shows a cross-sectional view of the nano-coaxial transmission lines of

FIG. 1A.

FIG. 2A shows the method steps for synthesizing a nano-optics apparatus in

accordance with the presently disclosed embodiments.

FIG. 2B shows the method steps for synthesizing a nano-optics apparatus in

accordance with the presently disclosed embodiments.

FIG. 3 shows a graph of antenna length versus radiation wavelength, at a

maximum radar cross section (RCS) scattering amplitude.

FIG. 4A shows visible and scanning electron microscopy (SEM) images
(overlayed) of a section of a nano-optics apparatus synthesized in accordance with the

presently disclosed embodiments.
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FIG. 4B shows scanning electron microscopy (SEM) images of the nano-optics
apparatus of FIG. 4A.

FIG. 5A shows a three-dimensional configuration of an optical switch apparatus
synthesized in accordance with the presently disclosed embodiments. The apparatus
includes an array of non-linear optical components that have protruding portions that
extend beyond a surface of a thin metallic film and an embedded portion that is within the

metallic film.

FIG. 5B shows a scanning electron microscopy (SEM) image of the non-linear

optical components (carbon nanotubes) used in the optical switch apparatus of FIG. 5A.

FIG. 5C shows a transmission optical microscope image of the optical switch
apparatus of FIG. 5A.

FIG. 6 shows a modified embodiment of the optical switch apparatus of FIG. 5A,
with the interior of each non-linear optical component filled with a nonlinear material
(semiconductor) that becomes highly conductive under bias (applied between the inner

and outer conductors).

FIG. 7 shows a modified embodiment of the optical switch apparatus of FIG. 5A,

in which individual inner electrodes of each non-linear optical component are contacted,

- thus allowing switching on-off individual carbon nanotube structures.

FIG. 8 shows a modified embodiment of the optical switch apparatus of FIG. 5A,
in which the non-linear optical components form a periodic lattice. In this embodiment,

the non-linear optical component array emits radiation that is highly directional.

FIG. 9 shows a modified embodiment of the optical switch apparatus of FIG. 5A,

resulting in phased arrays.

FIG. 10 shows a macroscopic model of the optical switch apparatus of FIG. 5A,

and demonstrates transparency in the microwave frequency regime.

FIG. 11 shows a schematic diagram of the transmission experiment shown in FIG.
10.
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While the above-identified drawings set forth presently disclosed embodiments,
other embodiments are also contemplated, as noted in the discussion. This disclosure
presents illustrative embodiments by way of representation and not limitation. Numerous
other modifications and embodiments can be devised by those skilled in the art which fall

within the scope and spirit of the principles of the presently disclosed embodiments.
DETAILED DESCRIPTION

The embodiments disclosed herein relate to the field of nano-optics and more
particularly to an apparatus and methods for optical switching using nanoscale optics and
methods of fabricating ultrafast optical switches. The optical switches may be used in for
optical networking. The following definitions are used to describe the various aspects and

characteristics of the presently disclosed embodiments.

As referred to herein, “nano-optics” is the study of optical interactions with matter

on a subwavelength scale, i.e., nanoscale optics.

As referred to herein, “carbon nanotube”, “nanowire”, and “nanorod” are used

interchangeably.

As referred to herein, “nanoscale” refers to distances and features below about

5000 nanometers (one nanometer equals one billionth of a meter).

As referred to herein, “single-walled carbon nanotubes” (SWCNTS) include one
graphene sheet rolled into a cylinder. “Double-walled carbon nanotubes” (DWCNTS)
include two graphene sheets in parallel, and those with multiple sheets (typically about 3
to about 30) are “multi-walled carbon nanotubes” (MWCNTs).

As referred to herein, “single-core coaxial transmission lines” (SCCTL) include
one nanotube at the center. A “double-core coaxial transmission lines” (DCCTL) include

two nanotubes at the center.

As referred to herein, CNTs are “aligned” wherein the longitudinal axis of

individual tubules are oriented in a plane substantially parallel to one another.

As referred to herein, a “tubule” is an individual CNT.
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As referred to herein, “linear CNTs” are CNTs that do not contain any branches

originating from the surface of individual CNT tubules along their linear axes.

As referred to herein, an “array” is a plurality of CNT tubules that are attached to a

substrate material proximally to one another.

As referred to herein, a “nanoscale coaxial line” refers to a nanoscale coaxial wire,
which includes a plurality of concentric layers. In an embodiment, the nanoscale coaxial
line has three concentric layers: an internal conductor, a photovoltaic coating around the
core, and an outer conductor. Transmission of electromagnetic energy inside the coaxial
line is wavelength-independent and happens in transverse electromagnetic (TEM) mode.
In an embodiment, the internal conductor is a metallic core. In an embodiment, the outer

conductor is a metallic shielding.

As referred to herein, a “nanoscale coplanar line” refers to a nanoscale coplanar
structure, which includes a plurality of parallel layers. In an embodiment, the nanoscale
coplanar line has three parallel layers: two metallic conductors, with a photovoltaic
coating between them. Transmission of electromagnetic energy inside the coplanar line is

wavelength-independent and happens in transverse electromagnetic (TEM) mode.

As referred to herein, “transverse electromagnetic (TEM)” refers to an
electromagnetic mode in a transmission line for which both the electric and magnetic
fields are perpéndicular to the direction of propagation. Other possible modes include but
are not limited to transverse electric (TE), in which only the electric field is perpendicular
to the direction of propagation, and transverse magnetic (TM), in which only the magnetic

field is perpendicular to the direction of propagation.

As referred to herein, a “catalytic transition metal” can be any transition metal,
transition metal alloy or mixture thereof. Examples of a catalytic transition metals
include, but are not limited to, nickel (Ni), silver (Ag), gold (Au), platinum (Pt),
palladium (Pd), iron (Fe), ruthenium (Ru), osmium (Os), cobalt (Co), rhodium (Rh) and

iridium (Ir). In a embodiment, the catalytic transition metal comprises nickel (Ni).

As referred to herein, a “catalytic transition metal alloy” can be any transition
metal alloy. Preferably, a catalytic transition metal alloy is a homogeneous mixture or

solid solution of two or more transition metals. Examples of a catalytic transition metal
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alloy include, but are not limited to, a nickel/gold (Ni/Au) alloy and a cobalt/iron (Co/Fe)
alloy.

The terms “nanotubes,” “nanowires,” “nanorods,” “nanocrystals,” “nanoparticles”
and “nanostructures” are employed interchangeably herein. These terms primarily refer to
material structures having sizes, e.g., characterized by their largest dimension, in a range
of a few nanometers (nm) to about a few microns. In applications where highly symmetric

structures are generated, the sizes (largest dimensions) can be as large as tens of microns.

As referred to herein, “CVD” refers to chemical vapor deposition. In CVD,
gaseous mixtures of chemicals are dissociated at high temperature (for example, CO, into
C and Oy). This is the “CV” part of CVD. Some of the liberated molecules may then be
deposited on a nearby substrate (the “D” in CVD), with the rest pumped away. Examples
of CVD methods include but not limited to, “plasma enhanced chemical vapor deposition”
(PECVD), and “hot filament chemical vapor deposition” (HFCVD).

As referred to herein, an “optical signal” refers to any electromagnetic radiation
pulse including gamma rays, X-rays, ultraviolet light, visible light, infrared, microwaves,
radio waves (ULF, VLF, LF, MF, HF, long, short, HAM, VHF, UHF, SHF, EHF), cosmic
microwave background radiation and other forms of radiation of the electromagnetic

spectrum.

An of)tical switch is a switch that enables signals in optical fibers or integrated
optical circuits (IOCs) to be selectively switched from one circuit to another. An all optical
switch is a device that allows one optical signal to control another optical signal, i.e.
control of light by light. In an all-optical switch, both the input/output modules and the
backplane are optical. All-optical switching enables the signal to be routed with universal
interfaces capable of handling virtually any audio and video signal, whether analog or
digital. In all-optical switching technology, optical signals passing through a switch are
diverted to the appropriate destination without being converted to electronic signals. The
various all-optical switching technologies that currently support such systems include
electromechanical switches (e.g., micro-electro-mechanical systems (MEMS) or bulk
optics), thermo-optic switches (e.g., phase shift, capillary, or bubble), and electro-optic

switches (e.g., LiNbO; or liquid crystal). In addition, a variety of nonlinear optical
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switches (e.g., semiconductor optical amplifiers) use a light beam, rather than electronics,

to operate the switch.

In a nonlinear material, a light beam of sufficient strength changes the optical
properties of the material which in turn affects any beams of light also propagating
through the material. Therefore one beam applied to the material can control the
interaction between the material and another beam. As a result, one beam can cause
another beam to change direction. Materials possessing large optical nonlinearities are
desirable for applications such as optical switching. The optical nonlinearities of most
materials are much smaller than that needed for practical devices, motivating the search
for new materials. Inorganic semiconductor particles containing a few thousand atoms,
known as semiconductor nanocrystals, as well as carbon nanotubes, have greatly enhanced

nonlinear optical properties compared to their bulk counterparts.

Carbon nanotubes have unique mechanical and electronic characteristics, which
make them suitable for nanomechanical and nanoelectromechanical applications, in
particular nanoscale electronics. The optical behavior of carbon nanotubes shows distinct
non-linear optical effects, making carbon nanotubes useful for applications such as all-

optical switching.

The presently disclosed embodiments generally relate to the use of non-linear
optical components to fabricate a nano-optics apparatus. The nano-optics apparatus is a
multifunctional nano-composite material made of a metallic film (that acts as an outer
electrode) having a top surface and a bottom surface and a plurality of cylindrical channels
filled with a dielectric material. An array of non-linear optical components (that act as an
inner electrode) penetrate the metallic film through the plurality of cylindrical channels.
The array of non-linear optical components have protruding portions that extend beyond a
surface of the metallic film and an embedded portion that is within the metallic film. The
protruding portions act as nano-optical antenna and are capable of receiving (collecting)
and transmitting an optical signal. The embedded portion acts as a nano-coaxial
transmission line (CTL) (or rectifying element) and converts the energy trapped in
currents along the nano-optical antenna into a manageable signal and allows for
propagation of the optical signal (external radiation) with a wavelength exceeding the

perpendicular dimensions of the non-linear optical components. In an embodiment, the
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non-linear-optical components are carbon nanotubes. In an embodiment, the nano-optics

apparatus is used as an ultrafast optical switch.

The nano-optics apparatus can concentrate light, and therefore enhance a field up
to about 10 times. The array of non-linear optical components, with nano-CTL embedded
in a metallic film, effectively compresses an optical signal (light) into nanoscopic
dimensions. The nano-optical antennas are capable of receiving and transmitting an optical
signal. The extreme compression of light in the nano-CTL leads to an asymmetric
tunneling of electrons between the electrodes of the apparatus, and thus provides a
rectifying action at the light frequencies, and thus conversion of the light into a direct
current (DC) voltage. The extreme compression of light in the nano-CTL is quick, and is
not limited by the usual parasitic capacitances that make the conventional diode

rectification inefficient, if not impossible, at the light frequencies.

The nano-optical antennas described herein possess the directional characteristics
of conventional antennas, proving that conventional, radio technology applies to nano-

optics systems in the visible frequency range.

FIG. 1A shows a schematic image of a nano-optics apparatus 100 synthesized in
accordance with the presently disclosed embodiments. The nano-optics apparatus 100 has

an array of non-linear optical components 120 (that act as inner electrodes) that penetrate a

. metallic film 140 (that act as an outer electrode) through cylindrical channels 160 filled

with a dielectric material 180. Each non-linear optical component 120 has ends that act as
nano-optical antennas 110 that protrude from each surface of the metallic film, and a nano-
coaxial transmission line (nano-CTL) 115 that is embedded within the metallic film. In
this embodiment, each nano-optical antenna 110 couples to an optical signal (external
radiation) from both nano-optical antenna 110 ends, either via receivers (dipole antenna
via inner conductor extension, or receivers), or coaxial couplers. Such thin film 140 is
transparent, as each nano-optical antenna 110 mediates partial spherical waves, one-by-
one (thus the term “discrete optics”). In an embodiment, the non-linear optical

components are carbon nanotubes.

FIG. 1B shows a cross-sectional view of the non-linear optical components 120. In
FIG. 1B, the diameter of the non-linear optical component 120 is defined as 2r while the

diameter of the cylindrical channels 160 is 2R. Those skilled in the art will recognize that

10
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the diameters can vary and be within the spirit and scope of the presently disclosed

embodiments.

FIG. 2A shows an exemplary method for synthesizing a nano-optics apparatus of
the presently disclosed embodiments. In step 1, chromium is sputtered onto a glass
substrate, typically at a thickness of about 15 nm. A selected thickness of catalytic
transition metal (for example nickel) is electrodeposited onto the chromium glass followed
by carbon nanotube growth, as shown in steps 2 and 3. Plasma enhanced chemical vapor
deposition (PECVD) is used to etch the chromium layer, as shown in step 4. Typical
PECVD lasts about an hour. A dielectric (or semiconductor) material (for example SiOy,
where 0 < x < 2) is sputtered on the substrate, as shown in step 5. Those skilled in the art
will recognize that the sputtered material may be made of any material having a specific
function as required by an application of the nano-optics apparatus and still be within the
scope and spirit of the presently disclosed embodiments. Typically, the dielectric material
is coated to yield a thickness of about 100 nm. Aluminum is then sputtered followed by
spin-coating of polymethylmethacrylate (PMMA) and baking at about 180°C for about 40
minutes, as shown in steps 6 and 7. Typically, about 400 nm of aluminum is sputtered. In
step 8, electrochemical etching of the aluminum layer on the tips of the nanorods is
accomplished at about 25 minutes in about 20% H,SO4, 4.0V, sample as anode, a platinum
electrode as cathode. In this example, only the bottom half of the sample was etched, .
resulting in just that portion having transmitted light, as seen in the transmission electron

microscopy image.

FIG. 2B shows an alternative method for synthesizing a nano-optics apparatus of
the presently disclosed embodiments. In step 1, chromium is sputtered onto a glass
substrate, typically at a thickness of about 15 nm. A selected thickness of catalytic
transition metal (for example nickel) is electrodeposited onto the chromium glass followed
by carbon nanotube growth, as shown in steps 2 and 3. Plasma enhanced chemical vapor
deposition (PECVD) is used to etch the chromium layer, as shown in step 4. Typical
PECVD lasts about an hour. A dielectric (or semiconductor) material (for example SiOy,
where 0 < x < 2) is sputtered on the substrate, as shown in step 5. Those skilled in the art
will recognize that the sputtered material may be made of any material having a specific
function as required by an application of the nano-optics apparatus and still be within the

scope and spirit of the presently disclosed embodiments. Typically, the dielectric material

11
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is coated to yield a thickness of about 100 nm. Aluminum is then sputtered onto the
coated substrate, as shown in step 6. Typically, about 400 nm of aluminum is sputtered.
In step 7, the tips of the nanotubes are removed by polishing. In step 8, electrochemical
etching of the aluminum layer on the tips of the nanorods is accomplished at about 25
minutes in about 20% HySO04, 4.0V, with the sample as anode, and a platinum electrode as

cathode.

FIG. 3 shows results demonstrating the antenna action of an array of carbon
nanotubes in the visible frequency range. Both the polarization, as well as, the antenna
length effects, are shown in the radar cross section (RCS) type of experiment, in which an
external radiation is reflected/scattered by an aperiodic array of carbon nanotubes, in
excellent agreement with the antenna theory. The main section shows the antenna length
versus radiation wavelength, at a maximum RCS scattering amplitude. The upper right
image in FIG. 3 shows an image of the sample with interference colors (from left to right)
due to gradually changing antenna length. The lower right image in FIG. 3 shows the

scanning electron microscope image of the carbon nanotubes.

“FIG. 4A shows a visible image of a section of a nano-optics apparatus synthesized
in accordance with the presently disclosed embodiments. The non-linear optical
components have been illuminated from behind with green and red lasers. Both green and
red light is guided through the nano-CTLs. Each active nano-CTL is surrounded by a _
green halo. Smaller red light sj)ofs are also visible. FIG, 4B ”shows the corresponding
SEM close-up (top view) of the numbered non-linear optical components. Non-linear
optical component number 37 and number 47 are single core, while number 41 and
number 48 are double core. Non-linear optical component number 37 consists of a CNT
core, coated with Si, located coaxially inside a cylindrical canal penetrating an Al film. An
air gap (the dark ring) separates the Si coated CNT from the Al wall. As seen in FIG. 4B,
the air gap is much thinner (about 100 nm) than the wavelength of the radiation (about 550
nm for green and about 650 nm for red). Thus, the subwavelength action of the nano-CTL

has been demonstrated.

FIG. 5A shows a three-dimensional schematic image of an optical switch apparatus
500 synthesized in accordance with the presently disclosed embodiments. Electron
tunneling is triggered by the large electric field between the inner and outer electrodes

(conductors) of the apparatus 500, thus acting as a switching mechanism. High field

12
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induces tunneling between conductors of the apparatus 500. An optical signal coming
from the nano-optical antenna protruding from the bottom surface of the apparatus 500
may produce an electric field inside the nano-CTL thus switching an optical signal coming
from the nano-optical antenna protruding from the top surface of the apparatus 500, thus
causing the optical switch apparatus 500 to act as an all-optical switch. The switching can
be enhanced by filling the interior of the nano-CTL with a light-sensitive semiconducting

material that would lower the threshold field for the switching.

Nano-optical antennas 510 extending beyond a metallic film 540 are capable of
receiving, transmitting, and re-emitting an optical signal (electromagnetic radiation). The
incoming signal, collected by an array of the nano-optical antennas 510, is compressed
into nanoscopic channels of the nano-coaxial transmission lines (cables), and is
subsequently decompressed (and reemitted) on the opposite side of the film by the nano-
optical antenna 510 segments. The nano-optical antennas 510 possess the directional
characteristics of conventional antennas, proving that conventional, radio technology
applies to the optical switch apparatus 500 in the visible frequency range. The
conventional coaxial cables for light may also be developed. The nano-coaxial
transmission lines do not have a cut-off frequency (in contrast to waveguides), i.e. the
nano-coaxial transmission lines allow for propagation of radiation with wavelength
exceeding their perpendicular dimensions. The purpose of using the nano-coaxial
transmission lines in the optical switch apparatus 500is to channel, and compress the
external radiation into the confined space between the internal and external electrodes. The
degree of this compression can be estimated as follows. A matched antenna collects
radiation from an area of the order of . Subsequently, this radiation energy can be
efficiently transferred into the coaxial transmission line, where it compresses into an area
of m(R? — r?), thus the power compression factor is of the order of ” / z(R* — r*). By
employing carbon nanotubes with a radius of about 5 nm (7 ~ 5nm), and using a
perpendicular dimension of about 20 nm (R ~ 20nm), the power compression factor of

the order of several hundreds in the visible range is possible.

The electric field inside the coaxial line varies as1/ p, where p is the radial
distance from the center, and thus can be made very large for small 7. It can be shown, that
the electric field enhancement is of the order of A/ p, and thus is of the order of about one

hundred in the visible range at the carbon nanotube with » ~ 5nm. An additional, dramatic
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field enhancement can be achieved by using carbon nanotubes with active plasmon
resonances in the range of operation, e.g. gold or silver. Calculations show that there is an
additional, resonant enhancement by factor as high as 10* due to the plasmon (Mie)
resonances. These results explain the giant field enhancements deduced from the Raman
experiments. The total field enhancement may be as high as 10° to 107, and therefore high
enough to trigger nonlinear processes in the dielectric of the coaxial cable, leading to the

desired switching-off the transmitted electromagnetic energy.

FIG. 5B shows a scanning electron microscopy image of the inner electrodes of the
nano-CTL of FIG. 5A. The optical components are aligned linearly in the optical switch
apparatus 500. FIG. 5C shows a transmission optical microscopy image of the optical
switch apparatus 500 of FIG. 5A. In the optical switch apparatus 500 of FIG. 5A, only the
top half of the optical switch apparatus 500 was etched during fabrication, thus exposing
the antennas. The bottom portion was not etched. This results in just the top portion
having transmitted light (sample region), as seen in the transmission optical microscopy

image of FIG. 5C. The bottom portion was not etched, resulting in a blocked region.

FIG. 6 shows a modified embodiment of the optical-switch apparatus of FIG. 5A,
with the interior of each switching component filled with a nonlinear field-sensitive
medium that becomes highly conductive under bias (applied between the inner conductors
and outer conductors). The field sensitive medium includes, but is not limited to,
semiconductors, semiconductor p-n junctions, Schbttky barriers and similar structures
known to those skilled in the art. In an embodiment, the interior of each nano-CTL is
filled with a nonlinear field-sensitive medium, such that an optical signal coming from the
nano-optical antenna on the bottom surface of the apparatus may produce an electric field
inside the nano-CTL thus affecting (switching) an optical signal coming from the nano-
optical antenna on the top surface of the apparatus, thus causing the optical switch

apparatus to act as an all-optical switch.

A top piece 600 acts as an external electrode. The external electrode 600 may
short the inner electrodes of the non-linear optical components and the outer electrode,
thus making the array of non-linear optical components experience the same voltage
simultaneously. Thus, in this embodiment, switching of all non-linear optical components
occurs simultaneously. The increased conductivity quenches the transparency of the nano-

CTLs. In FIG. 6, the internal electrodes are connected in parallel and the external
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electrode is connected in parallel. Applying bias between the sets of electrodes switches
off (or on) the non-linear optical components. The optical-switch apparatus shown in FIG.
6 acts as a transparency switch. The transparency switch allows a bias controlled

quenching of the transmission.

FIG. 7 shows a modified embodiment of the optical-switch apparatus of FIG. 5A,
in which individual inner electrodes of each non-linear optical component is contacted,

thus allowing switching on-off individual carbon nanotube structures

FIG. 8 shows a modified embodiment of the optical-switch apparatus of FIG. 5A,
in which the array of non-linear optical components form a periodic lattice due to the
periodic arrangement of the non-linear optical components. In this embodiment, the array

of non-linear optical components emit radiation that is highly directional. The light

- emitted can be produced by an external source that illuminates one surface (i.e., the top

surface) of the apparatus. Switching of the groups of nanocaoxes can be done by using the
same mechanism as in FIG. 7. In this embodiment, switching on-off groups of non-linear
optical components will change the direction of the highly directional emitted radiation.

Thus, the optical-switch apparatus shown in FIG. 8 acts as a bias-controlled light scanner.

FIG. 9 shows a modified embodiment of the optical-switch apparatus of FIG. 5A,
resulting in phased arrays. Phased array antennas utilize the interference between multiple
radiation elements-to achieve beam forming and beam steéring. By electronically
adjusting the signal each antenna radiates, the combined radiation pattern can be scanned
and shaped at high speed and have advanced capabilities. In this embodiment, part of each
non-linear optical component is filled with a material that changes the dielectric constant
under electric bias resulting in delayed transmission through the non-linear optical
component. In an embodiment, a portion of each non-linear optical component (about
one-half) is filled with the switching semiconductor, and the other portion is filled with a
dielectric that produces a time delay. Switching on, or off, individual nano-optical
antenna in the array will adjust phases of the radiated emission, thus producing controlled
radiation interference, and thus a desired geometrical radiation pattern. The time delay

can be controlled by the bias, or by the length of the dielectric.

FIG. 10 shows a macroscopic model of the optical-switch apparatus 500 of FIG.

5A, and demonstrates transparency in the microwave frequency range. FIG. 10 shows two
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parallel metal plates 1000 at a distance of about 50 cm apart. In FIG. 10, the metal plates
1000 are aluminum, but other metals and alloys are within the spirit and scope of the
presently disclosed embodiments. A linear array of coaxial cable 1020 (coaxes) spans and
penetrates the two plates 1000. Half-wavelength antennas 1040 (for example, short
copper wires) are placed to extend the inner conductors of each coax beyond the coax.
This arrangement simulates the conditions in the optical switch apparatus of FIG. 5A.
FIG. 10 also shows a transmitting horn antenna 1060 and a receiving horn antenna 1080 of
the microwave system used in the transmission experiment. FIG. 11 shows a schematic
diagram of the transmission experiment shown in FIG. 10. The maximum received signal
occurs when the transmitting horn antenna 1060 (microwave source) and the receiving
horn antenna 1080 (microwave receiver) are parallel, i.e. when the angle o =J, then a
strong signal is received by the microwave receiver. When the incoming radiation was p-
polarized, that is when the electric field was parallel to the plane of incidence (the surface

of the bench), the received signal was maximum.

A method of fabricating a nano-optics apparatus comprises preparing a plurality of
nanorods on a substrate, coating the nanorods with a semiconducting material, and coating
the semiconductor with a conducting material. The method yields a metal-semiconductor-

metal coaxial structure.

In an embodiment, the plurality of nanorods on the substrate are oriented
perpendicular to the substrate. In an embodiment, the plurality of nanorods on the
substrate are oriented approximately orthogonal to the substrate. In an embodiment, the

plurality of nanorods are not perpendicular to the substrate.

In an embodiment, the nanorods are carbon nanotubes. This embodiment
comprises coating a substrate with a catalytic material; growing a plurality of carbon
nanotubes as internal cores of nanocoax units on the substrate; oxidizing the substrate;
coating the substrate with a semiconducting film; and filling with a metallic medium that

wets the semiconducting film of the nanocoax units.

A nano-optics apparatus can be fabricated using the method outlined below or
similar methods. A flexible or inflexible substrate such as an aluminum (Al) foil is coated
with catalytic material (e.g., Ni) by any suitable technique including but not limited to wet

chemical deposition, electro-chemical deposition, CVD, sputtering, evaporation and
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similar techniques. The processed substrate is used for a catalytic growth of carbon
nanotubes. Alternatively, the substrate could be employed as an electrode for
electrodeposition of any suitable nanorods as internal conductors and cores of nanocoax
units, without the use of the catalytic material. The growth of the carbon nanotubes can be
performed by any appropriate technique including CVD or PECVD and similar
techniques. After depositing or growing of the nanorods, the remaining exposed surface
of the substrate, i.c. the area free of nanorods, can be oxidized to fabricate a dielectric
layer between the substrate and the outer conductor. Alternatively, the oxidation step can
be skipped. Then, the entire system can be coated with a semiconducting layer by any
suitable technique (e.g. CVD, electro-chemical deposition, and similar techniques), and
eventually filled or coated with a metallic medium (e.g. tin (Sn) powder). In one
embodiment, the metallic medium should be selected and processed to obtain a weak
wetting contact between the metallic medium and the outer conductor of the nanocoax,
yielding a graded diameter end. The metallic medium can be deposited by any
conventional technique, e.g. spraying, painting, spin-coatihg, CVD, evaporation,

sputtering, and similar techniques.

A method of optical switching comprises positioning an optical switch at a node in
an optical circuit, wherein the optical switch comprises a metallic film having a plurality
of cylindrical channels containing a dielectric material and an array of non-linear optical
components penetrating the metallic film through the plurality of cylindrical channels;
receiving an optical signal at a portion of each non-linear optical component that protrudes
from a top surface of the metallic film; transmitting the optical signal from the portion that
protrudes from the top surface of the metallic film to a portion of the non-linear optical
component that is embedded within the metallic film such that the optical signal
propagates through the non-linear optical component; receiving an optical signal at a
portion of each non-linear optical component that protrudes from a bottom surface of the
metallic film; transmitting the optical signal from the portion that protrudes from the
bottom surface of the metallic film to the non-linear optical component embedded within
the metallic film such that the optical signal propagates through the non-linear optical
component, wherein the optical signal transmitted from the portion that protrudes from the
bottom surface of the metallic film produces an electric field inside the embedded portion

of the non-linear optical component that switches the optical signal coming from the

17



WO 2007/025023 PCT/US2006/033047

portion of each non-linear optical component that protrudes from a top surface of the

metallic film.

All patents, patent applications, and published references cited herein are hereby
incorporated by reference in their entirety. It will be appreciated that various of the above-
disclosed and other features and functions, or alternatives thereof, may be desirably
combined into many other different systems or applications. Various presently unforeseen
or unanticipated alternatives, modifications, variations, or improvements therein may be
subsequently made by those skilled in the art which are also intended to be encompassed

by the following claims.
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CLAIMS
What is claimed is:
1. A nano-optics apparatus for use as an optical switch comprising:

a metallic film having a top surface, a bottom surface and a plurality of cylindrical
channels containing a dielectric material wherein the metallic film acts as an outer

electrode; and

an array of non-linear optical components penetrating the metallic film through the

plurality of cylindrical channels wherein the array acts as an array of inner electrodes.

2. The nano-optics apparatus of claim 1 wherein each non-linear optical component
has a portion that extends beyond the top surface of the metallic film, a portion that is
embedded within the metallic film, and a portion that extends beyond the bottom surface

of the metallic film.

3. The nano-optics apparatus of claim 2 wherein the portion that extends beyond the
top surface of the metallic film and the bottom surface of the metallic film act as nano-

optical antennas for receiving, transmitting, and re-emitting an optical signal.

4. The nano-optics apparatus of claim 3 wherein the nano-optical antennas compress

the optical signal into nanoscopic dimensions.

5. The nano-optics apparatus of claim 2 wherein the embedded portion acts as a nano-
coaxial transmission line for propagation of an optical signal with a wavelength exceeding

the perpendicular dimension of the non-linear optical component.

6. The nano-optics apparatus of claim 5 wherein an optical signal coming from a
nano-optical antenna protruding from the bottom surface of the metallic film produces an
electric field inside the nano-coaxial transmission line that switches an optical signal

coming from a nano-optical antenna protruding from the top surface of the metallic film.

7. The nano-optics apparatus of claim 1 wherein the apparatus acts as an all-optical

switch.

19



10

15

20

25

WO 2007/025023 PCT/US2006/033047

8. The nano-optics apparatus of claim 1 wherein the array of non-linear optical

components is an array of carbon nanotubes.

9. The nano-optics apparatus of claim 5 wherein the nano-coaxial transmission line
compresses the optical signal into a space between the inner electrodes and the outer

electrode.

10.  The nano-optics apparatus of claim 9 wherein an electric field between the inner
electrodes and the outer electrode causes an electron tunneling that acts as a switching

mechanism.

11.  The nano-optics apparatus of claim 5 wherein the nano-coaxial transmission line

has an interior that is filled with a non-linear light-sensitive medium.
12. A method of optical switching comprising:

positioning an optical switch at a node in an optical circuit, wherein the optical
switch comprises a metallic film having a plurality of cylindrical channels containing a
dielectric material and an array of non-linear optical components penetrating the metallic

film through the plurality of cylindrical channels;

receiving an optical signal at a portion of each non-linear optical component that

protrudes from a top surface of the metallic film;

transmitting the optical signal from the portion that protrudes from the top surface
of the metallic film to a portion of the non-linear optical component embedded within the
metallic film such that the optical signal propagates through the non-linear optical

component;

receiving an optical signal at a portion of each non-linear optical component that

protrudes from a bottom surface of the metallic film;

transmitting the optical signal from the portion that protrudes from the bottom
surface of the metallic film to the non-linear optical component embedded within the
metallic film such that the optical signal propagates through the non-linear optical

component,
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wherein the optical signal transmitted from the portion that protrudes from the
bottom surface of the metallic film produces an electric field inside the embedded portion
of the non-linear optical component that switches the optical signal coming from the
portion of each non-linear optical component that protrudes from a top surface of the

metallic film.

13.  The method of claim 12 wherein the portions of the non-linear optical components
that protrude from the top surface and the bottom surface of the metallic film compress the

optical signal into nanoscopic dimensions.

14.  The method of claim 12 wherein the array of non-linear optical components is an

array of carbon nanotubes.

15. A method of fabricating an optical switch comprising:
obtaining a glass substrate;
coating the glass substrate with a chromium layer;
electrodepositing a catalytic transition metal on the coated glass substrate;
growing an array of non-linear optical components on the coated glass substrate;
etching the chromium layer;

coating the coated glass substrate and the array of non-linear optical components

with a dielectric material; and

coating the coated glass substrate and the array of non-linear optical components

with a metal material.

16.  The method of claim 15 further comprising applying a polymethylmethacrylate to

the coated glass substrate.

17.  The method of claim 15 further comprising polishing the coated glass substrate to

expose the array of non-linear optical components.

18.  The method of claim 15 further comprising etching the metal material from the

array of non-linear optical components.
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19.  The method of claim 15 wherein an interior of the non-linear optical components

contains a nonlinear light-sensitive medium.

20.  The method of claim 15 wherein the array of non-linear optical components is an

array of carbon nanotubes.
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