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57 ABSTRACT

Circuits and circuit elements adapted to function at optical or
infrared frequencies are made from plasmonic and/or non-
plasmonic particles disposed on a substrate, where the plas-
monic and nonplasmonic particles have respective dimen-
sions substantially smaller than a wavelength of an applied
optical or infrared signal. Such particles are deposited on a
substrate in a variety of shapes and sizes from a variety of
plasmonic and/or nonplasmonic materials so as to form resis-
tors, capacitors, inductors and circuits made from combina-
tions of these elements.
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OPTICAL CIRCUITS AND CIRCUIT
ELEMENTS AND METHODS OF FORMING
SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present patent application claims the benefit of
the filing date of U.S. Provisional Patent Application Ser. No.
60/581,016, Jun. 18, 2004, which is hereby incorporated by
reference in its entirety.

STATEMENT OF FEDERALLY SPONSORED
RESEARCH

[0002] The U.S. government may have certain rights in the
invention described herein, which was made in part with
funds from the U.S. Defense Advanced Research Projects
Agency (DARPA) Grant number HR0011-04-P-0042 and the
U.S. Air Force Office of Scientific Research (AFOSR) Grant
number F49PRE-03-1-0438.

FIELD OF THE INVENTION

[0003] The present invention relates to circuits and circuit
elements that operate in the IR and visible regimes using
plasmonic and non-plasmonic nanostructures, and the meth-
ods for forming the same.

BACKGROUND OF THE INVENTION

[0004] Conventional circuits are known to operate in the
lower frequency domains, i.e., the RF and lower frequency
ranges. The conventional circuits have well understood and
identified circuit elements. Such circuit elements can include
those that are much smaller than the wavelength of operation,
resulting in the application of circuit theory that is the
“approximation” to the Maxwell equations in the limit of
such small sizes.

[0005] It should be pointed out that a mere scaling of the
circuit component concepts conventionally used in the RF
and lower frequencies may not work at frequencies beyond
the far infrared. The conventional circuits in the RF and lower
frequencies rely on the conduction current circulating in
metallic wires along the lumped elements. However, the
metallic materials cannot be straightforwardly scaled downto
the infrared and optical frequencies because at this size the
conducting metallic materials behave quite differently.
[0006] Accordingly, there still remains a need for circuits
and circuit elements that function in the optical and infrared
regime. Furthermore, there is a need for products that utilize
such optical circuits and circuit elements, including, for
example, biological circuits, nano-optics, optical information
storage, biophotonics, and molecular signaling.

SUMMARY OF THE INVENTION

[0007] Some aspects of the present invention include cir-
cuit elements that have been adapted to function at optical or
infrared frequencies. These circuit elements comprise plas-
monic or nonplasmonic particles disposed upon a substrate,
where the plasmonic or nonplasmonic particles have respec-
tive dimensions that are substantially smaller than a wave-
length of an applied optical or infrared signal.

[0008] In other aspects, the invention includes circuits
adapted to function at optical or infrared frequencies, such
circuits comprising a substrate having a plurality of plas-
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monic or nonplasmonic particles deposited upon the sub-
strate. In addition, adjacent pairs of the particles are separated
from each other by a distance sufficiently small so as to permit
optical coupling of the particles upon application of energy of
an optical or infrared frequency.

[0009] Parallel resonant circuits are provided using the cir-
cuits of the invention that are adapted to function at optical or
infrared frequencies and comprise a three-dimensional fused
particle having a first portion formed of plasmonic material
and a second portion formed of non-plasmonic material. The
fused particles have an interface formed between the first
portion and second portion, and the interface is parallel to an
optical field created by applied optical or infrared frequen-
cies. Those skilled in the art will appreciate that optical fields
are a type of electromagnetic field and that from time to time
such terms may be used interchangeably to describe embodi-
ments of the invention. For example, as described herein, two
or more particles may be “coupled,” or more specifically,
“optically coupled” or connected by “optical coupling.” Usu-
ally in the IR and visible regime (particularly in the visible
regime) the electromagnetic fields are identified specifically
as “optical fields”.

[0010] Series resonant circuits are also provided using the
circuits of the invention that are adapted to function at optical
orinfrared frequencies and comprise three-dimensional fused
particles having a first portion formed of plasmonic material
and a second portion formed of non-plasmonic material. The
fused particles have an interface formed between the first
portion and second portion, and the interface is normal to an
optical field created by the applied optical or infrared fre-
quencies.

[0011] Nanoscale circuits may be provided in accordance
with the invention that are adapted to function at optical or
infrared frequencies, such circuits include a plurality of nano-
particles comprised of plasmonic or non-plasmonic materi-
als. The plurality of nanoparticles are deposited onto a sub-
strate so that adjacent nanoparticles are in close enough
proximity for optical coupling. The nanoscale circuits can be
architected to perform a predetermined circuit function based
on the properties of each one of the plurality of nanoparticles.
For example, the predetermined circuit function may be a
right-handed transmission line or a left-handed transmission
line.

[0012] Other aspects of the present invention include meth-
ods of forming circuit elements adapted to function at optical
or infrared frequencies, comprising the steps of depositing on
a substrate at least one of a plasmonic or nonplasmonic par-
ticle having respective dimensions substantially smaller than
a wavelength of an applied optical or infrared signal; and
applying energy of an optical or infrared frequency so as to
cause a plasmonic particle to function as an inductor and a
nonplasmonic particle to function as a capacitor at said opti-
cal or infrared frequencies. Certain other aspects include
methods of fabricating circuits adapted to function at optical
or infrared frequencies, comprising forming the circuit ele-
ment and further depositing an additional particle onto the
substrate at a distance sufficiently small so as to permit optical
coupling of the particles.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The present invention will be apparent from the
following detailed description of the invention taken in con-
junction with the accompanying drawings, of which:
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[0014] FIG. 1 illustrates a basic nanoscale circuit in the
optical (or infrared) regime, using the interaction of an optical
wave with an individual nanosphere.

[0015] FIG. 2 illustrates a coupled nanoscale circuit in the
optical domain using optical wave interaction between two
adjacent nanospheres.

[0016] FIG. 3 illustrates both parallel and series nano-cle-
ments.

[0017] FIG. 4 illustrates two versions of possible nanocir-
cuits.

[0018] FIG. 5 illustrates a nanocircuit in the form of either

aright-handed (RH) and left-handed (I.H) nano-transmission
line.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0019] The invention will be described in detail below with
reference to FIGS. 1 through 5. Those skilled in the art will
appreciate that the description given herein with respect to
those figures is for exemplary purposes only and is not
intended in any way to limit the scope of the invention, which
are determined by the provided appended claims.

DEFINITIONS

2 <

[0020] As used herein, the terms “comprises,” “compris-
ing,” “includes,” “including,” “has,” “having” or any other
variation thereof, are intended to cover a non-exclusive inclu-
sion. For example, a process, method, article, or apparatus
that comprises a list of elements is not necessarily limited to
only those elements but may include other elements not
expressly listed or inherent to such process, method, article,
or apparatus. Further, unless expressly stated to the contrary,
“or” refers to an inclusive or and not to an exclusive or. For
example, a condition A or B is satisfied by any one of the
following: A is true (or present) and B is false (or not present),
A is false (or not present) and B is true (or present), and both
A and B are true (or present).

[0021] The terms “a” or “an” are used herein to describe
elements and components of the invention. This is done
merely for convenience and to give a general sense of the
invention. This description should be read to include one or at
least one and the singular also includes the plural unless it is
obvious that it is meant otherwise.

[0022] The prefix “nano” when used to qualify the size of
the particles of the present invention generally refers to sizes
in the nanometer range; however, as used herein, “nano” can
also include sizes in the lower micron ranges, i.e., on the order
of 1 micron, as long as the size of the particles are still
substantially smaller than the wavelength of the applied opti-
cal or infrared signal.

[0023] The phrase “adapted to function at optical or infra-
red frequencies™ is used herein to refer to circuits or circuit
elements that have properties that are analogous to their coun-
terpart circuit or circuit element in the electrically conductive
models that operate in the lower frequencies, e.g., microwave
regime. Additionally, the term “optical circuit” or “optical
circuit element” is used to refer to these same circuits or
circuit elements that are adapted to function at optical or
infrared frequencies.

[0024] The phrase “substantially smaller than a wavelength
of'an applied optical or infrared signal” is used herein to refer
to particles that form optical circuit elements that have a size
that is much smaller than the wavelength of operation in
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vacuum and in the material. For example, in embodiments
where the particle is a sphere, R<<h, and R<<h/Re(€)/&,
where A, is from about 380 nm to about 10 um, which gen-
erally understood to be within the optical and IR range.
[0025] The term “plasmonic” or “plasmonic particle” or
“plasmonic material” is used herein to refer to metal materi-
als, preferably noble metals, that have a permittivity € that
has a negative real part. This results in formation of surface
plasmon resonances upon the interaction of optical signals
with the plasmonic particles, which also results in the plas-
monic particle exhibiting effective inductance. It is generally
known that for noble metals such as Ag, Au, the plasma
frequency is in the visible or ultraviolet (UV) regimes, and
thus these metals behave as plasmonic materials in the optical
frequencies, i.e., their permittivity has a negative real part.
Those skilled in the art will appreciate that silver has lower
loss than gold in the visible domain. As a result, the interac-
tion of optical signals with plasmonic nanoparticles involves
surface plasmon resonances, e.g., see C. F. Bohren, and D. R.
Huffman, Absorption and Scattering of Light by Small Par-
ticles (Wiley, New York, 1983) and B. Lamprecht, etal., Appl.
Phys. Lett., 79, 51 (2001).

[0026] The term “effective inductance” refers to properties
analogous to an inductor as understood in the field of electri-
cally conductive circuits, e.g., circuits operating in micro-
wave frequencies.

[0027] The term “nonplasmonic” or “nonplasmonic par-
ticle” or “nonplasmonic material” is used herein to refer to
non-metallic materials, e.g. Au,S and oxides such as SiO,,
that have a permittivity € that has a real part of that is positive.
Such particles do not undergo surface plasmon resonances
upon the interaction of optical signals with the plasmonic
particles, but does result in the nonplasmonic particle exhib-
iting effective capacitance. The term “effective capacitance”
refers to properties analogous to a capacitor as understood in
the field of electrically conductive circuits, e.g., circuits oper-
ating in microwave frequencies.

[0028] The term “effective resistance” or “resistance,” as
applied to optical circuits, refers to properties analogous to a
resistor as understood in the field of electrically conductive
circuits, e.g., circuits operating in microwave frequencies.
Both plasmonic and nonplasmonic particles can have a per-
mittivity that has a positive imaginary part that exhibits effec-
tive resistance.

[0029] The phrase “close proximity to another particle [or
another plasmonic or nonplasmonic particle] so as to permit
optical coupling of the particles” refers to the distance
between two adjacent particles that allows for optical cou-
pling. Preferably, this distance is substantially smaller than a
wavelength of an applied optical or infrared signal. In some
instances, the adjacent particles are fused together, thereby
forming an interface. In the upper limits, when considering a
far IR signal at 10 microns, it may be possible to consider
particles around 1 micron size. The term “optical coupling” or
“coupling” is used herein to refer to the phenomena of the
influence of the field of one particle on the adjacent particle
(s). In other words, the interaction among the particles can be
exhibited as dependent sources with respect to one another.
As an example, the value of each dependent current source
can be seen in a pair of adjacent spherical particles in FIG. 2,
which can be explicitly derived in terms of the potential
difference across the other nanosphere.

[0030] The term “interface” is used herein to refer to the
two-dimensional intersection between two portions of a par-
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ticle or the union of two particles. In one example, where the
particle is a sphere, the interface is a plane.

Exemplary Embodiments

[0031] The present invention relates to circuit elements that
have been adapted to function at optical or infrared frequen-
cies. These circuit elements comprise plasmonic or nonplas-
monic particles disposed upon a substrate, wherein the plas-
monic or nonplasmonic particles have respective dimensions
that are substantially smaller than a wavelength of an applied
optical or infrared signal. The plasmonic particles preferably
have a permittivity having a negative real part when exposed
to optical and infrared frequencies. The plasmonic particles
are formed from metal materials, preferably noble metals,
and, more preferably, silver or gold. In addition, the plas-
monic particles have a permittivity having a positive imagi-
nary part when exposed to optical and infrared frequencies.
On the other hand, the nonplasmonic particles are formed
from non-metallic materials, preferably Au,S or oxides such
as Si0,. In addition, the nonplasmonic particles preferably
have a permittivity having a positive real part when exposed
to optical and infrared frequencies.

[0032] The characteristic of the circuit element formed
from the plasmonic or nonplasmonic particle is determined
by the size, shape, and material that is representative of the
plasmonic or nonplasmonic particle, e.g., the induction pro-
duced from a plasmonic particle. For example, if a certain
optical inductor is desired, then one can select a noble metal
to form a plasmonic particle. Furthermore, knowing the
desired circuit element characteristic, the shape and size of
the plasmonic particle can be determined using the calcula-
tions provided, herein. Additionally, the wavelength of the
optical or infrared light source is to be selected, accordingly,
with respect to the selected size, shape and material of the
desired particle.

[0033] Ina further example, if a certain optical capacitor is
desired, then one can select from non-metallic material to
form the nonplasmonic particle, e.g., Au,S or oxides such as
SiO,. Thereafter, the size and shape, and wavelength of light
source to be used, can be determined using the provided
calculations to achieve the desired optical capacitance. It is
preferable that the plasmonic particle exhibit resonance—
whereas the nonplasmonic particle does not exhibit reso-
nance—upon application of the selected optical or infrared
light source.

[0034] The plasmonic or nonplasmonic particles of the
invention additionally can function analogous to an electrical
circuit resistor upon exposure to a light source in the optical or
infrared frequencies. The resistor function of either the plas-
monic or nonplasmonic particles can be attributed to the
positive imaginary part of the permittivity. The materials
forming both types of particles are passive materials, and a
resistor is also a passive material. One of ordinary skill will
understand that the mathematical sign of the imaginary part
of the permittivity depends on the convention used in the
relative scientific community. For example, in the physics
community, a passive material has a positive imaginary part
for the permittivity; however, in the electrical engineering
community, the same material is described with a negative
imaginary part for the permittivity. The descriptions herein
use the convention of the physics community.

[0035] The invention also includes circuits adapted to func-
tion at optical or infrared frequencies, which are comprised of
a substrate having a plurality of particles deposited upon the

Sep. 4, 2008

substrate. The deposited particles are either the plasmonic
particles or the nonplasmonic particles. In addition, adjacent
pairs of the particles are separated from each other by a
distance sufficiently small so as to permit optical coupling of
the particles upon application of energy of an optical or infra-
red frequency. In some embodiments, adjacent pairs of par-
ticles are fused to one another and thereby form an interface
therebetween. Preferably, the interface is substantially planar.
[0036] Some aspects of the present invention provide for
parallel resonant circuits that are adapted to function at opti-
cal or infrared frequencies, which are comprised of a three-
dimensional fused particle, the fused particle comprised of a
first portion of plasmonic material and a second portion of
non-plasmonic material; wherein an optical field created by
the optical or infrared frequencies is parallel to an interface
formed between the first portion and second portion. Prefer-
ably, the three-dimensional fused particle has a ellipsoidal
cross-section, and, more preferably, a sphere. Where the
three-dimensional fused particle is a sphere, the interface is
an equator, the first portion is a first hemisphere, and the
second portion is a second hemisphere.

[0037] Series resonant circuits are also provided that are
adapted to function at optical or infrared frequencies, com-
prising a three-dimensional fused particle having a first por-
tion of plasmonic material and a second portion of non-
plasmonic material; wherein an optical field created by the
optical or infrared frequencies is normal to an interface
formed between the first portion and second portion. Prefer-
ably, the three-dimensional fused particle has a ellipsoidal
cross-section, and, more preferably, a sphere. Where the
three-dimensional fused particle is a sphere, the interface is
an equator, the first portion is a first hemisphere, and the
second portion is a second hemisphere.

[0038] Insomeembodiments of the invention, the plurality
ofparticles are architected to perform a predetermined circuit
function based on the properties of each one of the plurality of
nanoparticles. Some of the embodiments have the predeter-
mined circuit function that is a right-handed transmission
line; whereas some of the embodiments have the predeter-
mined circuit function that is a left-handed transmission line.
[0039] Other aspects of the present invention include meth-
ods of forming circuit elements adapted to function at optical
or infrared frequencies, comprising depositing on a substrate
at least one of the plasmonic or nonplasmonic particles hav-
ing respective dimensions substantially smaller than a wave-
length of an applied optical or infrared signal; and applying
energy of an optical or infrared frequency so as to cause the
plasmonic particle to function as an inductor and the nonplas-
monic particle to function as a capacitor at said optical or
infrared frequencies.

[0040] In other aspects, the invention includes methods of
fabricating circuits adapted to function at optical or infrared
frequencies comprising forming the circuit elements, as
above, and further depositing an additional particle onto the
substrate at a distance sufficiently small so as to permit optical
coupling of the particles. In some embodiments, the optically
coupled particles are fused, thereby forming an interface ther-
ebetween.

[0041] The following nanosphere is used for illustrative
purposes only. This three-dimensional shape was selected in
part to simplify the overall mathematical calculations in
determining the nanoparticles’ response to optical energy in
the optical and infrared frequencies. Use of'this specific three-
dimensional geometry is not meant to be limiting, as the


















