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on optical forces. Embodiments of the present invention include optomechanically variable photonic systems that utilize optical res-

@ onances to generate optically induced force and potential profiles. The optomechanical systems may include one or more optical
& resonators that passively track the frequency of an incident optical driving signal through the action of optical forces produced by
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may be achieved through a change of the frequency of the optical driving signal. Further, the systems may enable the creation of
highly localized and tailorable optically induced potential wells with which the mechanical state of the optomechanical system may
be precisely controlled.
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CONTROLLING OPTICAL RESONANCES VIA OPTICALLY INDUCED
POTENTIALS

GOVERNMENT LICENSE RIGHTS

[0001] This invention was made with government support under Contract Number DAAD-
19-02-D0002 awarded by Army Research Office through the Institute for Soldier

Nanotechnologies. The government has certain rights in the invention.

RELATED APPLICATIONS

[0002] This invention claims priority to and the benefit of U.S. Provisional Application
Serial No. 60/984,253, filed October 31, 2007, the entire contents of which are hereby

incorporated by reference.

FIELD OF THE INVENTION

[0003] The present invention generally relates to optomechanical devices for integrated

optics, and, more particularly, to self-adaptive, coupled strong-confinement photonic devices.

BACKGROUND

[0004] The field of integrated photonics seeks to miniaturize optical components such as
modulators, resonators, filters and waveguides, integrating them on a chip in the form of
optical circuits. The fabrication of integrated photonic circuits through lithographic and other
manufacturing methods promises to: (1) reduce cost and size, (2) increase complexity, and (3)
improve overall performance of optical systems. Furthermore, high refractive index contrast
(HIC) photonic circuits have the potential to further reduce component sizes and improve
performance. Over the past decade, progress has been made in the field of HIC integrated
photonics toward the development of practical and low-loss waveguides, high performance
filters, resonators and modulators. However, numerous challenges need to be addressed to
facilitate wide implementation of such integrated circuits. Among these challenges are the
extreme sensitivity of HIC photonic circuits to fabrication uncertainties, and the sensitivities of

HIC circuits to the environment.
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[0005] Optical cavities are important in the field of integrated photonics because they form
the building block for optical filters necessary to process and route data. However, as optical
cavities shrink to smaller and smaller dimensions, in the context of HIC integrated photonics,
dimensional sensitivities of the cavity’s resonance frequency make it difficult to directly
fabricate a HIC cavity to the designed optical frequency. For instance, the lithographic
fabrication of identically patterned ring resonators generally results in a large range of
resonance frequencies across the patterned wafer. However, dimensional variations, for
instance, resulting from a slow variation in deposited layer thickness often result in a gradual
drift of the cavity resonance frequency globally, while locally, the cavity frequencies are quite
well matched (provided that the lithography is of high fidelity).

[0006] In addition to their extreme sensitivities to dimensional variations, HIC photonic
circuits, such as those made from silicon, tend to be sensitive to their environment. For
instance, since the refractive index of silicon changes rapidly with temperature, it may become
challenging to stabilize the frequency of a cavity against thermal environmental variations.
[0007] Since a photonic microcavity, such as a microring, is generally of fixed dimensions,
e.g., as a consequence of being “frozen” into a material on the surface of a lithographically
patterned chip, tuning an integrated microcavity over a large wavelength range may be
challenging. For example, the device path-length typically may not be changed sufficiently to
appreciably tune the resonant wavelength. A more feasible approach to changing the
resonance wavelength involves modifying the material that the waveguiding structure is
comprised of, e.g., by heating or compressing it. Both types of perturbations generally result
in a change of refractive index of the material, and, consequently, in a change of the effective
index of the guided mode, which enables wavelength tuning. In this approach, the maximum
tuning range is generally limited by the maximum thermal change that a heater can supply, or
the maximum force that the material can sustain. In many cases, the maximum relative tuning
of the cavity frequency that can be achieved is about 1%, which is far less than what is
commonly achieved in bulk-component, free-space tunable fabry-perot filters.

[0008] An alternative way to tune microcavities is to change the effective index of the
guided mode through optomechanical means rather than by changing material properties. This
method enables cavity tunings of about 10%, as a change in waveguide geometry may be
designed to result in a much larger change in effective index than material perturbations can

generally afford. However, optomechanical cavity tuning generally requires precise control of
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the relative motion of a perturbing structure and the waveguide, often on a picometer scale, to
stabilize the cavity frequency to a useful degree.
[0009] Accordingly, there is a need for tunable, stabilized HIC photonic devices with

increased tolerance for fabrication errors.

SUMMARY OF THE INVENTION

[0010] Embodiments of the present invention include optomechanically variable photonic
systems that utilize optical resonances to generate optically induced force and potential
profiles. The optomechanical systems may include one or more optical resonators that
passively track the frequency of an incident optical driving signal through the action of optical
forces produced by the optical driving signal. In some embodiments, precise mechanical
actuation of the mechanical state of the optomechanical system may be achieved through a
change of the frequency of the optical driving signal. Further, the systems may enable the
creation of highly localized and tailorable optically induced potential wells with which the
mechanical state of the optomechanical system may be precisely controlled.

[0011] In general, in a first aspect, embodiments of the invention include an optomechanical
system including a first strong-confinement photonic device (SCPD) with an optically coupled
optical input port. A second SCPD is optically coupled to, and movably positioned with
respect to, the first SCPD. The first and/or second SCPD includes an optical resonator. An
optical mode, excited in the input port, induces an optical force acting on the second SCPD.
At a first distance between a location in the first SCPD and a location in the second SCPD, the
optical force points towards the location in the first SCPD. At a second distance between the
location in the first SCPD and the location in the first SCPD, the optical force points away
from the location in the first SCPD. The first distance is greater than the second distance.
[0012] One or more of the following features may be included. The optical force may result
from a coupling of an optical field in a first region including the location in the first SCPD
with an optical field in a second region including the location in the second SCPD, and the
optical force may be attractive at the first distance and repulsive at the second distance.

[0013] The optical force may include a first force component resulting from a coupling of
an optical field in a first region of the first SCPD, which includes the location in the first
SCPD, with an optical field in a first region of the second SCPD, which includes the location

in the second SCPD. The optical force may further include a second force component
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resulting from a coupling of an optical field in a second region of the first SCPD and an optical
field in a second region of the second SCPD, the first component being attractive at the first
distance, and the second component being repulsive at the second distance. A relative motion
between the first region of the first SCPD and the first region of the second SCPD may be
parallel to a relative motion between the second region of the first SCPD and the second region
of the second SCPD. The first and second components may be attractive or repulsive, and the
relative motion between the first region of the first SCPD and the first region of the second
SCPD may be antiparallel to a relative motion between the second region of the first SCPD
and the second region of the second SCPD.

[0014] The first and/or second SCPD may include a waveguide, an optical resonator, a
plasmonic structure, a dielectric structure, and/or a semiconductor structure. A magnitude of
the optical force may be locally maximal at the first and the second distances, and a
mechanical coupling between the first and second SCPDs may induce a mechanical force,
smaller than the optical force at the first and second distances, acting on the second SCPD. In
addition, a difference between and/or an average of the first and second distances may depend
on a wavelength associated with the optical mode.

[0015] In general, in another aspect, embodiments of the invention include an
optomechanical system including a first photonic device, which includes a first strong-
confinement photonic device (SCPS), a second SCPS disposed at a fixed position with respect
to the first SCPS, and an optical input port optically coupled to the first and second SCPSs.
The second photonic device includes a third SCPS optically coupled to the first SCPS, and a
fourth SCPS disposed at a fixed position with respect to the third SCPS and optically coupled
to the second SCPS. The second photonic device is movably positioned with respect to the
first photonic device. An optical mode excited in the optical input port induces a first optical
force between the first and third SCPSs, and a second optical force between the second and
fourth SCPSs. The first optical force is attractive and greater in magnitude than the second
optical force at a first distance between the first and second photonic devices. The second
optical force is repulsive and greater in magnitude than the first optical force at a second
distance between the first and second photonic devices, and the first distance is greater than the

second distance.
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[0016] One or more of the following features may be included. The first and third SCPSs
may each include a waveguide, and the second SCPS may include an optical resonator, which
may include a microring resonator. The fourth SCPS may include an optical resonator, a
dielectric structure, a semiconductor structure, a plasmonic structure, and/or a metal structure.
A sum of the first optical force and the second optical force may have locally maximal
magnitudes at the first and second distances. An average of the first and second distances may
depend monotonically on a wavelength associated with the optical mode.

[0017] The system may further include an optical filter, which, in turn, includes an optical
resonator disposed at a fixed position with respect to the second SCPS of the first photonic
device, an SCPD optically coupled to the optical resonator and disposed at a fixed position
with respect to the fourth SCPS of the first photonic device, an optical filter input port
optically coupled to the optical resonator, and an optical filter output port optically coupled to
the optical resonator. The optical coupling between the first SCPD and the input port of the
first photonic device may be weaker than the optical coupling between the optical resonator
and the optical filter input port of the optical filter. A resonance of the optical filter may
depend on a resonance of the first photonic device. A difference between a resonance
frequency of the optical filter and a resonance frequency of the first photonic device may be
fixed.

[0018] In general, in another aspect, embodiments of the invention include an
optomechanical system including a first SCPD and a second SCPD optically coupled to, and
movably positioned with respect to, the first SCPD. Light coupled into at least the first SCPD
adjusts a relative position between the first SCPD and the second SCPD to an optically

resonant condition.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] The foregoing discussion will be understood more readily from the following
detailed description of the invention when taken in conjunction with the accompanying
drawings, in which:

FIGS. 1A-1D are schematic diagrams illustrating an optomechanical system utilizing
co-located attractive and repulsive optical forces according to some embodiments of the

invention;
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FIGS. 2A-2C are schematic diagrams illustrating an optomechanical system utilizing
non-co-located attractive and repulsive optical forces according to some embodiments of the
invention;

FIGS. 3A-3C are schematic diagrams illustrating an optomechanical system utilizing
non-co-located repulsive optical forces according to some embodiments of the invention;

FIGS. 4A-4D are schematic diagrams depicting a dual-microring resonator system
according to an embodiment of the invention;

FIG. 5A is a schematic diagram depicting a cross section of the dual-microring
resonator system of FIGS. 4A-4D;

FIGS. 5B-5C are computed images showing electrical field distributions in the cross
section of FIG. 5A;

FIG. 5D is a graph illustrating resonance splitting of coupled modes according to an
embodiment of the invention;

FIGS. 6A-6C are schematic diagrams illustrating optical forces and potentials
generated near resonance crossings in some embodiments of the invention;

FIGS. 7A-7C are schematic diagrams illustrating the dependence of the width of an
optical potential on the excitation wavelength according to some embodiments of the
invention;

FIG. 8A is a graph illustrating resonance crossings according to an embodiment of
the invention;

FIGS. 8B-8G are graphs illustrating optical potential wells resulting from co-
localized forces according to an embodiment of the invention as a function of coupling
strength and excitation frequency;

FIG. 9A is a schematic diagram depicting a self-aligning resonator system according
to an embodiment of the invention;

FIGS. 9B-9D are schematic diagrams illustrating the generation of an optical
potential in the self-aligning resonator system of FIG. 9A;

FIGS. 9E-9F are graphs illustrating optical potential wells resulting from non-co-
localized forces according to an embodiment of the invention as a function of coupling

strength and excitation frequency;
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FIGS. 10A-10C are schematic diagrams illustrating the dependence of the position
of an optical potential on the excitation wavelength according to some embodiments of the
invention;

FIGS. 11A-11B are schematic diagrams illustrating an optical communication
system containing add-drop filters;

FIG. 11C is a schematic diagram depicting a master-slave configuration of a self-
aligning resonator and an optical filter according to an embodiment of the invention;

FIGS. 11D-F are schematic diagrams illustrating an optical communication system
containing add-drop filters in the master-slave configuration of FIG. 11C;

FIGS. 12A-12C are schematic diagrams illustrating a coupled optical resonator and
perturbing structure, resulting in a mutually attractive force, according to some embodiments
of the invention;

FIGS. 13A-13C are schematic diagrams illustrating a coupled optical resonator and
perturbing structure, resulting in a mutually repulsive force, according to some embodiments
of the invention; and

FIGS. 14A-14B are schematic diagrams depicting optomechanical systems utilizing

only attractive or only repulsive forces according some embodiments of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0020] In general, embodiments of the invention use optical forces between optically
coupled strong-confinement photonic devices to adjust a mechanical degree of freedom
between the devices, such as a relative position or orientation. The setting of the mechanical
degree of freedom, in turn, affects the strength of optical coupling, and, consequently, of the
forces between the devices. At optical resonances of the combined system, the coupling is
typically particularly strong. Moreover, the resonance frequencies may depend on the
coupling. By exploiting this dependence, optomechanical systems that self-adjust to trap
optical resonances, and/or spectrally bond the resonances to an input light signal, may be
designed.

[0021] The devices used in various embodiments of the invention contain strong-
confinement photonic structures (SCPS). As used herein, an SCPS is a structure capable of
confining, and optionally enhancing, an optical-regime electromagnetic field within a space on

the scale of a few wavelengths, preferably less than a wavelength, in at least one dimension,
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preferably in two or in all three dimensions (in an arbitrary coordinate system of choice). An
example of an SCPS with 1D-confinement is a slab waveguide SCPS; an SCPS with 2D-
confinement may be a channel waveguide; and an SCPS with 3D-confinement may be a
resonator. The optical regime, as used herein, denotes a range of frequencies larger than 1
THz (corresponding to wavelengths shorter than 300 um in the THz-wave regime) and smaller
than 3000 THz (corresponding to wavelengths longer than 100 nm in the UV regime).

[0022] An optomechanical SCPD contains one or more SCPSs. FIGS. 1-3 illustrate, at a
conceptual level, various topologies of optomechanical systems in accordance with the
invention. Referring to FIG. 1A, a system 100 may include at least two photonic devices, e.g.,
a first SCPD 102, and a second SCPD 104, at least one of which may include an optical
resonator. The SCPDs may further include waveguides, dielectric structures, semiconductor
structures, and plasmonic (metallic) structures (e.g., planar metallic structures or, alternatively,
patterned metallic structures such as plasmonic waveguides or resonators). The second SCPD
104 is movable with respect to the first SCPD 102. The relative location or, in some
embodiments, relative orientation between the two devices 102, 104 may be described in terms
of the distance 106 between a location 108 in the first device 102, and a location 110 in the
second device 104. (Locations 108, 110 serve as points of reference for the description, but do
not have any physical significance in themselves.) The distance 106 changes as the second
device 104 moves relative to the first device 102. An input port 112 (illustrated in FIG. 1A
only, and omitted in FIGS. 1B-1D, 2A-2C, and 3A-3C for clarity) may be optically coupled to
the first device 102. In some embodiments, the input port 112 may also be coupled to the
second device 104. When an optical mode is excited in the input port 112, light couples into
the first device 102 and, through one or more coupling regions between the first and second
devices (e.g., region 114), into the second device 104. This results in an optical force acting
on the first device 102, and a corresponding opposite force of equal magnitude acting on the
second device 104.

[0023] The optical forces acting on the two devices depend on the coupling strength
between an optical field in the first device 102 and an optical field in the second device 104.
The coupling strength, in turn, is a function of the distance 106 between the devices in the
coupling region 114. The coupling region 114 includes a first region of device 102
encompassing location 108, and a first region of device 104 encompassing location 110. The

relationship between the distance 106 and the direction and magnitude of the induced optical
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forces depends on the particular features of the devices. In the embodiments conceptually
illustrated in FIGS. 1A-1D, the mutual force between the first and second devices 102, 104 in
the coupling region 114 is attractive at a first distance 116, i.e., the force acting on the second
device points towards the location 108 in the first device 102(see FIG. 1B). As the second
device 104 is brought closer to the first device 102, the mutual force become repulsive at a
second, shorter distance 118, i.e., the force acting on the second device points away from the
location 108 in the first device (see FIG. 1C). The forces generate an optical potential,
resulting in an equilibrium distance 120 between the first and second distances 116, 118, as
shown in FIG. 1D.

[0024] FIGS. 2A-2C illustrate embodiments in which an equilibrium distance of a system
200 results from forces between the two devices 102, 104 in two separate coupling regions
114, 222, i.e., from forces that are not co-located. The second coupling region 222 includes a
second region in the first device 102 (encompassing a second location or reference point 224 in
that device) and a second region in the second device 104 (encompassing a second location
226 in the second device). In some embodiments, the force acting on the second device 104
has two components: a first component between the two locations 108, 110 encompassed in
the first coupling region 114, resulting from coupling of optical fields in this region 114, and a
second component between the two locations 224, 226 in the second coupling region 222,
resulting from coupling of optical fields in that second region. Referring to FIG. 2A, at a first
distance 116 between the locations 108,110 in the first coupling region, the optical force in the
second coupling region 222 may be attractive, and dominate over a repulsive force in the first
coupling region 114, so that the total force acting on the second device 104 is attractive, i.e.,
acts to decrease the distance between the locations 108, 110 in the first coupling region. At a
second, shorter distance 118, illustrated in FIG. 2B, a repulsive force in the first coupling
region 114 may exceed an attractive force in the second coupling region 222 in magnitude,
resulting in an overall repulsive force. Again, at a distance 120 smaller than the first distance
116 and greater than the second distance 118, the system reaches equilibrium. The forces in
the coupling regions 114, 222 may be - but need not be - parallel. If the forces define an angle
greater than zero degrees with respect to each other, their respective components in a direction
along some distance between the two devices 102, 104, e.g., as defined between the locations
108, 110 in the first coupling region, may be used to determine the direction and magnitude of

the total force.
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[0025] In optomechanical systems 200, the first and second regions in the first device 102
that contribute to optical coupling may lie on substantially the same side of the second device
104. Consequently, if the distance between the locations 108,110 in the first coupling region
114 decreases, the distance between the locations 224, 226 in the second coupling region 224
also decreases. The relative motion between the two devices 102, 104 may be parallel in the
two coupling regions 114, 222. However, the locations in the respective devices and coupling
regions do not need to be selected such that their connecting lines are parallel. In alternative
systems 300, illustrated in FIGS. 3A-3C, first and second coupling regions 114, 330 may be
located such that the second device 104 moves away from the first device 102 in the second
coupling region 330 when it moves towards the first device 102 in the first coupling region
114. In this case, an optical potential may be achieved by optical forces of the same type in
both coupling regions, i.e., two attractive forces or two repulsive forces. In FIG. 3A, at a first
distance 116, a mutual optical force due to interacting optical fields in a second coupling
region, encompassing a second location 332 in the first device 102 and a second location 334
in the second device 104, may be greater in magnitude than a mutual repulsive force in the first
coupling region 114. Consequently, the total force acting on the second device 104 is directed
towards the first location 108 in the first device 102. At a second distance 118, the repulsive
force in the first coupling region 114 is greater, and the second device 104 moves away from
the first location 108 in the first device (see FIG. 3B). The repulsive forces may balance each
other at an intermediate distance 120, as shown in FIG. 3C.

[0026] With reference to FIGS. 1-3, the first and second distances 116, 118 may be defined
as the distances between the locations (or reference points) 108, 110 in the first and second
devices at which the attractive and repulsive forces, respectively, reach a local maximum.
With this definition, the difference between the first and second distances corresponds to the
width of the potential. In some embodiments, the width (corresponding to the difference
between the first and second distances) and/or the position (corresponding to the average of the
first and second distances) of the potential depend on a wavelength of the optical mode
inducing the forces. Further, in some embodiments, a mechanical coupling between the first
and second devices 102, 104 is weaker than the optical coupling, meaning that a mechanical
force acting on the second device 104, arising from a mechanical coupling between the first
and second devices 102, 104, is smaller than the optical force between the first and second

devices at the first and second distances. The first and second optical devices may be movable
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relative to one another over a substantial range, i.e., over at least 1/ 100™ of the wavelength
used, with relatively small mechanical restoring forces (e.g., with a mechanical restoring force
less than one-half, preferably less than one-tenth, more preferably less than one-hundredth of
the greatest optical forces achieved in the system).

[0027] Embodiments of the invention include systems, and properties and behaviors thereof,
not illustrated in FIGS. 1-3. For example, a system may contain more than two components,
and coupling between two devices may take place in more than two regions. Furthermore, the
optical forces may act to cause a change in orientation of the second device 104 relative to the
first device 102, instead of, or in addition to, the above-described change in position.

[0028] An exemplary optomechanical system 400 having the topology illustrated in FIGS.
1A-1D is depicted in FIGS. 4A-4D. Referring to FIG. 4A, the system may include two
microring resonators 402, 404 (in the following also referred to as “microrings™) with similar
dimensions, corresponding to the first and second strong-confinement photonic devices 102,
104, respectively, and a bus waveguide 406 providing the input port. In the embodiment as
shown, the microring resonators are of substantially the same dimensions, and lie in parallel
planes, with their respective centers falling on the same axis perpendicular to the parallel
planes. This arrangement may be advantageously enable strong optical coupling between the
microring resonators 402, 404. In some embodiments, the resonators may be laterally shifted
or rotated with respect to each other, or may have different shapes and/or dimensions.

[0029] The rings are separated by a distance q between reference points in the two
microring resonators 402, 404. This distance q is variable, and constitutes the mechanical
degree of freedom that permits relative motion between the microrings 402, 404. The ambient
medium (with refractive index n,mp) in which the microrings 402, 404 are immersed, i.e., over
which motion occurs, may include vacuum (n,q,, = 1.0), a gas, a liquid, or a gas plasma.
[0030] An optomechanical system with movable parts may be realized in various ways. For
example, as illustrated in FIG. 4B, the first photonic device, e.g., a microring resonator 402
coupled to an input waveguide 406, may be patterned on a wafer 408, and the second photonic
device, here another microring resonator 404, may be patterned on a thin second wafer 410
suspended from a weak spring 412. Alternatively, the structures may be formed in a
multilayer fabrication process on a single wafer, using successive lithography and etching
steps, and optionally additional material layer deposition steps. The movable structures may

be released by etching away a sacrificial material layer, using known methods for
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microelectromechanical system (MEMS) and nanoelectromechanical system (NEMS)
technology. The two devices may be mechanically coupled by a supporting structure 414. In
order to provide weak mechanical restoring forces, the supporting structure 414 may include a
tethering section 412 with a weak (small) spring constant, such that small displacements of one
5 structure 410 with respect the other structure 408 result in a small restoring force.

Alternatively to such a cantilever structure, the microring resonator 404 may, for example, be
embedded in a membrane spanned between two support structures. The effective spring
constants of these configuration may be engineered such that small displacements of the
second ring, closer to or further from the first ring, do not result in substantial mechanical

10  restoring forces. In some embodiments, restoring forces of less than one UN, or even less than
I nN, may be achieved. In comparison, optical coupling between the resonators may induce
forces reaching several UN.
[0031] At large distances between the microrings 402, 404, each of them may have a set of
resonant modes at evenly spaced frequencies ®. At the resonance frequencies, the round trip

15  phase of an optical wave travelling in the ring is an integer multiple of 2z, or

B+ L =(o/c)n L =27tm,

where 3 denotes the propagation constant, ¢ denotes the speed of light in vacuum, L denotes
the circumference of the resonator, and m denotes an integer corresponding to the resonance
order. If the microring resonators 402, 404 have the same shape and dimensions, their

20  respective resonance frequencies may substantially coincide. As the separation q between the
microring resonators 402, 404 is decreased, the optical fields in the two microring resonators
402, 404 may couple, creating symmetric and anti-symmetric supermodes, whose frequencies
®, and o, respectively, depend on kK, the coupling strength normalized by 2n/A (wherein A is

the wavelength of light coupled into the system), and are given by:

SN ,.} ~E L .
(SR t\-)\ = Wl

{1

25
[0032] A decrease of the distance q typically results in an increased coupling strength «x,

which translates into a frequency decrease for the symmetric supermode and a frequency
increase for the anti-symmetric supermode. Further, a positive frequency shift (do > 0)
increases the energy of the system 400, and a negative shift (do < 0) lowers the energy of the

30 system. Therefore, the excitation of a symmetric mode may result in attractive forces, as
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illustrated in FIG. 4C, while the excitation of an anti-symmetric mode (with a frequency shift
of opposite sign) may result in a repulsive force, as illustrated in FIG. 4D.

[0033] FIGS. 5A-5C illustrate computed symmetric and anti-symmetric TE-like guided
modes in a dual-microring resonator. FIG. SA shows a cross section through the two
microrings 402, 404. For this simulation, the refractive indices of the core and cladding are
chosen to be 3.5 and 1, respectively. The microrings have a width w = 500 nm, a height t =
200 nm, and a distance q = 250 nm. The computation is carried out for a wavelength of 1.55
um. FIGS. 5B and 5C show the x-component of the electric field in the cross section for a
symmetric mode and an anti-symmetric mode, respectively.

[0034] In the context of dielectric waveguides and cavities, a change in frequency relates to
a change in the effective index (dn) and to the group index (n,) of the waveguide mode via the
relation 6w/® = -0n/n,. Since the frequencies of the supermodes change as a function of the
distance q between microrings 402, 404, the effective indices are dependent on q as well. In
the symmetric waveguide configuration of FIGS. 5A-5D, the effective indices of the coupled
guided modes (i.e., supermodes) are n+= n, + k(¢q), as computed through first order coupled
mode theory. Herein, the symmetric mode corresponds to n, while the anti-symmetric mode
corresponds to n_. The coupling strength x(g), takes on an exponential dependence with the
microring separation. FIG. 5D illustrates the resulting computed effective index versus
waveguide separation, which is characterized by symmetric splitting between the symmetric
and antisymmetric modes with increasing « (or decreasing g). An index change on > 0
corresponds to an attractive force, and an index change dn < 0 corresponds to a repulsive force.
[0035] FIGS. 6A-6C illustrate how the attractive and repulsive forces associated with the
supermodes of the coupled resonator system 400 may be used to generate an optical potential.
In FIG. 6A, the frequencies of symmetric and antisymmetric supermodes 600, 602 for two
modes of the un-coupled resonators (m = n and m=n+1) are plotted as a function of the
coupling strength K. Initially, as the microrings are infinitely far apart, i.e., as the coupling
strength K is zero, the ring cavity modes are un-coupled and degenerate (i.e., at the same
frequency). However as the rings are brought closer together, resulting in larger coupling
strengths K, the two resonant modes of the (n)th (indicated by ®, on the x-axis) and (n+1)th
(indicated by m,; on the x-axis) cavity modes split in frequency. This is illustrated by two
lines 600, 602 emanating from the x-axis. The anti-symmetric modes (602) shift to higher

frequencies with increasing coupling strength, while the symmetric ring modes (600) shift to



Attorney's Docket No.: MIT-187PC

10

15

20

25

30

WO 2009/059182 PCT/US2008/082054

-14 -

lower frequencies. As the coupling between the microrings becomes large enough (or the
separation between them becomes small enough), the symmetric and anti-symmetric modes
600, 602 produced by adjacent orders may cross at some point 604.

[0036] The behavior of the system 400 upon excitation with a monochromatic laser or other
light source at a fixed frequency oy, is illustrated in FIGS. 6B and 6C with respect to the dotted
line in FIG. 6A. FIG. 6B illustrates the mechanical forces produced by the system as the
separation between the rings (and the corresponding coupling (K) between the rings) evolves.
At a position 620 corresponding to large distances between the microring resonators, the
coupling between the microrings tends towards zero (i.e., the separation tends towards
infinity). Consequently, the resonators are at their natural frequencies, ®, and ®,,1, and are
detuned from the laser frequency .. In this case, there is effectively no power in the resonant
modes, and neither attractive nor repulsive forces are generated by the rings. As the ring
separation decreases (or coupling strength increases), the system reaches, at a position 622,
resonant excitation of the symmetric mode 600 of the (n+1)th resonance, which results in
mutual attractive forces between the microrings. Further decrease in the separation between
the rings leads to the excitation of the anti-symmetric resonance from the (n)th ring mode at
position 626. At this coupling strength, the forces between the microring resonators are
repulsive. Between the two positions 622, 624 at which the system is in resonance with either
of its supermodes, the force goes through zero. Finally, as the ring separation decreases even
further, the system reaches position 626, at which point the laser line is again detuned from the
resonances of the system (i.e., no forces are produced between the rings).

[0037] In some embodiments, the coupling strength (x) between the two microrings may be
large enough to tune the structure across multiple resonance orders. For instance, a microring
with the cross-section shown in FIG. 5A (consistent with a group index n, = 4) and a radius of
2.5 um possesses a free spectral range (FSR), ®,,;-®,, of about 4.5 THz (corresponding to
about 40 nm at a center wavelength A = 1550 nm). It may be feasible to tune the cavity
resonance through a frequency range of greater than 45 THz. In this strong coupling regime,
degenerate crossing of the symmetric and anti-symmetric modes from different resonance
orders may occur, i.€., at one excitation wavelength, the coupled system may have multiple

resonances at different respective microring separations.
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[0038] As shown in FIG. 6B, the configuration of system 400 results in large attractive and
repulsive forces very locally in space upon excitation of the resonant modes. At the
resonances 622, 624, the magnitudes of the forces reach local maxima. By integrating the
force of FIG. 6B, the corresponding potential can be calculated. FIG. 6C illustrates the
mechanical potential as a function of the ring separation q. The potential forms a localized and
deep potential with a width, defined between half-maximum values of the potential, which
equals the difference between the microring separations q at positions 622 and 624,
respectively. The minimum of the potential well determines a unique distance q between the
microring resonators 402, 404 at which the system is in a stable mechanical equilibrium. This
property enables the manipulation of the mechanical system by means of all-optical forces.
The mechanical configuration, in turn, changes the optical response of the system, leading to a
fundamentally new means of controlling light with light, and adaptive control of cavity
resonances through the formation of spectrally bound states between cavity resonances and the
frequency of the impinging light.

[0039] The relationship between the wavelength of light coupled into an optomechanical
system, such as system 400, and the optical potential generated thereby is further explained in
FIGS. 7A-7C. In the absence of optical excitations in the microring resonators 402, 404, the
potential energy of the system due to optical forces does not depend on the distance q between
the microrings, as shown in FIG. 7A. Therefore, the two microrings can freely move with
respect to each other, up to limitations imposed by mechanical restoring forces, which are not
considered in this figure, and may, in general, be designed to be weak in these systems. When
the system is excited with, e.g., a continuous-wave laser line, blue-detuned from (i.e., at higher
frequency than) a resonance-crossing 604, a potential well forms (FIG. 7B). As the frequency
of the incident light moves towards the crossing, as illustrated in FIG. 7C, the potential well
becomes narrower. By exciting with light at a frequency only slightly blue-detuned from a
resonance-crossing, the system may be “trapped” in the potential well.

[0040] FIGS. 8A-8G show modes and optomechanical potentials for an optomechanical
system with two coupled microring resonators, computed using spatial coupled mode theory
and scattering matrix formalisms. The ring circumference L in this example is 16 um, and the
cross-sectional dimensions are the same as in FIG. 4. The fractional power coupling from the
bus waveguide 406 into the microring 402 is set to 10%. FIG. 8A illustrates, similarly to the

generic FIG. 6, the frequencies of the symmetric and anti-symmetric modes 600, 602 as a
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function of the coupling strength x. Each row of resonance crossings 800, 802, 804, 806, 808
occurs for an integer difference in resonance order of the symmetric and anti-symmetric mode.
For example, row 802 corresponds to a difference of one order between the symmetric mode
(n+1) and anti-symmetric mode (n), and row 804 corresponds to a difference of two orders
between the symmetric mode (n’+2) and the anti-symmetric mode (n’). The spectral line
width of each mode is determined by the external coupling to the bus waveguide. However,
the spatial resolution of the trapping potential produced by this system is not limited by the
line width of the individual resonator modes because, for frequency detunings from the
resonance smaller than the line width, interference of the symmetric and anti-symmetric
resonances gives rise to a narrow line width supermode.

[0041] The computed normalized potential energy is plotted as a function of x and w in
Figure 8B. If a laser excitation is assumed to be blue-detuned from the cavity mode-crossing
(e.g., w =200 THz, indicated by a vertical line in Figure 8A), the effective potential follows
the solid black line on the surface plot of Figure 8B. Minima of the potential occur at
frequencies blue-detuned from the resonance crossing. This means that the opto-mechanical
system will be trapped at discrete locations in space, effectively pinning the opto-mechanical
system at a position ¢ mid-way between the symmetric and anti-symmetric resonances (i.e.,
exciting the symmetric and anti-symmetric resonances equally).

[0042] Moreover, if a single laser line is swept continuously in frequency toward the
resonance crossing, the potential may be adiabatically varied from a wide square-well to a o-
function, as illustrated in FIG. 8C with three snapshots of the potential well 8§14, 816, 818,
illustrating the trajectory of change of the potential corresponding to three successively smaller
frequency detunings. This facilitates “corralling” the system to one of several localized
positions in space, corresponding to different resonance orders of the microrings. The shapes
of the potential 814, 8§16, 818 along the wavelength tuning trajectory at the three different

wavelengths are plotted in FIG. 8D for a realistic guided power of 1 mW within the bus

waveguide 406 (i.e., O = 1016 photons/sec). At this power level, the depth of the potential well
is tens of electron volts (eV).

[0043] In the limit of small detuning from the resonance crossing, the spatial localization of
the trapping potential scales to arbitrarily narrow values. For example, FIG. 8E shows that the
width of the trapping potential shrinks to 1 picometer in space as the detuning from the

resonance crossing approaches zero. This high level of spatial localization is a result of
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interference of the two resonance modes. As the mode crossing is approached and the trapping
potential narrows, the finite linewidth of the resonator modes leads to a shallowing of the
potential. However, the potential does not vanish at the crossing, but asymptotically
approaches a depth of half its depth at large detunings.

[0044] The resonator modes may be manipulated in a more arbitrary fashion when two
independent laser lines are employed. For instance, if laser lines are placed asymmetrically
about the resonance-crossing, as illustrated by trajectories 820, 822 on the potential surface
map of FIG. 8F, the potential experienced by the cantilever will be a result of both laser lines.
The total potential 830 is shown in FIG. 8G. It exhibits a unique minimum for x =0.028 (or q
=~ 350 nm). This trapping scheme exploits asymmetries in the potential as a function of
coupling strength, resulting from a gradual wavelength dependence of the coupling strength x.
In various embodiments, the resonance frequency of the system may be pinned to a desired
frequency within a continuous frequency range. Since the trapping potential may correspond
to a dimension of about 1 pm in space, a cantilever or membrane which suspends this ring will
be stabilized to this subatomic positional level. As one application, this mechanism enables
direct tuning and manipulation of the excited resonator with a high degree of stability. This is
important because it has been noted that optical tuning by structural perturbation in
nanophotonic structures may require nanometer-to-picometer levels of control, making other
(electro-mechanical) means of control very difficult to implement.

[0045] In various embodiments, the depth of the optical potential may be greater than kgT
(~ 25 meV), meaning that thermal fluctuations are not sufficient to liberate the trapped
microring from this remarkably localized potential. Moreover, forces corresponding to these
potentials are large (1-10 uN) compared with gravitational forces (~nN) and the restoring
forces typically generated by micron-scale cantilevers and membranes. Short-range
interactions such as Van-der-Waals and capillary forces need not significantly affect the
operation of such devices if the distance q between interacting surfaces is kept greater than
tens of nanometers. While such short-range interactions could dominate for smaller distances,
they typically diminish to force levels on the order of nano-Newtons for non-polar materials at
these length scales. Therefore, it is feasible to control the perturbing structure with only

optical interactions, since these can dominate in experimentally realistic situations.
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[0046] An exemplary optomechanical system 900 having the topology illustrated in FIGS.
2A-2C is depicted in FIGS. 9A-9F. The system 900 generally includes two photonic devices
102, 104 that can be moved with respect to each other. Each device includes two or more
SCPSs. For example, with reference to FIG. 9A, a first SCPS 902 of the first photonic device
102 may be a waveguide, and a second SCPS 904 of the first photonic device 104 may be an
optical resonator, such as a microring resonator. An additional waveguide 906 in the first
photonic device 902 may provide an optical input port that is optically coupled to the first and
second SCPSs. A third SCPS 908 and a fourth SCPS 910 contained in the second photonic
device 104 may likewise be a waveguide and an optical resonator, respectively. Alternatively,
the fourth SCPS may, for example, include a dielectric structure, a semiconductor structure, a
plasmonic structure, and/or a metal structure. Referring again to FIG. 9A, within each
photonic device, the waveguide and optical resonator are at fixed positions. The waveguide
908 of the second device 104 may be optically coupled to the waveguide 902 of the first device
102, and, similarly, the optical resonator 910 of the second device may be optically coupled to
the optical resonator 904 of the first device. Further, the corresponding structures of each
optically coupled pair of SCPSs may share the same or similar geometry and dimensions,
which may be advantageous for achieving high coupling strengths, and especially for
achieving symmetry that allows proportional changes of coupling strengths (and associated
forces) with changes in displacement.

[0047] The system 900 may adapt its resonance frequency to follow a single incident laser
line — all-optically, as illustrated in FIGS. 9B-9F. The laser may excite an optical mode in the
input port of the additional waveguide 906, which may couple the laser light into the first and
second SCPSs 902, 904 of the first photonic device 102. Optionally, the laser light may also
directly couple into the second photonic device 104. A mutual optical force between the
optical resonators 904, 910 may result from a resonant supermode analogous to the
supermodes created in system 400 and described in detail above. Over certain ranges of laser
frequencies and coupling strengths ¥, it is possible, in some embodiments, to excite only the
anti-symmetric mode of the dual-ring resonator, resulting in a repulsive step-like potential
(FIG. 9B). Furthermore, the laser light may serve to excite a non-resonant dual-waveguide
mode in the coupled waveguides 902, 908, which may be associated with an attractive

potential, as illustrated in FIG. 9C, and a corresponding attractive force between the two
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waveguides 902, 908. The attractive force between the two waveguides may monotonically
increase with the distance q between them.

[0048] When resonant and nonresonant optically coupled SCPSs are combined in a system
900 such that the separation between both pairs of coupled structures move synchronously, the
optomechanical potential of the system is the sum of the potentials formed by the individual
coupled structures. For example, the combination of the resonant repulsive potential formed
by the dual ring system (FIG. 9B) and the non-resonant attractive potential formed by the dual
waveguides (FIG. 9C) may lead to a potential with a localized minimum, as illustrated in FIG.
9D. Such a potential results if at a first, greater distance between the two photonic devices
102, 104, the attractive force between the waveguides 902, 908 is greater in magnitude than the
repulsive force between the optical resonators 102, 104, and at a second, smaller distance
between the photonic devices, the repulsive force between the optical resonators is greater in
magnitude than the attractive force between the waveguides. In some embodiments, the
potential minimum is on resonance with, or nearly on resonance with, the incident
monochromatic light.

[0049] The normalized effective optomechanical potential for an exemplary system 900
(computed for a coupling fraction of 10% and length of the dual waveguides of 100 um) is
shown as a surface plot in FIG. 9E for a range of frequencies and coupling strengths. Herein,
the shape of this trapping potential is preserved as the frequency of the excitation is varied.
Moreover, the detuning of the equilibrium resonance frequency of the system from the incident
laser line is a constant for all choices of laser frequencies shown in FIG. 9E. Such a system
may be achieved if the exponential dependence of the waveguide and microring coupling
strengths, x(g), are engineered to be substantially the same. In this case, the trapping potential
may be translated spectrally over a range of laser frequencies in a continuous fashion while the
resonant frequency alignment with the anti-symmetric mode may be maintained. FIG. 9F
illustrates the relative frequency misalignment between the potential minimum 920 and the
resonance 922 of the resonator system. The end result is a resonator which tracks the incident
laser line because it is energetically favorable to do so.

[0050] FIGS. 10A-10C illustrate the effect of the wavelength of light coupled into the
photonic devices 102, 104 on the optical potential well. Again, if no optical mode is excited,
the optical potential is flat (FIG. 10A), and the system has no stable equilibrium. When

monochromatic light is coupled into the system, a potential well forms of the combined
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attractive and repulsive optical forces, resulting in an equilibrium distance between the first
photonic device and the second photonic device. As the frequency of the excitation varies, so
does the equilibrium distance (FIGS. 10B and 10C). Defining, again, the first and second
distances as the distances between the two photonic devices at which the total optical force,
i.e., the sum of the optical force between the first and third SCPSs and the optical force
between the second and fourth SCPSs, has a locally maximal magnitude, the average of the
first and second distances (i.e., the equilibrium distance) may depend monotonically on a
wavelength associated with the optical mode in the input port.

[0051] In some embodiments, the function of the coupled optical resonators and the coupled
waveguides may be exchanged, i.e., a symmetric supermode may be excited in the dual-
resonator structure, resulting in an attractive force, and a non-resonant anti-symmetric mode in
the dual-waveguide structure may create a repulsive force. If the attractive force dominates at
larger, and the repulsive force dominates at smaller distance between the photonic devices 102,
104, a potential minimum similar to that shown in FIG. 9D is achieved.

[0052] An optomechanical system 900, in which a potential well induced by an optical
excitation generates a bound optomechanical state that tracks the resonance of the system may
be advantageously applied in various contexts. For example, the system may be used as a self-
aligning resonator in the beam of a tunable laser, e.g., a continuous-wave laser. When the
system 900 is placed at the laser output, outside the laser cavity, it may serve as a filter for
noise resulting from broadband amplified spontaneous emission (ASE), allowing for a high-
purity laser source with a simple construction.

[0053] FIGS. 11A-11F illustrate an application of self-aligning resonators in optical filter
designs, such as, e.g., add-drop filters for optical communication systems. FIG. 11A depicts
an optical cross-connect 1100 including a number of input waveguides 1102, a number of
output waveguides 1104, and an array of channel add-drop filters 1106 at the crossing points,
illustrating state-of-the-art technology. The filters 1106 on any one of the input or output
waveguide 1102, 1104 typically, but not necessarily, all have passbands at different
wavelengths. In some applications, two or more filters may be at the same wavelength.

[0054] FIG. 11B illustrates a wavelength-division multiplexed (WDM) optical spectrum,
including signals at four wavelength channels 1113, 1115, 1117, 1119, that may be incident on
the optical cross-connect 1100 of FIG. 11A in any input waveguide 1102; and an exemplary
poor wavelength alignment of the passbands, depicted as boxes 1123, 1125, 1127, 1129, of the
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channel add-drop filters 1106 disposed on that horizontal waveguide to the corresponding
channel grid. The poor wavelength alignment is due to large sensitivity of high-index contrast
integrated photonic waveguides and resonators to dimensional error in fabrication, such as
width or thickness of the waveguide, as well as to thermal variations (which may change in
time in microseconds in a system like a microprocessor, or over minutes or hours in a telecom
application in the field — e.g. on a telephone pole).

[0055] Referring to FIG. 11C, in one embodiment, a master-slave optical filter system 1150
is optomechanically lockable to an optical frequency reference. The system 1150 includes a
high-Q, narrow-band, self-aligning resonator 1152, performing the function of a locking
resonator (the “master”), and a low-Q, resonant optical filter 1154, performing the role of an
add-drop filter in the cross-connect (the “slave”). In some embodiments, the locking resonator
1152 has a bandwidth of no more than 10 GHz, preferably no more than 1 GHz. The optical
filter 1154 may have a wider bandwidth, preferably 20 to 100 GHz for telecom applications.
In certain embodiments, the bandwidth of the optical filter may be lower (e.g. 1-10 GHz) or
higher (e.g. 200 GHz or more). The self-aligning resonator may be an optomechanical system
900, having a pair of coupled waveguides 902, 908, and a pair of, e.g., coupled microring
resonators 904, 910. The optical filter may include an optical resonator 1156, e.g., a microring
resonator, input and output waveguides 1158, 1160 optically coupled to the optical resonator
1156, or alternative means for providing an optical filter input port and an optical filter output
port, and an SCPS 1162 optically coupled to the optical resonator 1156. The SCPS 1162 may
be, but need not be, an optical resonator itself. The optical coupling between the optical
resonator 1156 of the “slave” 1154 and the optical filter input port may, generally, be stronger
than the optical coupling between the optical resonator 904 of the “master” 1152 and the input
port of the “master” 1152. The optical resonator 1156 is located at a fixed position with
respect to the first photonic device 102 of the master 1154. Likewise, the SCPS 1162 is fixed
with respect to the second photonic device 104 of the master. In some embodiments, the first
photonic device 102 and the optical resonator 1156 may be patterned into the same wafer or
substrate, as may the second photonic device 104 and the SCPS 1162.

[0056] FIG. 11D illustrates an optical cross-connect 1100 whose filter array is
optomechanically lockable to an absolute optical frequency reference 1170 in accordance with
an embodiment. In other words, a resonance of an optical filter 1106 of the array depends on a

resonance of the master 1152. In particular, the difference between the resonance frequencies
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of the slave 1154 and the master 1152 may be fixed. The filters 1106 in the cross-connect
1100 each comprise an optomechanically lockable filter 1154 of FIG. 11C. If the filter
passbands are at different wavelengths, then the add-drop filter in each optomechanically
lockable filter is detuned in resonance frequency from its locking resonator 1152 by a different
amount, so that, when all locking resonators 1152 in the array lock to an optical frequency
reference 1170, the filters are spaced along the wavelength channel grid.

[0057] FIG. 11E illustrates the wavelength channel grid of the optical cross-connect 1100 of
FIG. 11D, as well as exemplary filter passband positions 1123, 1125, 1127, 1129 when the
optical reference laser is turned off, showing degraded wavelength alignment due to large
sensitivity to dimensional errors of integrated photonic filters. FIG. 11F illustrates an
exemplary wavelength channel grid and filter passband alignment, showing that turning on the
optical wavelength reference 1170 locks the locking resonators’ resonance frequency to the
incident laser signal. As a result, the filter passbands follow the locking resonator because
they are mechanically coupled, and are aligned to the desired wavelength grid. Designing and
realizing a resonator-based filter with an absolute resonance frequency of a particular value is
difficult due to large dimensional, and potentially thermal, sensitivities of strong-confinement
resonators. However, the realization of resonant filters 1154 with an accurate fixed relative
frequency difference from an adjacent locking resonator 1152 of similar dimensions is readily
achievable with present fabrication technology. Absolute dimensional errors will shift both
resonators, but their dimensional errors (and thermal shifts) may be about the same because of
their physical proximity. Therefore, this approach circumvents the large absolute-sensitivity
problem in strong-confinement resonators and integrated nanophotonic circuits.

[0058] In the preceding description of specific embodiments, coupled optical resonators
have been illustrated as dual-microring structures. While microring resonators may have
advantageous properties for many applications, embodiments of the invention may, generally,
utilize a wide variety of optical resonators, including standing-wave resonators and traveling-
wave resonators of various shapes, and with various input and output coupling mechanisms.
Further, an optical resonator may, in itself, contain a plurality of optically resonating
structures. Resonators may also be cascaded by connecting the input port of a second

resonator to the output port of a first resonator, etc.
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[0059] In some embodiments, an optical resonator, instead of being paired with another
resonator, is optically coupled to a perturbing structure, such as a slab of dielectric material.
For example, as illustrated in FIG. 12A, an optomechanical system may include an optical
resonator 1202, and a perturbing structure 1204 including a perturbing medium. In FIG. 12B,
5  the perturbing medium comprises a dielectric material, and has a refractive index Nper > Namp,
wherein n,mp is the refractive of the ambient medium (e.g., air). As the perturbing structure
1204 approaches the optical resonator 1202, the effective index corresponding to a resonant
mode near an optical excitation wavelength increases, and the resonant frequency decreases,
resulting in an attractive force. In FIG. 12C, the perturbing medium contains a metal or other

10  electrically conductive material, and may employ an optical excitation polarized so that the
optical field is primarily normally polarized to the perturbing structure in the region of
interaction of the optical resonator 1202 and the perturbing structure 1204. Such a structure,
by the concept of image charges, is equivalent to a two-cavity system with an excited
symmetric resonant mode.

15 [0060] Referring to FIGS. 13A-13C, a repulsive optical force may be achieved by
combining an optical resonator 1302 with a perturbing structure 1304 that contains a
perturbing medium with a refractive index nper < Namp (FIG. 13A). As the distance between the
perturbing structure 1304 and the optical resonator 1302 decreases, the effective index of a
resonant mode near an optical excitation wavelength now decreases, and the resonant

20  frequency increases, resulting in a repulsive force (FIG. 13B). Alternatively, a repulsive-force
structure may, comprise a perturbing medium that is a metal or a conductor at optical
frequencies, and may employ an optical excitation polarized so that the optical field is
primarily tangentially polarized to the perturbing structure in the region of interaction of the
optical resonator 1302 and the perturbing structure1304, as illustrated in FIG. 13C.

25  Alternatively, other configurations may be used that respectively simulate a symmetric or
antisymmetric resonant mode of a 2-cavity coupled system. In some embodiments, a pair of
SCPSs which are mutually attractive, as illustrated in FIGS. 12A-12C, may combined with a
pair of mutually repulsive SCPSs, as illustrated in FIGS. 13A-13C, resulting in an
optomechanical system 200 that may be functionally equivalent to the system 900 containing

30  dual-microrings and dual-waveguides. In an embodiment, the combined pairs of SCPSs may
be coupled to the same optical input source. Furthermore, they may be cascaded, so that the

output of one device provides the optical input for the next.
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[0061] FIGS. 14A and 14B illustrate two exemplary embodiments of optomechanical
systems that reach an equilibrium position as a result of two attractive or two repulsive optical
forces. In FIG. 14A, this is achieved with a “teeter-totter”” configuration. A first photonic
device 102 of the system contains, for example, two microring resonators 1402, 1404, both
mounted on the same substrate, and therefore non-movable with respect to each other. Light
may be coupled into the microrings through waveguides 1406. The second photonic device
may include two perturbing structures 1408, 1410, each being optically coupled to one of the
mirorings 1402, 1404. The perturbing structures 1410, 1412 are rigidly mechanically coupled,
e.g., supported by the same mechanical structure. For instance, they may be affixed to the
ends of a rod or beam which is pivoted at a position 1414 elevated with respect to the plane of
the microring resonators. Then, as the first perturbing structure 1408 moves towards its
corresponding microring resonator1402, the second perturbing structure 1410 moves away
from its corresponding microring resonator 1404. Mechanical equilibrium can be achieved if
the mutual optical forces between the microrings 1402, 1406 and the perturbing structures
1408,1410 are both attractive, or both repulsive. This embodiment is an example of an
optomechanical system with a rotational, rather than translational, degree of freedom. In some
embodiments, at small distances between the microrings 1402, 1406 and the perturbing
structures 1408,1410, the motion of each perturbing structure can be approximated as linear.
[0062] In FIG. 14B, an alternative configuration using only attractive or only repulsive
optical forces is shown. Here, the second photonic device 104 includes one perturbing
structure 1408, located between two microring resonators 1402, 1404. The two microrings
may be rigidly connected and optically coupled to each other, i.e., through an optical coupling
between their respective input waveguides 1406, so as to render them part of the same
photonic device. The perturbing structure 1408 is movably positioned; a decrease in its
distance from one of the microrings implies an increase in the distance from the other
microring by the same amount. Mechanical equilibrium is reached at a distance q from the
first microring 1402 when the forces acting on the perturbing structure from both microrings
balance.

[0063] Although the embodiments thus far have described engineering potentials along a
single axis of motion, the described concepts may be used in embodiments producing forces
along all three spatial axes. For example, potentials may be engineered to optically trap, or

levitate, the perturbing structure in one dimension, and a second set of optical force-inducing
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SCPSs may be used to laterally trap or cause motion in the perturbing structure in the
remaining two spatial dimensions. Such embodiments may provide optically powered
micromotors and micromechanical wavelength converters.

[0064] Furthermore, the motion associated with the potentials and forces described has been
linear motion between at least one resonator excited through a waveguide coupled in an all-
pass configuration, and a perturbing structure. Rotary motion was illustrated in FIG. 14A. In
general, the motion may be linear, shear, or rotary motion; or a combination.

[0065] Furthermore, the embodiments described show optical force manipulation and
trapping of an optomechanical system where the optical forces dominate mechanical forces.
For example, the perturbing structure may be nearly freely suspended. In other embodiments,
fixed mechanical force transmitting structures may be incorporated in the optomechanical
systems, such as levers and pulleys. Such structures may be integrated on a chip using similar
to microelectromechanical-system (MEMS) fabrication technology.

[0066] The invention may be embodied in other specific forms without departing from the
spirit or essential characteristics thereof. The foregoing embodiments are therefore to be
considered in all respects illustrative rather than limiting on the invention described herein.
Scope of the invention is indicated by the appended claims, and all changes which come within
the meaning and range of equivalency of the claims are intended to be embraced therein.

[0067] What is claimed is :
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1. An optomechanical system comprising:

a first strong-confinement photonic device (SCPD);

an optical input port optically coupled to the first SCPD; and

a second SCPD optically coupled to the first SCPD and movably positioned with
respect to the first SCPD,

wherein (1) at least one of the first SCPD or the second SCPD comprises an optical
resonator, (ii) an optical mode excited in the input port induces an optical force acting on the
second SCPD, and (iii) at a first distance between a location in the first SCPD and a location in
the second SCPD, the optical force points towards the location in the first SCPD, and, at a
second distance between the location in the first SCPD and the location in the first SCPD, the
optical force points away from the location in the first SCPD, the first distance being greater

than the second distance.

2. The optomechanical system of claim 1, wherein the optical force (i) results from a
coupling of an optical field in a first region comprising the location in the first SCPD with an
optical field in a second region comprising the location in the second SCPD, and (ii) is

attractive at the first distance and repulsive at the second distance.

3. The optomechanical system of claim 1, wherein

the optical force comprises (i) a first force component resulting from a coupling of an
optical field in a first region of the first SCPD comprising the location in the first SCPD with
an optical field in a first region of the second SCPD comprising the location in the second
SCPD, and (ii) a second force component resulting from a coupling of an optical field in a
second region of the first SCPD and an optical field in a second region of the second SCPD,
the first component being attractive at the first distance, and the second component being
repulsive at the second distance, and

a relative motion between the first region of the first SCPD and the first region of the
second SCPD is parallel to a relative motion between the second region of the first SCPD and

the second region of the second SCPD.
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4. The optomechanical system of claim 1, wherein

the optical force comprises (i) a first force component resulting from a coupling of an
optical field in a first region of the first SCPD comprising the location in the first SCPD with
an optical field in a first region of the second SCPD comprising the location in the second
SCPD and (i) a second force component resulting from a coupling of an optical field in a
second region of the first SCPD with an optical field in a second region of the second SCPD,
the first and second components being attractive, and

a relative motion between the first region of the first SCPD and the first region of the
second SCPD is antiparallel to a relative motion between the second region of the first SCPD

and the second region of the second SCPD.

5. The optomechanical system of claim 1, wherein

the optical force comprises (i) a first force component resulting from a coupling of an
optical field in a first region of the first SCPD comprising the location in the first SCPD with
an optical field in a first region of the second SCPD comprising the location in the second
SCPD and (i) a second force component resulting from a coupling of an optical field in a
second region of the first SCPD with an optical field in a second region of the second SCPD,
the first and second components being repulsive, and

a relative motion between the first region of the first SCPD and the first region of the
second SCPD is antiparallel to a relative motion between the second region of the first SCPD

and the second region of the second SCPD.

6. The optomechanical system of claim 1, wherein at least one of the first SCPD or the
second SCPD comprises at least one of a waveguide, an optical resonator, a plasmonic

structure, a dielectric structure, or a semiconductor structure.

7. The optomechanical system of claim 1, wherein (i) a magnitude of the optical force is
locally maximal at the first and the second distances, (i1) a mechanical coupling between the
first SCPD and the second SCPD induces a mechanical force acting on the second SCPD, the

mechanical force being smaller than the optical force at the first and second distances.

8. The optomechanical system of claim 1, wherein (i) a magnitude of the optical force is
locally maximal at the first and the second distances, and (ii) a difference between the first and

second distances depends on a wavelength associated with the optical mode.
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9. The optomechanical system of claim 1, wherein (i) a magnitude of the optical force is
locally maximal at the first and second distances, and (ii) an average of the first and second

distances depends on a wavelength associated with the optical mode.

10. An optomechanical system comprising:

a first photonic device comprising (i) a first strong confinement photonic structure
(SCPS), (i1) a second SCPS disposed at a fixed position with respect to the first SCPS, and (iii)
an optical input port optically coupled to the first SCPS and the second SCPS; and

a second photonic device comprising (i) a third SCPS optically coupled to the first
SCPS, and (i) a fourth SCPS disposed at a fixed position with respect to the third SCPS and
optically coupled to the second SCPS, the second photonic device being movably positioned
with respect to the first photonic device,

wherein (i) an optical mode excited in the optical input port induces a first optical force
between the first SCPS and the third SCPS and a second optical force between the second
SCPS and the fourth SCPS, (ii) the first optical force is attractive and greater in magnitude
than the second optical force at a first distance between the first photonic device and the
second photonic device, and (iii) the second optical force is repulsive and greater in magnitude
than the first optical force at a second distance between the first photonic device and the

second photonic device, the first distance being greater than the second distance.

1. The optomechanical system of claim 10, wherein the first SCPS and the third SCPS

each comprise a waveguide.

12. The optomechanical system of claim 10, wherein the second SCPS comprises an

optical resonator.

13. The optomechanical system of claim 12, wherein the optical resonator comprises a

microring resonator.

14. The optomechanical system of claim 10 wherein the fourth SCPS comprises a structure
selected from the group consisting of an optical resonator, a dielectric structure, a

semiconductor structure, a plasmonic structure, and a metal structure.

15. The optomechanical system of claim 10, wherein a sum of the first optical force and

the second optical force has locally maximal magnitudes at the first and second distances.
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16. The optomechanical system of claim 15, wherein an average of the first distance and

the second distance depends monotonically on a wavelength associated with the optical mode.

17. The optomechanical system of claim 16, further comprising:
an optical filter including
an optical resonator disposed at a fixed position with respect to the second
SCPS of the first photonic device,
an SCPD optically coupled to the optical resonator and disposed at a fixed
position with respect to the fourth SCPS of the first photonic device,
an optical filter input port optically coupled to the optical resonator, and

an optical filter output port optically coupled to the optical resonator.

18. The optomechanical system of claim 17, wherein the optical coupling between the first
SCPD and the input port of the first photonic device is weaker than the optical coupling

between the optical resonator and the optical filter input port of the optical filter.

19. The optomechanical system of claim 17, wherein a resonance of the optical filter

depends on a resonance of the first photonic device.

20. The optomechanical system of claim 19, wherein a difference between a resonance

frequency of the optical filter and a resonance frequency of the first photonic device is fixed.

21. An optomechanical system comprising:

a first strong-confinement photonic device (SCPD); and

a second SCPD optically coupled to the first SCPD and movably positioned with
respect thereto,

wherein light coupled into at least the first SCPD adjusts a relative position between

the first SCPD and the second SCPD to an optically resonant condition.
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