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(57) ABSTRACT

An optical device and a sensor system incorporating same are
disclosed. The optical device includes a microresonator that
has a core with input and output ports. The output port is
different than the input port. The optical device further
includes first and second optical waveguides. Each optical
waveguide has a core with input and output faces. The output
face of the core of the first optical waveguide physically
contacts the input port of the core of the microresonator. The
input face of the core of the second optical waveguide physi-
cally contacts the output port of the core of the microresona-
tor.
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OPTICAL MICRORESONATOR

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a divisional of U.S. application
Ser. No. 11/565,935, filed on Dec. 1, 2006, now allowed, the
disclosure of which is incorporated by reference in its entirety
herein.

FIELD OF THE INVENTION

[0002] This invention generally relates to optical devices.
The invention is particularly applicable to optical devices
such as optical sensors that incorporate microresonators.

BACKGROUND

[0003] Microresonators have received increasing attention
in various applications such as optical switching described in,
for example, U.S. Pat. No. 6,876,796; optical filtering
described in, for example, U.S. Pat. No. 7,092,591; wave-
length filtering described in, for example, U.S. Pat. No. 7,062,
131; optical lasers described in, for example, U.S. Pat. No.
6,741,628; light depolarization described in, for example,
U.S. Pat. No. 6,891,998; and chemical and biological sensing
described in, for example, U.S. Pat. No. 5,744,902.

[0004] Some known microresonator constructions involve
placing a glass spherical microresonator in close proximity to
an optical waveguide such as an optical fiber. In such cases,
optical energy can transfer between the resonator and the
optical waveguide by evanescent coupling. The separation
between the resonator and the optical waveguide is typically
less than one micron and must be controlled with precision to
provide reproducible performance. Other forms of
microresonators include disk- or ring-shaped microresona-
tors described in, for example, U.S. Pat. No. 7,095,010.

SUMMARY OF THE INVENTION

[0005] Generally, the present invention relates to optical
devices. The present invention also relates to optical sensors
that include one or more microresonators.

[0006] In one embodiment, an optical device includes a
microresonator that has a core with input and output ports.
The output port is different than the input port. The optical
device further includes first and second optical waveguides.
Each optical waveguide has a core with input and output
faces. The output face of the core of the first optical
waveguide physically contacts the input port of the core of the
microresonator. The input face of the core of the second
optical waveguide physically contacts the output port of the
core of the microresonator.

[0007] Inanother embodiment, an optical device includes a
microresonator that has a circular symmetry. The microreso-
nator has a core. The optical device further includes an optical
waveguide having a core. The waveguide core terminates at
the core of the microresonator.

[0008] Inanother embodiment, an optical device includes a
light source, an optical detector, and a microresonator that is
capable of supporting first and second guided counter travel-
ing optical modes. The second guided optical mode is difter-
ent than the first guided optical mode. The microresonator has
a core with input and output ports where the output port is
different than the input port. The microresonator is capable of
bonding with an analyte associated with a scattering center.
The optical device further includes a first optical waveguide
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that has a core with an input face in optical communication
with the light source and an output face in physical contact
with the input port of the core of the microresonator. The
optical device further includes a second optical waveguide
that has a core with an input face physically contacting the
output port of the core of the microresonator and an output
face in optical communication with the optical detector.
When the associated analyte bonds with the microresonator,
the scattering center is capable of inducing an optical scatter-
ing between the first and second guided optical modes. The
optical scattering results in a transfer of energy from the first
guided mode to the second guided mode. The optical detector
detects the transfer of energy.

[0009] Inanother embodiment, an optical device includes a
microresonator that is capable of supporting at least two
resonant optical modes. At least one of the two resonant
modes is capable of propagating within the microresonator
while maintaining a same electric field profile. The optical
device further includes first and second optical waveguides
that are capable of coupling to the microresonator by core
coupling.

[0010] Inanotherembodiment, an optical device includes a
microresonator that has a core. The optical device further
includes a first optical waveguide that has a core that extends
from a first location on the core of the microresonator. The
optical device further includes a second optical waveguide
that has a core that extends from a second location on the core
of the microresonator. The second location is different from
the first location.

BRIEF DESCRIPTION OF DRAWINGS

[0011] The invention may be more completely understood
and appreciated in consideration of the following detailed
description of various embodiments of the invention in con-
nection with the accompanying drawings, in which:

[0012] FIGS. 1 and 2 are respective schematic top- and
side-views of an optical device;

[0013] FIGS. 3-5 are schematic top-views of optical
devices with different arrangements of optical waveguides;
[0014] FIGS. 6 and 7 are schematic top-views of optical
devices with various closed loop microresonators;

[0015]
[0016] FIG. 9 is a schematic top-view of an optical device
with a single optical waveguide;

[0017] FIG. 10A is a plot of a calculated output signal
strength as a function of wavelength;

FIG. 8 is a schematic top-view of an optical device;

[0018] FIG. 10B is a magnified view of a portion of the plot
in FIG. 10A;
[0019] FIG. 11 is a schematic three-dimensional view of an

integrated optical device;

[0020] FIGS. 12A and 12B are respective schematic top-
and side-views of an optical device with vertical core cou-
pling;

[0021] FIG. 12C is a schematic top-view of an optical
device with vertical core coupling;

[0022] FIGS. 13A and 13B are respective schematic top-
and side-views of an optical device with vertical core cou-
pling; and

[0023] FIG. 14 is a schematic three-dimensional view of an
optical device.
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[0024] In the specification, a same reference numeral used
in multiple figures refers to the same or similar elements
having the same or similar properties and functionalities.

DETAILED DESCRIPTION

[0025] This invention generally relates to optical devices.
The invention is particularly applicable to optical devices
such as optical sensors that incorporate microresonators.
[0026] The present invention describes an optical device
that includes one or more waveguides optically coupled to an
optical microresonator. The performance of the disclosed
embodiments is relatively insensitive to the placement of the
optical waveguide(s) relative to the optical microresonator.
As such, the present invention can reduce manufacturing
costs since, for example, manufacturing errors and/or limita-
tions in placing the optical waveguide(s) in optical proximity
with the optical microresonator are less likely to result in a
substantial change in the optical coupling.

[0027] FIGS. 1 and 2 show schematic top- and side-views
of an optical device 100, respectively. Optical device 100
includes an optical microresonator 110, a first optical
waveguide 120, and a second optical waveguide 130 all dis-
posed on a lower cladding layer 165 disposed on a substrate
161.

[0028] In some cases, microresonator 110 is capable of
quantizing the allowed optical modes of the microresonator
into discrete modes by imposing one or more boundary con-
ditions, such as one or more periodicity conditions. In some
cases, microresonator 110 is capable of supporting at least
two different guided optical modes such as first guided optical
mode 150 and second guided optical mode 152, where guided
optical mode 152 is different than guided optical mode 150. In
some cases, modes 150 and 152 have the same wavelength.
[0029] As used herein, for a given optical configuration
such as optical device 100, an optical mode refers to an
allowed electromagnetic field in the optical configuration;
radiation or radiation mode refers to an optical mode that is
unconfined in the optical configuration; a guided mode refers
to an optical mode that is confined in the optical configuration
in at least one dimension due to the presence of a high refrac-
tive index region; and a resonant mode refers to a guided
mode that is subject to an additional boundary condition
requirement in the optical configuration, where the additional
requirement is typically periodic in nature.

[0030] Resonant modes are typically discrete guided
modes. In some cases, a resonant mode can be capable of
coupling to a radiation mode. In some other cases, a resonant
mode can have a component that is radiation and is not con-
fined. In general, a guided mode of microresonator 110 can be
a resonant or a non-resonant mode. For example, optical
modes 150 and 152 can be resonant modes of microresonator
110.

[0031] Insome cases, first guided optical mode 150 and/or
second guided optical mode 152 is capable of propagating
within the microresonator while maintaining a same electric
field profile. In such cases, the shape or profile of the propa-
gating mode remains substantially the same even if the mode
gradually loses energy because of, for example, absorption or
radiation losses.

[0032] Ingeneral, microresonator 110 may be single mode
or multimode along a particular direction. For example,
microresonator 110 can be single or multimode along the
thickness direction (e.g., the z-direction) of the microresona-
tor. In some cases, such as in the case of a sphere- or disc-
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shaped microresonator, the microresonator can be single or
multimode along a radial direction. In some cases, such as in
the case of a disk-shaped microresonator, guided optical
modes 150 and 152 of microresonator 110 can be azimuthal
modes of the microresonator.

[0033] Microresonator 110 includes a core or cavity 112
disposed between lower cladding 165 and an upper cladding
114. Core 112 has an average thickness h, . In general, for an
electric field associated with a mode of microresonator 110,
the evanescent tails of the field are located in the cladding
regions of the microresonator and the peak(s) or maxima of
the electric field are located in the core region of the
microresonator. For example, as schematically shown in FIG.
2, a guided mode 151 of microresonator 110 has an evanes-
cent tail 151A in upper cladding 114, an evanescent tail 151B
in lower cladding 165, and a peak 151C in core 112. Guided
optical mode 151 can, for example, be mode 150 or 152 of the
microresonator.

[0034] In the exemplary optical device 100, core 112 is
disposed between two cladding layers 114 and 165. In gen-
eral, microresonator 110 can have one or more upper cladding
layers and one or more lower cladding layers. In some cases,
lower cladding layer 165 may not be present in optical device
100. In such cases, substrate 161 can be a lower cladding layer
for microresonator 110. In some other cases, microresonator
110 does not include upper cladding layer 114. In such cases,
an ambient medium, such as ambient air, can form the upper
cladding of the microresonator.

[0035] Core 112 has anindex of refractionn,,, cladding 114
has an index of refraction n,,., and cladding 165 has an index
of refraction n,,.. In general, n,, is greater than n,,. and n,, for
at least one wavelength of interest and along at least one
direction. In some applications, n,, is greater thann,,_ and n,,
in a wavelength range of interest. For example, n,, can be
greater than n,,_ and n,, for wavelengths in a range from about
400 nm to about 1200 nm. As another example, n,, can be
greater than n,,. and n,_ for wavelengths in a range from about
700 nm to about 1500 nm.

[0036] Microresonator core 112 has an input port 115A and
an output port 115B, where output port 115B is different than
input port 115A. For example, in the exemplary optical device
100, input port 115A and output port 115B are located at
different locations around an outer surface 116 of core 112.

[0037] Each ofthe first and second optical waveguides 120
and 130 has a core disposed between multiple claddings. For
example, first optical waveguide 120 has a core 122 having a
thickness h, and disposed between upper cladding 114 and
lower cladding 165. Similarly, second optical waveguide 130
has a core 132 having a thickness h, disposed between upper
cladding 114 and lower cladding 165.

[0038] Core 122 has an index of refraction n,,; which is, in
general, greater than n,,. and n,.. Similarly, core 132 has an
index of refraction n,,, which is, in general, greater than n,,.
and n,,.

[0039] Insome cases, cores 112,122, and 132 may be made
of different core materials having the same or different indi-
ces of refractions. In some other cases, cores 112, 122, and
132 may form a unitary construction, meaning that the cores
form a single unit with no physical interfaces between con-
necting cores. In a unitary construction, the cores may be
made of the same core material. A unitary construction can be
made using a variety of known methods such as etching,
casting, molding, embossing, and extrusion.
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[0040] Core 122 has an input face 122A and an output face
122B. Input face 122A is in optical communication with a
light source 140. Output face 122B physically contacts input
port 115A of core 112. In some cases, such as in a unitary
construction, output face 122B can be the same as input port
115A. In some cases, there is significant overlap between
output face 122B and input port 115A. In some cases, one of
output face 122B and input port 115A completely covers the
other. For example, in some cases, output face 122B is larger
than and completely covers input port 115A of the microreso-
nator.

[0041] Core 132 has an input face 132A and an output face
132B. Output face 132B is in optical communication with an
optical detector 160. Input face 132A is in physical contact
with output port 115B of core 112 of microresonator 110.
[0042] Light source 140 is capable of emitting light beam
142, at least a portion of which enters first optical waveguide
120 through input face 122A. In some cases, light entering
optical waveguide 120 from light source 140 can propagate
along the waveguide as a guided mode of the waveguide. First
optical waveguide 120 and input port 115A are so positioned,
for example, relative to each other and/or the microresonator,
that light traveling in first optical waveguide 120 along the
positive y-direction toward input port 115A is capable of
coupling primarily to first guided optical mode 150 of the
microresonator but not to second guided optical mode 152 of
the microresonator. For example, light propagating along
optical waveguide 120 and reaching output face 122B is
capable of exciting primarily first guided optical mode 150
but not second guided optical mode 152. In some cases, there
may be some optical coupling between light propagating in
optical waveguide 120 and guided optical mode 152. Such
coupling may be by design or due to, for example, optical
scattering at input port 115A. As another example, such cou-
pling may be due to optical scattering from manufacturing or
fabrication defects. In cases where there is some optical cou-
pling between light propagating in optical waveguide 120 and
guided optical mode 152, the propagating light primarily
couples to optical mode 150.

[0043] Second optical waveguide 130 and output port 115B
are so positioned, for example, relative to one another and the
microresonator, that light traveling in second optical
waveguide 130 along the positive y-direction away from out-
put port 115B is capable of coupling primarily to second
guided optical mode 152 of'the microresonator but not to first
guided optical mode 150 of the microresonator. For example,
guided mode 152 at or near output port 115B is capable of
exciting a guided mode 133 in the second optical waveguide
propagating along the positive y-direction toward output face
132B. In contrast, guided optical mode 150 is not capable of
or is weakly capable of exciting guided mode 133. In some
cases, there may be some optical coupling between guided
optical mode 150 and guided mode 133 due to, for example,
optical scattering at output port 115B. But any such coupling
is secondary to the optical coupling between guided modes
152 and 133.

[0044] In the exemplary optical device 100 of FIGS. 1 and
2, microresonator 110 and optical waveguides 120 and 130
have different thicknesses. In general, thicknesses h, h,, and
h; may or may not have the same value. In some applications,
microresonator 110 and optical waveguides 120 and 130 have
the same thickness.

[0045] Optical waveguides 120 and 130 can be any type of
waveguide capable of supporting an optical mode, such as a
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guided mode. Optical waveguides 120 and 130 can be one-
dimensional waveguides such as planar waveguides, where a
one-dimensional waveguide refers to light confinement along
one direction. In some applications, optical waveguides 120
and 130 can be two-dimensional waveguides where a two-
dimensional waveguide refers to light confinement along two
directions. Exemplary optical waveguides include a channel
waveguide, a strip loaded waveguide, a rib or ridge
waveguide, and an ion-exchanged waveguide.

[0046] Intheexemplary optical device 100, core 122 offirst
optical waveguide 120 and core 132 of second optical
waveguide 130 are substantially parallel at or near their
respective contact points with the microresonator. In particu-
lar, both cores 122 and 132 extend along the y-axis at contact
points 115A and 115B, respectively. Cores 122 and 132,
however, are not collinear. In particular, core 132 is offset
relative to core 122 along the x-axis. In general, cores 122 and
132 may or may not be parallel at the input and output ports.
Similarly, cores 122 and 132 may or may not be collinear at
the input and output ports. For example, in FIG. 3A core 132
is oriented along the x-axis at output port 115B and core 122
extends along the y-axis at input port 115A even though core
122 eventually bends toward the x-axis. As another example,
in FIG. 3B core 122 is along the y-axis at input port 115A and
core 132 makes an angle a with the y-axis at output port 115B,
where the absolute value or magnitude of a can be in a range
from about zero degrees to about 180 degrees. In general, o
can be positive or negative. Therefore, in general, o can be
from about —180 degrees to about 180 degrees. For example,
a can be about 45 degrees.

[0047] In the exemplary optical devices of FIGS. 1-3, the
cores of the two optical waveguides are tangentially con-
nected to the core of the optical microresonator. In general, a
core of an optical waveguide may be physically connected to
a core of an optical microresonator in any way that may be
suitable in an application. For example, FIG. 4 shows an
optical device 400 having cores 122 and 132 of optical
waveguides 120 and 130 attached to core 112 of microreso-
nator 110 at attachment locations 401 and 402, respectively.
Core 122 intersects core 112 at attachment location 401 and
makes an angle §, with line 410 tangent to core 112 at loca-
tion 401. Similarly, core 132 intersects core 112 at attachment
location 402 and makes an angle 3, with line 420 tangent to
core 112 at location 402. Angles 3, and §, may or may not be
equal. Angles 3, and §, may be any angle that may be desir-
able in an application. In some applications, angles §, and {3,
are in a range from about zero degrees to about 45 degrees. In
some other applications, angles §, and {3, are in a range from
about zero degrees to about 20 degrees. In some other appli-
cations, angles §; and 3, are in a range from about zero
degrees to about 10 degrees. In still some other applications,
angles f§, and f, are in a range from about zero degrees to
about 5 degrees.

[0048] Insome cases, at least one of first and second guided
optical modes 150 and 152 can be a traveling guided mode of
microresonator 110. For example, first and second guided
optical modes 150 and 152 may be “whispering gallery
modes” (WGMs) of microresonator 110. A WGM is gener-
ally a traveling mode confined close to the surface of a
microresonator cavity and has relatively low radiation loss.
Since the WGMs are confined near the outer surface of the
core of a microresonator, they are well-suited to optical cou-
pling with analytes on or near the microresonator surface.
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[0049] Traveling guided optical modes 150 and 152 can
propagate in different, for example opposite, directions. For
example, in a disk or sphere microresonator, first guided
optical mode 150 can generally travel in a counter clockwise
direction and second guided optical mode 152 can generally
travel in a clockwise direction. In such a case, first and second
guided optical modes 150 and 152 are counter-propagating
optical modes.

[0050] Insome cases, at least one of first and second guided
optical modes 150 and 152 can be a standing-wave mode of
microresonator 110. A standing-wave mode can be formed
by, for example, a superposition of two traveling modes hav-
ing a proper phase relationship. In some cases, one of the two
traveling modes can be a reflection of the other traveling
mode.

[0051] Light propagating in optical waveguide 120 along
the positive y-direction couples primarily to first guided opti-
cal mode 150 of microresonator 110. Since core 122 is physi-
cally connected to core 112, the optical coupling between first
optical waveguide 120 and microresonator 110 is primarily a
core coupling and not an evanescent coupling.

[0052] An advantage of the present invention is elimination
of'a coupling gap between at least one optical waveguide and
a microresonator. In known microresonators, a gap exists
between an optical waveguide and a microresonator. In such
cases, the optical coupling between the waveguide and the
microresonator is achieved by evanescent coupling. Such a
coupling is very sensitive to, among other things, the size of
the coupling gap which is typically hard to reproducibly
control because of, for example, fabrication errors. Even in
fabrication methods where the gap can be controlled with
sufficient accuracy, such a control can significantly increase
the manufacturing cost. In the present invention, the coupling
gap is eliminated by providing direct physical contact
between the core of an optical waveguide and the core of an
optical microresonator. This can result in reduced manufac-
turing cost and improved reproducibility.

[0053] In some cases, first guided optical mode 150 is
launched within microresonator 110 when light from light
source 140 enters waveguide 120 through input face 122A
and propagates to input port 115A of microresonator 110.
When a scattering center 170 is brought sufficiently close to
microresonator 110, the scattering center induces an optical
scattering between first and second guided optical modes 150
and 152, respectively, resulting in a transfer of energy, or a
change in transfer of energy, from guided mode 150 to guided
mode 152. If guided mode 152 is already excited in
microresonator 110, then the scattering center results in a
stronger and more intense guided optical mode 152. If guided
mode 152 is not already present in microresonator 110, then
the scattering center induces a launching of guided mode 152
by causing optical scattering from first guided mode 150 into
second guided mode 152. Guided mode 152 optically couples
to optical waveguide 130 at output port 115B resulting in light
propagating in waveguide 130 toward output face 132B.
Detector 160 detects the transfer of energy between guided
modes 150 and 152 and by doing so, is capable of detecting
the presence of scattering center 170.

[0054] When scattering center 170 is removed from optical
proximity to microresonator, the removal induces a change in
the optical scattering between first and second guided optical
modes 150 and 152, respectively, resulting in a change in
transfer of energy from guided mode 152 to guided mode 150.
Detector 160 detects the change in transfer of energy from
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guided mode 152 to guided mode 150 and by doing so, is
capable of detecting the removal of scattering center 170.
[0055] A change in the strength of optical coupling
between scattering center 170 and microresonator 110 can
induce a change in the optical scattering between first and
second guided optical modes 150 and 152, respectively. The
change in the strength of optical coupling can be achieved by
various means. For example, a change in the spacing “d”
between scattering center 170 and microresonator 110 or core
112 can change the strength of optical coupling between the
scattering center and the microresonator. As another example,
a change in the index of refraction n, of the scattering center
can change the strength of optical coupling between the scat-
tering center and the microresonator. In general, any mecha-
nism that can cause a change in the strength of optical cou-
pling between scattering center 170 and microresonator 110
can induce a change in the optical scattering between guided
modes 150 and 152.

[0056] Optical device 100 can be used as a sensor, capable
of sensing, for example, an analyte 172. For example,
microresonator 110 may be capable of bonding with analyte
172. Such bonding capability may be achieved by, for
example, a suitable treatment of the outer surface of
microresonator 110. In some cases, analyte 172 is associated
with scattering center 170. Such an association can, for
example, be achieved by attaching the analyte to the scatter-
ing center. The scattering center may be brought in optical
proximity to microresonator 110 when analyte 172 bonds
with the outer surface of the microresonator. The scattering
center induces an optical scattering between first guided opti-
cal mode 150 and second guided optical mode 152. The
optical scattering results in a change in transfer of energy
between the two modes. Optical detector 160 can detect the
presence of analyte 172 by detecting the change in transfer of
energy between guided modes 150 and 152. Analyte 172 can,
for example, include a protein, a virus, or a DNA.

[0057] In some cases, analyte 172 can include a first anti-
body of an antigen that is to be detected. The first antibody can
be associated with scattering center 170. A second antibody
of'the antigen can be associated with microresonator 110. The
antigen facilitates a bonding between the first and second
antibodies. As a result, the scattering center is brought into
optical contact with the microresonator and induces a change
in optical scattering within the microresonator. The detector
can detect the presence of the scattering center, and therefore,
the antigen, by detecting the change in optical scattering. In
some cases, the first antibody can be the same as the second
antibody. Such an exemplary sensing process can be used in
a variety of applications such as in food safety, food process-
ing, medical testing, environmental testing, and industrial
hygiene.

[0058] In some cases, scattering center 170 can induce a
frequency shift in second optical mode 152 where the shift
can be detected by detector 160. In some cases, scattering
center 170 can induce a frequency shift in first guided optical
mode 150. In such cases, detector 160 can be sufficiently
sensitive and/or output port 115B can be sufficiently capable
of'scattering mode 150 into a mode of waveguide 130, so that
detector 160 can be capable of detecting the frequency shiftin
guided mode 150.

[0059] FIG. 5A shows a schematic top-view of an optical
device 520. In optical device 520, second optical waveguide
130 and output port 115B are so positioned relative to, for
example, one another and/or the microresonator, that light



US 2010/0158439 Al

traveling in second optical waveguide 130 along the negative
y-direction away from output port 115B is capable of cou-
pling primarily to first guided optical mode 150 of the
microresonator but not to second guided optical mode 152 of
the microresonator. For example, guided mode 150 at or near
output port 115B is capable of exciting a guided mode 533 in
the second optical waveguide propagating along the negative
y-direction toward output face 132B. In some cases, any
optical coupling between guided optical mode 152 and
guided mode 533 is substantially weaker than the optical
coupling between guide modes 150 and 533. In some cases,
the optical coupling between guided optical mode 152 and
optical waveguide 130 may be sufficiently strong and/or
detector 160 may be sufficiently sensitive so as to permit
detection of the optical coupling.

[0060] In some cases, the optical coupling between first
guided optical mode 150 and optical waveguide 130 may be
reduced by reducing the spacing between optical waveguides
120 and 130 by, for example, moving optical waveguide 130
closer to optical waveguide 120 as shown schematically in
FIG. 5B. In some cases, core 112 of microresonator 110 has
acenter 117 and aradiusr,,. In such cases, center 117 is spaced
a distance P, from a closer edge S08A of core 132 and a
distance P, from a farther edge 508B of core 132. Core 132 of
optical waveguide 130 has a width W, that is equal to P,—P;.
In some cases, P, is less than or equal to r,,. In some cases, the
spacing between optical waveguides 120 and 130 is less than
21,

[0061] In some cases, optical device 100 may have more
than two optical waveguides. For example, FIG. 5C shows a
schematic top-view of an optical device 590 having three
optical waveguides 120, 130, and 570. In particular, core 122
of first optical waveguide 120, core 132 of second optical
waveguide 130, and core 572 of a third optical waveguide 570
each extends from core 112 of microresonator 110.

[0062] In some cases, optical device 100 can be capable of
detecting a change in the index of refraction of top cladding
layer 114. For example, top cladding layer 114 may initially
be air resulting in launching of guided mode 150 when light
from light source 140 enters first waveguide 120. A change in
the index of refraction of top cladding layer 114 can occur
when, for example, the air cladding is replaced by or mixed
with, for example, a vapor, such as an organic vapor, a gas, a
liquid, a biological or chemical material, or any other material
that can result in a change in the index of refraction of clad-
ding 114. In some cases, the change in the index of refraction
of cladding 114 can induce a frequency shift in guided optical
mode 150. The frequency shift may be detected by detector
160.

[0063] Microresonator 110 of FIG. 1 is shown to be, for
example, a disk microresonator. In general, microresonator
110 can be any type resonator, such as any shape microcavity,
capable of supporting at least one guided optical mode and
capable of coupling to one or more optical waveguides. In
some cases, microresonator 110 has circular symmetry,
meaning that the perimeter of a cross-section of core 112 of
microresonator 110 can be expressed as a function of distance
from a central point only. In some cases, such as in a disk-
shaped microresonator, the center point can be the center of
the microresonator such as center 117 of microresonator 110.
Exemplary microresonator shapes having circular symmetry
include a sphere, a disk, and a cylinder.

[0064] Insome cases, microresonator 110 can have spheri-
cal symmetry such a sphere-shaped microresonator. In some
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cases, microresonator 110 can be a closed loop microresona-
tor. For example, FIG. 6 shows a schematic top-view of an
optical device 500 that includes a ring microresonator 510
that can, in some cases, be a multimode microresonator. For
simplicity and without loss of generality some parts of
microresonator 510 are not explicitly shown or identified in
FIG. 6. Core 122 of first optical waveguide 120 extends from
core 512 of microresonator 510. Similarly, core 132 of second
optical waveguide 130 extends from core 512 of microreso-
nator 510. In some cases, microresonator 510 is a multimode
microresonator in the radial direction.

[0065] As another example, FIG. 7 shows a schematic top-
view of an optical device 600 that includes a racetrack
microresonator 610 that can, in some cases, be a multimode
microresonator. For simplicity and without loss of generality
some parts of microresonator 610 are not explicitly shown or
identified in FIG. 7. Core 612 of microresonator 610 has
linear portions 630 and 632 and curved portions 640 and 642.
Core 122 of first optical waveguide 120 extends from core
612 of microresonator 610. Similarly, core 132 of second
optical waveguide 130 extends from core 612 of microreso-
nator 610.

[0066] FIG. 8 shows a schematic top-view of an optical
device 700 that includes a microresonator 710 capable of
supporting at least first and second guided optical modes 150
and 152, respectively, where second guided optical mode 152
is different than first guided optical mode 150. Optical device
700 further includes an optical waveguide 720. Microresona-
tor 710 has a core 712 and optical waveguide 720 has a core
722. For simplicity and without loss of generality some parts
of the microresonator and the optical waveguide, such as the
cladding(s), are not explicitly shown or identified in FIG. 8.

[0067] Waveguide core 722 has aninput face 722 A thatisin
optical communication with light source 140. The other end
of core 722 terminates at port 715A of core 712. Optical
waveguide 720 and port 715A are so arranged relative to each
other and core 712 that light propagating along the positive
y-direction in optical waveguide 720, such as light 701, is
capable of coupling primarily to first guided optical mode 150
but not second guided optical mode 152 of microresonator
710. Optical waveguide 720 and port 715A are furthermore so
arranged that light propagating along the negative y-direction
in optical waveguide 720, such as light 702, is capable of
coupling primarily to second guided mode 152 but not first
guided optical mode 150 of microresonator 710.

[0068] Insome cases, microresonator 710 has circular sym-
metry. In some cases, a guided mode of microresonator 710,
such as guided optical mode 150, is capable of propagating
within microresonator 710 while maintaining a same electric
field profile.

[0069] Lightsource 140 is capable of emitting light 142. At
least a portion of light 142 enters optical waveguide 720
through input face 722A of the waveguide and propagates
along the positive y-axis as light 701. In some cases, light 701
can be a guided mode of optical waveguide 720. At port 715A,
light 701 optically couples primarily to and launches first
guided optical mode 150 of the microresonator. In some
cases, light 701 may weakly couple to and launch second
guided optical mode 152, but any such coupling will be weak
and secondary to the optical coupling between light 701 and
first guided optical mode 150. For example, if light 701
launches both guided modes 150 and 152, guided mode 150
will be substantially more intense than guided mode 152.
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[0070] When scattering center 170 is brought into optical
proximity with microresonator 710, the scattering center
induces an optical scattering between first guided optical
mode 150 and second guided optical modes 152, resulting in
a transfer of energy from guided mode 150 to guided mode
152. If guided mode 152 is currently excited in microresona-
tor 710, then the scattering center results in a stronger and
more intense guided optical mode 152. If guided mode 152 is
not already present in microresonator 710, then scattering
center 170 induces a launching of guided mode 152 by caus-
ing optical scattering from first guided mode 150 into second
guided mode 152.

[0071] Guided optical mode 152 optically couples to opti-
cal waveguide 720 by core coupling and propagates inside the
waveguide as light 702 toward input face 722A. Optical ele-
ment 730 redirects at least a portion of light 702 as light 703
towards detector 160. Detector 160 detects the transfer of
energy between guided modes 150 and 152 and by doing so,
is capable of detecting the presence of scattering center 170.
[0072] Optical element 730 redirects by, for example,
reflection at least a portion of light 702 along the x-axis while
transmitting at least a portion of input light 142. Optical
element 730 can be a beam splitter. As another example,
optical element 730 can be an optical circulator.

[0073] In the exemplary optical devices shown in FIGS.
1-8, the optical waveguides extend linearly. In general, an
optical waveguide coupled to a microresonator can have any
shape that may be desirable in an application. For example, in
optical device 800 shown schematically in FIG. 9, optical
waveguides 120 and 130 have curved portions, such as curved
portions 801 and 802. Core 132 of waveguide 130 intersects
core 112 of microresonator 110 at an attachment location 815.
The angle between cores 132 and 112 is 3, defined as the
angle between line 810 tangent to core 132 at location 815 and
line 820 tangent to core 112 at the same location.

[0074] Insome cases, the curvature of a curved portion of a
waveguide is sufficiently small that the curvature results in no
or little radiation loss. In some cases, an optical waveguide
coupled to a microresonator can be a nonlinear waveguide, a
piecewise linear waveguide, or a waveguide that has linear
and nonlinear portions.

[0075] In the exemplary embodiment shown in FIGS. 1-2,
cores 122,112, and 132 are substantially in the same plane. In
such a case, the core coupling between an optical waveguide
and a microresonator can be considered to be a lateral core
coupling. For example, optical waveguide 120 laterally core
couples to microresonator 110 in core coupling region 122B.
Similarly, optical waveguide 130 laterally core couples to
microresonator 110 in core coupling region 132A.

[0076] Insome cases, a microresonator core and an optical
waveguide core may be in substantially different planes. In
such cases, the core coupling between the optical waveguide
and the microresonator may be considered to be a vertical
core coupling. For example, FIGS. 12A and 12B are respec-
tive schematic top- and side-views of an optical device 1200
in which microresonator core 112 is positioned in a plane PL.1
and optical waveguide cores 122 and 132 are positioned in a
plane PL2 different than plane PL1. Optical waveguide 120
vertically core couples to microresonator 110 in a core cou-
pling region 1201, where region 1201 is the region of overlap
between cores 112 and 122. Similarly, optical waveguide 130
vertically core couples to microresonator 110 in a core cou-
pling region 1202, where region 1202 is the region of overlap
between cores 112 and 132.
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[0077] Insome applications, microresonator 110 and opti-
cal waveguides 120 and 130 in optical device 1200 can form
a unitary construction and can be fabricated using known
fabrication methods such as a molding process.

[0078] In the exemplary embodiment shown in FIGS. 12A
and 12B, optical waveguides 120 and 130 end at termination
points 1201A and 1202A, respectively. In general, an optical
waveguide may terminate at any location as long as there is an
area of overlap between the microresonator core and the
optical waveguide core to allow for vertical core coupling.
For example, FIG. 12C shows a schematic top-view of an
optical device 1250 in which optical waveguide cores 122 and
132 extend across microresonator core 112.

[0079] In the exemplary embodiment shown in FIGS. 12A
and 12B, optical waveguide cores 122 and 132 are located
below microresonator core 112. In general, an optical
waveguide that vertically core couples to a microresonator
may be positioned above or below the microresonator. For
example, FIGS. 13 A and 13B show respective schematic top-
and side-views of an optical device 1300 in which microreso-
nator core 112 is positioned in a plane PL1 and optical
waveguide cores 122 and 132 are positioned in a plane P12
positioned above plane PL1. Optical waveguides 120 and 130
vertically core couple to microresonator 110 in core coupling
regions 1201 and 1202, respectively.

[0080] In general, an optical waveguide core is so oriented
relative to a microresonator core to allow coupling of light
between the optical waveguide and the microresonator by a
core coupling. For example, FIG. 14 shows a schematic three-
dimensional view of an optical device 1400 in which optical
waveguide 120 core couples to microresonator 110 in core
coupling region 1401 and optical waveguide 130 core couples
to microresonator 110 in core coupling region 1402.

[0081] Some of the advantages of the disclosed embodi-
ments are further illustrated by the following example. The
particular materials, amounts and dimensions recited in this
example, as well as other conditions and details, should not be
construed to unduly limit the present invention. An optical
device similar to optical device 100 of FIGS. 1 and 2 was
numerically analyzed using an effective two dimensional
Finite Difference Time Domain (FDTD) approach. For the
simulation, microresonator core 112 was silicon in the shape
of'a disk having a core diameter D equal to 3.6 microns, a core
thickness h; of 0.2 microns, and a core index of refraction of
3.5. Cores 122 and 132 were each silicon with a thickness of
0.2 microns and an index of refraction of 3.5. Upper cladding
114 was water with an index of refraction equal to 1.33.
Lower cladding 165 was silicon dioxide with a thickness of 3
microns and an index of refraction of 1.46. Substrate 161 was
dilicon with an index of refraction equal to 3.5.

[0082] Light source 140 was a pulsed light source emitting
light 142 in the form of discrete 1 femtosecond long Gaussian
pulses centered at wavelength 2 microns with a full width at
haltf maximum (FWHM) of 1.5 microns. The broadband input
pulses resulted in a wide spectrum response in the range from
about 1 micron to about 3 microns detected by detector 160.
[0083] FIG. 10A shows the calculated signal strength (in
arbitrary units relative to the intensity of input light) at detec-
tor 160 as a function of wavelength (in microns). Curve 910
shows the signal strength in the absence of scattering center
170. Curve 920 shows the signal strength in the presence of
scattering center 170. In generating curve 920, the scattering
center was a solid spherical gold nanoparticle in physical
contact with microresonator 110. Scattering center 170 had
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real and imaginary indices of refraction of 0.54 and 9.58,
respectively. The diameter of the scattering center was 80
nanometers. Curves 910 and 920 show that the output spec-
trum at detector 160 changes substantially when scattering
center 170 is brought into contact with the microresonator.

[0084] FIG. 10A shows that the microresonator has high
Q-factors at several wavelengths. For example, the numerical
analysis showed that the Q-factor of the microresonator was
1424 at 1.43 microns, 1240 at 1.49 microns, and 781 at 1.56
microns. Q-factor can be defined as A,/Ah, where A, is the
center (resonant) wavelength and A}, is the full width at half
maximum (FWHM).

[0085] FIG.10B isanexpanded view of curves 910 and 920
near 1.56 microns showing that scattering center 170 resulted
in a relatively large shift of about 0.7 nanometers from peak
911 to peak 912. An advantage of the disclosed embodiments
is that the presence of a scattering center in optical proximity
to a microresonator can result in a relatively large shift in a
peak of the output spectrum at detector 160. In some cases,
the shift can be greater than 0.1 nanometers, or greater than
one nanometer, or greater than 2 nanometers, or greater than
5 nanometers.

[0086] In some applications, light source 140 can be a
broadband light source emitting, for example, white light.
Similarly, detector 160 can be a broadband detector. In such
cases, detector 160 can signal the presence of a scattering
center if the overall detected light intensity is above a pre-
determined intensity threshold. For example, referring to
FIG. 10A, a detected intensity level larger than an intensity
threshold level 930 set at about 0.16 can indicate the presence
of'scattering center 170. In some cases, the threshold level can
be set a lower level, such as at a threshold level 930A, to
include a small fraction of signal strength 910 while rejecting
a substantial portion of signal strength 910 as background
noise. An advantage of broadband light sources and detectors
is reduced overall device cost.

[0087] FIG. 11 shows a schematic three-dimensional view
of an integrated optical device 1100. Light source 140 and
detector 160 are integrated onto substrate 161 of optical
device 1100. Light source 140 is separated from waveguide
120 by a gap 1101 and includes electric leads 1140 and 1141
integrated onto substrate 161. Electric leads 1140 and 1141
extend to an edge 1121 of optical device 1100 for connection
to, for example, an external power source and/or a controller
not shown in FIG. 11. Detector 160 is separated from
waveguide 130 by a gap 1102 and includes electric leads 1130
and 1131 integrated onto substrate 161. Electric leads 1130
and 1131 extend to an edge 1122 of optical device 1100 for
connection to, for example, an external power source and/or
other electronics not shown in FIG. 11.

[0088] In some applications, a light detector, such as a
camera 1160, may be employed to monitor the optical inten-
sity level in a particular area of microresonator 110. For
example, camera 1160 can image and monitor the light inten-
sity magnitude and/or profile in an area 1110 near, for
example, the center of microresonator 110. In some cases,
area 1110 can be capable of extracting light from the
microresonator. For example, area 1110 can be roughened or
structured to scatter light. As another example, area 1110 can
be coated with a high index material to allow light extraction
in that area. In such a case, camera 1160 may be placed in
direct contact with the high index material.
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[0089] In the absence of a light scattering center, the light
intensity level in area 1110 can be quite low. For example, the
guided modes propagating within the microresonator can be
[0090] WGMs substantially confined to the sides of core
112 of microresonator 110. When a scattering center is
bought into optical contact with a side of the microresonator,
the scattering center can scatter light that is propagating
within the microresonator in different directions including
towards area 1110. Area 1110 can receive and out couple the
scattered light towards camera 1160. Camera 1160 can detect
the presence of the scattering center by detecting the out
coupled light.

[0091] Microresonator 110 and optical waveguides 120 and
130 can be made using known fabrication techniques. Exem-
plary fabrication techniques include photolithography, print-
ing, casting, extrusion, and embossing. Different layers in
optical device 100 can be formed using known methods such
as sputtering, vapor deposition, flame hydrolysis, casting, or
any other deposition method that may be suitable in an appli-
cation.

[0092] Substrate 161 can be rigid or flexible. Substrate 161
may be optically opaque or transmissive. The substrate may
be polymeric, a metal, a semiconductor, or any type of glass.
For example, substrate 161 can be silicon. As another
example, substrate 161 may be float glass or it may be made
of organic materials such as polycarbonate, acrylic, polyeth-
ylene terephthalate (PET), polyvinyl chloride (PVC),
polysulfone, and the like.

[0093] Examples of scattering centers that can be appropri-
ate for use with the disclosed embodiments include silicon
nanoparticles and metal nanoparticles, including gold and
aluminum nanoparticles. In some cases, a scattering center
may be a semiconductor such as Si, GaAs, InP, CdSe, or CdS.
For example, a scattering center can be a silicon particle
having a diameter of 80 nanometers and an index of refraction
(the real part) of 3.5 for a wavelength of interest. Another
example of a scattering center is a gold particle having a
diameter of 80 nanometers and an index of refraction of
0.54+49.58i for wavelengths near 1550 nm. Another example
of a scattering center is an aluminum particle having a diam-
eter of 80 nanometers and an index of refraction 0f'1.44+16.01
for wavelengths near 1550 nm.

[0094] Insome cases, the scattering center can be a dielec-
tric particle. In some cases, the scattering center can be a
fluorescent particle. In some other cases, the scattering center
can be a non-fluorescent particle.

[0095] Insome cases, the size of scattering center 170 is no
greater than 1000 nanometers, or no greater than 500 nanom-
eters, or no greater than 100 nanometers.

[0096] As used herein, terms such as “vertical”, “horizon-
tal”, “above”, “below”, “left”, “right”, “upper” and “lower”,
and other similar terms, refer to relative positions as shown in
the figures. In general, a physical embodiment can have a
different orientation, and in that case, the terms are intended
to refer to relative positions modified to the actual orientation
of'the device. For example, even if the construction in FIG. 2
is inverted as compared to the orientation in the figure, lower
cladding 165 is still considered to be “below” upper cladding
114.

[0097] While specific examples of the invention are
described in detail above to facilitate explanation of various
aspects of the invention, it should be understood that the
intention is not to limit the invention to the specifics of the
examples. Rather, the intention is to cover all modifications,
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embodiments, and alternatives falling within the spirit and
scope of the invention as defined by the appended claims.

What is claimed is:
1. An optical device comprising:
a microresonator having a circular symmetry, the
microresonator having a core; and
an optical waveguide having a core, the waveguide core
terminating at the core of the microresonator.
2. The optical device of claim 1, wherein the microresona-
tor is a disc.
3. A sensor comprising:
the optical device of claim 1; and
a light source and a detector each capable of optically
communicating with the optical waveguide.
4. The optical device of claim 3, wherein the light source is
a broadband light source.
5. The optical device of claim 3, wherein the detector is a
broadband detector.
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6. The optical device of claim 1, wherein

the microresonator is capable of supporting first and sec-
ond guided optical modes, the second guided optical
mode being different than the first guided optical mode,
and wherein

the optical waveguide is positioned so that light propagat-

ing along a first direction in the optical waveguide is
capable of coupling primarily to the first but not the
second guided optical mode of the microresonator, and
light propagating along a second direction opposite to
the first direction in the optical waveguide is capable of
coupling primarily to the second but not the first guided
optical mode of the microresonator.

7. The optical device of claim 7, wherein at least one of the
first and second guided optical modes is capable of propagat-
ing within the microresonator while maintaining a same elec-
tric field profile.



