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HYBRID SPHERE-WAVEGUIDE RESONATORS

Field of the Invention

The present invention is directed generally to optical devices, and more
particularly to passive and active optical devices such as optical sensors, filters and micro-

lasers, based on microresonators.

Background

Dielectric microresonators have attracted increasing attention in opto-electronic
and sensing applications, including biosensing. One common configuration of
microresonator involves a glass microsphere, typically 20 um to a few millimeters in
diameter, which is put into close proximity to an optical waveguide such as an optical
fiber that has been heated and tapered, or etched to a total thickness of 1-5 pm.

The tapering modifications to the fiber result in there being a substantial optical
field intensity outside the fiber, and thus light can couple into the microsphere and excite
its eigenmodes, often referred to as whispering gallery modes (WGMs). When
microresonators are made with low loss materials and have a high surface quality, the
propagation loss of light propagating in WGMs may be very low, and extremely high
quality factors, also known as Q-factors, can be achieved: values as high as 10° are
achievable. Due to the high Q-factor, the light can circulate inside the microresonator for
a long time, thus leading to a large field enhancement in the cavity mode, and a long
effective light path. This makes such devices useful for linear, non-linear and optical
sensing applications.

There are practical difficulties in realizing the fiber-microsphere combination
described above. First, the fiber must be tapered to a few microns in diameter. This
commonly results in a relatively long (a few cm) and fragile tapered region. Second, the
relative position of the microsphere and the fiber taper must be held constant to within a
few nanometers if the optical coupling and the Q-factor are to remain constant. This is
difficult with a free sphere and thinned fiber.

Other forms of micro-optical resonators have used a disk, or ring, rather than a
sphere as the optical resonant cavity, where the disk and waveguide are fabricated on the
same planar substrate. This monolithic approach is typically realized in semiconductor

waveguides, and provides excellent stability of coupling between the waveguides and the
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resonator. The etching process used to fabricate the disk resonator, however, invariably
introduces surface roughness, that results in a scattering loss that severely degrades the Q
of the cavity. Cavities formed using this approach typically have a Q-factor value of
around a few thousand.

Another approach is to suspend a glass microsphere above the surface of a channel
waveguide fabricated on a planar substrate, so that the optical coupling between the sphere
and the waveguide takes place in the vertical direction. This approach preserves the high
Q-factor of the glass microsphere, but does not solve the problem of how to precisely

control the coupling between the microsphere and the wavéguide.

Summary of the Invention

There remains a need to increase the stability of the position of the microcavity, be
it a planar or spherical cavity, relative to the waveguide, while still maintaining high
cavity Q and ease of launching and extracting the optical beams. One particular aspect of
the invention described here is directed to provide structures on a substrate that are useful
for maintaining the position of the microresonator relative to the waveguide or waveguides
used to couple the light into and out of the microresonator.

One particular embodiment of the invention is directed to a microresonator device
that comprises a first substrate having at least one self-aligning feature on a surface and a
first waveguide disposed relative to the first substrate. A microresonator is positioned on
the substrate by the self-aligning feature so as to optically couple to the first waveguide.

Another embodiment of the invention is directed to a method of making a
microresonator optical device. The method includes providing at least one self-aligning
feature on a first substrate and providing a first waveguide. A microresonator is
positioned, using the at least one self-aligning feature, so that the microresonator is in an
optically coupling relationship with the first waveguide.

The above summary of the present invention is not intended to describe each
illustrated embodiment or every implementation of the present invention. The figures and

the detailed description which follow more particularly exemplify these embodiments.



10

15

20

25

30

WO 2005/040875 PCT/US2004/027757

Brief Description of the Drawings

The invention may be more completely understood in consideration of the
following detailed description of various embodiments of the invention in connection with
the accompanying drawings, in which:

FIGs. 1A and 1B schematically illustrate embodiments of a microsphere resonator
optical device;

FIG. 2 shows a schematic representation of internal reflections within a
microsphere and the electric field distribution of the whispering gallery mode inside and
outside the microresonator;

FIGs. 3A — 3F schematically illustrate embodiments of a microsphere resonator
device according to principles of the present invention;

FIGs. 4A and 4B schematically illustrate another embodiment of a microsphere
resonator device according to principles of the present invention;

FIG. 5 schematically illustrates another embodiment of a microsphere resonator
device according to principles of the present invention;

FIGs. 6A and 6B schematically illustrate another embodiment of a microsphere
resonator device according to principles of the present invention;

FIGs. 7A - 7D schematically illustrate other embodiments of a microsphere
resonator device according to principles of the present invention;

FIG. 8 schematically illustrates another embodiment of a microsphere resonator
device according to principles of the present invention;

FIGs. 9A and 9B schematically illustrate another embodiment of a microsphere
resonator device according to principles of the present invention;

FIGs. 10A and 10B schematically illustrate another embodiment of a microsphere
resonator device according to principles of the present invention;

FIGs. 11A and 11B schematically illustrate another embodiment of a microsphere
resonator device according to principles of the present invention;

FIG. 12 schematically illustrates another embodiment of a microsphere resonator
unit according to principles of the present invention; and

FIG. 13 schematically illustrates another embodiment of a microsphere resonator

unit according to principles of the present invention.
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While the invention is amenable to various modifications and alternative forms,
specifics thereof have been shown by way of example in the drawings and will be
described in detail. It should be understood, however, that the intention is not to limit the
invention to the particular embodiments described. On the contrary, the intention is to
cover all modifications, equivalents, and alternatives falling within the spirit and scope of

the invention as defined by the appended claims.

Detailed Description

The present invention is applicable to passive and active optical devices, such as
sensors, filters, amplifiers, and/or micro-lasers, that use microresonators, such as
microspheres and micro-planar ring cavities. The invention is believed to be particularly
useful for fabricating such devices, in that the relative positions of the microresonator and
the waveguide are controlled, the microresonator Q-factor can be high, and there is ease in
launching and receiving the optical beam.

A microsphere-waveguide system 100 that uses a microresonator is schematically
illustrated in FIG. 1A. A light source 102 directs light along a waveguide 104 to a
detector unit 106. The microresonator 110 is optically coupled to the waveguide 104.
Light 108 from the light source 102 is launched into the waveguide 104 and propagates
towards the detector unit 106. The microresonator 110 evanescently couples some of the
light 108 out of the waveguide 104, the out-coupled light 112 propagating within the
micro-resonator 110 at one of the resonant frequencies of the microresonator 110.

The light source 102 may be any suitable type of light source. For increased
efficiency and sensitivity, it is advantageous that the light source produces light that is
efficiently coupled into the waveguide 104, for example the light source may be a laser
such as a laser diode. The light source 104 generates light 108 at a desired wavelength.
For example, where the microresonator is used in a sensor, the light source 102 generates
light at a wavelength that interacts with the species being sensed. The species being
sensed 1s typically located in proximity to the surface of the microresonator 110 so that the
light propagating in the WGM interacts with the species being sensed. In another
example, where the microresonator 110 is used as a microlaser, the light source 102
typically operates at a wavelength suitable for optically pumping an excitable medium

doped in the microresonator 110.
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The light source 102 may direct light into a number of different waveguides, of
which the waveguide 104 is one. The waveguide 104 may be any suitable type of
waveguide and may be, for example, a planar waveguide or a channel waveguide formed
in or on a substrate, such as a waveguide formed in a silica substrate. The waveguide 104
may also be an optical fiber.

The detector unit 106 includes a light detector, for example a photodiode or
phototransistor, to detect light. The detector unit 106 may also include a wavelength
sensitive device that selects the wavelength of light reaching the light detector. The
wavelength selective device may be, for example, a filter, or a spectrometer. The
wavelength selective device, for example a spectrometer, may be tunable so as to permit
the user to actively change the wavelength of light incident on the light detector.

The microresonator 110 may be positioned in physical contact with, or very close
to, the waveguide 104 so that a portion of the light 106 propagating along the waveguide
104 is evanescently coupled into the microresonator 110. The waveguide 104 typically
has little or no cladding at the point where the microresonator 110 couples to the
waveguide 104, so that the micro-resonator 110 couples directly to the core of the
waveguide 104.

Another type of microresonator device 150 is schematically illustrated in FIG. 1B.
In this device 150, light 158 from the microresonator 110 is coupled into a second
waveguide 154, and propagates to the detector 106. In this configuration, the detector 106
only detects light that has been coupled from the microresonator 110.

Light propagates within the microresonator in so-called “whispering gallery
modes”, an example of which is schematically illustrated in FIG. 2. In a whispering
gallery mode (WGM) 202, the light propagates around the micro-resonator 210 from an
origin via a number of total internal reflections, until it returns to the origin. In the
illustrated embodiment, the WGM 202 includes eight total internal reflections in a single
round trip. It will be appreciated that the light may propagate within the micro-resonator
210 in other WGM s that correspond to different numbers of total internal reflections.

Furthermore, the WGM of the microresonator 210 is a mode for light whose
wavelength is equal to an integral fraction of the round trip length of the whispering

gallery mode. Stated another way, the WGM only demonstrates a high Q-factor where the
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light is of such a wavelength that it constructively interferes after one round trip. This

resonant condition can be stated mathematically as:

Am=L/m (1)

where A, is the wavelength of the mth mode, L is the optical length of one round
trip of the WGM, and m is an integer, referred to as the mode number. Light from the
waveguide 104 that satisfies the resonant condition (1) is efficiently coupled to the
microresonator.

The electric field intensity of the WGM peaks at the interior surface of the micro-
resonator 210. The electric field intensity of the WGM decays exponentially outside the
micro-resonator 210, with an exponential decay factor, d, given by d = A/n where A is the
wavelength of the light in vacuum and n is the refractive index of the medium outside the
micro-resonator 210. The field intensity, E, is schematically illustrated in FIG. 2 for the
WGM 202 along the cross-section line AA'.

The microresonator is small, typically having a diameter in the range from 20 pm
to a few millimeters. Furthermore, the waveguide is often tapered to increase the intensity
of the optical field intensity outside the waveguide, thus increasing the amount of light that
couples into the microresonator. In the case of an optical fiber waveguide, the fiber is
heated and tapered or etched to a total thickness of about 1-5 pm. Likewise, with a planar
or channel waveguide, the waveguide thickness may be reduced at the region where the
light is coupled to the microresonator. In addition to the waveguide being reduced in size,
the thickness of the cladding around the waveguide may also be reduced.

This leads to some practical difficulties in assembling the microresonator sensor
unit. For example, in the case of a fiber waveguide, the fiber is tapered to a few microns
in diameter, which leads to a relatively long tapered region, typically a few cm in length,
which is also fragile. Also, the relative positions of the microresonator and the waveguide
should be held constant, typically to within a few nanometers, to maintain a constant
degree of optical coupling between the waveguide and the microresonator. This is
difficult with a free microsphere and a thinned fiber waveguide.

In the present invention, an approach to maintaining a constant level of optical

coupling between the microresonator and the waveguide, while allowing the use of a high
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Q-factor microresonator, includes using a substrate that has at least one self-aligning
feature on a surface. The waveguide is disposed relative to the first substrate, and the
microresonator is positioned on the substrate by the self-aligning feature so as to optically
couple to the first waveguide.

One particular embodiment of the present invention is schematically illustrated as
device 300 in FIGs. 3A and 3B. In this example, a substrate 302 with a planar waveguide
304 is formed on a surface 306. A self-aligning feature 308, shown here in the form of an
aligning groove, or slot, having sloped sidewalls 310, is provided over the surface 306.
The sidewalls 310 guide the position of the microresonator 312 transverse to the
waveguide 304. In this particular example, the lateral position of the microresonator 312
relative to the waveguide 304 may be determined by contact points on the sidewalls 310.
The sidewalls 310 that form the groove may be walls of shims or other structures 309
formed on the surface 306. The structures may be cast, or otherwise formed, on the
surface 306 or may be formed separately from the surface 306 and then attached to the
surface.

The sidewalls 310 may be positioned to be parallel to the waveguide 304. Since
achieving parallelism between the waveguide 304 and the sidewalls 310 may be difficult,
the sidewalls 310 may be positioned to be non-parallel to the waveguide 304. In one
particular embodiment, illustrated in FIG. 3B, the sidewalls 310 are not parallel to the
waveguide 304 or to each other. This configuration permits the microresonator 312 to be
aligned to the waveguide 304 and the sidewalls by rolling the microresonator 312 along
the waveguide 304 within the sidewalls 310 until contact is made between the
microresonator 312 and the sidewalls 310, and there is still optical coupling between the
microresonator 312 and the waveguide 304. In another embodiment, not shown, the
sidewalls may be parallel to teach other but not parallel to the waveguide.

The microresonator 312 may be held in position relative to the waveguide 304 in
several different ways. For example, the groove 310 may be filled, or at least partially
filled, using an adhesive (not shown) to hold the microresonator 312 in place. Another
approach is schematically presented in FIG. 3C, which shows the microresonator 312 held
in place with one or more holding devices, such as retaining members 314. The retaining
members 314, for example, can be formed from a polymer-based material applied to the

structures 309 or to a surface of the substrate 302. In an exemplary embodiment, the



10

15

20

25

30

WO 2005/040875 PCT/US2004/027757

holding device that positionally retains the microresonator 312 relative to the waveguide
304 does not contact the microresonator 312 at a position on the plane of light propagation
within the microresonator 312. In the illustrated example, the plane of light propagation
forms a plane perpendicular to the plane of FIGs. 3B and 3C, at the line 316. The plane of
light propagation within the microresonafor 312 is determined by the direction in which
the light enters the microresonator 312 from the waveguide 304. The WGMs excited by
the waveguide 304 lie in the plane of light propagation. If the holding device touches the
outer surface of the microresonator 312 at the plane of light propagation, then the Q-factor
of the microresonator cavity may be reduced, thus reducing the sensitivity of the
microresonator sensor.

Other embodiments, in which the waveguide is a channel waveguide, are now
described with reference to FIGs. 3D-3F. In FIG. 3D, the waveguide, 304 may be a
channel waveguide disposed above the surface 306 of the substrate 302. The sidewalls
310 laterally align the microresonator 312 relative to the waveguide 304. The
microresonator 312 may rest on the waveguide, as illustrated, or may be held out of
contact with the waveguide 304.

The refractive index of the cladding, in this case the substrate 302, below the point
on the waveguide 304 that couples to the microresonator 312 may be reduced. This
reduces the extent of the electric field extending into the substrate, and results in an
increase in the intensity of the electric field on the upper side of the waveguide 304 that
couples to the microresonator 312. The refractive index may be reduced, for example, by
doping the substrate 302.

Another approach to reducing the refractive index of the waveguide cladding at the
point of coupling between the waveguide 304 and the microresonator 312 is to remove
some of the substrate material to leave a void 320 below the waveguide 304. This is
shown in FIGs. 3E and FIG. 3F, which shows a partial cross-section of device along the
section EE’ shown in FIG. 3E. This results in a portion 322 of the waveguide 304 forming
a bridge over the void 320.

The self-aligning feature need not be a groove with sloped sidewalls, but may take
on other geometries. For example, as schematically illustrated in FIGs. 4A and 4B, the

self-aligning feature 408 may be a groove having vertical sidewalls 410. In this particular
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example, the lateral position of the microresonator 312 is determined by the top edges of
the sidewalls 410.

Given the present description, it will be appreciated that self-aligning features may
also have other geometries. For example, a self-aligning feature may include a groove
having more surfaces than two sides, or two sides and a bottom surface. One such
example is a groove having four or more surfaces.

As mentioned above, the microresonator optical device of one or more of the
embodiments present invention can be designed for passive and active applications. For
example, the optical device may be utilized as a filter or sensor. In addition to the other
sensing embodiments described herein, in biosensing applications, microresonator can be
coated with one or more antibodies, proteins, or other biological samples. A detector may
be used to sense variations in optical output or fluorescence emanating from the biological
materials. Active applications, such as amplifier and microlaser applications, can be
accomplished by, for example, doping the microresonator 312 with one or more materials,
such as erbium, to create a gain medium. In a laser application, light having a first
wavelength (e.g., 980 nm) from the light source can be evanescently coupled to the
microresonator to optically pump the microlaser, with light of a second wavelength, for
example, about 1550 nm, being output from the microresonator. As will be apparent,
given the present description, the optical device 300 can be modified depending on the
particular application needed.

According to another exemplary embodiment, a microresonator optical device
having two waveguides coupled to the microresonator is described with reference to FIG.
5. In this particular embodiment, the microresonator 512 is sandwiched between two
substrates 502a and 502b separated by an intermediate member 510. Each of the
substrates 502a and 502b is provided with self-aligning features 508a and 508b for
aligning the microresonator 512 to the waveguides 504a and 504b on the respective
substrates 502a and 502b. This type of sensor unit permits the light to be directed into the
microresonator 512 via a first waveguide, for example, 504a, and also permits the light to
be detected via a second waveguide, for example 504b.

It will be appreciated that the scope of the present invention is intended to cover
variations on the embodiment illustrated in FIG. 5. For example, the intermediate member

510 need not be present, and the substrates 502a and 502b may or may not contact each
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other. Furthermore, there may be an additional member for holding the microresonator
512. Also, the self-aligning features 508a and 508b need not have vertical sidewalls, but
may adopt different geometries. In addition, the self-aligning features 508a and 508b need
not have the same geometry, and the microresonator 512 may or may not be in direct
physical contact with the waveguides 504a and 504b.

In another embodiment, schematically illustrated in FIGs. 6A and 6B, the
microresonator may be planar, for example where it may be taken as a section from an
optical fiber. If taken as a fiber section, the fiber section is viewed side-on in FIG. 6A.
The plane of the planar microresonator 612 is parallel to the light plane 616. In this
particular embodiment, the substrate 602 has a self-aligning feature 608 in the form of a
groove that constrains the planar microresonator 612 to a particular lateral position relative
to the waveguide 604. The planar microresonator may be held in place using any suitable
method for example using an adhesive (not shown), or one or more holding members 614.
FIG. 6B schematically illustrates a cross-section of the sensor unit in the light propagation
plane 612.

Another approach to assembling a microresonator optical device is now described
with reference to FIGs. 7A-7D. FIG. 7A schematically shows a‘plan view of the device,
while FIG. 7B schematically shows a partial cross-section at AA'. In the illustrated
embodiment, a waveguide 704 is formed or mounted on the substrate 702 with an
accessible surface 705 facing horizontally across the substrate 702.

A self-aligning feature 708, illustrated as a well or cavity having sloped sidewalls
710, is provided on a surface of the substrate 702. A microsphere 712 may be located by
the self-aligning feature 708 in a position so that optical coupling takes place between the
microsphere 712 and the waveguide 704. It will be appreciated that the self-aligning
feature 708 need not have sloped sidewalls, but may have, for example, vertical sidewalls.

The waveguide 704 is formed within a cladding 706. That portion of the
waveguide 704 having the accessible surface 705 may be tapered to be smaller than other
parts of the waveguide, for example at tapered waveguide portion 704a. There is no
restriction on which sides of the waveguide 704 may be tapered. For example, the
waveguide 704 may be tapered both at the front side, facing the microresonator 712, and at
the back side. Also, the height of the waveguide 704 may be tapered in the tapered region.

In this manner, the intensity of the electric field outside the waveguide 704 may be

-10-
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increased, thus ensuring better optical coupling from the waveguide 704 to the
microresonator 712. In addition, the cladding 706 may be tapered, for example at tapered
region 706a, so as to increase the magnitude of the optical field that couples between the
waveguide 704 and the microresonator 712. Also, the waveguide 704 may be coupled to
optical fibers 720 at fiber couplers 722, or to other waveguides for coupling light to and
from the light source and the detector.

The microresonator 712 may be held in the self-aligning feature using several
different approaches. One approach is to apply an adhesive (not shown) to fix the
microresonator 712 to the substrate 702. The adhesive may, for example, be positioned
within the cavity 708, or may attach the microresonator 712 to the upper surface of the
substrate 702. Optionally, a holding member 714, shown in dashed lines in FIG. 7C, may
be used to hold the microresonator 712 in place. Also, FIG. 7C shows an embodiment
where the cladding 706 is tapered only from one side at the coupling region.

Certain considerations may need to be taken into account when the microresonator
712 contacts both edges 708a and 708b of the self-aligning feature 708. The position of
the waveguide 704 relative to the feature 708 can depend on several factors, such as the
radius of the microresonator 712, the height of the waveguide 704 above the surface 713,
the size of the aligning feature 708 and the slope of the sidewalls 710a and 710b. For
example, the waveguide 704 may be recessed away from the edge 708a, set at the edge
708a or may be cantilevered over the edge 708a in order to bring the waveguide 704 into
more optimal optical coupling with the microresonator 712. This particular approach may
be useful when it is desired to hold the microresonator at a controlled distance from the
edge of the waveguide.

One approach that may be useful for increasing the electric field at the front of the
waveguide 704, and thus increasing the amount of optical coupling between the
waveguide 704 and microresonator 712, is to reduce the effective refractive index of the
cladding 706 at the tapered waveguide region 704a. This may be done by doping the
cladding 706 or by reducing the thickness of the cladding 706a along the waveguide 704
in the region where the waveguide 704 optically couples to the microresonator 712. This
latter approach is schematically illustrated in FIG. 7B.

Another approach is schematically illustrated in FIG. 7D, where the

microresonator 712 is held between the waveguide 704 and the rear sidewall 710b, and
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does not touch the front sidewall 710a. This arrangement may be referred to as an over-
constrained arrangement. One of the advantages of such an arrangement is to increase the
probability of good physical contact between the waveguide 704 and the microresonator
712.

It will be appreciated that the shape of the self-aligning feature 708 need not be
square, as shown in FIG. 7A, but may take on other shapes. For example, the self-aligning
feature 808 may be elongated in a direction substantially paréllel with the waveguide 704,
as is schematically illustrated in FIG. 8. Here, the self-aligning feature is longer in the
direction parallel to the waveguide 704, forming a groove or slot. In addition, it will be
appreciated that the edges 808a and 808b of the feature 808 need not both be parallel to
the waveguide 704. Where the edges 808a and 808b are parallel to each other, but not
parallel to the waveguide 704, as illustrated, the distance between the microresonator 712
and the waveguide 704 may simply be adjusted by moving the microresonator 712 along
the feature 808.

In another embodiment of an over-constrained arrangement, only one edge, such as
the back edge 808b, may be non-parallel to the waveguide 704. This provides flexibility
in the positioning of the microresonator 712 relative to the waveguide 704.

It will be appreciated that self-aligning features need not only be used along with
planar waveguides, but also with fiber waveguides. One example of such an arrangement
is schematically illustrated in FIGs. 9A and 9B. A self-aligning feature 908 is formed in a
substrate 902 to hold a microresonator 912. A fiber waveguide 904 is placed over the
microresonator 912 and held in place via fiber mounts 906. In the illustrated embodiment,
the self-aligning feature 908 is a cavity or well, having sloped sidewalls 910. The fiber
waveguide 904 may be arranged so that it is not parallel to the edges of the feature 908.
Consequently, the plane of light propagation within the microresonator 912 does not
intersect any of the points where the surface of the microresonator contacts the sidewalls
910: this configuration may help to maintain a high Q-factor for the microresonator.

The microresonator 912 may be held in the cavity 908 using an adhesive, a holding
member, a combination of the two, or using some other method. It will be appreciated that
the self-aligning feature need not have sloped sidewalls, but may have curved or vertical
sidewalls. Furthermore, the shape of the feature 908 need not be square, as shown in FIG.

9B, but may have some other shape.
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The top of the microresonator 912 may be flush with the upper surface of the
substrate 902, or may protrude higher than the surface of the substrate 902. Furthermore,
the fiber waveguide 904 may be positioned over the microresonator 912 under some
tension so as to maintain close physical contact between the fiber waveguide 904 and the
microresonator 912.

Another approach to vertical optical coupling between the fiber waveguide and the
microresonator is schematically illustrated in FIGs. 10A and 10B. In this embodiment, the
fiber waveguide 1004 is positioned within the alignment feature 1008 formed on the
substrate 1002. The alignment feature 1008 is illustrated to be in the form of a groove
with sloping sidewalls 1010, although the sidewalls may also be vertical. The
microresonator 1012 is constrained laterally relative to the fiber waveguide 1004.
Furthermore, the microresonator 1012 may be held into the groove 1008, for example,
using adhesive or a holding member, to maintain optical coupling between the waveguide
1004 and the microresonator 1012. The fiber waveguide 1004 may be held out of contact
with the lower surface 1016 of the groove, for example using mounts (not shown) on the
lower surface 1016. If the mounts are positioned away from that portion of the waveguide
1004 where the magnitude of the optical field outside the waveguide core is high, in other
words the coupling region of the waveguide 1004, then the optical losses associated with
the mounts may be reduced. This configuration reduces optical losses that might
otherwise result from the tapered section of fiber touching the lower surface 1016.

In another embodiment (not shown), two fiber waveguides may be coupled to the
microresonator, for example in a manner similar to that illustrated in FIG. 5, by providing
separate substrates, with associated fiber waveguides, on either side of the microresonator.

Self-aligning features may also be used on a substrate to provide horizontal optical
coupling between a fiber waveguide and the microresonator, for example as is
schematically illustrated in FIGs. 11A and 11B. FIG. 11A shows a plan view while FIG.
11B shows a partial cross-sectional view at the section BB'. In this particular
embodiment, a substrate 1102 is provided with a fiber waveguide 1104 held between two
fiber holders 1106. An alignment feature 1108, illustrated as a cavity, positions a
microresonator 1112 very close to, or in contact with, a fiber waveguide 1104. The
portion of the fiber waveguide 1104 in contact with the microresonator 1112 is typically a

tapered section 1105. The microresonator 1112 may be held in place relative to the
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alignment feature 1108 using any suitable method, for example an adhesive or a holding
member.

Another embodiment is schematically illustrated in FIG. 12, in which a second
fiber 1204, held between fiber holders 1206 is optically coupled to the microresonator
1112. This configuration permits light to be directed to the microresonator 1112 through
one of the fibers 1104 and 1204, and for the light from the microresonator 1112 to
propagate along the other fiber 1204 and 1104.

Alignment features may be formed on a substrate using several different
approaches. One particular approach is to use a semiconductor substrate, for example a
silicon substrate, and to use planar microfabrication techniques, such as lithography,
masking and etching to form the device. For example, a groove or cavity may be etched in
silicon. One approach to obtaining grooves or cavities with sloped surfaces is to perform a
non-isotropic etch in a <100> silicon substrate: the vertex of the groove angle is about
70.5°, and is set by the crystalline geometry. Etching silicon in another crystalline
direction may permit the fabrication of vertical walls. The width of an etched feature may
controlled by a resist layer patterned on the surface of the substrate. In the case of a
silicon substrate, the resist layer may be a silicon nitride layer. Thus, by proper masking
and etching of the substrate, alignment features such as grooves, for example v-grooves or
flat-bottomed grooves, may be formed. Also, the substrate surface may be formed with a
hole, such as provided by a cavity, for locating a microresonator. Such lithographic
techniques permit precise location of the features on the substrate, thus permitting passive
alignment of the elements in the microresonator assembly. Waveguides may be formed in
the silicon or in silicon oxide layers formed over the silicon substrate.

The term substrate as used here need not be restricted to only a single block of
material that carries the microresonator, but should be understood to mean the support for
the elements of the microresonator assembly. The substrate may be formed from more
than one part. Also, the alignment features need not only be provided as parts etched into
the upper surface of the substrate. An alignment feature may, for example, protrude from
the surface on which the microresonator is resting, or the microresonator may itself may
rest on the alignment features disposed with the substrate, for example as illustrated in the

embodiment described with respect to FIG. 3A.
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Another example of this is schematically shown in FIG. 13, which shows a
substrate 1302 having a self-aligning feature 1308 having a vertical groove to locate the
microresonator 1312. A fiber waveguide 1304 may be held between fiber holders 1306
(only one of which is shown) so that there is good optical coupling between the fiber
waveguide 1304 and the microresonator 1312. The groove walls may be shaped so as to
reduce contact between the aligning element 1308 and the microresonator 1312 at the
plane of light propagation within the microresonator 1312, for example with a relief
groove 1314.

It will be appreciated that variations on the embodiments described herein still fall
within the scope of the present invention. For example, the figures illustrate a
microresonator that is circular or spherical in cross-section, although this need not be the
case. The microresonator may be, for example, elliptical in (;ross-section. In such a case,
the resonant optical path of the microresonator need not be circular, but may be non-
circular. In addition, although only one microresonator has been shown to be retained on a
substrate, it will be appreciated that multiple microresonators may be positioned on a
single substrate, and may be coupled to a single waveguide or to different waveguides.

As noted above, the present invention is applicable to micro-resonators, and is
believed to be particularly useful where micro-resonators are used in passive and active
applications, such as sensing and laser applications. The present invention should not be
considered limited to the particular examples described above, but rather should be
understood to cover all aspects of the invention as fairly set out in the attached claims.
Various modifications, equivalent processes, as well as numerous structures to which the
present invention may be applicable will be readily apparent to those of skill in the art to
which the present invention is directed upon review of the present specification. The

claims are intended to cover such modifications and devices.
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WHAT IS CLAIMED IS:

1. A microresonator device, comprising;:
a first substrate having at least one self-aligning feature on a surface;
a first waveguide disposed relative to the first substrate; and
a microresonator positioned on the substrate by the self-aligning feature so

as to optically couple to the first waveguide.

2. A device as recited in claim 1, wherein the self-aligning feature is a

receiving cavity on the surface of the first substrate.

3. A device as recited in claim 1, wherein the self-aligning feature is a slot on

the first substrate, wherein the microresonator is positioned at a location along the slot.

4, A device as recited in claim 3, wherein the first waveguide is positioned in

the slot.

S. A device as recited in claim 3, wherein the microresonator contacts a slot

edge, the slot edge being nonparallel with the first waveguide.

6. A device as recited in claim 3, wherein the microresonator contacts a slot

edge, the slot edge being parallel with the first waveguide.

7. A device as recited in claim 3, wherein the slot has a first edge and a
second edge closer to the first waveguide than the first edge, the microresonator being

aligned by the first edge of the slot and the first waveguide.

8. A device as recited in claim 3, wherein the slot has a first edge and a
second edge closer to the first waveguide than the first edge, the microresonator being

aligned by the first edge of the slot and the second edge of the slot.

9. A device as recited in claim 1, wherein the first waveguide is disposed on
the substrate, the first waveguide being unsupported by the substrate at a coupling region

of the waveguide.
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10. A device as recited in claim 1, wherein a direction of optical coupling
between the first waveguide and the microresonator is parallel to the surface of the first

substrate.

11. A device as recited in claim 1, wherein a direction of optical coupling
between the first waveguide and the microresonator is perpendicular to the surface of the

first substrate.

12. A device as recited in claim 1, wherein the first waveguide is one of an

optical fiber, a tapered optical fiber, a planar waveguide and a channel waveguide.

13. A device as recited in claim 1, further comprising an adhesive material

disposed to hold the microresonator to the self-aligning feature.

14. A device as recited in claim 1, further comprising at least one retaining
member disposed to retain the microresonator at a desired location relative to the self-

aligning feature.

15. A device as recited in claim 1, further comprising a second substrate and a
second waveguide disposed relative to the second substrate, the second waveguide being

optically coupled to the microresonator.

16. A device as recited in claim 1, further comprising a light source generating
light, the light being coupled to the first waveguide and from the first waveguide to the
microresonator, and a light detector optically coupled to detect light from the

microresonator.

17. A device as recited in claim 1, wherein the microresonator further

comprises an optical gain medium.

18. A device as recited in claim 1, further comprising a second waveguide
disposed relative to the first substrate, the second waveguide being optically coupled to the

first microresonator.

-17-



WO 2005/040875 PCT/US2004/027757

113
100
110
102 112 4
light 1
source 108 detector
104J 106/
Fig. 1A
150
_-106 ¥
158 154
detector —<=L— ]
11o\< )’”2

light — |

source \ /
j0g 104
102 Fig. 1B
210 202
E
Fig. 2 d
Pl




WO 2005/040875 PCT/US2004/027757

2113
312 : 300
310 308 ¥
310
309, 309
17
V4
306" 304 ano
Fig. 3A
o 31 %00

310
| \\ T T

309—, | 309

|
|
L_ i |
304/ N 302
\31 6



WO 2005/040875 PCT/US2004/027757

3/13
312
314\ ] 314
. 4
309
309
) \ ' / §
- 302
17
316—"] 04
Fig. 3C
312 300
308 ,/
310- / 310
309_ | | /309
306~ 304 205"

Fig. 3D



WO 2005/040875 PCT/US2004/027757

4/13

312

___..-__-_..--_-__-.,
w
o
(0]
W
o
o

310 310
309~ 309
B
7 \\ r
306 320 ->E 994 302
Fig. 3E
312\Q7322
£ 304
/ i
302 ]
N T | 3%




WO 2005/040875 PCT/US2004/027757

5/13
312
314\
314
|/
410 410
~. e

/
408 304

304\ Ve 408 314

/ \
314 312 204

Fig. 4B



WO 2005/040875 PCT/US2004/027757

6/13
508b 504b 512
/ |
\/ 502b
g
~L
g
|
502a
|/
5083 504a
Fig. 5
706~ |
\

172 704a "on 50
______ | 720 7 7207
R e eSS e N

K~808a
~705
|
808b 71?/ I
808
702”7

Fig. 8



WO 2005/040875 PCT/US2004/027757

7/13

616

612
614 \ / ' 614
N\ |/

f 602

|
608 604
Fig. 6A
614
~
612
604
/[
]
602"

Fig. 6B



WO 2005/040875 PCT/US2004/027757
8/13

7(\)43 70[63 r---)-A

g 704
722
d
§ 705 e
i 708
71271 708p
Y |
702 o
Fig. 7A




WO 2005/040875 PCT/US2004/027757

9/13

708a

Fig. 7C
712
705 704
.
706
4+
708b 708a
710b 710a
708

Fig. 7D



WO 2005/040875 PCT/US2004/027757

10/13
906 906
= 904 912 C
_ \ J
910 910
908
Y4
902 .
Fig. 9A
912~ 906
904
A
908

906

|

\ 902

Fig. 9B



WO 2005/040875 PCT/US2004/027757

11/13
1012
1010 1010
1002
1016~ 4904 1008 |
Fig. 10A
1010
1010 1004 /
— \l \\. T
//1002
N
— 1l
1012

Fig. 10B



WO 2005/040875 PCT/US2004/027757
12/13
—B
1106 1106
|/ 1105 N
— \ ——
B 104”  V|N =
1112
1108
1102~
’ BI
Fig. 11A
1112
1104
1102
1108

Fig.11B



WO 2005/040875

PCT/US2004/027757
13/13
1106
1106
L/
1105~ N
11047
1112
______ 1108
""" 1204~
N ]
1206 1206
1102



INTERNATIONAL SEARCH REPORT me;‘m Application No
PCT/US2004/027757

CLASSIFICATION OF SUBJECT MATTER

PC 7 G02B8/293

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

IPC 7 GO2B

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of dala base and, where practical, search terms used)

EPO-Internal, WPI Data, PAJ

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category ° | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X WO 02/16986 Al (CQUINT COMMUNICATIONS 1-9,
CORPORATION) 28 February 2002 (2002-02-28) 11-18

page 34, line 21 - page 35, line 26;
figures 15,16

page 7, line 23 - page 9

page 32, line 1 - line 3

page 36, 1ine 11 - T1ine 32

page 39, line 11 - line 25

Y the whole document 10
X US 2002/041730 Al (SERCEL PETER C ET AL) 1-9,
11 April 2002 (2002-04-11) 11-18

paragraphs ‘0092!, ‘0120!, °‘0123!,
‘0131! - ‘0147!'; figures 11,19,20

Y the whole document 10
Y US 6 389 197 Bl (ILTCHENKO VLADIMIR ET AL) 10
14 May 2002 (2002-05-14)

column 4, line 21 - line 30; figure 5¢

E] Further documents are listed in the continuation of box C. E Patent family members are listed in annex.

° Special categories of cited documents : ) . ) n

*T* later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

document of pariicular relevance; the claimed invention
cannol be considered novel or cannot be considered to

*A* document defining the general state of the art which is not
considered to be of particular relevance

‘E* earlier document but published on or after the international aye
filing date

*L* document which may throw doubts on priority claim(s) or involve an inventive step when the document is taken alone
‘”.'h"':.h I cnetg to QStap"ISh the p“b"cam“.f‘?aée of another *Y* document of particular relevance; the claimed invention
citation or other special reason (as specified) cannot be considered to involve an inventive step when the

*Q* document referring to an oral disclosure, use, exhibition or document is combined with one or more other such docu-
other means ments, such combination being obvious to a person skilled

*P* document published prior to the international filing date but in the art.
later than the priority date claimed *&* document member of the same patent family

Date of the actual completion of the international search Date of mailing of the intemational search report

27 January 2005 08/02/2005

Name and mailing address of the ISA Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040, Tx. 31 651 epo nl, B1 G
Fax: (+31-70) 340-3016 au,

Form PCT/ISA/210 (second sheet) (January 2004)



INTERNATIONAL SEARCH REPORT

Intern‘al Application No
Information on patent family members PCT/U52004/027757
Patent document Publication Patent family Publication

cited in search report date member(s) date

W0 0216986 Al 28-02-2002 AU 3849601 A 27-08-2001
AU 3978901 A 27-08-2001
AU 3979401 A 27-08-2001
AU 4528701 A 12-09-2001
AU 8504301 A 04-03-2002
Wo 0165701 A2 07-09-2001
WO 0161870 A2 23-08-2001
WO 0161394 Al 23-08-2001
Wo 0161395 Al 23-08-2001
us 2002081055 Al 27-06-2002
us 2002037132 Al 28-03-2002
US 2004197051 Al 07-10-2004

UsS 2002041730 Al 11-04-2002 AU 4167502 A 01-07-2002
Wo 0250575 A2 27-06-2002
AU 3849601 A 27-08-2001
AU 3978901 A 27-08-2001
AU 3979401 A 27-08-2001
AU 4528701 A 12-09-2001
WO 0165701 A2 07-09-2001
Wo 0161870 A2 23-08-2001
Wo 0161394 Al 23-08-2001
WO 0161395 Al 23-08-2001
US 2002081055 Al 27-06-2002
US 2002044739 Al 18-04-2002
US 2002037132 Al 28-03-2002
US 2004197051 Al 07-10-2004

US 6389197 Bl 14-05-2002 AU 6752900 A 20-08-2001
Wo 0159497 Al 16-08-2001
US 2003012504 Al 16-01-2003
US 2002018617 Al 14-02-2002

Form PCT/ISA/210 (patent family annex) (January 2004)




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

