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BIOCHEMICAL SENSORS WITH MICRO-RESONATORS
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of 60/494,825, filed
August 13, 2003. The disclosure of the above application is incorporated
herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates to sensors and, more

particularly, relates to chemical and biochemical sensors.
INTRODUCTION

[0003] There are various known optical devices for chemical and
biological sensor applications. Some optical sensors are based on optical
fiber or optical waveguides and use evanescent wave to sample the presence
of analytes in the surrounding environment or adsorbed on waveguide
surfaces. Detection can be made by optical absorption spectrum of the
analytes, optic evanescent wave spectroscopy, or by effective refractive index
change. While the former two mechanisms can be directly obtained by optical
intensity measurement, the accurate measurement of the effective refractive
index change of the guided mode of a waveguide requires certain
configurations to transduce the index change to detectable signals. The latter
category involves such sensors as surface plasmon resonance sensors,
Mach-Zehnder Interferometer (MZI) devices, and optical grating couplers.
These sensors are not sensitive enough to detect molecules present in low
concentrations using current technologies.

[0004] Optical waveguide sensors using evanescent wave to
interrogate the presence of analytes on waveguide surface or in surrounding
environment typically rely on the detection of effective refractive index
change. In order to detect very low concentration or minute amount of
analytes using optical waveguide sensors, long waveguide length (exceeding
cm) are typically required in order to accumulate a detectable phase shift.
Significant numbers or amount of samples that may not be readily obtainable
in many applications are also required.

[0005] Known sensors based on optical resonators include
microsphere cavities using Whispering Gallery Mode (WGM) resonances,

which can respond to a monolayer of protein absorption, and integrated
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microdisk resonators based on optical scattering, absorption, or fluorescence.
Microsphere-based biochemical sensors have limited ability to form large
arrays. Known sensor devices using microdisks have been limited in their
manufacture to inorganic materials such as silica and nitride oxides and have
bulky detection systems.

[0006] Although the prior art sensors can be satisfactory for their
intended purposes, improved biochemical sensors are still desirable.

SUMMARY OF THE INVENTION

[0007] The present teachings provide a biochemical sensor that
includes a microcavity resonator including a sensing element defining a
closed loop waveguide. The biochemical sensor is operable to detect a
measurand by measuring a resonance shift in the microcavity resonator.

[0008] The present teachings also provide a biochemical sensor
that includes a microcavity resonator having an asymmetric resonance line
shape, wherein the biochemical sensor is operable to detect a measurand by
measuring a resonance wavelength shift in the microcavity resonator.

[0009] The present teachings also provide an inteferometric
biochemical sensor that includes an open arm, and a ring feedback arm
coupled to the open arm. The biochemical sensor is operable to amplify a
phase shift between the open arm and a corresponding portion of the ring
feedback arm in the presence of a measurand.

[0010] Further areas of applicability of the present invention will
become apparent from the detailed description provided hereinafter. It should
be understood that the detailed description and specific examples are
intended for purposes of illustration only and are not intended to limit the

scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011] The present invention will become more fully understood
from the detailed description and the accompanying drawings, wherein:
[0012] FIG. 1A is a schematic of a biochemical sensor according to
the present teachings, and showing a microring resonator according to the

present teachings;
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[0013] FIG. 1B is a diagram indicating a representative spectrum
shift for the biochemical sensor of FIG. 1A;

[0014] FIG. 1C is a schematic of a biochemical sensor according to
the present teachings; and showing a microring waveguide between two bus
waveguides according to the present teachings;

[0015] FIGS. 1D and 1E are diagrams indicating representative
specta for the biochemical sensor of FIG. 1C;

[0016] FIG. 2A is a schematic of a biochemical sensor according to
the present teachings, and showing two partially reflecting elements in a bus
waveguide;

[0017] FIG. 2B illustrates representative transmission spectra for
the biochemical sensor of FIG. 2A in solid line and for the biochemical sensor
of FIG. 1A in dotted line;

[0018] FIG. 3A is a micrograph of a polystyrene microring with
waveguide offsets for a biochemical sensor according to the present
teachings;

[0019] FIG. 3B is a diagram showing the measured transmission
spectrum for the biochemical sensor of FIG. 3A;

[0020] FIG. 4A is a diagram illustrating the transmission spectra of
the biochemical sensor of FIG. 3A immersed in different glucose solutions;

[0021] FIG. 4B is a diagram illustrating glucose concentration as a
function of resonant wavelength shift for the biochemical sensor of FIG. 3A;

[0022] FIG. 5A is a schematic of biochemical sensor according to
the present teachings, showing a vertically coupled microdisk resonator;

[0023] FIG. 5B is a schematic of biochemical sensor according to
the present teachings, showing a vertically coupled microring resonator;

[0024] FIG. 6 is a diagram showing the transmission coefficient as a
function of the gain/absorption factor for biochemical sensor according to the
present teachings;

[0025] FIG. 7A is a schematic of a ring-feedback inteferometric
biochemical sensor according to the present teachings;

[0026] FIG. 7B is a diagram comparing the transmission spectra of
the biochemical sensor of FIG. 7A with a conventional MZI sensor; and
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[0027] FIG. 7C is a diagram comparing the slope sensitivity of the

biochemical sensor of FIG. 7A with a conventional MZ| sensor.
DETAILED DESCRIPTION

[0028] The following description of various embodiments is merely
exemplary in nature and is in no way intended to limit the invention, its
application, or uses. For example, although the present teachings are
illustrated using microring resonators, the present teachings are also
applicable to other microcavity resonators, such as microdisk and
microsphere resonators.

[0029] Referring to FIG. 1A, an exemplary biochemical sensor 100
according to the present teachings includes a microcavity resonator 50. The
microcavity resonator 50 includes a sensing element in the form of a closed
loop waveguide 54, such as a microring waveguide. The microcavity
resonator 50 also includes a substantially straight bus waveguide 52, which
serves as an input/output. In FIG. 1A, 1 is the transmission coefficient of the
bus waveguide 52, and k is the coupling coefficient. Although a circular ring is
illustrated for the ring waveguide 54, any annular ring or other closed loop
shape can be used. Light is incident from an input port on the left of the bus
waveguide 52. Additionally, two bus waveguides 52 can be used with the
microring waveguide 54 therebetween, as illustrated in FIG. 1C, with
corresponding spectra illustrated in FIGS. 1D and 1E.

[0030] When the wavelength of the input light is varied, and when
the circumference of the microring waveguide 54 is equal to multiple integers
of the wavelength in the bus waveguide 52, the input light can be resonantly
coupled into the microring waveguide 54. Referring to FIG. 1B, a series of
periodic peaks 56 and dips 58 in the graph of transmission T as a function of
wavelength A can be observed. If the effective refractive index of the
microring waveguide 54 is changed, the resonance peaks and dips shift
accordingly, as shown in FIG. 1B. The refractive index change is caused by
the measurand, i.e. either the presence of biomolecules attached on the
surface of sensing areas, or by the refractive index change of a solution
surrounding the microcavity resonator 50. Detections are made by measuring
the resonance shifts, from peaks 56 to peaks 56' and from dips 58 to dips 58/,
as shown in FIG. 1B. Alternatively, detection can also be made by the
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measurement of the output intensity change from the microresonator 50 at a
fixed wavelength. The latter detection method is especially useful for detecting
very small concentration of analytes. Effective refractive index resolution
down to a level of 10° can be feasible by using high-Quality (‘Q")
microresonators.

[0031] An alternative sensing scheme can be achieved based on
enhanced optical absorption or fluorescence. In microring or microdisk
resonator structures, the optical fields are confined in the optical waveguides
and their intensity increases by the resonant effect, which can enhance the
fluorescence signal in the traditional fluorescent-labeled detection. The
sensitivity for detecting the presence of absorbing species can also be
increased with respect to direct detection by an energy build-up factor of the
resonator, which in practice can probably be as large as 10*. The microcavity
resonator structure can be conveniently constructed to have its resonant
wavelength match the maximum absorption wavelength of different analytes.
Thus, an array of integrated microcavity resonator devices with different
resonance frequencies can be constructed to detect multiple analytes
simultaneously on the same chip. On the other hand, if the chemical species
have negligible absorption in the wavelength of interest, the refractive index
change of the material due to the loading of the analytes can be used.

[0032] According to the present teachings, the microcavity
resonator 50 can be made of various materials, including organic materials,
composites that include organic materials and inorganic materials, and
combinations thereof, by a known direct imprinting technique, which is
described in "Polymer Micro-ring Resonators Fabricated by Nanoimprint
Technique", C. Y. Chao and L. J. Guo, Journal of Vacuum Science and
Technology, B 20(6), pp. 2862-2866, 2002. The resonator 50 can also be
made of an inorganic material that is coated with an organic coating. The
organic material can include, for example, a polymer. The use of polymer
material offers a number of advantages. Polymers provide rich surface
chemical functionalities for binding biomolecules such as proteins. For
example, polymers such as polystyrene (PS), polymethylmethacrylate
(PMMA) and polyethylene terephthalate (PET) can be modified to introduce

COOH groups on their surface, which can be subsequently reacted with
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amine-terminated biotin. A streptavidin-biotin interaction can be used to
subsequently bind any biotinylated protein molecules or antibodies onto the
polymer surface. Arrays of sensors can be built, for example, by attaching
different types of antibodies onto different microcavity resonators. Further,
the surface roughness of polymer microcavity resonators 50 can be
significantly reduced by a thermal re-flow process, which provides greatly
enhanced Q-factor in the resonance spectrum. Polymer waveguides allow
efficient coupling to optical fibers because of the comparable refractive indices
between polymer and glass, which greatly facilitate the sensor's integration
and characterization.

[0033] Briefly in direct imprinting, a silicon mold with microcavity
paterns, such as microring or micro-racetrack patterns, is first fabricated by a
combination of electron-beam lithography, nanoimprinting, and reactive ion
etching (RIE). A thin polymer film, such as polystyrene (PS) film, is spin-
coated on an oxidized silicon substrate. Then the mold is imprinted into the

PS film under a pressure of 900 psi and temperature of 175 °C. After cool-

down and separation of the mold from the substrate, PS waveguides with

microcavity resonators are formed. Any residual PS layer can be
subsequently removed by RIE, and the oxide underneath the PS waveguide is
isotropically wet-etched. The latter step is taken to create a pedestal structure
beneath the waveguide, which enhances light confinement within the
waveguide and increases the surface area of the device that can interact with
analytes.

[0034] A core bus waveguide 52 and a microring waveguide 54 can
be used with a fluid cladding, such as air, water or organic solvent. Such a
structure gives the maximum accessibility for the evanescent wave to sample
the solutions around the microring waveguide 54 and the biomolecules
attached to waveguide surface. It is also desirable to have single-mode
propagation in the microring wavegufde 54 and the bus waveguide 52. This
structure achieves a large free spectral range (FSR), which is advantageous
for arrayed sensors to easily distinguish the spectra corresponding to different
microresonators. By taking into account the operation resonance wavelength,
the dimensions of the bus waveguide 52 and the microring waveguide 54 can
be determined. The coupling coefficient between the bus waveguide 52 and
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the microring waveguide 54 plays an important role in determining the
resonator characteristics, and depends exponentially on the gap distance
between the ring waveguide 54 and the bus waveguide 52. In order to
provide sufficient coupling, the gap width at the coupling region can be in the
range of few hundreds of nm. Accordingly, a polymer structure with aspect
ratio of ~10:1 may be used for such resonators 50. These stringent
dimensions can be achieved by the direct imprinting technique described
above, or alternatively by vertically-coupled structure described below in
reference to FIG. 5B.

[0035] The resonance line-shape of the micro-ring resonator 50 is
symmetrical with respect to its resonant wavelengths, as shown in FIG. 1B. In
another aspect of the present teachings, a new microring resonator 50' can be
used with the biochemical sensor 100, as shown in FIG. 2A. The microring
resonator 50' can produce an asymmetrical Fano-resonant line shape, in
which the slope between the zero and unit transmissions is greatly enhanced.
The sharply asymmetric line-shape of the Fano-resonance can provide higher
slope sensitivity than conventional microring structures made with the same
Q-factor. The asymmetrical feature can be obtained by incorporating two
partially reflecting elements 60 into the bus waveguide 52 that is coupled to
the microring waveguide 54, as shown in FIG. 2A. An example of the
asymmetric resonance is shown in FIG. 2B (solid line).

[0036] Referring to FIG. 3A, a microring waveguide 54 is positioned
between two bus waveguides 52, At least one of the bus waveguides 52
includes reflecting elements 60 that can be achieved by waveguide offsets.
The waveguide offsets 60 introduce backward propagating waves that can
perturb the phase of the transmitted wave and hence lead to complex
interference and Fano-resonance line shape. The magnitude of the offset
controls the reflection and affects the line shape of the transmission spectrum.
FIG. 3A shows a scanning electron micrograph (SEM) of a microring
resonator 50' fabricated from polystyrene (PS) using the direct imprinting
technique. As known in the art, the transmission spectrum can be measured
with a tunable laser, such as the model Santec TSL-220 laser. The
polarization of the incident laser beam is controlled by a half-wave plate and a

polarizer. The laser beam is coupled into PS waveguides and collected by
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objective lenses. FIG. 3B shows the corresponding measured transmission

-spectrum, which clearly shows the periodic resonances with the asymmetric

Fano-resonance line shape.

[0037] The microring resonator 50' shown in FIG. 3A can be used,
as a demonstrative example, to measure the concentration of glucose in
water solutions. As discussed above, the resonant wavelengths depend on
the effective refractive index of the waveguide mode that is affected by
biomolecules attached to the surface of the waveguide or present in the
surounding solution. In this demonstration the biochemical sensor 100 is
immersed into a glucose solution. Hence, the change in the concentration of
the solution affects both the effective index and the resonant wavelengths.
The reference spectrum can be measured when the microring resonator 50' is
immersed in de-ionized water. Fig. 4A shows the spectra for different
concentrations of glucose in water and Fig. 4B shows the concentration of
glucose solution as a function of the wavelength shift of resonance. The shift
in resonant wavelength and the variation of the normalized transmitted
intensity is linearly related to the concentration of the glucose solution, as
shown in FIG. 4B. The glucose concentration can also be measured by fixing
the wavelength and monitor the transmitted light intensity. A significant
change in the transmission can be obtained due to the increased slope in the
Fano-resonances.

[0038] The polymer microring resonators 50, 50' can also be used
to detect chemicals in gas phase by choosing suitable material that can
absorb the molecules sufficiently. Absorption of gas molecules changes the
refractive index of the microring waveguide 54, and causes a detectable shift
in the transmission spectra or a change of transmission intensity at a fixed
wavelength.

[0039] Referring to FIG. 5A, a vertically-coupled microresonator 160
includes a polymer microdisk 151 that is formed on top of a pre-defined
optical bus waveguides 152 for vertical coupling of energy therebetween. A
pedestal structure 158 made of a thin oxide layer, such as SiO, can be used
to provide vertical separation. The thickness of the pedestal structure 158
can be controlled with great precision by the fabrication process. Referring to
FIG. 5B, another vertically coupled microresonator 170 includes a polymer
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microring 174 that is formed on top of pre-defined optical bus waveguides 172
for vertical coupling of energy therebetween. In the vertically coupled
structures shown in FIGS. 5A and 5B, the cores of the bus waveguides 152,
172 can be cladded with fluids, such as water, air, or organic solvent, and can
also be cladded with other dielectric materials, such as polymers.

[0040] The sensitivity of the various microresonators 50, 50' used in
the biochemical sensor 100 can be increased by incorporating an optical gain
mechanism into the corresponding microring waveguides 54. The gain
mechanism can be achieved by, but not limited to, doping the polymer
microring waveguide 54 with gain media such as fluorescent dyes, or by
assembling dye molecules onto the waveguide surfaces. The sensitivity
improvement for detection of biomolecules or chemical analytes is illustrated
in FIG. 6, which shows the transmission coefficient as a function of gain/loss
factor. As can be seen from FIG. 6, at resonance, a slight change in
gain/absorption (or in the phase shifty can cause a big change in the
transmitted power.

[0041] Referring to FIG. 7A, in another aspect of the present
teachings, a ring feedback Mach-Zehnder interferometric (RF-MZI) sensor
200 for biosensor applications is provided. The RF- MZ| sensor 200 can also
be polymeric coated or made entirely from polymer and fabricated using the
direct imprinting technique, as discussed above. The RF-MZI| sensor 200
includes a first arm 202 which is open, and a second arm 204, which defines
a ring feedback loop, in contrast to the conventional MZI devices, which
include two open arms. The effect of the measurand molecules causes a
measurable relative phase shift A¢ between the open arm 202, and a
corresponding portion of the ring feedback arm 204. In the RF- MZ| sensor
200, the output E, from the 3dB coupler at the output side is fed back to the
3dB coupler at the input side. When the phase of this feedback loop is equal
to a multiple integer of 2m, the overall transmission characteristics of the
sensor 200 change drastically, as illustrated in FIGS. 7B and 7C. The curves
in FIG. 7B correspond to the modulated transmission of the RF-MZ| sensor
200 for different amounts of optical field attenuation in the feedback loop (a =1
represents zero attenuation). As a comparison, the transmission of a
conventional MZI is also shown in FIG. 7B. Enhancement in sensitivity is
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illustrated in FIG. 7C, which shows the slope of the modulated transmission
as a function of the phase shift. A nearly 100 fold increase in the slope
sensitivity can be achieved in the RF-MZ! sensor 200 as compared with a
conventional MZI. The RF-MZI sensor 200 can be used with optical fiber or
planar waveguides.

[0042] The biochemical sensors of the present teachings achieve
enhanced sensitivity with low fabrication costs. For example, the use of
polymers or polymeric coatings provides rich surface functionality for binding
biomolecules, low surface roughness scattering, and high fiber coupling
efficiency. The polymeric biochemical sensors can be fabricated using the
direct imprinting method, which provides direct integration with electronic and
photonic components, as well as high throughput and low fabrication costs.
Active gain media or nonlinear optical properties can be incorporated in the
polymer components to achieve a narrowed resonance for enhanced
sensitivity.  Further, using a microring structure provides a single-mode
operation, which is very efficient and economical in the use of analyte
solution. Additionally, the present teachings provide ring feedback
enhancement for MZI sensors.

[0043] The description of the invention is merely exemplary in
nature and, thus, variations that do not depart from the gist of the invention
are intended to be within the scope of the invention. Such variations are not

to be regarded as a departure from the spirit and scope of the invention.
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CLAIMS

What is claimed is:

1. A biochemical sensor comprising:

a microcavity resonator comprising a sensing element defining a
closed loop waveguide, and wherein the biochemical sensor is operable to
detect a measurand by measuring a resonance shift in the microcavity
resonator.

2. The biochemical sensor of claim 1, wherein the sensing element
is a microring waveguide having a coating comprising organic material, and
wherein the microcavity resonator further comprises:

at least one bus waveguide operable as input and output; and

a fluid cladding.

3. The biochemical sensor of claim 2, wherein the organic material
comprises polymer and the fluid is selected from the group consisting of air,
water, and organic solvent.

4, The biochemical sensor of claim 2, wherein the microring
waveguide is made entirely of material comprising polymer.

5. The biochemical sensor of claim 2, wherein the bus waveguide
further includes a pair of partially reflecting elements.

6. The biochemical sensor of claim 5, wherein the partially
reflecting elements are waveguide offsets.

7. The biochemical sensor of claim 1, wherein the sensing element
comprises gain media.

8. The biochemical sensor of claim 1, wherein the sensing element
comprises a single-mode propagation waveguide.

9. The biochemical sensor of claim 2, wherein the microring
waveguide is vertically coupled with the bus waveguides.

10.  Aninteferometric biochemical sensor comprising:

an open arm; and

a ring feedback arm coupled to the open arm, the biochemical
sensor operable to amplify a phase shift between the open arm and a
corresponding portion of the ring feedback arm in the presence of a

measurand.
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11.  The interferometric biochemical sensor of claim 10, wherein the
open arm and the ring feedback arm comprise organic material.

12.  The interferometric biochemical sensor of claim 10, wherein the
ring feedback arm comprises active gain media.

13.  The interferometric biochemical sensor of claim 11, wherein the
organic material comprises polymer.

14. A biochemical sensor comprising:

a microcavity resonator having an asymmetric resonance line
shape, wherein the biochemical sensor is operable to detect a measurand by
measuring a resonance wavelength shift in the microcavity resonator.

15. The biochemical sensor of claim 14, wherein the microcavity
resonator comprises a microring waveguide, and at least one bus waveguide
having a pair of partially reflecting elements.

16.  The biochemical sensor of claim 15, wherein the pair of partially
reflecting elements comprise offsets in the bus waveguide.

17. The biochemical sensor of claim 15, wherein the microring
waveguide comprises organic material.

18. The biochemical sensor of claim 17, wherein the microring
comprises gain media.

19. The biochemical sensor of claim 15, wherein the organic
material comprises polymer.

20. The biochemical sensor of claim 15, wherein the microring

waveguide is vertically coupled to the bus waveguide.
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