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SCANNING RESONATOR MICROSCOPY
REFERENCE TO GOVERNMENT RIGHTS

[0001] This invention was made with government support under 1133814 awarded by the

National Science Foundation. The government has certain rights in the invention.
CROSS-REFERENCE TO RELATED APPLICATIONS

[0002] The present application claims priority to U.S. Provisional Patent Application No.
62/140,689 that was filed March 31, 2015, the entire contents of which are hereby

incorporated by reference.
BACKGROUND

[0003] Scanning probe microscopies (SPM) encompass a suite of techniques capable of
probing surfaces with high spatial resolution.'” Atomic force microscopy (AFM) revolves
around sensing mechanical forces between the tip and the sample and affords great flexibility
in sample composition and working environment.* AFM measurements on samples ranging
from solid-state materials to soft biological tissues have been reported in environments
ranging from vacuums to aqueous solutions.”

[0004] Hybrid techniques incorporating AFM have been developed. "™

For example, in
chemical force microscopy (CFM), tips modified with specific functional groups have been
used to probe adhesion or frictional forces between the tip and surface of interest.”'® More
specific interactions have also been probed with tips functionalized with antibodies or other
specific recognition sites.'”""  As another example, electrochemical measurements have been
integrated with AFM to develop scanning electrochemical microscopy (SECM-AFM).* 1>
This enables for simultaneous measurement of topography and electrochemical properties at
the mesoscale. Variations of this approach have been applied to imaging redox-labeled
nanoparticles and, in the life sciences, for studying enzyme activity and cellular oxidation
events.'*® As another example, metal coated AFM tips have been used to develop tip-
enhanced Raman spectroscopy (TERS).'® Most work in this area, however, has focused on
combining fluorescence sensitivity with the high-resolution force mapping. This combination
is particularly informative in biological samples where correlations between fluorescently

labeled species and surface topography can yield new structural insights. The most successful
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implementation is near-field scanning optical microscopy (NSOM) which uses specially
fabricated fiber optic probes to deliver light to the nanometric dimension.'” This approach
provides high-resolution fluorescence and topography information with single molecule

detection limits.'®

[0005] Refractive index probes a fundamental parameter of a material. Mapping the
refractive index of a material is useful given recent developments in photonics and energy

20-22

applications. Refractive index is also used to monitor binding events at surfaces for

. . . . . 23-25
applications in sensing and screening.

Unlike fluorescence measurements, refractive
index sensing does not require an intrinsic fluorophore or external tag and is not limited by
photobleaching. Refractive index sensitivity with AFM has been implemented using both

. . 26-29
surface plasmon resonance and ellipsometric approaches.

SUMMARY

[0006] Provided herein are methods of imaging samples via scanning resonator

microscopy (SRM). Also provided are systems for carrying out the methods.

[0007] In one aspect, a method of imaging a sample via scanning resonator microscopy 1is
provided. In some embodiments, the method comprises positioning a whispering gallery
mode (WGM) optical resonator at a first location over the surface of the sample, the WGM
optical resonator characterized by at least one resonance frequency, wherein the WGM optical
resonator is mounted to the free end of an atomic force microscopy (AFM) cantilever such
that the WGM optical resonator moves with the AFM cantilever, and wherein the AFM
cantilever is operably coupled to an AFM system configured to provide a topographical image
of the sample; evanescently coupling excitation light into the WGM optical resonator;
detecting light derived from the excitation light to monitor for a shift in the at least one
resonance frequency of the WGM optical resonator; and repeating steps (a)-(c) at least at a

second location over the surface of the sample.

[0008] In another aspect, a scanning resonator microscopy system is provided. In some
embodiments, the system comprises a stage configured to support a sample; a WGM optical
resonator characterized by at least one resonance frequency mounted to the free end of an
AFM cantilever such that the WGM optical resonator moves with the AFM cantilever; an
AFM system configured to provide a topographical image of the sample, wherein the AFM

cantilever is operably coupled to the AFM system; optical components configured to

2
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evanescently couple excitation light into the WGM optical resonator; and a detector
configured to detect light derived from the excitation light to monitor for a shift in the at least

one resonance frequency of the WGM optical resonator.

[0009] Other principal features and advantages of the invention will become apparent to
those skilled in the art upon review of the following drawings, the detailed description, and

the appended claims.
BRIEF DESCRIPTION OF THE DRAWINGS

[0010] [ustrative embodiments of the invention will hereafter be described with

reference to the accompanying drawings, wherein like numerals denote like elements.

[0011] FIG. 1A shows a magnified view of an atomic force microscopy (AFM) cantilever
with 45 pm diameter barium titanate microsphere attached on the side. FIG. 1B shows a
schematic of a scanning resonator microscopy (SRM) platform that combines whispering
gallery mode (WGM) sensing with AFM. The microresonator tip was held in an AFM head
that adjusts the tip vertically in contact-mode feedback. The sample below was mounted on a
Dove prism which was held in an x-y piezo scanner to scan the sample under the tip.
Excitation light from a tunable diode laser was directed into the Dove prism creating an
evanescent wave at the sample surface to excite WGMs in the microresonator tip.
Evanescently scattered excitation from the tip was collected from below and detected on an
avalanche photodiode (APD). FIG. 1C shows a WGM spectrum of the microresonator tip
shown in FIG. 1A measured by tuning the diode laser while measuring the scattered
excitation. The spectrum was collected with the tip held in contact-mode at a glass surface

under aqueous conditions.

[0012] FIGs. 2A-2B show refractive index calibration plots for a microresonator tip. FIG.
2A shows calibration based on changes in sucrose concentration of the surrounding solution.
FIG. 2B shows the same microresonator tip calibrated using changes in substrate refractive

index while holding the surrounding refractive index constant (nanopure water).

[0013] FIGs. 3A-3E include SRM topography and optical images. FIG. 3A shows a SRM
topography image and FIG. 3B shows a SRM optical image of a cleaned glass substrate under
aqueous conditions. The excitation wavelength was held constant at 634.842 nm, which

corresponds to the WGM resonance of the tip on glass. The topography image reveals a small

36 nm high feature in the center of the image that corresponds to a large decrease in scattered
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intensity from the microresonator tip. FIG. 3C shows that spectra collected on and off the
feature confirm that the intensity decrease observed in FIG. 3B arises from a shift of the
WGM resonance of the tip. FIG. 3D shows a SRM topography image and FIG. 3E shows a
SRM optical image of the same sample region with the excitation now held at 634.846 nm
which corresponds to the WGM resonance of the tip on the feature. An increase in intensity is

observed as the tip comes into resonance while scanning across the feature.

[0014] FIG. 4A shows a photolithography mask used to pattern thin films of the
photoresist AZ1518 with UV radiation. FIG. 4B shows an SRM optical image of a thin
polymer film following UV exposure. Scattered intensity decreases in UV exposed regions of
the film as the WGM resonance of the microresonator tip shifts due to refractive index

changes. Spectra were collected in air at room temperature.

[0015] FIG. 5 shows the calibration plot (circles) of the microresonator tip used in FIGs.
4A-4B to quantify the changes in refractive index between exposed and unexposed regions of
the polymer film (triangles). From this, the measured refractive index of exposed regions is
1.600 and that of areas not exposed is 1.610. Spectra were collected in air at room

temperature.

[0016] FIG. 6 shows shifts in the WGM resonance of a microresonator tip held in contact-
mode feedback on a bare glass surface versus a biotin-streptavidin coated surface.

Measurements were taken in PBS at room temperature.

[0017] FIGs. 7A-7D show images of a polymeric thin film. FIG. 7A shows a SRM
topographical image. FIG. 7B shows a SRM optical image. FIG. 7C is an expanded image
corresponding to the white dotted square in FIG. 7A. FIG. 7D is an expanded image
corresponding to the black dotted square in FIG. 7B.

[0018] FIGs. 8A-8D show a modified AFM cantilever holder according to an illustrative
embodiment. Two positions of an evanescent coupler positioner mounted to the AFM
cantilever holder are shown in FIGs. 8 A and 8B. A tapered or thinned optical fiber is shown
mounted to the evanescent coupler positioner in FIG. 8C and a Dove prism is shown mounted

to the evanescent coupler positioner in FIG. 8D.
DETAILED DESCRIPTION

[0019] Provided herein are methods of imaging samples via scanning resonator

microscopy (SRM). Also provided are systems for carrying out the methods.
4
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[0020] The technique of scanning resonator microscopy (SRM) combines refractive index
sensing with atomic force microscopy (AFM) by integrating a small optical resonator at the
end of an AFM probe. Small, dielectric spheres (e.g., tens of microns in diameter) are

30-33

attached to AFM probes as the optical resonators. The resonators are used to sense

surface refractive index through changes in their whispering gallery mode resonances.

[0021] Light evanescently coupled into axially symmetric dielectric structures, such as a
glass microsphere, can undergo nearly total internal reflection at each interaction with the

- . . 23-25, 34-38
dielectric interface. ’

When the light circumnavigates the microsphere and returns in
phase, constructive interference leads to morphology dependent resonances known as

whispering gallery modes (WGM). These quasi-modes are given by:

A = 2Z (Equation 1)

m

wherein A is the wavelength of light, r is the radius of the resonator, m is an integer, and nes
is the effective or orbital refractive index of the sphere. Refractive index changes, therefore,
lead to shifts in the WGM resonance.” ***

[0022] Microsphere resonators may be fabricated in a range of sizes and materials and,
since they are formed from melts, have exceptionally smooth surfaces that contribute to large
quality factors (Q-factors).”* High Q resonators have long effective path lengths as trapped

light circulates within the resonator.** *°

This, combined with their narrow spectral linewidth
(pm), leads to sensitive refractive index detection in a compact structure. By integrating a
WGM resonator at the end of an AFM cantilever, it is possible to simultaneously map surface
refractive index with topography. As described in the Examples, calibration plots confirmed
that the WGM resonance of the tip bound resonator shifts linearly with changes in substrate
refractive index. The optical resonator also acts as the stylus in contact-mode AFM, enabling
surface topographical features to be directly correlated with changes in surface refractive
index. As described in the Examples, below, studies were carried out on a range of samples

to validate the approach and demonstrate the potential of this new surface characterization

technique.

[0023] In one aspect, methods of imaging a sample via SRM are provided. In one
embodiment, a method of imaging a sample comprises positioning a whispering gallery mode
(WGM) optical resonator at a first location over the surface of a sample, wherein the WGM
optical resonator is mounted to the free end of an atomic force microscopy (AFM) cantilever

and wherein the AFM cantilever is operably coupled to an AFM system configured to provide
5
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a topographical image of the sample. The method further comprises coupling excitation light
into the WGM optical resonator and detecting light derived from that excitation light. The
method further comprises repeating these steps at least at a second location over the surface of
the sample. The steps may be repeated at a sufficient number of locations over the surface of
the sample to generate an optical image of the sample simultaneously with the topographical

image.

[0024] As further described below, detection of the light derived from the excitation light
generates optical information or an optical image which is quantitatively related to shifts in
the resonance frequencies of the WGM optical resonator due to changes in the refractive
index across the surface of the sample being analyzed. Thus, the disclosed methods are
capable of providing a surface refractive index map of the sample. Changes in the surface
refractive index may be due to local compositional or structural changes in the material at the
surface of the sample or due to a change in local temperature of the surface (or combinations
thereof). Thus, the disclosed methods may also be used to sense and quantify events (e.g.,
binding events) which result in such local compositional, structural, and temperature changes.
Since the disclosed methods are also capable of simultaneously generating topographical
information or a topographical image, changes in the surface refractive index may be directly
correlated to structural features or the topography of the sample being characterized. Thus,
the disclosed methods may be used in surface characterization applications and in sensing and

screening applications.

[0025] By “WGM optical resonator,” it is meant any optical resonator which is capable of
supporting whispering gallery modes, electromagnetic waves which propagate at the edge of
the optical resonator, as discussed above. The WGM optical resonator may be characterized
by its resonance frequencies (see Equation 1), those frequencies at which light can be most
strongly coupled into and propagate in the optical resonator. The WGM optical resonator
may be characterized by its quality factor, Q-factor. In some embodiments, the WGM optical
resonator is characterized by a Q-factor of at least about 10", at least about 10°, at least about
10°, at least about 10", etc. The WGM optical resonator may be distinguished from quantum
dot/microsphere structures such as those disclosed in Amini ef al., Eur. Phys. J. Special

Topics 223, 2023-2033 (2014),which are characterized by a Q-factor of about 100.

[0026] The WGM optical resonator may assume a variety of shapes, e.g., a sphere, a

cylinder, a toroid, a disk, etc. The WGM optical resonator may assume a variety of

6
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dimensions. By way of illustration, the WGM optical resonator may be characterized by a
diameter in the range of from about 10 um to about 50 um. This includes embodiments in
which the diameter is in the range of from about 10 um to about 30 um or from about 10 um

to about 15 pum.

[0027] The WGM optical resonator may be formed from a variety of transparent
materials, depending upon the desired characteristic, e.g., resonance frequencies, Q-factor,
etc. By transparent it is meant that the material is substantially transparent at one or more of
the resonance frequencies of the WGM optical resonator. Suitable exemplary transparent
materials include a variety of semiconductors, glasses and crystals, e.g., silica, CaF,, MgF»,
LiNbOs, BaTiOs, etc. In some embodiments, the WGM optical resonator does not comprise
quantum dots embedded therein, such as the quantum dot/microsphere structures disclosed in

Amini et al., Eur. Phys. J. Special Topics 223, 2023-2033 (2014).

[0028] In some embodiments, the WGM optical resonator is uncoated and/or
unfunctionalized, by which it is meant that the surface of the WGM optical resonator is
substantially free of a coating material and/or substantially free of individual molecules from
which the coating material is formed, e.g., substantially free of biological molecules such as
proteins, antibodies, enzymes, oligonucleotides, etc., and/or a layer of such biological
molecules. However, in some embodiments, the WGM optical resonator is coated and/or
functionalized, e.g., with such biological molecules or a layer of such biological molecules.
In some embodiments the resonator may be functionalized with recognition elements for

specific sensing.

[0029] In some embodiments, the WGM optical resonator is coated with a layer of a
metal, e.g., silver or gold. Excitation light coupled to such metal coated WGM optical
resonators can generate surface plasmon polaritons which are sensitive to changes in local
refractive index. Such metal coated WGM optical resonators can exhibit enhanced sensitivity
to changes in surface refractive index. In some such embodiments, a tapered optical fiber is
used as an evanescent-field coupler to couple excitation light into the WGM optical resonator.
The WGM optical resonator may be attached to the end of the tapered optical fiber and the
entire assembly coated with the layer of metal so as to ensure the light is efficiently coupled

from the tapered optical fiber into the attached WGM optical resonator.

[0030] The WGM optical resonator is mounted to the free end of an AFM cantilever. As

used herein, the term “mount” includes join, unite, connect, couple, associate, insert, hang,
7
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hold, affix, attach, fasten, bind, paste, secure, bolt, screw, rivet, solder, weld, glue, form over,
form in, layer, mold, rest on, rest against, abut, and other like terms. The phrases “mounted

29 CC

to,” “mounted on,” and equivalent phrases indicate any interior or exterior portion of the
element reference. These phrases also encompass direct mounting (in which the referenced
elements are in direct contact) and indirect mounting (in which the referenced elements are
not in direct contact, but are connected through an intermediate element). Elements
referenced as mounted to each other herein may further be integrally formed together, for
example, using a molding or thermoforming process. As a result, elements described herein
as being mounted to each other need not be discrete structural elements. The elements may

be mounted permanently, removably, or releasably unless specified otherwise.

[0031] The mounting configuration of the WGM optical resonator on the AFM cantilever
(e.g., the type of mounting and the position, orientation, etc. of the WGM optical resonator
with respect to the AFM cantilever) is that which allows the WGM optical resonator to
function as the tip (i.e., that portion of the AFM cantilever brought closest to or in contact
with the surface of the sample) of the AFM cantilever. The mounting configuration may also
be that which minimizes or prevents substantial interference with the ability of the WGM
optical resonator to support whispering gallery modes upon coupling of light into the WGM
optical resonator. By way of illustration, a suitable mounting configuration is shown in FIGs.
1A and 1B. The AFM cantilever of FIGs. 1A and 1B comprises a top surface and a bottom
surface and a front surface, a back surface and side surfaces extending between the top and
bottom surfaces. As shown in FIGs. 1A and 1B, the WGM optical resonator may be mounted
to one of the side surfaces of the AFM cantilever (e.g., via a layer of an adhesive). Other
mounting configurations may be used. By way of another illustration, the WGM optical
resonator may be mounted to the tip of the AFM cantilever. A variety of commercially
available AFM cantilevers may be used, including tipless AFM cantilevers. The use of tipless
AFM cantilevers enables smaller WGM optical resonators to be attached, thus increasing

spatial resolution.

[0032] The AFM cantilever is operably coupled to an AFM system configured to provide
a topographical image of a sample. The AFM system may include a variety of conventional
components used for providing topographical images via atomic force microscopy, e.g., AFM
head, AFM controller, etc. The AFM system is configured to move the AFM cantilever, the
sample, or some combination of both, in the x, y and/or z directions. By way of illustration,

as shown in FIG. 1B, the AFM head may be configured to move the AFM cantilever relative
8
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to the sample in the z direction while a separate stage configured to support the sample is
configured to move the sample relative to the AFM cantilever in the x and y directions. The
AFM system may be configured to detect the deflection of the AFM cantilever due to
interaction with the surface of the sample via laser beam deflection. The AFM system may be
configured to operate in contact mode. Other deflection detection mechanisms and imaging

modes may be used.

[0033] In the disclosed methods, excitation light is coupled into the WGM optical
resonator. The wavelength of the excitation light may be that which substantially matches a
resonance frequency of the WGM optical resonator (see Equation 1) in order to excite a
whispering gallery mode of the WGM optical resonator. This resonance frequency may be
the resonance frequency of the WGM optical resonator as determined under a particular
control environment. The control environment may be the WGM optical resonator near to or
in contact with a particular substrate (e.g., glass) or a particular control sample or a particular
area of the test sample under air or aqueous conditions. Other control environments may be
used. Thus, the particular wavelength of the excitation light will depend upon the particular
WGM optical resonator and the particular control environment. The wavelength of the
excitation light may be fixed or may be tuned over a range of wavelengths, including a range
which encompasses a wavelength which is substantially resonant with the WGM optical

resonator.

[0034] Various techniques for coupling the excitation light into the WGM optical
resonator may be used. Evanescent-field coupling techniques may be used, involving
evanescent-field couplers such as prisms, thinned optical fibers, tapered optical fibers, etc.
Other coupling methods may be used. As shown in FIG. 1B, a dove prism mounted
underneath the WGM optical resonator is used as an evanescent-field coupler. Evanescent-
field coupling techniques, which directly excite the WGM modes in the WGM optical
resonator via near-field light, are distinguished from techniques which make use of far-field
light to indirectly excite microspheres via quantum dots embedded therein, such as those

disclosed in Amini ef al., Eur. Phys. J. Special Topics 223, 2023-2033 (2014).

[0035] Configurations in which an evanescent coupler rides with the WGM optical
resonator on the AFM cantilever may also be used. Such configurations enable
measurements on opaque samples and samples with large topography changes. Such

configurations also completely decouple the topography and optical signals and enable the

9
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coupler/resonator gap to be tuned towards the critical coupling condition, where resonator Q
is maximized.* For example, a tapered or thinned optical fiber may be mounted to the AFM
cantilever (or to a holder for the AFM cantilever) in a position which is sufficiently close to
the surface of the WGM optical resonator so that the evanescent field generated by light
traveling down the fiber can couple into the WGM optical resonator. A Dove prism (e.g.,

Edmund Optics, Stock # 85-155) may be similarly mounted.

[0036] ustrative configurations are shown in FIGs. 8A-D. FIG. 8A shows a
commercially available AFM cantilever holder 800 (which may be mounted to a
commercially available AFM head). As shown in expanded view of the white dotted circle of
FIG. 8C, an AFM cantilever 803 is mounted to a substrate 802, which is mounted to a
substrate holder 805 of the AFM cantilever holder 800. The AFM cantilever 803 includes a
probe (tip) 804 onto which a WGM optical resonator (not shown due to small size) is
mounted. (It is noted that, also due to its small size, the AFM cantilever 803/probe (tip)
804/WGM optical resonator assembly is not clearly visible or labeled in FIGs. 8A, 8B and
8D. It is also noted that the expanded view shows a front, perspective view of the assembly
while the view of FIG. 8C is a top, plan view.) In this embodiment, the AFM cantilever
holder 800 has been modified to include an evanescent coupler positioner 806 mounted
thereon. The positioner 806 is configured to achieve lateral adjustment (in-plane) and vertical
adjustment via a lateral adjustment screw 808 and a vertical adjustment screw 810,
respectively. Lateral adjustment (illustrated in FIG. 8B) is used to bring the evanescent
coupler into position above the WGM optical resonator while vertical adjustment is used to
bring the evanescent coupler sufficiently close to the WGM resonator so that the WGM
resonator is within the evanescent field of the evanescent coupler. An evanescent coupler
such as a tapered or thinned optical fiber (FIG. 8C) or a Dove prism (FIG. 8D) may be

mounted to the evanescent coupler positioner 806.

[0037] In another embodiment, a WGM optical resonator (e.g., a spherical WGM optical
resonator) may be formed at the end of a tapered optical fiber using heat. As described above,
the tapered optical fiber can serve as an evanescent-field coupler to couple the excitation light
into the WGM optical resonator. However, in this embodiment, by also operably coupling
the tapered optical fiber to the AFM system as described above, the tapered optical fiber can

also serve as the AFM cantilever itself.

10
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[0038] In the disclosed methods, light derived from the excitation light is detected by an
appropriate detector, e.g., a photodiode. This light may be evanescently scattered light from
the WGM optical resonator which is generated via the excitation of a whispering gallery
mode in the WGM optical resonator, wherein a maximum value of the evanescently scattered
light indicates resonant coupling of the excitation light into the WGM optical resonator.
Alternatively, this light may be excitation light which is transmitted by the WGM optical
resonator during the light coupling process, wherein a minimum value of the transmission
indicates resonant coupling of the excitation light into the WGM optical resonator. Detection
of the light derived from the excitation light enables the detection and quantification of
changes in scattering intensity or transmission. For example, when the excitation light is
fixed to a wavelength which substantially matches a resonance frequency of the WGM optical
resonator, such changes are indicative of, and quantitatively related to, shifts in the resonance
frequencies of the WGM optical resonator due to changes in the effective refractive index of
the WGM optical resonator and thus, changes in the refractive index of the surface being

characterized by the disclosed methods.

[0039] In the disclosed methods, the WGM optical resonator is positioned at various
locations over the surface of the sample. The positioning of the WGM optical resonator may
be accomplished by moving the AFM cantilever (to which the WGM optical resonator is
mounted) relative to the surface of the sample or by moving the surface of the sample relative
to the AFM cantilever or some combination thereof. In other words “positioning the WGM
optical resonator” encompasses physically moving the AFM cantilever/WGM optical
resonator as well as physically moving the surface of the sample. The dimension of the gap
between the surface of the WGM optical resonator and the surface of sample when the WGM
optical resonator is in position over the surface of the sample may be sufficiently minimized
such that the evanescent field emanating from the surface of the WGM optical resonator
(generated via the excitation of a whispering gallery mode) sufficiently extends into the
surface of the sample. The surface of the WGM optical resonator may be substantially in

contact with the surface of the sample.

[0040] The types of samples to be characterized by the disclosed methods are generally
not limited. Illustrative samples include thin films, e.g., thin polymer films; lipid membranes;
and binding assays comprising a layer or an array of biological molecules (e.g., proteins,
antibodies, enzymes, oligonucleotides, etc.) capable of binding to target analytes. Such arrays

may comprise a plurality of regions wherein each region comprises a layer of biological
11
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molecules. Individual regions of the plurality of regions may comprise different types of
biological molecules so as to be sensitive to different types of analytes. The samples may be

deposited or grown on a variety of substrates, e.g., glass substrates.

[0041] The WGM optical resonator may also be used to generate an additional optical
signal, e.g., fluorescence, simultaneously with the topological and surface refractive index
information, thereby adding another contrast mechanism to the disclosed methods. Thus, the
disclosed methods may further comprise detecting fluorescence from the sample. In some
embodiments, the fluorescence is from fluorescing species in the sample. When the WGM
optical resonator is excited at a resonance frequency and excitation light circulates within the
WGM optical resonator, the evanescent field emanating from the outer surface of the WGM
optical resonator may be used to excite such fluorescing species, leading to a fluorescence
signal generated at nearest contact between the WGM optical resonator and the sample. For
example, evanescently scattered light from the WGM optical resonator can be detected and
used to quantify refractive index as described above, while another detector can detect
fluorescence by detecting light from the sample after it is sent through a long pass filter to
remove excitation light. Given the decay length of the evanescent field emanating from the
outer surface of the WGM optical resonator, this embodiment is useful for detecting
fluorescing species in the sample that are within about 100 nm to about 200 nm of the WGM

optical resonator.

[0042] In other embodiments, the WGM optical resonator may be used to provide energy
transfer measurements wherein the fluorescence is from a fluorescence resonance energy
transfer (FRET) pair of molecules (e.g., dye molecules). For example, a donor (or acceptor)
dye molecule of a FRET pair can label the sample and the acceptor (or donor) dye molecule
of the FRET pair can be attached to the WGM optical resonator. Methods for attaching dye
molecules are known, e.g., see Vickery et al., “Scanning Near-Field Fluorescence Resonance
Energy Transfer Microscopy,” Biophysical Journal, Volume 76, April 1999, 1812-1818,
which is hereby incorporated by reference in its entirety. Moreover, fluorescent dyes may be
attached to WGM optical resonators without substantial degradation in performance (i.e., Q-
factors). Next, donor dye molecules are excited (e.g., by the evanescent field emanating from
the outer surface of the WGM optical resonator). As the distance between the donor dye
molecules and acceptor dye molecules decreases (i.e., as the WGM optical resonator and
sample surface get closer), energy transfer can occur, generating a fluorescence signal from

the acceptor dye molecules which may be detected as described above. The FRET process is
12
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strongly dependent upon distance so only donor-acceptor dye molecules within a few
nanometers of each other will efficiently transfer their energy, thus providing a very sensitive
proximity probe. For example, this embodiment may be used to discriminate between species

located on either side of a biological membrane.

[0043] In another aspect, SRM systems for carrying out the disclosed methods are
provided. In one embodiment, the SRM system comprises a stage configured to support a
sample; a WGM optical resonator mounted to the free end of an AFM cantilever; a AFM
system configured to provide a topographical image of the sample, wherein the AFM
cantilever is operably coupled to the AFM system; optical components configured to couple
excitation light into the WGM optical resonator; and a detector configured to detect light
derived from the excitation light. The system may further comprise a light source, e.g., a
laser, configured to generate the excitation light. If fluorescence or another optical signal is to
be detected as described above, the system may further comprise an additional detector. The
system may further comprise a variety of optical components configured to direct and shape
the excitation light and optical components configured to collect, direct and shape the
detected light. Optical components may include, e.g., lenses, prisms, microscope objectives,
fiber optics, mirrors, beamsplitters, etc. The system may further comprise a variety of
electrical or mechanical components typically associated with AFM systems. The system
may further comprise a variety of electrical components for coupling excitation light into
WGM optical resonators or otherwise manipulating excitation light. Such electrical

components may include, e.g., lock-in amplifiers, PDH servo loops, etc.

[0044] Regarding lock-in amplifiers, in some embodiments, the system further
comprises a phase sensitive lock-in detection system operably coupled to the light source
configured to generate the excitation light and to the detector configured to detect light
derived from the excitation light. The phase sensitive lock-in detection system may be
configured to modulate a wavelength of the excitation light at a selected frequency and to
monitor for shifts in the resonance frequencies of the WGM optical resonator via phase
changes with respect to a reference signal. For example, the phase sensitive lock-in detection
system may comprise a function generator, a lock-in amplifier, and a track and hold circuit.
The function generator may be used to modulate the wavelength of the excitation light at the
selected frequency as well as to provide the reference signal for the lock-in amplifier. The
track and hold circuit may be used to eliminate any redundant signal generated at the detector

due to the modulated excitation light. The lock-in amplifier may be used to detect shifts in
13
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the resonance frequencies of the WGM optical resonator through phase changes with respect
to the reference signal. An exemplary phase sensitive lock-in detection system is further
described at Kim ef al., “Integrating Whispering Gallery Mode Refractive Index Sensing with
Capillary Electrophoresis Separations Using Phase Sensitive Detection,” Analytical
Chemistry, 2016, 88, 1426-1433, which is hereby incorporated by reference in its entirety.
Use of phase sensitive lock-in detection allows for tracking spectral shifts in real time.
Therefore, each pixel in a topographical image can be correlated with a shift in the resonance
frequencies of the WGM optical resonator (and thus, with a change in the surface refractive

index).

[0045] FIG. 1B shows an illustrative SRM system. The SRM system may comprise
fewer, additional, or different components as compared to those shown in FIG. 1B, e.g.,
depending upon the type of AFM cantilever and AFM system, the type of WGM optical

resonator, the type of technique used to couple the excitation light and the type of detector.

EXAMPLES

[0046] Overview

[0047] These Examples illustrate the technique of scanning resonator microscopy (SRM)
in which whispering gallery mode (WGM) sensing is integrated with atomic force
microscopy (AFM). The hybrid technique combines the exquisite refractive index sensing of
whispering gallery mode resonators with the topography mapping capabilities of AFM. A 45
um diameter barium titanate microsphere was attached to the end of a conventional AFM
cantilever and acts as both a WGM resonator and stylus for mapping surface topography.
Calibration plots, taken in contact-mode feedback, show that the WGM spectrum responds to
changes in both solution and substrate refractive index. SRM imaging of a glass substrate
reveals changes in surface refractive index that correspond to a small, 36 nm high feature
measured simultaneously in the contact-mode topography image. Spectral measurements
confirm that the contrast arises from refractive index changes and not coupling with sample
topography, thus validating the technique. Additional measurements on thin polymer films

and protein coated surfaces are provided and discussed.

[0048] Methods

14
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[0049] SRM Imaging and Spectral Measurements: 45 pm diameter barium titanate
microresonators (Mo-Sci Corporation) were attached to the sides of conventional AFM
cantilevers (MikroMasch CSC38) using UV curable adhesive (Loctite 3525). The modified
microresonator tip was held in a Dimension AFM head (Digital Instruments) that uses laser
light reflected from the end of the tip to generate the feedback signal. The sample was
mounted below the tip on a Dove prism, which was held in an x-y closed-loop piezo scanner
(Physik Instrumente) that raster scanned the sample. Both AFM head and sample scanner
were mounted on an inverted optical microscope (Zeiss Axiovert 135) using a design similar

to the Bioscope AFM (Digital Instruments).

[0050] WGM excitation from a tunable diode laser centered at 635 nm (New Focus
Vortex II TLB-6900) was focused into the Dove prism, which refracts the light to the sample
interface at an angle leading to total internal reflection. The evanescent field at the sample
surface can couple light into the microresonator as the modified AFM tip is lowered into the
field. To measure tip WGM resonances, the wavelength of the laser was scanned as
evanescently scattered excitation from the tip is collected from below with the inverted
microscope (Olympus Plan N 4x, 0.10 NA) and detected on an avalanche photodiode (APD)
detector (SPCM-200, EG&G). Laser control, sample scanning, tip feedback, and signal
collection were all integrated with a modified AFM controller and software (Digital

Instruments Nanoscope I1la).

[0051] All measurements were done with the microresonator tip held at the sample
surface in contact-mode feedback. For SRM imaging, the diode laser was tuned to the WGM
resonance of the tip and held at that wavelength during imaging. To calibrate the response of
each tip, substrate refractive index was varied as indicated (ESCO Optics). All calibrations
were done without sample scanning while holding the tip in feedback mode on the surface.
All spectral measurements and imaging were carried out at room temperature, and under

aqueous or dry conditions as specified.

[0052] AZ1518 Thin Films: To prepare polymer thin films, unmodified AZ1518 (AZ
Electronic Materials) was spin cast (Brewer Science Cee 100) onto clean microscope slides
(Fisherbrand cover glass) to a thickness of 1-2 microns, as verified using surface profilometry
(Tencor Alphastep 200). Custom photolithography masks were designed in AutoCAD and
fabricated by Infinite Graphics, Inc. Films were soft baked (2 min. at 100 °C), aligned with
the mask, and then exposed to 365 nm radiation (ABM Mask Aligner, i-line flood source) to
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modify the polymer structure. Exposure times varied from 15 to 30 seconds. Following
exposure, samples were hard baked (10 min. at 100 °C) to remove residual solvent and
increase the refractive index contrast. SRM measurements were carried out in air using

contact-mode AFM feedback at room temperature.

[0053] Protein Coated Slides: Microscope slides were cleaned in Pirhana (70:30
H;S04:H,0,) and subsequently rinsed with de-ionized water, ethanol, and toluene. Pirhana
solution is extremely dangerous and should only be used in a properly vented hood using
appropriate attire and precautions. The clean slides were reacted in 5% (3-
aminopropyl)triethoxysilane (APTES) / toluene for approximately 2 hours, rinsed in toluene,
ethanol, and finally phosphate buffered saline (PBS). The functionalized slides were
incubated in 5% gluteraldehyde in PBS for 1 hour. Aldehydes on the surface were reacted
with bovine serum albumin (BSA)-biotin (Thermo Scientific) which was then incubated with
streptavidin (Thermo Scientific). SRM experiments comparing bare glass slides with protein
coated surfaces were carried out in PBS at room temperature. All reagents were purchased

from Fisher Scientific unless otherwise noted.

[0054] Results and Discussion

[0055] To integrate WGM sensing with AFM, a small microsphere resonator was

attached to the end of a conventional AFM cantilever. As show in FIG. 1A, a 45 um diameter
barium titanate microsphere (Mo-Sci Corporation) was attached to the end of an AFM
cantilever using UV curable adhesive. The AFM cantilever shown is 350 um long and 32.5
um wide, with a nominal spring constant of 0.03 N/m (MikroMasch, CSC38). The
microsphere resonator was attached to the side of the cantilever to leave a pristine path around

the sphere to support WGM resonances.

[0056] The microresonator tip was mounted in a Dimension AFM head that was
incorporated into a modified Bioscope AFM (Digital Instruments), as shown schematically in
FIG. 1B. The AFM was built on an inverted optical microscope (Zeiss Axiovert 135)
equipped with a 4x objective (Olympus PlanN, 0.10 NA). The sample was mounted below the
AFM head on a Dove prism (Edmund Scientific) which was held in a closed-loop x-y piezo
stage (Physik Instrumente). The xy piezo stage raster scanned the sample below the
microresonator tip while the z-piezo of the AFM head (x and y piezos disabled) adjusted the

tip-sample gap in contact-mode feedback.
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[0057] To excite WGM modes in the microresonator tip, light from a tunable diode laser
(New Focus Vortex II TLB-6900, center wavelength 635 nm) was focused into the Dove

. 37-38
prism.

Light entering the Dove prism was refracted towards the transparent sample at an
angle leading to total internal reflection at the interface. The associated evanescent field at the
sample surface coupled radiation into the microresonator tip as it nears the surface. To
measure the WGM resonance, evanescently scattered light from the resonator was collected
with the microscope objective and detected on an avalanche photodiode (APD) detector
(SPCM-200, EG&G). The large size of the resonator compared with the rapid decay of the
evanescent field leads to scatter dominated by the lower region of the resonator, closest to the

341 This results in a well-defined spot of scattered radiation from the side of

sample surface.
the resonator that is easily collected and imaged onto the detector. The output of the APD
detector was sent to a photon counting module in the AFM controller (Digital Instruments

Nanoscope Illa), which controls sample scanning and data acquisition.

[0058] FIG. 1C shows the WGM spectrum of the modified microresonator AFM tip
shown in FIG. 1A. The WGM resonance was measured while the tip was held in contact-
mode feedback at a glass surface under aqueous conditions. Spectra were measured by
collecting evanescently scattered light as the wavelength of the tunable diode laser is swept.>"
*! Typical Q-factors measured for the modified microresonator AFM tips ranged from 5x10*
to 1x10°. The particular spectrum shown in FIG. 1C, for example, indicates a measured Q-
factor of 1x10° which is likely limited by over-coupling arising from the direct contact

. . 42
between the microresonator tip and sample surface.

[0059] To show that the microresonator tip responds as expected, FIG. 2A plots the shifts
in the WGM resonance as the refractive index of the surrounding solution was systematically
increased with sucrose concentration (degrees Brix). A linear red shift in WGM resonant
wavelength with refractive index is observed in accordance with Equation 1. However, since
SRM is a surface technique, calibrating the refractive index response through changes in the
surrounding solution does not accurately mimic the experimental measurable. FIG. 2B,
therefore, shows a second calibration plot using the same microresonator tip, calibrated using
changes in the substrate refractive index. In these measurements, the surrounding bath
refractive index was held constant (nanopure water) while the surface refractive index was
varied by changing the substrate. FIG. 2B shows the linear response of the resonator to
surface refractive index, albeit with reduced sensitivity due to the limited region of interaction

between the resonator and the surface.
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[0060] Having demonstrated that a microresonator tip responds to surface refractive
index, FIGs. 3A-3E show initial SRM imaging measurements. For these measurements, the
microsphere resonator acts as both the stylus to sense sample topography in contact-mode
feedback and WGM resonator that responds to changes in surface refractive index. FIGs. 3A
and B show 15 um x 15 um topography and SRM optical images, respectively, of a cleaned
glass microscope slide under aqueous conditions. The image in FIG. 3B was measured with
the excitation wavelength held constant at 634.842 nm, corresponding to the WGM resonance
of the microresonator tip on the glass surface. The topography image revealed a small 36 nm
high feature in the middle of the image due to contamination on the otherwise smooth glass
surface. This feature corresponds to a large change in intensity observed in the corresponding
WGM image. A large, reversible decrease in the evanescently scattered light from the
microresonator tip was observed in FIG. 3B as the microresonator tip was scanned across the

feature.

[0061] To confirm that the WGM contrast seen in FIG. 3B arises from spectral shifts and
not coupling with the surface topography, the microresonator tip was positioned and held at
the locations indicated in FIG. 3C while spectra were recorded. With the tip positioned 10 um
on either side of the feature, the WGM spectrum indicates a resonant wavelength at 634.842
nm. When the tip is centered on the feature, the WGM spectrum red shifts to 634.846 nm
indicating a larger refractive index than the surrounding glass substrate. These measurements
confirm that the intensity contrast measured in FIG. 3B arises from variations in sample
refractive index and not coupling between the topography and optical signals. This is further
confirmed in FIGs. 3D and E, where the same sample area was imaged again but with the
excitation wavelength tuned to match the WGM resonance of the tip on the feature at 634.846
nm. An increase in evanescent scattering from the tip is now observed at the center of the
image as the microresonator tip comes into resonance when it crosses the sample feature. For
the images shown in FIGs. 3A-3E, the actual size of the feature on the surface is smaller than
the microresonator tip used in the imaging. AFM tips modified with 45 um resonators
routinely lead to a spatial resolution of approximately 2 um. Resolution can be improved
using smaller resonators, provided the resonator is still capable of supporting WGM

resonances.

[0062] The measurements in FIGs. 3A-3E illustrate the surface refractive index sensing
capabilities of SRM, which is particularly useful for characterizing thin polymer films. Thin

polymer films are rapidly emerging as important materials for photonic applications where
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refractive index structures can be engineered into the films.**** FIGs. 4A-4B shows an SRM
measurement on a thin film of the photoreactive polymer AZ1518. This photoresist is used
extensively in microfabrication applications where thin films are easily fabricated on
substrates by spin casting.*> AZ1518 has a refractive index of 1.623 (632.8 nm), which shifts
to lower values upon exposure to UV radiation as diazonaphthoquinone (DNQ) in the
polymer undergoes a series of physicochemical changes that ultimately converts it to a

d.*** The final refractive index change in the exposed film depends on the

carboxylic aci
degree of photoactivation and the amount of residual solvent remaining in the film following

post exposure baking.*’

[0063] To create refractive index test samples, standard photolithography techniques were
used to expose thin films of AZ1518 to UV radiation through the mask shown in FIG. 4A.
Following exposure, the films were baked to remove residual solvent but not processed
further, leaving smooth polymer films with refractive index features encoded by the mask.
FIG. 4B shows a representative refractive index image of the thin film taken with SRM. The
particular 45 um diameter resonator tip used had a Q of 1x10” and images were collected
while holding the excitation wavelength constant at 634.848 nm, corresponding to the tip
resonance in contact with the unexposed regions of the polymer. In FIG. 4B, a reversible shift
in contrast is observed as the microresonator tip scans across the exposed regions of the
polymer film, accurately mapping the exposed mask feature. The lower intensity reflects
reduced scattering from the microresonator tip as the change in refractive index shifts its
WGM resonance. It is important to note that these films were imaged following exposure to

UV light without any further development in order to visualize the structures.

[0064] To gain a more quantitative view of the refractive index differences between the
exposed and unexposed regions of AZ1518 films, spectra were collected in both regions and
the resonator was calibrated. The calibration plot shown in FIG. 5 was used to calculate the
refractive index values for both exposed and unexposed regions of the polymer film based on
the measured WGM resonant wavelength of the tip in these regions (inset FIG. 5). From FIG.
5, the measured refractive index in unexposed regions is 1.610. This is lower than literature
values of 1.623.* This difference may reflect residual solvent in the films or unintended
exposure of these regions, both of which will lower film refractive index.*” In exposed
regions of the polymer, the measured refractive index is 1.600, reflecting the expected shift to

lower refractive index following UV exposure.
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[0065] Finally, experiments to explore the utility of SRM for characterizing binding at
surfaces were conducted. FIG. 6, for example, compares WGM spectra taken with SRM in
PBS buffer on a bare glass substrate compared with that taken on a glass surface coated with
protein. For the protein surface, bovine serum albumin-biotin was covalently attached to a
glass slide, which was then incubated with streptavidin in PBS. Red shifts in the measured
WGM resonance are observed on the protein coated surface, consistent with the presence of
the biotin-streptavidin complex. FIG. 6 shows that the WGM resonator can be used to
monitor binding at surfaces. Moreover, the same resonator may be used to monitor binding of
multiple analytes at various sites, thus alleviating issues in calibration and varying resonator
Q-factors. This also introduces a quantitative, high resolution approach for monitoring

binding at high-density surface arrays that does not require the introduction of labels.
[0066] Conclusion

[0067] In the SRM approach, whispering gallery mode sensing is combined with AFM to
simultaneously characterize refractive index and surface topography. The data shown validate
the SRM approach and illustrate the flexibility of the approach for characterizing refractive
index structures at surfaces. WGM sensing can routinely characterize refractive index
changes less than 10”7 RIU and mapping these changes with high spatial resolution provides a
new tool for material characterization.” By contrast to techniques based on AFM and either
surface plasmon resonance or ellipsometry, the SRM approach is capable of providing higher
spatial resolution and a direct pixel by pixel comparison between an optical image and a
topographical image. The SRM approach is also capable of reduced coupling between the

optical and topographical images, thereby simplifying image analysis.

[0068] Refractive index measurements are also used in sensing applications where
binding events are quantified.>***"** SRM enables similar measurements at surfaces. By
contrast to conventional sensing applications, the SRM approach does not require resonator
functionalization, thereby allowing the same microresonator tip to be used to quantify binding
at several sites. The SRM approach, therefore, simplifies calibration, reduces complications
arising from Q variation among resonators, and dovetails nicely with progress being made in

fabricating high-density arrays.

[0069] Scanning Resonator Microscopy of Polymeric Thin Films

[0070] A 1% solution of AF2400 resin in fluorinated solvent FC40 was spin cast onto a

glass substrate to produce a thin film. SRM measurements were carried out as described in
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the example above. The topography image in FIG. 7A reveals semi-circular domains
approximately 50 - 150 nm high. The corresponding SRM optical image in FIG. 7B shows
decreased scattering from these features. Much darker contrast in the SRM optical image
arises from small particles with heights ranging from 3 — 30 nm. These particles are observed
decorating the larger domains and isolated in the smooth regions between domains. These
particles correspond to large decreases in intensity in the SRM optical contrast even though
their height is modest. This is most clearly seen in the expanded regions shown in FIGs. 7C
(white dotted square of FIG. 7A) and 7D (black dotted square of FIG. 7B). The measured
particle height of 9 nm is near the expected globule size of the polymer particles (6 nm) and
the large contrast observed in the SRM optical image is consistent with the low refractive

index of the AF2400 polymer.

[0071] The word "illustrative" is used herein to mean serving as an example, instance, or
illustration. Any aspect or design described herein as "illustrative" is not necessarily to be
construed as preferred or advantageous over other aspects or designs. Further, for the

purposes of this disclosure and unless otherwise specified, "a" or "an" means "one or more”.

[0072] The foregoing description of illustrative embodiments of the invention has been
presented for purposes of illustration and of description. It is not intended to be exhaustive or
to limit the invention to the precise form disclosed, and modifications and variations are
possible in light of the above teachings or may be acquired from practice of the invention.
The embodiments were chosen and described in order to explain the principles of the
invention and as practical applications of the invention to enable one skilled in the art to
utilize the invention in various embodiments and with various modifications as suited to the
particular use contemplated. It is intended that the scope of the invention be defined by the

claims appended hereto and their equivalents.
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WHAT IS CLAIMED IS:

1. A method of imaging a sample comprising:

(a) positioning a whispering gallery mode (WGM) optical resonator at a first
location over the surface of the sample, the WGM optical resonator characterized by at least
one resonance frequency, wherein the WGM optical resonator is mounted to the free end of
an atomic force microscopy (AFM) cantilever such that the WGM optical resonator moves
with the AFM cantilever, and wherein the AFM cantilever is operably coupled to an AFM
system configured to provide a topographical image of the sample;

(b) evanescently coupling excitation light into the WGM optical resonator;

(c) detecting light derived from the excitation light to monitor for a shift in the
at least one resonance frequency of the WGM optical resonator; and

(d) repeating steps (a)-(c) at least at a second location over the surface of the

sample.

2. The method of claim 1, wherein steps (a)-(c) are repeated at a sufficient
number of locations over the surface of the sample to generate an optical image of the sample
via the WGM optical resonator simultaneously with the topographical image of the sample

via the AFM system.

3. The method of claim 1, wherein the WGM optical resonator is characterized

by a Q-factor of at least about 10"

4. The method of claim 1, wherein the WGM optical resonator is a spherical

optical resonator.

5. The method of claim 1, wherein the WGM optical resonator is mounted to a

side surface of the AFM cantilever.

6. The method of claim 1, wherein the excitation light comprises a wavelength
which substantially matches the at least one resonance frequency of the WGM optical

resonator at the first location and the second location.

7. The method of claim 6, wherein the excitation light comprises a wavelength
which substantially matches the at least one resonance frequency of the WGM optical

resonator at each subsequent location over the surface of the sample.
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8. The method of claim 1, wherein the detected light is evanescently scattered

light from the WGM optical resonator.

9. The method of claim 1, wherein the detected light is excitation light
transmitted by the WGM optical resonator.

10. The method of claim 1, wherein the excitation light is evanescently coupled
via an evanescent-field coupler mounted to the AFM cantilever such that the evanescent-field

coupler moves with the AFM cantilever.

11. The method of claim 1, wherein the AFM cantilever is a tapered optical fiber

configured to evanescently couple the excitation light into the WGM optical resonator.

12. The method of claim 1, wherein the sample comprises an array comprising a
plurality of regions, wherein each region comprises a layer of molecules, and wherein the first
location is at one of the regions of the plurality of regions and the second location is at

another region of the plurality of regions.

13. The method of claim 1, further comprising, prior to step (d), monitoring for a
fluorescence signal, wherein step (d) involves repeating steps (a)-(c) and the step of
monitoring for the fluorescence signal at least at the second location over the surface of the

sample.

14. The method of claim 13, wherein each of the steps of the method are repeated
at a sufficient number of locations over the surface of the sample to generate an optical image
of the sample via the WGM optical resonator and a fluorescence image of the sample

simultaneously with the topographical image of the sample via the AFM system.

15. The method of claim 1, wherein a wavelength of the excitation light is
modulated at a selected frequency via a phase sensitive lock-in detection system and the shift
in the at least one resonance frequency is monitored via phase changes with respect to a

reference signal.

16. A scanning resonator microscopy system comprising:

(a) a stage configured to support a sample;
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(b) a WGM optical resonator characterized by at least one resonance
frequency mounted to the free end of an AFM cantilever such that the WGM optical resonator
moves with the AFM cantilever;

(c) an AFM system configured to provide a topographical image of the
sample, wherein the AFM cantilever is operably coupled to the AFM system;

(d) optical components configured to evanescently couple excitation light into
the WGM optical resonator; and

(e) a detector configured to detect light derived from the excitation light to

monitor for a shift in the at least one resonance frequency of the WGM optical resonator.

17. The scanning resonator microscopy system of claim 16, wherein the WGM

optical resonator is characterized by a Q-factor of at least about 10°.

18. The scanning resonator microscopy system of claim 16, wherein the WGM

optical resonator is mounted to a side surface of the AFM cantilever.

19. The scanning resonator microscopy system of claim 16, wherein at least some
of the optical components configured to evanescently couple excitation light are mounted to

the AFM cantilever such that they move with the AFM cantilever.

20.  The scanning resonator microscopy system of claim 16, wherein the AFM
cantilever is a tapered optical fiber and the tapered optical fiber provides at least some of the
optical components configured to evanescently couple the excitation light into the WGM

optical resonator.
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