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Report Title
Final Report: Photonic Devices Based on Circuits of Supermonodispersive Spherical Cavities
ABSTRACT

This project was devoted to microspherical photonics, a special area at the intersection of optics, photonics and material science, where the
optical properties of structures and devices formed by dielectric microsphere are determined by their whispering gallery modes (WGMs) as
well by the topological and configuration effects in photonic molecules, microsphere-chain waveguides, and coupled-cavity arrays. The first
stage of the project was devoted to understating the basics of the WGM coupling effects in simplest structures such as dielectric bi-spheres.
In parallel, we developed understanding of the microsphere-chain waveguides based on periodically focusing modes. The second stage of
this project was devoted to study of the optical propulsion effects for dielectric microspheres interacting with evanescent electromagnetic
fields in liquid suspensions. Here, we observed a giant enhancement of optical forces under resonance with WGM:s that opened totally novel
way of sorting dielectric microspheres based on their resonant properties. Finally, we assembled resonant coupled-cavity structures and
observed spectral manifestations of their coupling and optical transport properties. There were several other directions of research also
dealing with the optical properties of dielectric microspheres. These include developing ultra-precise optical scalpels, developing super-
resolution imaging applications and enhancing performance of mid-wave infrared photodetectors. The project resulted in multiple patents
and device proposals.
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4. The PI was a chair at one of the sessions at the international conference on transparent networks (ICTON’09) which was
held in Island

of Sdn Miguel, Azores, Portugal, on June 28-July 2 (2009).

5. The PI was an invited speaker at a Special session "Microresonators and Photonic Molecules" at the international
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“Microsphere Resonator Arrays for Photonics and Biomedical Optics Applications.”
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Scientific Progress



Technology Transfer

The technology of focusing multimodal microprobes has a commercialization potential. The collaborative research on
application of novel optical scalpels in retinal surgery is started with Dr. Howard Ying, an assistant professor of ophthalmology
in the Wilmer Eye Institute and Applied Physics Laboratory at Johns Hopkins University. Similar collaborative effort is started
with Dr. Andrew Antoszyk, a vitreoretinal surgeon at Charlotte Eye Ear Nose and Throat Associates. At the present stage we
plan further ex-vivo testing of our scalpels using infrared medical lasers in collaboration with Dr. Nathaniel Fried's biomedical
optics group in our department at UNC-Charlotte.

The super-resolution technology has a strong commercialization potential. The nanoplasmonic arrays for super-resolution
studies were fabricated at AFRL and passed to my lab. The development of this technology took place in strong interaction with
AFRL scientists, Drs. Nicholaous Limberopoulos and Augustine Urbas. Imaging of nanoplasmonic arrays as well as biomedical
structures is ultimately suitable for developing business-oriented SBIR/STTR projects. Currently, we have plans of creating a
start-up company based on our results.
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1. Statement of the Problems Studied

The main thrust of this ARO project was devoted to developing technology of sorting
microspherical resonators with extraordinary uniform spectral positions of their whispering
gallery mode (WGM) resonances and demonstration of coupled-cavity structures and devices
built from such extremely uniform building blocks. Developing this technology in this project
led to a significant breakthrough in physical understanding of the light forces which can be
evanescently exerted on dielectric microspheres. New effect of giant resonant enhancement of
the light forces was observed in the experiments with the optical propulsion of polystyrene
microspheres in the water-immersed fiber couplers. This effect opens new ways of optical
sorting microspheres by focused laser beams which can be performed in air or liquid
environment. In this project, we demonstrated the utility of the proposed method and realized
many coupled-cavity structures formed by multiple spheres with resonant WGMs. We tested the
optical properties and performance of such photonic clusters or molecules using side coupling by
tapered microfiber connected with a broadband tunable spectroscopic system YENISTA, which
was acquired through DURIP awards WO911NF-11-1-0406 and W911NF-12-1-0538. These
studies revealed that the photonic molecules built from such uniform atoms have spectral
properties (such as the spectral WGM splitting) which are dependent on the number and spatial
configuration of the coupled resonators. We studied these spectral signatures in different
structures and found good agreement between measured and calculated spectra.

Besides resonant properties determined by WGM resonances, we studied many other
optical properties of individual microspheres, chains of spheres and microspherical arrays. An
example of such research is represented by super-resolution imaging of nanoplasmonic and other
structures by high-index liquid-immersed spheres. More recently, we suggested and developed
technology of embedding such high-index microspheres in transparent elastomeric slabs or
coverslips. These results have important applications in nanophotonics and biomedical imaging
since they can boost the resolution of conventional microscopes beyond the diffraction limit.

We also studied the optical transport and focusing properties of microsphere-chain
waveguides as well as applications of such structures in polarizers and optical scalpels for
precise laser surgery. We also studied applications of microspheres as focusing microlenses
increasing sensitivity of angle-of-view of mid-IR photodetectors. Finally, in Section 5 of this

report we present summary of the results and the outlook for future work.
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1.1. Background

Dielectric microspheres became an increasingly important building block and object of
studies in mesoscale photonics. Traditional optical applications of microspheres include their use
as microlenses and as additives increasing the paint reflecting properties for highway safety. In
recent years, however, the microspheres became a holy grail of mesoscale photonics because of
the properties of photonic nanojets and nanojet-induced modes, WGMs, and super-resolution
imaging applications. The range of applications of such structures and devices is truly
extraordinary, spanning the areas from advanced imaging to sensing applications. Microspheres
can be also used as building blocks of metamaterial structures and devices.

Structures formed by the optically coupled microsphere can be also considered as a class
of metamaterials, especially if the microspheres are integrated with nonlinear materials,
photonics crystals, or nanoplasmonic structures.' Technologically, the microspherical photonics
is very diverse and reach area since there are many different technologies of producing
microspheres made from materials with different index of refraction and with different optical
properties. The examples include emulsion-based synthesis, cluster aggregation reaction in
colloidal solutions, melting the tip of the fibers, and other technologies. Mother Nature prefers
the spherical shape and smoothness of the surface due to minimization of the surface energy. For
these reasons, microspheres often demonstrate in optical experiments precious properties of
dielectric objects with perfect shape. Microspheres are inexpensive and they can be synthesized
in massive quantities. They can be also easily integrated with various active and nonlinear
structures and materials. Microspheres usually have extraordinary smooth surface and they
provide many freedoms in metamaterials and general microphotonics designs due to a range of
indices available, established core-shell syntheses technologies, and developed techniques of
directed self-assembly of microspheres in chip-scale structures.

The PI, Dr. Vasily N. Astratov [VNA], has a unique expertise and achievements in
developing microspherical photonics. In 1995 he pioneered synthetic opals as new class of self-
assembled photonic crystals.”” The structure of opals is formed by silica nanospheres packed in
a 3D lattice with the face-centered-cubic symmetry. This work changed the direction of the
world-wide research in photonic crystals and resulted in a race for 3D photonic crystals with a
complete photonic band gap. In 1997-2002 he developed new spectroscopic techniques of

. . . . -14 . . e 1541
characterization of photonic crystal waveguides®'* and semiconductor microcavities'™'®.
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Since 2002 the PI’s group at UNC-Charlotte initiated studies of optical transport in long

19,20 21,22

chains, clusters, and 3D crystal-like structures™ of coupled resonators. It should be noted
that similar structures formed by micro-rings,”**>%® disks, and toroids can be fabricated by
various techniques. However, the microspheres are different from other cavities in a sense that
they can be individually micromanipulated and integrated in different structures by using
methods of directed self-assembly or forced assembly. In his group [VNA] has (i) observed long-
range optical transport due to coupling between whispering gallery modes (WGMs) in size-
disordered spheres'”, (ii) studied efficiency of coupling between size-mismatched spheres,”' and
(ii1) introduced a concept of percolation of light in disordered structures with different
dimensionality.” In 2007-2008, the PI’s group observed quasi-periodic modes in chains of
spheres which were termed photonic “nanojet-induced modes” (NIMs)>"** based on analogy

5929,30

with “photonic nanojects — tightly focused beams formed by the individual spheres.

1.2. Objectives

This project has several directions of research covering all aspects of microspherical photonics. It
was performed during August 2009-February 2015 period and included the following objectives:

a) Task 1: Understand basic physics of WGM coupling effects in dielectric bi-spheres as
simplest example of coupled-cavity structures.

b) Task 2: Developing evanescent tapered-fiber couplers and characterized coupling to
WGMs in high-index spheres in a water and air environments.

c) Task 3: Study of new way of manipulation and propulsion of microspheres using
resonant light forces. Developing novel methods of sorting spheres based on using
resonant light forces.

d) Task 4: Demonstration of the optical functionality of the circuits formed by spheres with
resonant WGM peak positions. To achieve this goal, our project was extended.

e) Task 5: Demonstration and study of microsphere-chain waveguides including transport,
focusing and polarization properties.

f) Task 6: Developing laser-surgery applications of photonic nanojects.

g) Task 7: Observation and study of super-resolution imaging applications of microspherical
photonics.

h) Task 8: Integration of microspheres with mid-wave infrared photodetectors and imagers.
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2. Resonant Coupling in Bispheres

Coupling in bispheres is a special case since two spheres with almost identical resonant
properties can in principle be selected using micromanipulation in combination with
spectroscopic characterization.’' At the initial stage of our project our goal was to understand the
efficiency and basic spectral properties of WGM coupling effects, so we decided to use
micromanipulation as the only available way of sorting resonant microspheres at that time. The
techniques of micromanipulation by a tapered microfiber and typical fluorescence (FL) spectrum
with WGM emission peaks are illustrated in Fig. 1. WGM coupling effects were detected due to
splitting effects observed for resonant polystyrene spheres with diameters in a 3-7 um range. It
was shown that coupling is provided between the fundamental WGMs oriented in the equatorial
plane of spheres on a substrate, see Fig. 1. Based on these results, the coupling constant (x) was
quantified as a function of the sphere diameter, as shown in Fig. 2. These results, generally, show
the feasibility of developing coupled-resonator optical waveguides (CROW) or photonic
molecules, where many WGMs can be resonantly coupled. However, they also show that for
achieving efficient coupling the variations of the spheres diameters in such circuits showed be
within the accuracy determined by parameter & which typically has value ~107, as illustrated in
Fig. 2. This means that the commercial microspheres which have size dispersion limited by ~107
cannot be used for developing microsphere resonator circuits and a different technological

approach or physical principle for sorting resonant microspheres should be developed.
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Fig. 1. (a) FL spectrum with WGM peaks, (b) Fig. 2. Coupling constant (x ) for sphere
schematic of bisphere, (c) micromanipulation, diameters in 3-5 um range for (a) first- and (b)
and (d,e) different orientations of bispheres. seond-order (radial) WGMs.
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3. Whispering gallery modes in semiconductor micropillars

At the same time, we decided to study an alternative approach to developing coupled resonator
waveguides based on using established semiconductor technology which allows fabrication
semiconductor micropillars, as shown in Fig. 3. The structure contained two multilayer Bragg
mirrors with an active layer of InAs quantum dots grown in the middle of the cavity. Such
structures were previously used for studying light-matter interaction for the modes confined by
the Bragg mirrors. In such structures we observed WGM-based lasing.’*** Multimode lasing
with very low thresholds and high f-factors approaching unity was observed under optical
pumping in GaAs/AlGaAs pillars with diameters from 4 to 20 um, see Fig. 3 (a). It was found
that WGMs photoluminescence peaks observed from some of the 5 um and all of the 20 um
pillars were split into doublets shown in Fig. 3 (b). The splitting appears to be intrinsic to the
structure, and varies strongly with the wavelength, which is consistent with the model in which

the quantum dots themselves act as resonant scattering centers. This model is supported by
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Fig. 3. (a) SEM image of 5.43 um diameter GaAs/AlGaAs micropillars, (b) Split WGMs from 20 um diameter
pillar pumped by a HeNe laser.

numerical simulations performed by COMSOL software. It should be noted, however, that the
fabrication of closely spaced semiconductor pillars required for efficient coupling between their
WGMs turned out to be difficult. In addition, the problem of uncontrollable diameter variations
cannot be solved in semiconductor structures. For these reasons, these structures were not used in

our following studies of CROW structures.
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4. Tapered Fiber-to-Microsphere Couplers

The next objective of the project was to establish controllable and reliable ways of coupling light
in and out of microsphere-resonator circuits. FL properties of spheres cannot be used for
developing device applications. To this end, we developed the apparatus based on using tapered

fibers,** as illustrated in Fig. 4.
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Fig. 5. (a) Tapered fiber-to-microsphere

Fig. 4. (a) Sketch of the sample cell. (b) couplers with a sphere attached at different
Transmission of the d=2.5 um fiber in contact positions along the taper and (b) Q factors
with a BTG sphere with D=14 ym and »=1.9 in of WGMs in spheres with different index
water. Diagram marks calculated WGM peaks. measured in air and water.

Our main interest was focused on using high-index microspheres (n>1.8) because such
spheres have sufficiently large index contrast with water. As a result, they can be sorted or
manipulated in water and they can be sufficiently small. We showed that high index (»=1.9 and
2.1) barium titanate glass (BTG) microspheres are perfect candidates for these applications due
to their high-Q (~10* in the 1100-1600 nm range) resonances evanescently excited in spheres
with diameters of 4-15 um, as illustrated in Fig. 4. By reattaching the spheres at different
positions along a tapered optical fiber, we showed that the coupling constant exponentially
increases with thinner fiber diameters. We demonstrate the close to critical coupling regime with

intrinsic Q=3x10* for water immersed 14 um BTG spheres.
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5. Observation and Study of Resonant Light Forces

The effect of resonant enhancement of light pressure exerted on microdroplets was
observed by almost four decades ago by Arthur Ashkin and Joseph Dziedzic.” The effect has
been weakly pronounced (small peak-to-background ratio for the optical force) because the
incident light beam was not coupled to WGMs in droplets evanescently. It was probably one of
the reasons why this pioneering paper has not been followed by a large number of publications.

In our work, we exerted the optical pressure on microspheres evanescently.’**"** We did
it using tapered microfibers etched down to ~1um diameters. Such microfibers carry the optical
power mainly outside the core. We developed special microfluidic platforms where such tapered
microfibers can be permanently fixed and where the flux of a liquid suspension of microsphere
can be provided perpendicular to the tapered microfiber or in any desirable direction.

It is well known that the radiative force exerted on totally absorbing particles are equal to
P/c, where P is the incident optical power and c is the velocity of light. This is a fundamental
limit of the radiative pressure determined by the total momentum flux carried by light. In the
precise backward reflection case, in the case of mirror-like particles, the radiative force can reach
the value of 2P/c which constitutes the absolution limit of the light forces.

Usually, in the case of optical manipulation with dielectric particles the forces are much
smaller than these theoretical limits. This is determined by the fact that these dielectric particles
are practically not absorbing light and by the fact that they scatter only few percent of the
incident power and they scatter light in all directions in space. As a result, the conventional non-
resonant momentum transfer from light to particles is inefficient. It can be less than ~1% of the
total momentum flux or even smaller depending on the size and index of the particle and other
parameters of the system. This situation routinely takes place in conventional optical tweezers.

In our work, we observed for the first time that the light forces exerted on dielectric
microspheres under resonance with their WGMs can reach the total absorption limit. In addition,
and this is very important property for developing applications of this technology, the peak-to-
background values can have extraordinary high values. In fact, away from the resonance with
WGMs the spheres cannot be even attracted to the tapered fiber because they are a subject for a
Brownian motion, and the optical gradient force is not sufficiently strong to retain the spheres
near the fiber taper. Such strongly pronounced resonant nature of the optical propulsion effects

opens new ways of sorting microspheres by using light. The idea is that the microspheres
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resonant with the frequency of the laser can be easily separated from the rest of the spheres and
moved to a separate location. This opens totally new way of sorting dielectric microspheres with
the accuracy determined by the Q-factors of their WGMs.

Initially, we discovered this effect of giant resonant light pressure in 2012-2013 by
working with size-disordered assemblies of dielectric microspheres. The commercial suspensions
of dielectric microspheres have ~1% diameter variations which translate into variations of the
positions of the WGM resonances by several nanometers in different spheres. By studying
statistical properties of propulsion of such spheres across tapered microfiber, we observed that a
small fraction of such spheres (few percent) is optically trapped by the microfiber and propelled
along the taper with extraordinary high velocity which exceeds previously observed velocities by
more than an order of magnitude. We interpreted this effect as occurring due to a resonance
between the wavelength of the laser and the wavelength of WGM in a given microsphere.

Our work was recognized as one of the major breakthrough results in optics and
photonics in 2013 when it was included in the December Issue of the Optics and Photonics
News. We published our observations in Nature/Light: Science and Application article in 2013.

During the period of extension of our ARO grant we further developed our experimental
setup and observed this effect in refined conditions when we were able to control the detuning
between the laser and WGMs individually for each sphere.” First, we integrated our fiber-
integrated microfluidic platform with the optical tweezers that gave us a full positional control of
individual microspheres and enabled a spectroscopic characterization of the WGM resonances
prior to their propulsion. After that, as illustrated in Fig. 6, we realized spectrally resolved optical
propulsion of microspheres with known amount of the detuning between the laser emission line
and WGMs in microspheres. This allowed us to measure the spectral shape of the propulsion
peaks by using measurements on multiple spheres with different detuning. We demonstrated that
the spectral shape of the propulsion peak replicates (with an inverted shape) the spectral
positions and shape of the dip in the fiber transmission spectra. As shown in Fig. 7, we also
demonstrated that the magnitude of the optical propulsion forces effectively reaches the total
absorption limit of the light momentum flux, P/c. We also showed that in the course of
propulsion the microspheres are separated from the tapered fiber by a steady-state liquid gap.
The stability of the radial trap was achieved due to a combination of the optical attraction at

longer distances and electrostatic repulsion at the shorter distances from the fiber.
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Fig. 6. (a) Overview of the tapered fiber coupler illustrating the manipulation of microspheres by the optical
tweezers. (b-d) The sequence of experimental procedures: (b) Characterization of WGMs in a given sphere
by fiber-transmission spectroscopy, (c) Setting the detuning of the laser emission line (narrow peak), A1, from
the center of the dip in transmission spectrum, (d) Propelling of the 20 um sphere along the tapered fiber
represented by the snapshots taken with 100 ms time intervals.
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um and 20 pm spheres as a function of the laser as functions of the particle size parameter kR. The
wavelength detuning from the WGM resonance. inset illustrates the geometry of 2-D model.
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We developed a numerical modeling of the optical forces exerted on microspheres using
a simplified 2D model. As illustrated in the inset to Fig. 8, the light was launched using a surface
wave at the metallic boundary or a surface dielectric waveguide. The transmission spectra and
the directionality of the scattered light were calculated by numerically solving Maxwell’s
equations. This made possible calculations of the spectra of optical forces, as illustrated in Fig. 8,
which were found to be in a very good agreement with the experimental results.

One of the limitations of this work is related to the choice of material of the spheres
which has to be polystyrene because for liquid propulsion it is required that the density of
spheres should be sufficiently close to the density of the liquid. However, the refractive index
contrast of polystyrene with water (1.59/1.33) was not sufficiently high that resulted in large
diameters of polystyrene spheres (D>15 um) required for the experimental studies of resonant
optical propulsion effects.

In order to overcome this limitation, we developed a theory of light forces exerted on
microspheres by a beam focused in a vacuum, air or liquid environment.** It is shown that a
focused beam produces forces that depend strongly on the detuning between WGMs and laser
frequencies. Such forces lead to the enhancement of the longitudinal (along the beam) velocities
for the resonant particles as they exit the beam. The sorting can be performed in vacuum or in
viscous media resulting in different spatial separation of the particles. We show that this is an
enabling technology for sorting of resonant microspheres with better than 0.01% uniformity of
WGM peaks. It is particularly important that this method is applicable to high-index spheres,
such as n~1.9, which can possess O~10 in sufficiently small particles, D~3 pm, suitable for
developing chi —scale structures and devices.

These studies showed that sufficiently large resonant optical forces can be exerted on
microspheres each time they traverse the waist of the focused laser beam. The force difference
between resonant and non-resonant cases was found to be easily detectable, if, as an example, the
microspheres were allowed to continue free falling motion in vacuum or air environment after
traversing the laser beam. This theory allowed us to calculate the trajectory of the microspheres
during and after their interaction with the focused laser beam and suggest techniques of sorting
the spheres by using light which would be applicable to high-index spheres which usually have
density much higher than the density of water.
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6. Spectral Fingerprints of Photonic Molecules

In the same way as chemical molecules have properties determined by the number and
configuration of the constituting atoms, the similar properties are expected for photonic
molecules. Of course, there are some important differences. In quantum mechanics, the atoms
are indistinguishable, whereas in classical mechanics this is not the case. Due to the size and
shape variation the photonic atoms have varying energy positions of their WGM resonances.
However, almost identical atoms can be selected using the technologies proposed in this project.
Most importantly, even in resonant case, the electromagnetic coupling between photonic atoms is
fundamentally different from the electronic hybridization effects taking place in real atoms.
However, some element of analogy persists, and in order to prove that we performed modeling
presented in Fig. 9.

The fiber transmission spectra show that depending on total number of atoms and their
spatial arrangement, there exists a reproducible pattern of resonances which is representative of a
given molecule and can even be used for its identification. It is seen that if the index or size of
atoms is varying, the appearance of spectral features and the amount of splitting can change, but
the overall appearance remains to be self-similar. We termed this property “spectral signature” of
photonic molecule. Roughly speaking, each photonic molecule can be represented by the number
of the split WGM components (which can be equal or less than the total number of spheres) and
by the amount of their splitting relative to the position of uncoupled resonance. In the right
column of Fig. 9, we presented spectral signatures of the molecules illustrated in the left column
of this figure.

Obviously, each split component represents a particular spatial configuration of coupled
WGMs excited in a given molecules, as illustrated in Fig. 10. They show a future prospect of
photonic molecule engineering, since any desirable spectral shape can be achieved by
manipulation with the microspheres. Such capability is rather unusual because in the case of
standard in-plane fabrication technology (coupled microrings or disks) the individual atoms are
fixed on the substrate. In contrast, in the proposed microspherical photonics, the atoms are easily
movable and reconfigurable that opens a possibility for building spectral filters, delay lines and
spectral sensors with desired characteristics.

In order to provide a demonstration for the proposed technology, we sorted polystyrene

microspheres with diameters around 20 pm with almost identical positions of WGM peaks, and
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built various photonic molecules, as illustrated in Fig. 11. The characterization was performed

using a tapered microfiber in contact with microspheres placed on substrate in such a way that

the fiber was coupled to fundamental equatorial WGMs in spheres. The spectroscopic

characterization was performed using our equipment obtained using our ARO DURIP grants.

The characterization was performed in a water environment since it somewhat simplified these

experiments. However, this is not a principle limitation for this technology and similar studies

can be also performed in air. Water environment can be useful for sensor applications, whereas

the air environment provides higher refractive index contrast for spheres which can be used for

developing more compact structures. Another resource for
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7. Microsphere-Chain Waveguides

This Section of the report is devoted to fundamental studies of mechanisms of the optical
transport and focusing properties of periodical chains of dielectric microspheres. In recent years
the microsphere-chain waveguides (MCWs) emerged as a paradigm for photonic applications.*!
Historically, the interest was focused on coupling between WGMs in spheres,'* however,
gradually, it moved to studies of periodical relaying effects.***’ It was demonstrated that the
optical mode of such structures has a period equal to the size of two spheres (2D).2”*® Initially,
these modes have been observed®’ in mesoscale MCWs formed by the spheres with D<10A.
They have been termed nanojet-induced modes (NIMs)*’ based on analogy with tightly focused
beams, “photonic nanojets”, produced by individual spheres.

In this ARO project, we initially studied the transport and focusing properties of such
chains in the limit of geometrical optics.*® In this limit, we termed these modes “periodically
focused modes” (PFMs). We showed that a particularly interesting PFM’s property is their
minimal propagation losses, which is achieved due to Brewster angle conditions periodically

4849 We also demonstrated that if a

reproduced along the chain for radially polarized beams.
multimodal source is used for illumination, many modes can be coupled to MCW, however, only
PFMs would survive in sufficiently long chains. It has been observed that this process leads to
formation of progressively smaller focused beam waists along the chain. It has been
demonstrated that in the geometrical optics limit such “beam tapering” effect takes place in a
relatively narrow range of indices 1.72<n<1.85.*%*

In Section 7.1 we will mainly concentrate on experimental results of studies of MCWs where
we realized™ a gradual step-by-step transition from geometrical (ray optics) to mesoscale (wave
optics) case by decreasing the mean diameters of the spheres comprising MCWs from ~604 to
~4 1. We showed that the beam tapering effect (gradual reduction of the focused beam waists) is
absent for spheres with D>204, as expected from geometrical optics. However, we found that
this effect is extremely well pronounced for spheres with D<I10A. The observed effects are found
to be in a qualitative agreement with a full-wave numerical modeling. We also demonstrate that
the propagation losses in mesoscale chains are too small (~0.1 dB/sphere) to be explained by
geometrical optics. We will describe polarization properties of MCWs using geometrical optics

in Section 7.2. We will consider laser-scalpel applications of MCWs in Section 7.3.
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7.1 Transport and focusing properties

Chains of undoped polystyrene spheres (Thermo
Fisher Sci.) with D varying from 30 to 2 um
were self-assembled on glass substrates.™ In this
method the liquid film with spheres 1is
sandwiched between two hydrophilic microscope
slides. The evaporating liquid microflows stretch
from massive deposits of microspheres to
“pinning” points nucleated by bigger spheres or

by the defects on the substrate, as shown in Fig.

Fig. 12. (a) Image of the self-assembly process. ~ 12(a). Evaporation of microflows in a lateral

(b) Optical and (c), (d) SEM images of MCW . . . .
formed by 3um spheres. (), (f) SEM images of ~ direction leads to the formation of straight and

micro-joints between spheres with D=3 and

10um, respectively. long chains of touching spheres illustrated in

Figs. 12(b-d).

The structures were characterized with an inverted IX-71 Olympus microscope.
Fluorescent (FL) dye-doped, size-matched polystyrene spheres were used as local light sources
(S-sphere) for each chain.

The beam tapering effect is illustrated in Fig. 13(a,b) for MCWs formed by 5 um spheres.
It is seen that the waists of the beams intersecting the contact regions between the spheres
becomes narrower, if the sphere diameters are smaller or equal to 5 um.

To accurately compare the results of the optical transport and focusing properties in
MCWs with drastically varying sizes from 30 to 2 um, it is essential to present the results in
dimensionless units, as shown in Fig. 13. The FWHM measured after N'" sphere was normalized
by the FWHM after the first sphere, Y»/Y;. Due to multimodal nature of the S-sphere emission,
we typically observe a broad beam after the first sphere, Y;~D/3-D/2. As seen in Fig. 13(b),
MCWs comprised of spheres with D/A>20 (D>10 um) do not demonstrate a pronounced beam
tapering effect. However, the mesoscale MCWs comprised of spheres with 4<D/A<10 (2<D<5
um) demonstrate a significant FWHM reduction with Y;¢/Y1<0.4. For MCWs formed by smallest
spheres, D=2 and 3 um, it takes approximately 10 spheres for FWHM to reach the dimensions

Y10~0.4-0.5 um determined by the diffraction limit of our imaging system.
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Fig.13. (a) Optical image of MCW showing the near contact regions where the beam profiling was performed,
(b) Experimental results of the beam profiling at different distances from the source (S) sphere for spheres from 2
to 30 um in diameter, (c) Illustration of numerical ray tracing performed to study the evolution of the beam
profile through MCW. (d) Beam widths determined using geometrical optics.

The MCWs beam tapering properties were modeled using ZEMAX-EE ray tracing
software, as illustrated in Fig. 13(c). Chains of N identical spheres with n=1.59, 1.77, 1.8, and
1.9 were studied. The emission of dye-doped sphere was modeled by using point ray sources
with random polarization distributed inside S-sphere.

The evolution of the spatial beam profile was investigated at the interface between
spheres using a flat square detector with the size equal to D. Intensity distributions were
calculated from the density of rays at the detector plane. It can be seen from Fig. 13(d) that
MCWs comprised of spheres with n=1.77 and 1.80 demonstrate marked FWHM reduction
(Y12/Y1~0.4). This beam tapering effect is attributed to gradual filtering of periodically focused
modes (PFMs) in such structures. Significantly smaller beam tapering (Y;2/Y;~0.7) was observed
for n=1.9. For our experimental case of n=1.59, such effect was practically absent, consistent
with our measurements for spheres with D/A>20 (D>10 um).

In order to shed some light into properties of mesoscale MCWs, we performed full wave
modeling by finite element method (FEM) illustrated in Fig. 14. The simulation was performed
using COMSOL Multiphysics in 2D case for a chain of touching, lossless, dielectric cylinders
with diameters of Sum and index 1.6. As a light source, we used an S-cylinder containing 1400
dipole emitters at 4=0.53 um schematically shown in Fig. 14(b). The dipoles with various

oscillation directions were randomly placed along several radial lines inside the S-cylinder.
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The results presented in Fig. 14 are
generally consistent with the beam narrowing
effect. After the light has propagated through
six cylinders a large fraction of the modes is

leaked out of the cylinder-chain waveguide,

resulting in a narrower beam waist with

Ye~1um, as illustrated by the envelope in Fig.

Normalized Irradiance (a.u.)

2 -1 0 1 2 14(d). However, the calculated irradiance
Along profiler (um)

. L ) profiles also show a complicated multimodal
Fig. 14. (a) 2D irradiance map obtained by the FEM

simulation for an MCW. (b) Model of S-cylinder  nature of propagating beams due to coherent
with dipoles placed along radial directions with

different oscillation directions. Irradiance profiles  nature of the source. This modeling shows
after (c) the first and (d) the sixth cylinder illustrating ,
the beam tapering effect (red dashed curves). that in mesoscale MCWs these effects take
place at smaller indices (~1.6) compared to
the geometrical optics case.

Gradual filtering of extremely low-loss NIMs in such chains can be a key factor for the
explanation of the MCWs attenuation properties presented in Fig. 15. As illustrated in Fig. 15(b),
for a distant section of the chain with 35<N<39 the measured losses are found to be 0.076, 0.12,
and 0.15 dB/sphere for 2 um (red star), 3 um (magenta square), and 5 um (blue triangle) spheres,
respectively.

These losses are far below than any estimation based on geometrical optics.”® The
geometrical optics modeling of attenuation per sphere with the spherical source for the same
section of the chain (35<N<39) is represented by the curve in Fig. 15(b). The geometrical optics
predicts a local minimum of attenuation (~0.2dB/sphere) in a narrow range of indices around
n=1.77 due to filtering of PFMs with the 2D period and radial state of polarization. For the
experimentally studied case of n=1.59 the geometrical optics predicts attenuation ~0.4
dB/sphere.

As it can be seen in Fig. 15(b), the experimentally observed attenuation in such chains is
significantly smaller than the smallest values of attenuation predicted by geometrical optics at
any n from 1.4 to 2.4 (for 35<N<39).

The explanation of such small losses can be related to the fact that in the limiting

transition to small spheres, D<<A, MCW can behave almost like a single-mode low-loss
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@) 10°" nanofiber with effective index guiding, where losses per

nanosphere can be extremely small.’’ An additional

N
o,

factor which can play an important role in our
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experiments can be connected with microjoints

inevitably occurring between the polystyrene spheres.
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~ In conclusion, it was demonstrated that
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14 16 18 20 22 24 the diffraction-limited beam waists. We showed that
Index, n

such “beam tapering” takes place at much smaller
Fig. 15. (a) Normalized power loss

measured in MCWs formed by the indices (n=1.59) than it is predicted by geometrical
polystyrene microspheres with D=2, 3, . . L. .
and 5um. (b) A comparison with the optics. The propagation losses deeply inside such chains

geometrical optics model were also found to be smaller than any prediction based

on geometrical optics. The results of this work are important for developing waveguiding
structures with focusing capability which can be used as local microprobes, ultraprecise laser

52,53

scalpels, and polarization filters,””” considered in the next Section.

7.2 Polarization properties

The polarization effect introduced by a chain of spheres stems from the fact in geometrical optics the
rays with a particular axial offset, /D=./3 /4, and TM polarization can propagate with extremely small
losses for spheres with refractive index n=1/3.* This is a simple consequence of the Brewster’s law, it is
interesting, however, to consider different spheres’ indices and study if PFMs can still exist under these
conditions. The idea of our analysis is that in order to remain 2D periodic, such modes should have
different off-axial shifts. Their external (¢;) and internal (6,) angles of incidence and refraction,
respectively, would not be exactly equal to those following Brewster’s law, but they can be sufficiently
close to the optimal values. Most importantly, these angles would be periodically reproduced as light
propagates through the chains which would help to keep the losses low.
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The attenuation properties of chains of

E} / Losses Ny
; spheres were studied by considering rays forming

configurations with 2D period. For each index it

was achieved by adjusting 6; and r according to

1.0 :
---TE b)

" ™/ ' the following equations: &, =2cos ' (n/2n,),

o —~

5 wlf] 1- g . . .

E 0.5 n=1 o\ 8 2 r/ D =0.5sin(6,), where ny=1 is the refractive

é ‘I "0 NS

= 20,\; index of the background medium. Based on these
L) 0N o :

007276 18 20 equations, it can be deduced that quasi-PFMs
Fig. 16. (a) Ray tracing of PFMs with 2D period. (b) exist in a broad range (v2<n<2) of indices.

Transmittance and (c) loss in chains of N=1, 5, 10 and
20 spheres as a function of n for TE and TM

polarizations of the incident ray in Fig. 2(a) can be estimated by taking into

Propagation losses for the incident rays illustrated

account Fresnel reflection coefficients™ at each spherical interface from the following equations for TE

and TM polarizations:
sin’(6,/2
TE — . 2( ; ) > (1)
sin“(36,/2)
B tan’(6,/2) %)

™ tan*(36,/2)°

The transmittance and corresponding reflection losses for rays with TE and TM polarizations as a
function of » for chains of N=1, 5, 10 and 20 spheres are presented in Figs. 16(b) and 16(c), respectively.
It is illustrated in Fig. 16(c) that for 10-sphere long chains with 1.68<n<1.80, TM polarized PFMs have
total propagation losses smaller than 1 dB, i.e. less than 0.1 dB/sphere. Conversely, for TE polarization
the total PFM losses exceed 20 dB in the same range of indices. This means that for randomly polarized
collimated incident rays, the output has mainly TM polarization component. Due to axial symmetry of the
problem, the global state of polarization (SOP) of the transmitted beam should be increasingly radial.

The DOP P(r) is defined as the ratio of the (averaged) intensity of the polarized portion of the beam
to its total (averaged) intensity, both taken at the same point™. This rigorous and unambiguous definition
of the DOP is, however, sometimes difficult to use in practical cases. In such situations various ad hoc

definitions of the DOP are frequently used in the form:
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1) ~1,()
L) +1,(r)°

o) = ©)

where /; and /, are the averaged intensities in two mutually orthogonal directions, their choice being
suggested by the geometry of the problem. Unlike the P(r), the quantity O(r) depends on the choice of the
x,y axes. It has been theoretically demonstrated, however, that the ad hoc definition in the form of Eq. (3)
will correctly represent the degree of polarization P(r), provided that /. and /, are taken to be true
cigenvalues of the polarization matrix representing the symmetry of a given problem.” The axial
symmetry of the chains of spheres implies that their polarization eigenvalues should be represented by the
intensities of radially (/) and azimuthally (/,) polarized beams.

Typical intensity distribution calculated for

Detectors_ 4 y b
(b) spheres with n=,3 using a flat detector in

contact with the end sphere is illustrated in Fig.

17(a) in the case of collimated incident rays for

Polarizer along x

20-sphere long chain. This case is representative
Fig. 17. (a) Intensity distribution produced by 20-sphere long
chain with 7=+/3 as a result of illumination with collimated
rays. (b) Linear polarizer (along x) placed after the end-sphere by even number of spheres with #n=1.65-1.85.
sphere and the detectors. (c) Intensity distribution with the

polarizer installed also showing positions of two detectors For this range of indices the output beams consist
(dashed rectangles) used for DOP calculations.

of the calculations performed for chains formed

of: 1) A ring with radius » determined by the
PFM axial offset, ii) central beam formed by paraxial rays, and iii) A weak background illumination. The
dominant contribution to the output optical power is given by the ring with radius 7.

In order to estimate the DOP, we placed a horizontally oriented linear polarizer (along x) after the
end-sphere, as shown in Fig. 17(b). The azimuthal intensity modulation along the ring in Fig. 17(c) carries
information about DOP of the transmitted beam. Using different positions of the detector indicated in Fig.
17(c) and using relationships /.=, and 1,=/,, in Eq.(3), we calculated the degree of radial polarization as a
function of n for chains with different lengths. We ensured good convergence of the results with reduction
of the width of the detectors. Numerical modeling was performed by using ZEMAX-EE.

In Fig. 18 the results of calculations of DOPs are presented for three types of ray sources:
collimated incident rays (Fig. 18(a)), spherical emitter (Fig. 18(b)), and multimode fiber (Fig. 18(c)). It is
seen that DOP increases with the length of the chain reaching ~0.9 for 10-sphere chains with
1.68<1<1.80. The highest DOP can be obtained for collimated input beams, as shown in Fig. 18(a).
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n~1.71, which means that various

Fig. 18. (a-c) Degree of radial polarization versus 7 calculated for ) . ..
three types of ray sources illustrated in Figs. 21(a-c), respectively. practical IR focusing and polarization

devices can be built using sapphire cylinders or spheres. In addition, since focusing of radially polarized
beams can be sharper than the focusing of unpolarized or linearly polarized beams, such purely dielectric
structures can be very useful in high resolution polarization imaging and in the design of various devices

including focusing microprobes, laser scalpels, and optical tweezers.

7.3 Laser-surgery applications

In this section, we will provide a brief review of our results based on application of MCWs for
developing ultra-precise multimodal microprobes for laser-tissue surgery. This work was
performed in collaboration with a laser surgery expert from our department, Dr. Nathaniel Fried,
and retinal surgeons, Drs. Howard Ying (Johns Hopkins University) and Andrew Antozsyak
(Charlotte Eye, Nose & Throat Associates). Our contribution to this work is based on a proposal
of using a chain of dielectric microspheres for focusing multimodal laser beam under contact
with tissue.”®’

Conventional fiber-optic-based surgical laser probes are designed to operate either at a
fixed working distance from the tissue or in contact with the tissue with relatively large spot
diameters (e.g., >100 um). These fibers and laser probes are not widely used in intraocular laser
surgery, except for thermal coagulation, because they lose their ability to focus light in aqueous
media. In contrast, the novel laser probe discussed here may operate to ablate the tissue in
contact mode. The highly focused beam at the probe’s surface combined with the short optical
penetration depth of the erbium:YAG laser may allow better surgical results in more sensitive

and thin areas like the macula, where detailed vision is achieved and surgical precision is most

important. Replacement of mechanical intraocular surgical instruments with a laser probe that
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has a much smoother tip with a tractionless method for tissue engagement may also reduce
mechanical retinal surface damage as well as retinal detachments.

As a laser source, we selected the Er:YAG laser because the 2940-nm wavelength closely
matches a major water absorption peak in tissue, resulting in an optical penetration depth (OPD)
of approximately 5 to 10 pm for soft tissues. Over the past 20 years various optical devices
including spheres, hemispheres, domes, cones, slanted shapes, cylindrical gradient index (GRIN)
lenses, and tapered fibers have been used as tips for ophthalmic laser scalpels. However, these
devices are typically designed to operate in noncontact mode in air at a fixed working distance
from the tissue. Contact mode probes can be created by placing a single sphere with a high index
of refraction, between 1.7 and 2.0, at the end of a waveguide or optical fiber. Spheres at these
indices will focus an incident plane wave on the back surface to a focal point near the front
surface. Fast focusing through the sphere also creates a fast divergence after the sphere. This
property can be used to decrease the effective penetration depth in tissue by allowing only the
light near the surface of the sphere to have an energy density sufficient to ablate tissue. Working

in contact mode eliminates any intervening

Germaniun water layer which would otherwise strongly

Corneal Surgery Oxide Fiber

attenuate the mid-IR laser radiation. Recently,

we showed that chains of microspheres in odd

V4 ? virectomy Port  MUItiples at these indices reduce the spot size

of the laser beam through filtering of
48,49

3 cm Silica

TollescHacgie nonperiodically focused modes (PFMs).

(| The purpose of this study is to test a mid-IR

H 4 s - t . .
Resinat g laser and novel fiber optic probe for precise

Sapphire ablation of a thin layer of tissue, in contact

S0 Microspheres / /
X / mode, with minimal collateral thermal damage
S /»’

to underlying tissue, for potential application in

Fig. 19. Proposed ophthalmologic surgical

configurations consisting of a 30-mm-long hollow ophthalmic surgeries.
waveguide of 0.75-mm diameter with microsphere
focusing at distal tip. The diameter of a typical Simulations of the multimode fiber

human eye is 24 mm. .
output, hollow wave guide (HWG), and three

different sphere configurations were modeled using Zemax (Radiant Zemax LLC, Redmond,

WA). Figure 20 shows the light source modeled as the germanium oxide fiber’s 150-um core
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150 zm
4
!

(a)

Fig. 20. (a) Source: representation of the 150-um-core
germanium oxide fiber tip, which is inserted into the
proximal end of the 3-cm-long HWG. (b) Beam
Shaping: one-, three-, and five-sphere configurations
consisting of 300-um and 350-um spheres with
refractive indices of 1.71.

Vasily N. Astratov

with a full cone angle of 12 deg. For all
presented simulations a total count of 20
million rays was used. At the distal tip three
different n=1.71 sphere configurations were
modeled in air, as shown in Fig. 20(b). The
analysis plane was placed at the minimal beam
waist beyond the end sphere.

Characterization of the probe’s beam-
shaping performance was conducted before
tissue studies. One-, three-, and five-sphere
structures were tested to determine their
relationship to spot size and transmission.
Figure 21(a) and the top row of Fig. 22 show
the simulation results for intensity distribution

at the minimum spot size after the end sphere,

3 Spheres 5 Spheres ~10
(a) 10 10 10 -
—N=§
pm = 08 > 08 = 08 l from
g ; £ |
the Z 08 2 06 Z 05 I|
- {
204 £ 04 ¥ o H%
E - E |
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Fig. 21. (a) Normalized simulation of the intensity measured at the minimum beam waist
(FWHM) for one-, three-, and five-sphere configurations. (b) Three-dimensional beam profiles
acquired by magnifying the minimum beam waist onto the IR beam profiler’s detector array. As
the number of spheres increase, a reduction in FWHM spot diameter and an expanding low
intensity mode-filtering ring can be seen in both simulation and experiment.
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1 Sphere 3 Spheres < Spheres vertex. The full width at half
. . mai

from the simulation for each

Sunulation

configuration of one, three, and

five spheres is 8, 9, and 4 um,

respectively.  The  averaged

~ 30

L2 FWHM beams measured for

- % one, three, and five spheres were

Burd's Eyve

67, 32, and 30 um, respectively,

with  representative ~ beam

profiles shown in Fig. 21(b).

E‘ Various pulse energies
- _,f’; : ’ ) :J g between 0.02 and 1.0 mJ at

“f ' duration of 75 us were tested to
Fig. 22. (top row) Simulated intensity profiles for one-, three-, and experimentally determine the

five-sphere probes at minimum spot size occurring at 10 um after
sphere vertex. (middle row) Representative bird’s eye corneal crater
images for one-, three-, and five-sphere probes at 0.1 mJ. (bottom
row) Representative histology images for one-, three-, and five-sphere

ablation threshold of the cornea.

Since each  sphere chain

spheres) attenuated the energy differently, attenuation of the laser output was adjusted to
normalize each configuration to an incident energy of 0.1 mJ on the tissue surface. Over 50
craters for each structure were measured, and the average crater widths are illustrated in Fig. 22.
In conclusion, a 750-um-outer-diameter intraocular scalpel utilizing microsphere lenses
was developed that is capable of delivering Er:YAG laser pulse energy to ocular tissue and
creating ablation craters with widths between 15 and 50 um in contact mode. Different scalpel
configurations with varying sphere chain lengths were successfully simulated and tested under ex
vivo conditions on corneal tissue near the ablation threshold, demonstrating ablation crater size
reduction for increasing number of microspheres, but with an increase in thermal damage. The
small spatial beam size combined with the short optical penetration depth of less than 20 um
could make this probe useful for precise contact ablation of exudates during surgery for PDR.
Future studies will involve further development of the microsphere probe and in vivo studies in a

PDR animal model.
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8. Super-Resolution by Microspheres

The fundamental nature of the diffraction limit means that it forms an unavoidable barrier in any
far-field imaging system. In addition, Abbe, Rayleigh, Sparrow, and Houston resolution criteria
show that the limit of lateral resolution in such systems is about half the wavelength (1). The
objects of nanoscale science and technology (e.g., sub-cellular structures, viruses, proteins, and
carbon nanotubes), with dimensions less than 100nm, therefore cannot be resolved with the use
of a standard optical microscope. New physical principles (e.g., detection of optical near-fields
or the use of strong non-linear effects) are thus needed to increase the resolution of imaging
systems beyond the diffraction limit.*

Recent years have witnessed a remarkable success of super-resolved fluorescence (FL)
microscopy culminated in the awarding of 2014 Nobel Prize in Chemistry to Eric Betzig, Stefan
Hell and William E. Moerner for their pioneering work. Fluorescence labelling allows
“highlighting” and making visible subcellular structures; however it also has many drawbacks
such as photobleaching and, most importantly, staining the biological samples with dies is not
always a desirable option.’' The label-free microscopy (LFM) relies on such effects as transient
absorption®, super-oscillation®, and hyperlens imaging®. However, LFM is developing more
slowly than FL microscopy for two reasons. First, the LFM mechanisms rely on much more
subtle light-scattering processes in nanoscale objects that result in lower effective image
contrasts. Second, the experimental quantification of resolution is complicated in LFM due to the
lack of good “point”-sources.

Nanoscopy by microspheres emerged a surprisingly simple imaging technique® where a
dielectric microsphere is placed in contact with the investigated object and its virtual image is
observed using a conventional microscope, as shown in Figs. 23(a-c). It permits FL and LFM
imaging. An important advancement in this area was a proposal of using high-index (n~2)

66,67

microspheres immersed in liquids or embedded in slabs,””" which made possible the application

68,69

of this technology for imaging biomedical objects. Furthermore, imaging by high-index,

liquid-immersed spheres resulted in higher-quality and better resolution images of
nanoplasmonic structures.””""!
To quantify the resolution in LFM methods, researchers often use larger-scale arrays

containing objects with recognizable shape such as periodic stripes, stars, holes, dimers or
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clusters.”***7"* An idea of this approach is that the resolution can be estimated based on the
minimal feature sizes which can be discerned in the optical images. For closely-spaced metallic
cylinders (or holes) an edge-to-edge gap (g) is usually accepted as a resolution measure, see Fig.
1(d). We showed, however, that this approach can lead to overestimated resolution values. We
developed more rigorous quantification of super-resolution based on a convolution of the
arbitrarily shaped objects with the two-dimensional (2-D) point spread function (PSF).”>”"*">"
The proposed method can be viewed as an integral form of the super-resolution quantification
accepted in FL microscopy where the PSF width can be narrower than the diffraction limit. As
shown Figs. 23(e,f), we demonstrated imaging of metallic dimers and bowties with ~A/7
resolution, well in excess of the classical diffraction limit.

To develop a component for enhancing the microscope’s resolution, we fabricated
polydimethylsiloxane (PDMS) slabs with embedded high-index (n ~ 2) BaTiOs; microspheres
and showed for the first time that these slabs provide the optical super-resolution imaging
combined with the surface scanning capability.”” As illustrated in Fig. 24(a), the PDMS slabs

adhere to the surface of nanoplasmonic
o0 o0 structures which results in imaging of
i Au dimers and bowties with ~1/6-4/7

1..‘Ium ..‘

resolution. It is shown that the PDMS
slabs can be translated along the surface
of investigated samples after liquid
lubrication. Initially, the resolution is

diffraction limited; however the super-

resolution gradually recovers as the

(c) Virtual Image lubricant evaporates. As illustrated in

Fig. 24(b), we demonstrated that the

Irradiance {a.u.)

microsphere-assisted imaging can be

200 -100 100 200
X (nm) extended in a deep-UV range.77 As

Fig. 23. (a) Array of Au dimers with D=110 nm and g=40 nm, ~ shown in Fig. 24(c), the microfiber is
(b) microscope setup, (c) virtual image, (d) drawn two-circle . )
object, (¢) convoluted image with the PSF width ~4/7, and (f) another contact lens which provides
comparison of calculated (blue dashed lines) and measured at magnification and  super-resolution
A=405 nm (red profiles) image irradiance profiles.

perpendicular to its axis. The resolution
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m ; o= was quantified based on the
: convolution of arbitrarily

shaped objects with the PSF

(a) PDMS Slab'®

of cylindrical lens.”® The
resolution ~A/6 is
demonstrated in the direction
perpendicular to the fiber with
hundreds of times larger field-
of-view in comparison to

microspheres.

Simplicity, = massive
impact on microscopy, and
almost elusive origin of super-

resolution by microspheres

.

Fig. 24. (a) Experimental setup, SEM image of the object, convoluted
and experimental images obtained through 4.5 um BaTiO; microsphere. explanation. Initially, it was
The sphere is embedded in PDMS slab manipulated by the probe. (b)
Same in the case of deep-UV imaging (4=248 nm) through 5 um SiO,
sphere without PDMS slab. (c) Same in the case of imaging through
Si0, microfiber with D=12 pm.

attracted a significant

attention to its theoretical

related to sharper than usual
focusing of light by mesoscale
spheres.®” However, the width
of photonic jets is slightly less than /2 only in small microspheres with D about several 1.”* The
enhancement of focusing, therefore, seems to be insufficient to explain the super-resolution
which is typically observed in larger spheres. The resonant excitation of whispering gallery
modes can slightly improve the resolution”” but their selective excitation is unlikely in the
experiments with broad band illumination.

Recently, it was theoretically demonstrated® that the excitation of the electromagnetic
modes of coupled metallic particles can facilitate their imaging. The 2-D model of imaging is
shown in Fig. 25(a). One of the excited modes with antisymmetric distribution is modeled as a
current source, j(x), illustrated in Fig. 25(b). The magnified virtual images at various depth
positions are seen in Fig. 25(c) significantly below the actual location of the current source. A

zero-intensity minimum between the two particles is observable for any separations between the
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particle centers. It takes place merely

(a) Detector

2

@®e

due to destructive interference of
4  fields emitted from various points of
0.9 the coherent current distribution.

g'j Although such images do not
0.6
0.5 objects, they allow a precise
0.4
0.3
0.2
0.1 in the recent experiments with

X

accurately display the shape of the

localization of such objects and can

(b)

Antisymmetric mode

w, OO
[FAVERgS
\/

affect the quantification of resolution

0 nanoplasmonic structures.

In summary, we have

developed a rigorous analysis of

resolution provided by microspheres

: 75,76
Fig. 25. (a) 2-D model® of imaging of two coupled particles by and  microfibers. We  have

the dielectric cylinder with n.=1.4 and R=3.24, (b) current synthesized transparent PDMS slabs
source j(x) with the length L representing antisymmetric mode,
and (c) Virtual image intensities calculated as a function of the that contain hundreds of embedded

focusing depth (y) for L=14/2. . L . .
high-refractive-index barium titanate

microspheres. Such slabs, or coverslips, can be considered as a novel optical component for
super-resolution microscopy that are usable in two different ways. First, without lubrication, they
adhere to various surfaces and provide A/7 resolution. Second, with liquid lubrication, the slabs
become non-sticky and can be translated along a surface so that different spheres align with
various objects. In future work we will explore the resolution limits of this technology in
resonant nanoplasmonic and living subcellular structures. Various technologies and materials
will be used for encapsulating high-index microspheres and microfibers. We will also develop
commercial applications of these super-resolution technologies through our spin-off company

SupriView.*!
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9. Enhancement of Sensitivity and Angle-of-View of Mid-IR Detectors

Enhancement of mid-wave infrared (MWIR) detectors and focal plane arrays (FPAs) constitute
one more subject of this project. This direction was developed in collaboration with Air Force
Research Laboratory. High performance MWIR FPAs are normally cooled to cryogenic
temperatures in order to suppress the dark current noise.***’ The operating temperature can be
increased by minimizing the active volume of the detector that reduces the dark current. It has
been achieved without degrading the light collection efficiency by designing photon trap
structures such as photonic crystals® or textured surfaces with pyramidal relief features.®
However, the angular operation range of such structures can be rather limited.

In this work, we realized MWIR photodetectors enhanced by photonic jets using
microspheres made from sapphire (n=1.71), polystyrene (n=1.56), and soda-lime glass (n=1.47),
with diameters in 204<D<1504 range. Our initial proposal and preliminary results can be found
elsewhere.**®” The alignment of microspheres with the device mesas was controlled by the

virtual imaging through the

spheres used as contact
microlenses.

The results of our
studies of integration

microspheres ~ with  the

individual photodetector

mesas of MWIRs are

published recently in Applied
Physics Letters.®® In this
report, we will summarize
our main  observations

without details. The

Contact

integration of spheres with
Fig. 26. Illustration of the microsphere integration with the photodetector
mesa. (a) Virtual imaging geometry. Optical micrographs of (b) droplet
of silicone used to attach the microsphere to the photodetector mesa, (¢) . S
microsphere at the top of the photodetector, and (d) virtual image of the iltustrated in Fig. 26.

photodetector mesa obtained through the sphere. The study of the MWIR

the photodetector mesas are
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10 . . . . response of detectors integrated with
| @) Sapohire. D= .
pphire, D=300 zm
os —— Sapphire, D=200 m || microspheres  was  performed by
2 ' _gfééziggénﬂm comparing the photocurrent response
= 06 1 before and after integration. Prior to the
() . . . .
5 Prior o sphere integration of the microsphere, all of the
8 04 integration 1
° individual SLS detectors were
o ]
0.2 characterized. Photoresponse ~ under
0.0 ' e : different bias voltages at 80 K was
-04 -0.2 0.0 0.2
20 Bias Voltage (V) measured using a beam with a half-angle
| (b) gzg‘;mz R o] | of divergence about 3° obtained from a
15 f,;%f;g%” " | 500°C calibrated blackbody source with a
—~ Mesa, d=35
< = = narrow band filter (A=4.5 um), shown
E 1ol | within the grey box in Fig. 27(a) for a
5 Prior to sphere . _
§ integration mesa with d=35 um. The angular
§ 05 acceptance of the detector integrated with
microsphere is much larger than 3° with
0.0 , _ AOQOV being dependent on D, n, and on the
@ (c) ' ' ' shape of the microlens. The external
9 102 _
g quantum efficiency for these detectors at
T 40" m 80 K wunder a bias of -02 V is
€ . . .
o approximately 29% and it corresponds to
C
0 . .
§ 107 about 40% of internal quantum efficiency.
Ll —— Sapphire, D=300 xm .
€ Sapphire, D=200 zm The bias response of the same mesas
10"¢ — SLG, D=300 um i ‘ '
3 . PS, D=90um __ integrated with sapphire (D=200 and 300
2 4 5 _ _
A (um) um, n=1.71), polystyrene (PS, D=90 um,

) ) . n=1.56), and soda-lime glass (SLG,
Fig. 27. (a) Photocurrent measured at different bias

voltages from -0.5 to 0.1V for d=35 um. (b) FTIR D=300 wum, n=1.47) microspheres is
photocurrent spectra at a negative bias of 0.3V with

(colored curves) and without (black curve) the sphere.  represented by the colored curves outside
(c) Photocurrent enhancement factors, obtained by the . . A
division of FTIR photocurrent spectra at a negative of the grey box in Fig. 27(a), indicating a
bias of 0.3V by the corresponding spectrum obtained

without sphere. significant  photocurrent enhancement

observed throughout the range of bias
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voltages from -0.5 to 0.1 V.

As illustrated in Fig.27(b), the spectral response of the detectors was also measured before
(black curve) and after (colored curves) integrating microspheres at -0.3 V bias, using a Fourier
transform infrared (FTIR) spectrometer. Optical setup remained the same for blackbody
photoresponse and photocurrent spectra measurements in Fig. 27. Blackbody photoresponse
measurements in Fig. 27(a) were used to calibrate FTIR photocurrent spectra, in Fig. 27(b). The
photocurrent enhancement is observed in Fig. 27(b) when photonic jets coupled to the
photosensitive regions of the SLS detectors.

In conclusion, we showed that the performance of MWIR photodetectors can be dramatically
enhanced by integration with dielectric microspheres. Our study is performed with single pixel
detectors. Enhancing an entire FPA will require technologies of assembly of dielectric
microspheres in large-scale arrays. To this end, many technologies can be used such as massively
parallel manipulation with optoelectronic tweezers, self-assembly of microspheres on patterned
electrodes by an applied electric field, templated self-assembly under dry conditions, and
assembly of microspheres by air suction through array of micro holes. The choice of the optimal
technology is determined by a specific application.

Experimentally, using photodetectors with d=35 um, we demonstrated up to 100x
increase of sensitivity as a result of integration with 300 um sapphire microspheres. Integration
with microspheres would be even more advantages for smaller pixels. It should be noted,
however, that the maximal advantage of this technology is expected in situations where the
pixels are much smaller than the FPA pitch. This would permit simultaneous increase of
collection efficiency and AOV. Using numerical modeling, we demonstrated that the back-
illuminated structures with the thinned substrate have AOV~20°. Even larger AOVs can be

achieved for front-illuminated FPAs integrated with microspheres.
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10. Summary and Outlook

This project was devoted to all aspects of microspherical photonics, from technology to theory
and applications. The term “microspherical photonics” was proposed by the PI to emphasize
important role and some special features of this unusual branch of photonics which lies at the
intersection soft condensed matter physics, applied physics, material science, optical engineering
and optoelectronics. The dielectric micrsospheres are inexpensive and they be produced in
massive quantities by using chemical or other methods. As classical “photonic atoms”, the
microspheres have inevitable size and shape variations which do not allow their use in
optoelectronic circuits with advanced functionalities. We showed in this project, however, that
they can be sorted with extremely high uniformity of their internal optical resonances based on
using resonant light forces. The sorted microspheres have uniformity of their WGM resonances
on the order of ~10* that is sufficient for developing a family of novel devices: coupled
resonator optical waveguides, laser resonator arrays, sensors, etc.

The most interesting and promising direction of future research is related to use high-
index microspheres with much more compact dimensions which will allow higher levels of
integration and more advanced device applications. Developing this technology, however, will
require some efforts because high-index microspheres have densities higher than the density of
water. This means that the optical forces should be exerted differently in this case compared to
water-immersed fiber couplers studied in this project. There are several ideas and principles
which can be used for achieving high-volume sorting of high-index particles. One of these
principles is based on developing an apparatus which would enable sorting of particles in air.
Such particles can have typical diameters on the order of 2 microns and have Q-factors of their
WGMs on the order of ~10. Sorting such particles would be quite challenging and we plan to
submit our next ARO project devoted to this interesting problem.

Developing microsphere-chain waveguides in this project showed huge potential of
microspherical photonics for developing practical applications. We demonstrated low-loss
waveguides with unusual periodical focusing capability. We observed unusual polarization-
filtering properties of such chains. It is interesting that they filter radially-polarized modes which
can be focused to smaller spots compared to unpolarized or linearly polarized beams. We
demonstrated applications of this technology in ultra-precise laser-tissue surgery. These

applications have a significant prospect of commercialization. It already resulted in securing NIH
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funding for our collaborative STTR Phase I project. Generally, this research brings about issues
of integration of chains of spheres with different laser sources and flexible optical delivery
systems used in practical surgical applications. We developed and realized some of these designs
and tested our laser scalpels ex-vivo.

Optical super-resolution is a fantastic application of microspherical photonics. In our
project, we developed the most important direction of this research dealing with high-index
microspheres immersed in liquids or embedded in elastomeric slabs. This is the most important
direction because it opens up a prospect for the biomedical applications of this technology. This
area is also very interesting from the fundamental point of view. Nanoplamonic aspects of super-
resolution mechanism are still not completely understood at the present time. They are related to
areas of nanoplasmonic antennas, metallo-dielectric antennas, and super-gain antennas. The main
issue is that antenna and imaging applications of nanoplasmonics are related. However, such
aspects as mechanisms of image formation on resonance with WGMs in spheres, coherent and
incoherent imaging mechanisms, role of collective plasmonic excitations and role of spatial
dispersion still await new fundamental breakthrough studies. In our research, we mainly modeled
point-dipoles as objects. However, nanoplasmonic objects are more complicated than point
objects. It is likely that these differences can provide keys for a question about fundamental
origins of super-resolution in these structures. However, it needs to be seen if a picture of
propagating plasmon-polariton waves or a picture of localized surface plasmon resonances is
more adequate. It seems that label-free super-resolution is becoming a new frontier in photonics.

Enhancement of MWIR detectors by microspheres observed in this work is another
strong application of microspherical photonics. It does not require extremely precise size or
shape sorting of microspheres. However, for integrating this technology in large FPAs, the
techniques of assembly of microspheres in large arrays should be developed. In our very recent
work we show that it can be achieved using assembly of microspheres by air suction through
array of micro holes. First results demonstrated less than ~1% of error-rate in arrangement of
microspheres. Transferring of such ordered arrays onto the surface of FPA can be performed by
using mask aligners and layers of photoresist which can be used to fix dielectric microspheres in
positions centered with corresponding device mesas. A combination of enhanced sensitivity,
increased angle-of-view, and reduced dark current and increased operational temperature is

unique for a technology of integration with microspheres proposed and developed in this project.
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