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ABSTRACT

FARZANEH ABOLMAALI Focusing, imaging and resonance properties of
microphotonics structures and devices. (Under the direction of DR. VASILY
N. ASTRATOV)

Structures and devices built using microspherical building blocks
attract significant attention in recent years due to an extraordinary high-
quality factor (Q>106) of whispering gallery modes in dielectric
microspheres and due to their ability to tightly focus light — so-called
“photonic nanojets.” In this Ph.D. theses work, we explore these properties
in much more sophisticated structures where the microspheres are
brought together to form so-called “photonic molecules” and 2-D arrays,
where the individual resonant modes are strongly coupled forming optical
supermodes with novel properties.

Chapters 2 and 3 are devoted to resonant coupling properties of such
photonic molecules and sensor devices. Through finite difference time
domain modeling, we introduce novel properties of such structures such as
spectral signatures of photonic molecules. We show that the spectral
signatures are determined by the number and configuration of
constituting photonic atoms. We study spectral and spatial properties of
the optical supermodes in different molecules. We also demonstrate how

the simplest bi-atomic molecules can be used for achieving routing and



switching functionality in 4-port structures where such molecules are
coupled to stripe waveguides.

Chapter 4 is devoted to application of photonic nanojets for enhancing
the collection of light and angle-of-view (AOV) in midwives-infrared focal
plane arrays. The problem in this area is related to the thermal noise in
uncooled cameras. We show that we can tackle this problem by designing
devices integrated with microspheres where the size of the pixels can be
significantly reduced to decrease the noise, still keeping high photon
collection efficiency and large AOV, thus allowing increasing the operation
temperature.

Chapter 5 1s devoted to application of microspheres for superresolution
imaging. The problem in this area is related to an intriguing role which
nanoplasmonic plays in achieving optical superresolution properties. By
performing extensive comparative nanoscale imaging of fluorescent
nanospheres through silica microspheres (index n=1.46), we
experimentally demonstrate an important role which localized surface
plasmon resonances in different metals such as Au and Al play in
superresolution properties of such devices. We demonstrate that the
virtual imaging of fluorescent nanospheres is possible with A/6 resolution,
if the size of features and periods of nanoplasmonic arrays is sufficiently

small.
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CHAPTER 1: INTRODUCTION

1.1: Outline and Overview of the Dissertation

Mother Nature favors spherical shape in a sense that dielectric
microspheres can be fabricated by many completely different technologies
with an extremely high surface quality. In its turn, high surface quality is
very important for realizing the optical properties of microspheres in
agreement with theories based on a model of perfect spheres. These models
include Mie theory [1], whispering gallery mode theory [1], and the theory of

focusing properties of microspheres termed “photonic nanojets”[2].

In this dissertation, we consider the optical properties of more complicated
structures and devices where the microspheres are combined to form clusters,
photonics molecules, and 2-D arrays. The optical properties of such structures
and devices are complicated compared to their single photonic atom
counterparts. We show that they give rise to spectral fingerprints and
supermodes in photonic molecules, photonic nanojet-induced modes in chains
of spheres, and unusual superresolution imaging properties of single and
multiple spheres. What is even more important, all these properties are

highly desirable for developing novel devices. These include novel sensors of



nanoparticles, near-IR focal plane arrays, and devices for superresolution

1maging.

The first task of this PhD theses work was to understand the basic
physics of formation of coupled-cavity spectra and supermodes in photonic
molecules and arrays of microspheres. The second task was related to use of
arrays of microspheres for increasing the sensitivity, angle-of-view, and,
potentially, operating temperature of IR imaging devices. The third and final
task is related to studies the mechanisms of superresolution imaging by
dielectric microspheres aimed at near field optical coupling mechanisms
between the nanoscale objects and microspheres These studied are also
aimed at understanding fundamental role which nanoplasmonic structured

illumination plays in increasing the resolution of these systems

Chapter 1 is dedicated to overview the relevant literature and important
articles existing in the field of study. The sub-sections can be considered as
introductions to corresponding Chapters 2-5.

Chapter 2 is devoted to photonic molecules and sensor applications of
circular resonators. Photonics molecules were a subject of continuous interest
for the last two decades. One of the main problems in this field is related to a
basic question how to make microresonators with the identical position of
their WGM resonant peaks required for their efficient coupling. If WGM
resonances are misaligned in the individual photonic atoms, their resonances

are spectrally detuned, and their coupling and hybridization are inefficient.



On the other hand, aligning extremely narrow WGM resonances in individual
microspheres represents a challenging problem. At the same time, coupled
cavity structures can be fabricated without using microspheres by standard
in-plane technologies, but these studies revealed the same problem related to
inevitable size and shape variations of individual microdisks, rings, and
photonic crystal cavities with corresponding misalighment of their
resonances. Due to such difficulties, just the simple cases of single or double
micro resonators, along with the concept of bonding and antibonding coupled
modes were carefully studied. In this theses research proposal, we study the
more complicated photonic molecules as well as coupled mode hybridization
in such structures. A separate subject within Chapter 2 is represented by
sensor applications of WGM resonators. By using numerical modeling, we
demonstrate advantages of using coupled resonators for building sensors of
nanoparticles deposited at the sidewall surfaces of such structures.

Chapter 3 is devoted to the optical transport properties of coupled WGM
microresonators. We want to engineer photonics molecules in order to give
them some advance functionality such as optical routing, wavelength
demultiplexing, and unidirectional optical transport properties which can be
very useful for developing chip-scale telecom and sensor devices. The ports in
such structures can be connected in narrow spectral ranges and in only one
direction or in both directions. This part of our work is closely related to such

topics as optical nonreciprocity in photonic microstructures which attracted a



lot of attention in photonics community in recent years. We develop an
original approach to these problems based on designing the structures which
comprise optical asymmetry and losses. This combination of properties is
responsible for the spectrally dependent optical routing of electro-magnetic
pulses in such structures.

Chapter 4 is about designing mid wave-IR (MWIR) focal plane arrays
(FPAs) with advanced functionality. As it mentioned above, dielectric
microspherical structures have also the ability to produce extraordinarily
tightly focused beams termed “photonic nanojet”. Using this unique property
of microspherical structures opens a promising way to increase the efficiency
of MWIR-FPAs. A natural way of increasing the resolution, decreasing the
thermal noise, and, potentially, increasing the operation temperature of
MWIR imagers is connected with the reduction of the diameter (d) of
individual photodetector pixels. Since the microspherical lenses are able to
produce such tightly focused beam, they can allow photodetector pixel’s
reduction. In our previous work, we suggested using “photonic jets” produced
by dielectric microsphere, to enhance the sensitivity of FPAs, and in this
thesis work we plan to optimize our designs for achieving maximal angle of
the views (AOVs) for spheres with different diameters, as well as various
indices of refraction. It should be noted that the standard solution of the light
collection efficiency problem is offered by the commercial microlens arrays.

This solution, however, comes at a price of very narrow AOV~1-2° of the



resulting mid-IR imaging system. We show that the microspheres allow
combining high light collection efficiencies with very large AOVs which is
very attractive for developing next generation of FPAs.

Chapter 5 1s devoted to study of the nanoplasmonic contributions to the
resolution of nanoscale structures in microspherical nanoscopy. The research
included in this Chapter continues super-resolution studies previously
performed in Prof. Astratov’s lab in the context of using contact microspheres.
Despite all the success with developing super-resolution imaging techniques,
the Abbe limit poses a severe fundamental restriction on the resolution of far-
field imaging systems based on diffraction of light. Use of contact
microspheres allows to pick the objects’ near-fields and to project them in the
far-fields. The microsphere plays a role of dielectric lens and, simultaneously,
an antenna which creates a virtual image located at larger focusing depth
below the sample surface. The mechanisms of super-resolution by
microspheres are debated in the literature, but the essential component is
connected with a combined effect of collection of the optical near-fields and
magnification of the virtual image created with some contribution of these
optical near-fields. The factor which was less studied is connected with a role
of structured illumination of nanoscale objects by nanoplasmonic arrays
fabricated on a substrate. By looking into spectral and spatial characteristics
of such coupling between fluorescent dielectric nanospheres and nanoscale

metallic arrays we come to the conclusion that localized surface plasmon



resonances play an essential role in mechanisms of superresolution imaging
properties of such structures. The results for nanoplasmonic enhancement
are illustrated by finite difference time domain modeling.

In the following sections, we review resonant mechanisms of light
Iinteraction with dielectric spheres based on whispering gallery modes
(WGMs) excitation in the microspherical cavities. We also review the non-
resonant mechanisms of light interaction with dielectric spheres. We will
discuss the basic physics of resonant and non-resonant interaction

mechanism.

1.2. Resonant Properties of Dielectric Spherical Microcavities

1.2.1. Whispering Gallery Modes in Spherical Microcavities

Optical resonators are able to confine significant electromagnetic power in
small volume and for extended periods of time. These properties make them
fundamental in any laser device as well as nonlinear optics applications,
optical and RF communications, quantum optics [3], optical signal processing,
and sensing [4, 5]. A particular class of optical resonators is constituted by
structures with spherical symmetry, where the light waves are almost
perfectly guided round by total internal reflection and focused by the surface
itself. The specific resonances (or modes) of a wave field that are confined
inside these spherically symmetric resonators (Fig. 1.1) so-called whispering
gallery modes (WGMs). The term of whispering gallery modes first

introduced by John William Strutt (Lord Rayleigh) for the traveling sound
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rays making up chords of the circular gallery due to the refocusing effect of

the curved surface [6].

(a) b4 (b) ) (c)

»

Figurel.l: (a,b) Schematic illustration of a cylindrical and a
spherical dielectric microcavity. (c) Top view of the
microresonators. Resonances occur when the optical path length
equals an integer number of the wavelength inside the cavity

[7].

The initial study of the spherical microparticle in a properly shaped object
made of a dielectric material was published by Richtmyer in 1939 [8] showing
a spherical microresonator could sustain high-resonance modes. Due to
minimal reflection losses and to potentially very low material absorption,
these modes can also reach remarkably high-quality factors. Later in 1961,
Garrett et al, noticed the application of spherical resonators as laser
resonators [9], detection of biomedical molecules and viruses [10-14],
detection of nanoparticles [15, 16], environmental medium sensors [17-20],
temperature sensors [21], force sensors [22, 23], rotation sensing (Application
of optical whispering gallery mode resonators for rotation sensing) and micro-
lasers [24-28] are examples of other applications for microspherical

resonators. There is a variety of geometries for WGM resonators including
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cylindrical optical fibers [29], microspheres [30, 31], fiber coils [32],
microdisks [32-34], microtoroids [35-38] (Fig. 1.2), photonic crystal cavities
[10, 39, 40], microcapillaries [24], and some exotic structures, such as bottle

[41, 42] and bubble microresonators (Fig. 1.3) [43, 44].

Figurel.2 : SEM micrographs of a silica microdisk on a Si-chip
with a radius of 40 pm, a microtoroid with a radius of 25 pm,
and a silica microsphere with a radius of 11.5 um [45].

Figurel.3: Illustration of the WGB bottles: (a) projection of the

WGB on plane (p,p), (b) projection of the WGB on the plane (z,p)
[41].

In this dissertation, we mainly consider WGMs in microspheres due to
easier manipulation, commercial availability [46, 47], and their higher Q-

factor [14, 48, 49]. The confined electromagnetic waves inside the dielectric



sphere, correspond to waves circling around the cavity, supported by
continuous total internal reflection off the sphere surface, that meet the
resonance condition (after one roundtrip (~2nR) they return to the same point
with the same phase and hence interfere constructively with themselves,
forming standing waves [50]. The constrictive condition can be expressed as ~
[(Ay/n) where Ay/nis the wavelength in the medium with refractive index n

[51].

Microsphere resonators are usually fabricated by means of surface tension
and can be made of materials in liquid, amorphous and crystalline forms. The
earliest demonstrated optical microresonator and also the simplest, is a
micron-sized liquid droplet with a near perfect spherical surface due to
surface tension [52]. The solid-state microsphere resonators are other type of
microsphere which made from fused silica (Si02)[52]. In this case the tip of a
silica optical fiber is heated by an electric arc or a flame and forms a sphere
to retain a minimum its surface energy. The melted silica solidifies in a
microsphere shape as soon as the heat is removed. The radius of sphere can
be adjusted by the size of the fiber tip. One more technology is represented by
the cluster-aggregation reactions in the solutions with one of the examples

represented by small, micron-scale silicon microspheres or synthetic opals.
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The other type of circular resonator such as disk, circuit and ring
resonators can be fabricated in three basic processes: deep ultraviolet (DUV)
lithography, electron beam lithography (EBL) with higher feature resolution
for closely packed structures than DUV lithography, however is much
slower/has lower throughput than DUV lithography, and nanoimprinting
lithography (NIL) which has high throughput as well as high feature

resolution [52].

The propagation of electromagnetic eigenmodes inside a dielectric sphere
with radius R placed in vacuum can be defined in spherical coordinates

(r,9,9) (1, 53].

W im0, ) AP (cos®)e™?jy(kyer) 5 T <R (1.1)
r,v,p) = J ; |
nlm ¢ BP["(cos9)e™hy(koer) 5 r>R
we
s = ko T oy = at (1.2)

Where P/"is Legendre polynomials, j, spherical Bessel, and h; spherical
Hankel functions. w;is the angular frequency of the resonance, ¢, is the
speed of light in vacuum. ¢ and u are the relative electric and magnetic
permittivity of the sphere respectively. Here, n,l and m uniquely determine
the radial, polar and azimuthal quantum mode numbers respectively [54]. n
equals the number of WGM intensity maxima along the radial direction
inside the sphere, | equals the number of wavelengths that can fit into the

optical length of the equator. The azimuthal (1) mode number —l <m <1
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determines the spread of the modes away from the equator (fundamental
mode with m=l corresponding to propagation in the equatorial plane) towards
the poles. Using appropriate boundary conditions at the sphere’s surface we
can calculate ratio A/B and k,; as constant numbers. In a degenerate case of
perfectly spherical shape, the resonant frequency depends only on the indices
n and [, but not on m, hence the degeneracy of the modes is 2{ + 1 [53]. Also,
[-m+1 equals the number of field maxima in the polar direction
(perpendicular to the equatorial plane). For n = 1 more or less there is no
fluctuations inside the sphere, thus the modes with lower n are better
confined in the sphere (higher Q-factor) and leak out more slowly than those

with larger n [55].

For small indices [ the mode fills almost the whole volume of the
microsphere, while for large indices [ (bigger than 100) the modes are highly

localized close to the surface of the microsphere (Fig. 1.4) [53].

Figurel.4: Formation of whispering-gallery modes visible by
implanted Er3* ions via up-conversion luminescence in a coupled
system of microsphere and tapered optical fiber. The number
field of maxima in the polar direction is given by [ —m + 1 [54].
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For m =1 we also get no oscillations of amplitude in the polar direction,
and since P/(cos9) o« sin'd , such a mode is, for large indices [, highly
localized also in the polar direction. These properties are very similar to what
described by Lord Rayleigh to his whispering gallery waves and that is why
we call modes with n=1 and m =1[1> 1 fundamental whispering gallery

modes of the sphere [53].

In practice, by small deformations of the microspheres from the spherical
shape [56]or by any perturbation at the surface of the sphere the degeneracy
of the azimuthal number, m, can be removed. As shown in Fig. 1.5(a) the
fundamental WGMs with m = [ are defined ((69) parallel to the substrate in
the equatorial plane of the sphere. The highest Q-factors can be expected for
such fundamental modes, due to the fact they are separated from the
substrate by the radius of the sphere as illustrated in Fig. 1.6(b). On the
other hand, the modes with m << [ are damped, since the spatial mode
distribution approaching to the high refractive index substrate (with
maximum intensity) as shown in 1.6(c). A typical fluorescence spectrum of a
single dye-doped polystyrene (n=1.59) microsphere with diameter of D=5 um
on a glass substrate is shown in Fig. 1.5(d) [57]. The WGM peaks with

orthogonal polarizations are characterized by TE]' and TM}* respectively.



- & H Max/
:II:;(b> [ Jo©

2
TE?; | TM2 TE%s (d)
™) I
| TE!, | M40 TE2
TE'y | \ “ M2 lss
I J'N.\N vA | , M5
w \J TE’ao | TM2, 29 g
"= | TE'y 3 S g g
f N"\ | D % 8
. ‘{«-ﬁ
-
520 530 540 1

Wavelength (nm)

Figurel. 5: (a-c) Schematic illustration of WG modes distribution
with different m, for a single microsphere positioned on a
substrate. (d) Fluorescence spectral image and emission
spectrum of a single green fluorescent D=5.0 pym sphere with
TE!' and TM* WGM peaks measured through the transparent
substrate [57, 58].
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Figurel. 6: Measured wave transmission spectrum of the bus
waveguide coupled to a microring resonator. The measured free
spectral range of the microresonator is AArsg = 2.0+£0.01 nm. The
spectral width of the resonances (full-width at half-minimum of
the dip) was SArwam = 0.5+0.05 nm [59].

13
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In general, angular modes are separated by the free spectral range (FSR)
for typical resonators (Fig. 1.6), Adpsg = 1%/(2nR)n,. The calculated group
effective index ny, = n.pr — A(6nrr/821) includes both the material dispersion
and the modal dispersion of the effective index of the guided mode n.sr. The
modal dispersion mostly becomes important in the case of single-mode

waveguides [60].

The approximated positions of WGM resonance modes in a dissipated
system where the electromagnetic fields leak from the optical cavity can be
derived from Maxwell’s equations solved in the spherical coordinates by using
the Mie scattering. In this approximation resonators are considered with
diameters large relative to A, therefore the radiative leakage of the energy is
small, and the radiative part outside the sphere as negligible; thus, the
resonance condition expressed can be written as

Ju(Nx) N,
Jy(Nx) ~ N,

(1.3)

Where parameter x = 2ma/A, ] and N are Bessel and Neumann functions
respectively, and v = [ + 1/2 translating the spherical Bessel and Neumann
functions to their cylindrical counterparts [56, 61, 62]. The Bessel and
Neumann functions as well as their derivatives in eq. (1) can be expressed as
asymptotic series in powers of v—1/3 and Airy functions which allows the

resonance positions to be obtained:
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Nxl, =v + av? + agv+a_1,v 3 + - (1.4)

Where a,, = 273a,, ay = —P/YN? — 1, a_,,, = —2"%/3a,, and a,, are roots
in n 0 10

of the Airy function A;(z) and associated with the radial order n. here the-
Free Spectral Range (FSR) corresponds to the spacing between two modes

with the same polarization and with the same n of the circular resonator can

VN2 —
be defined as AvTE ™ ﬁ NN L The spacing between two adjacent modes

labeled as TE and TM and only differs by one unit of their quantum number [

[61].

Fig. 1.7 shows a typical fluorescence (FL) emission spectrum with WGM
peaks along with the spectral image of a 5 m polystyrene (index of 1.59)
microsphere on a glass substrate. The WGM peaks with orthogonal
polarizations are labeled TE]* and TM* respectively. The measured Q-factor
for the first order modes (n=1) in Fig. 1.7 equals Q=4x103, which is well below

the theoretical limit (Q>105) calculated for perfect 5 um sphere [58].

E 37 TM[ TM TE? )
TE!,, B TM 0 TM? lTMl
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Substratel 520 530 540
Wavelength (nm)

Figurel. 7 FL spectrum of a single dye-doped 5 m polystyrene
(index of 1.59) sphere on a glass substrate [58].
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Figurel. 8 Various types of optical coupling. (a) Tapered; (b)
prism; (c) angled fiber; (d) planar waveguide side; (e) free-space;
(f) polished half-block coupler [63].

1.2.2: Overview of Coupling Methods and Critical Coupling

The prerequisite for the practical application of WGM resonators asks for
high-Q (WGMs), with negligible parasitic loss. Therefore, achieving a
controllable and efficient coupling of light in and out of a WGM resonator is
essential. WGM optical coupling using Free-space excitation is not efficient
due to different phase velocities of light in air and dielectric microcavity.
There are various techniques for coupling the light into circular resonator
which all rely on energy exchange between a WGM and the evanescent part
of guided modes or total internal reflection waves. The earliest evanescent
coupling method used to couple light in WGM microresonators works based
on prism frustrated total internal reflection [64-66] where the beam
evanescent wave in the prism overlaps with the evanescent field of a WGM
resonator with coupling efficiency of 80% [65, 67, 68]. A variation on the

prism coupler is an angle polished optical fiber coupler, which provides better
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compatibility with fiber optics but limited coupling efficiency of 60% [65, 69].
Other examples of coupling methods for illuminating resonator structures are
planar waveguide side coupling [68, 70, 71], and polished half-block coupler

as schematized in Fig. 1.8 [72].

coupling region
Input =77 ., Output

e e oY

usphere

Figurel. 9: Illustration of an ideal coupled circular resonator
with tapered fiber. t is the transmission coefficient through the
coupler. k is the mode coupling amplitude and can be expressed
by k =iVl —t?, and a 1s the transmission coefficient for the E-
field on a round trip in the circular resonator [73].

The most common method with high coupling efficiency of 99.8% being
tapered fibers with micrometer or smaller diameter to critically couple high-
Q-factor WGM resonators [74]. There are several advantages using a fiber
taper waveguide (4) including simple tapering? (I would use “focusing” with
the lens) and alignment of the input beam, as well as collection of the output
beam when the tapered fiber placed alongside a resonator. Moreover, in
critical coupling condition, it can very efficiently select the fundamental
modes by filtering out all other waveguide modes at both the input and the

output. The critical coupling refers to the condition in which the internal loss
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of the resonator is equal to the coupling loss of the waveguide for a matched
resonator waveguide system, at which point the resulting transmission at the

output of the waveguide goes to zero on resonance [75].

For ideal mode matching in a coupler, the waveguide-microsphere system
can be expressed by a single coupling parameter t and a resonator round-trip
factor a as it illustrated in Fig. 1.9. The exchange of optical power for
unidirectional lossless coupling between a ring resonator and a waveguide

can be explained by simple analysis of the coupling [73]:

c

1-T= 1.5
1+f sinz(nAvFSR) ( )
_ 4at
_ t—a \2
¢=1- (l—at) (1.7)

Where C is the resonator coupling parameter, fis the coefficient of
finesse, Avpggr 1s the resonator free-spectral range. The critical coupling
(complete power transfer and dissipation of waveguide power) happens when
C = 1. In this condition, for a properly designed taper-microsphere system it
1s possible to nearly extinct the power transmission at the output of the
waveguide due to the high degree of filtering performed by the taper fiber.
This contrasts with a prism coupler where very limited mode filtering is

performed and most of the light scattered by the circular resonator is
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collected. Therefore, in this case dissipation of power transmission at the

output of the waveguide would be very limited.

1.2.3: WGMs Coupling in Photonic Molecules

The term photonic atom has been brought up by Arnold et al. [76] for a
phenomenon involving electromagnetically-interacting optical circular
microresonators. The properties of confined photon states in optical
microresonators are very analogous to the confined electron states in atoms
[77]. Based on this analogy, optical circular microresonators can be called
“photonic atoms”. Considering this terminology, the individual photonic atom
can be used as a building block to form a cluster of several mutually-coupled
atoms referred to as photonic molecules [78]. In photonic molecule structures,
the optical modes of individual atoms interact and give rise to a spectrum of
hybridized super-modes of photonic molecules [78]. Photonic molecules have
emerged as structures with promising properties for investigation of
fundamental science as well as for applications such as biochemical sensing

and information processing.

1.2.4. Optical Coupling in Double-Resonator Photonic Molecule
The simplest structure of photonic molecules is the double-microresonator.
Electromagnetic coupling between WGMs microdisk, microring, and
microsphere resonators (19, 49-57) results in the splitting of individual
resonator modes into shorter wavelength anti-bonding (blue-shifted) and

longer wavelength bonding (red-shifted) super-modes. The spatial
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distributions of bonding and antibonding modes are shown on the right of
Fig. 1.10. The amount of the shift in the resonant frequency varies based on
the strength of the coupling between individual photonics atoms. Moreover,
the values of Q-factors for bonding and antibonding super modes (referred to
as ‘loss splitting’ (16)) depend on the change in the inter-cavity coupling
efficiency. These two effects are shown in Figs. 1.10 (a, b) where two

microdisk resonators coupled via an airgap.
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Figure 1.10: WG modes splitting in a double-microdisk
photonic molecule (with radius of 0.9 pm, effective refractive
index n= 2.63), and TE polarization). (a) bonding and
antibonding super modes wavelengths and (b) quality factors
as a function of the airgap size between microdisks.
The inset illustrates the spatial distribution of magnetic field
for bonding and antibonding super modes [79].

To study the case of identical two microsphere in contact, another
experiment was performed by H. Miyazaki and Y. Jimba [79] to measure an
energy spectrum for normal incidence of light. Fig. 1.11 shows the spectrum

which normalized by the vacuum electromagnetic energy of the bi-sphere
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bi—sphere
u;," %

= §a3 where a is the radius of microspheres. To specify the
characteristic feature of the spectrum two general rules should be considered:
(1) the interaction between microspheres is limited only between modes of the
same azimuthal mode number m, and (2) no degeneracy is removed between
m and —m which means the total number of peaks for a certain [ mode is at

most 2 (I + 1) in the range 0 < |m| « [ [79]. These peaks are recognized as

bonding and antibonding modes.

100 |

U double
0
=)

Figure 1.11: Internal energy U vs size parameter S = kya, The
Mie resonance positions of a single sphere are indicated by the
arrows [79].

As an example of mode splitting, in Fig. 1.11, for the cases of TEL and
TE},, supermodes are almost equally split compare to resonance position of
single microsphere (uncoupled mode), however the upper peak is broader
than the lower one. In contrast, mode TMi, shows the asymmetric split with
almost the same width for bonding and antibonding modes. In this case,
lower peak of mode TEZ; appears as a small peak just below the upper peak of
mode TM3,. In fact, the asymmetric split of mode TM3i, in some way

contributes with TEZ; which can be explained based on the double-mode tight-
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binding model [79]. Also it can be observed that all the peaks for supermodes
are much broadened compared with the uncoupled mode peaks of the
individual microsphere [80] due to the interaction with more dissipative

modes of lower [ in Fig. 1.11 [79].

1.2.5: WGMs Coupling Properties for Linear Chains of Microresonators

For a linear chain of identical microresonators where N photonic atoms
are side-couple to form a photonic molecule, the optical spectrum has
multiple super-mode peaks. In this situation where microresonators are
placed close to each other, photons in one resonator can tunnel to the
neighbor resonator due to the overlap of the adjacent evanescent cavity
modes. The number of coupled modes tends to be equal to the number of
spheres in the chain and to the degeneracy number of the modes in the stand-
along atom. This situation is shown experimentally by Kuwata-Gonokami et
al. [81], which used dye-doped Polystyrene spheres of 4.2 yum in diameter
with refractive index of 1.59. Fig. 1.12(a) illustrate the typical spectra of
spheres with 1% size variation. The select spheres were positioned in a linear
chain structure on a silicon V groove substrate to ensure the straightness and
reproducibility of the microsphere chain, as seen in Fig. 1.12. It is known [57,
58, 82] that only WGMs with the intensity maxima separated from the
substrate have sufficiently high Q-factors. Therefor the gap shown in the
inset between the spheres and the V groove favors WG modes in a plane

perpendicular to the substrate [81].
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Figure 1.12: Fluorescence spectra of spheres with 1%- size
variation. (b) Scanning electron microscope image of four
microspheres with diameter of 5.1 um arranged linearly on a
silicon V groove. The inset shows the gap between groove and
spheres which supports WGM. (c¢) Fluorescence spectra from a
microsphere array structure consisting of one to six spheres.

Figure 1.12(c) illustrates the fluorescence transmission spectra for a
single microsphere as well as size-matched two to six-sphere chains in the
vicinity of TEZ° resonance. The positions of coupled WGMs in each sphere
chains were shown by arrows. It can be seen that the number of coupled
modes 1s proportional to the number of coupled resonators. Although in
experimental condition some of the coupled modes are not visible because of
low signal to noise ratios. A peak at the resonance of uncoupled mode from

single sphere was observed in all spectra due to large NA of the collecting

fiber.
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1.3 Resonant Optical Routing and Unidirectional Transmission in Photonic

Molecules

In this paragraph, we change our focus from the optical coupling effects in
microcavities to a broader understanding of the directionality of light
transport in such structures and to the role which structural asymmetry and

losses play in such properties.

1.3.1: Introduction to Non-Reciprocity

As it was mentioned above, the quest for on-chip optical isolators and has
recently leaded to many new 1solator structures and
nonreciprocal/unidirectional systems. On the practical level, nonreciprocal
devices are not only critical for signal processing applications but also needed
for simplifying the structure of photonic networks. In this section, the
essential characteristics of an isolator, and the requirement of nonreciprocity

1s reviewed.

1.3.2: Device Solutions for Unidirectionality

As it mentioned, an asymmetric scattering matrix, which breaks the
Lorentz reciprocity is required for isolator devices. In the conventional
solutions using magneto optical effects (Faraday rotation), could provide
asymmetric scattering matrix, and therefore optical nonreciprocity [83, 84].
Although these magneto-optical solutions are generally adopted in
commercial optical isolators and circulators, the bulky components and
external magnetic field make them difficult to integrate with on-chip and
nearby devices [85, 86]. To break the reciprocity in optical systems beyond
the conventional magneto-optical methods, other strategies have been
recently developed to address the need of on-chip optical nonreciprocal
devices, including optical nonlinearity such as electro-absorption modulation

[87], cholesteric liquid crystals [88], opt mechanical cavities [89] and the opto-
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acoustic effect [90], interband photonic transitions [91], and PT symmetric

optics [92, 93] which are briefly discussed in the following sections.

1.3.2.1: Magneto-Optical Effects
Perhaps the most common optical isolator relies on the Faraday Effect

and 45° crossed polarizers [5]. Here, a magneto-optically active material gives
rise to polarization rotation, which has opposite signs for backward and

forward propagation (Fig.1.15).

Forward  polarzer Block.

Faraday crystal 0° polarizer

90°

polarizer Faraday crystal

45°

4 polarizer Backward

Pass

Figure 1.15! Schematic structure of ordinary optical isolator
[94].

Other isolators based on magneto-optical materials usually wuse
waveguides with different propagation constants in the forward and
backward directions [94, 95], nonreciprocal propagation losses [96], and

induce frequency splitting in resonators [85, 97].

Although magneto optical non-reciprocal photonic devices commonly used
in optical communications, but such devices are still deficient in
semiconductor integrated photonic systems [83, 98] because of some
difficulties in both materials side and device design. Since nonreciprocal
magneto-optical garnets has large lattice size, they show thermal mismatch
with semiconductor substrates, and it makes it difficult to reach uniform
integration of garnets, and it is requiring wafer bonding to combine them on

a semiconductor platform. Therefore, there is no proper phase purity, high
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Faraday rotation and low transmission loss [99, 100]. Also, on the device side,
the length scales of integrated optical isolators start from millimeters to

centimeters, so it has large foot print.

1.3.2.2: Optical Nonlinearity
Nonlinear materials are another group of materials that breaks

reciprocity and can be used for isolators. For instance, isolators that uses
Raman amplification [101], and stimulated Brillouin scattering [102] which
have linear responses to the input power below the pump level and chirped
nonlinear optical photonic crystals [103] which works only in a certain signal
power range. Isolators with a time-varying refractive index are other devices

in this class [104, 105].

Since longitudinally non-uniform structures of nonlinear materials have a
nonreciprocal response, they can be considered as alternatives to the Faraday
by using graded amplifying media or quadratic waveguides which are
concentrated asymmetric along the propagation direction. By this way a high
contrast optical diode can be fabricate by engineering the second-harmonic
generation cascading effects in forward and backward propagation through
proper modifying of the nonlinear response of a channel waveguide.
Unidirectional devices based on cascaded nonlinearities usually use a well-
designed quasi phase matching (QPM) grating in a recombined proton
exchanged waveguide (Fig.1.16). In this structure a dephasing domain of &L
is introduced at x = L1 inside a perfectly uniform grating of period Lo with
total length L, so the grading is perturbed by a localized “defect”. The
cascading of two parametric interactions occurs in the uniform QPM
segments L1 and L2 —L1— 6L, but the defect can change the phase
relationship locally between the fundamental and second harmonic waves. By
suitable placement of Li; and 6L of the defect, the forward transmission can be

maximized by fully restoring the fundamental power at the output via
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cascaded up-and-down, however the device turns as an efficient frequency

doubler in the backward direction, causing negligible transmission [106].

FORWARD [jmm)> <Gm=m1 BACKWARD

Figure 1.16: QPM grating profile used for optical diode: dark
and bright sections represent positive and negative nonlinearity
respectively. The arrows indicate nominal forward and
backward propagation directions, respectively [106].

In addition, since the liquid crystals (LCs) among various optically
nonlinear materials have orientational third-order nonlinearities which are
already up to several orders of magnitude larger than Kerr electronic
nonlinearities of conventional dielectrics, therefore, the efficiency of optical
nonreciprocal approaches based on LCs can be enhanced in QPM structure by

embedding a LC defect layer asymmetrically inside it [107].

1.3.2.3: Thermo-Optical Effect

Using high—quality factor (Q) Si microrings is another method for
constructing optical nonreciprocity as a diode effect based on strong optical
nonlinearity. Si microrings consists of a high-Q all pass notch filter (NF)
which operates near the critical coupling regime, and an add-drop filter
(ADF), with asymmetric power coupling to the bus waveguides (Fig. 1.17)
[107].

To match the resonant wavelength of the notch filter with add-drop filter,
the wavelength can be thermally tuned through thermo optic effect of silicon.

At this resonance wavelength, light couples into the micro ring in the ADF
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through two different gaps, G2 and Gs, and optical energy accumulates in the
micro ring. Because of the asymmetric design, the energy enhancement factor

in the ring depends on the propagation direction [107].

G;

Center
Point @

G3

fanium micro

Figure 1.17: Fabricated Notch filter (NF) and add-drop filter
(ADF) as two resonance-matched filters. Forward direction is
defined as Input at port I and output at port II; backward
direction: input at port IT and output at port I [107].

Since the ring resonator has high Q factors and small radius, with high
input power, the power density inside it will be considerably amplified. This
induces optical nonlinearity in silicon, and a red shift in the ring’s resonance.
Therefore, less energy is stored in the ring during forward propagation, and
the amount of resonance shift in the forward direction will be smaller than
that in the backward direction. This leads to a case in which forward
transmission exceeds backward transmission. The optical nonlinear effects in
silicon include the Kerr effect, two-photon absorption, the free carrier effect,
and the thermo-optic effect. Because of the large thermal dissipation time of
the SiOg2, the thermo optic effect is dominant, and since it does not require
external magnetic fields, radio-frequency modulation, or optical pumping, its

functionally makes it similar to electrical diodes [107].

1.3.2.4: Parity-Time (PT) Symmetric Optics

The engineered photonic structures combining gain and loss, have

received increasing attention in the optical information processing and
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optical communications communities recently Such systems provide new
possibilities for manipulating light beyond conventional structures having
only loss or only gain [108]. In fact, these compound-optical systems with
gain and loss provide a powerful analogy to test theoretical proposals in
quantum mechanics described by non-Hermitian parity-time (PT)-symmetry
PT-symmetric optical systems are open physical systems combining balanced
gain (amplification) and loss (absorption) which are reciprocative under
parity (P) reflection and time reversal (T), and, therefore gain and loss are
interchangeable in such systems [108]. Interestingly, the PT symmetric
system under some conditions that the non-Hermitian factor crosses a critical
threshold, can exhibit a phase transition from PT symmetry to broken- PT
symmetry. Some phenomena like nonreciprocal light transmission in
integrated photonic devices (such as on-chip optical circulators and optical
isolators) can significantly benefit from crossing that “exceptional critical
threshold” and using broken-PT symmetry to introduce nonreciprocity and
unidirectionality into the optical system. Since such on-chip PT symmetric
optical devices can be integrated with photonic circuits, consequently, they
provide a viable alternative to conventional solutions using magneto optical
effects (Faraday rotation) [108].

For example, in a system of two coupled micro-resonators by adding gain
on the first micro-resonator (case (b) in Fig. 1.18(b)) and keeping the gain and
loss ratio at a fixed value, we again monitored the spectral positions of the
bonding and antibonding modes as a function of the gap (blue line in Fig.

1.18(b)) [109].
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Figure 1.18: (a) System of two coupled active and passive WGM
micro-resonators. (b) Mode splitting of supermodes as a function
of the gap between two micro-resonators [108, 109].

Unlike case (a), the mode splitting could not be detected for a gap between
the micro-resonators exceeding 275 nm. Reducing the gap, generally,
increases the role played by dissipative (light scattering) processes at the
wavelengths of bonding and antibonding modes. Sudden appearance of
splitting at the 275 nm gap can be interpreted as a result of a phase
transition in the system from broken PT symmetry to PT symmetry. For
smaller gaps, the energy in the active resonator flows fast enough into the
passive one and the loss in the passive resonator can be compensated, hence
the gain and loss are in balance, and the system is PT symmetric. On the
other hand, when the gap is larger than 275 nm and the resonators are
weakly coupled, the energy only accumulates in the active resonator. The
gain and loss cannot be in balance and the system is in its broken PT
symmetry region. This region for broken PT symmetry can be potentially
used to introduce unidirectionality and non-reciprocity into the optical

system [108, 109].

By the Lorentz reciprocity theorem, any linear system described by
symmetric and time-independent permittivity and permeability tensors is
necessarily reciprocal. Therefore, the scattering matrix of such system will be
symmetric and hence unsuitable for isolation. To introduce nonreciprocity
into the system, many approaches are stablished which among them, using

magneto-optics effects are most common, but the bulky components and
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external magnetic field make them difficult to integrate with on-chip and
nearby devices. Therefore, to achieve nonreciprocity without magneto-optics,
one necessarily has to rely upon either nonlinear or time-dependent effects.
Based on these facts other methods such as optical nonlinearity, interband
photonic transitions, Optical-thermo effect and PT symmetric optics are

developed to address the need of on-chip optical nonreciprocal devices.
1.4. Non-Resonant Properties of Dielectric Spherical Microcavities

In this Section we change our focus to the optical properties of circular
dielectric objects which are not directly related to their high-quality internal
resonances and more related to their ability to focus light as microlenses or
microlens arrays. Near-field coupling effects will still play some role,
especially in imaging aspects considered later in Section 1.4.2. We start,
however, from more simple focusing properties which often can be understood
in a geometrical optics, especially for sufficiently large microspheres with

D>>10A, where D is the sphere diameter and A is the wavelength of light.

1.4.1: Highly Efficient Mid IR- Focal Plane Arrays with Large Angle-of-View
(AOV)

Infrared focal plane arrays (FPAs) have a dynamic journey since the
primary 2-D arrays were manufactured in the late 70s. Today’s fixed and
portable mission necessities are motivating the development of these thermal
imaging systems for a wide variety of space science, security, surveillance,

military, and commercial applications. The designs of modern focal plane



32

arrays (FPAs) used in mid-wave infrared (MWIR, A ~3-5 um) detection are
being developed towards minimization of the pixel sizes and increasing the
operational temperature. The dark current is proportional to the detector’s
area (A). However, in the case of illumination of FPA by quasi-plane waves,
the reduction of A would also cause the reduction of the photocurrent. This
means that one needs a specially designed microstructure or a “concentrator”
which would allow to deliver all incident power to a photodetector mesa with
reduced size and, consequently, reduced dark current. In FPAs equipped with
such concentrators the operation temperature can be increased compared to
similar structures with large photodetector mesas operating without
concentrators. Here we review some of these photon trap structures such as

photonic crystals, textured surfaces with pyramidal relief features, and

curved FPAs.
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Figure 1.19: (a) 512 x 512 30 pm array of photonic crystal holes
on a 5 pum pitch in a standard mesa, subset shows a corner of
multiple variable unit cell regions on a 512 x 512 30 pm array.
(b) NEDT for a HgCdTe detector with a 5 um cutoff at 200 K
reducing mesa approach compared with a photonic crystal
approach [110].
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One of the determined requirements for enhancing the performance of IR
detectors is to obtain high (> 80 %) quantum efficiency over the broad 0.5 to
5.0 pm spectral range while minimizing dark current and improvement in
operation temperature. The application and using photonic crystals for IR
detectors first was shown by Krishna et al [111] reported that by removing
material, the QE can be improved from 7% to 93%. Fig. 1.19 shows one
example of photonic crystal arrays as well as the modeling result for device
performance comparison for a baseline shrinking mesa and an idealized
photon trap detector when the fill factor is reducing. The fill factor is
calculated as the volume of material remaining divided by the volume of the
unit cell. To do the comparison, the noise equivalent temperature difference
(NEdT) for HgCdTe detector with 5 um cut-off (based on a diffusion-limited
detector) and photonic crystal 1x and 2x are calculated. As it can be seen in
Fig. 1.19 the effect of volume reduction is to decrease NEdT for mesa until a
critical point where the volume reduction removes so much material the
performance degrades. However, for the case of the photonic crystal it can be
seen there is a continues improvement in performance as volume is removed

[110].

The other strategy to achieve pioneering performance of IR detectors is
development of devices that rely upon bandgap engineering for the reduction
of dark currents in depletion-region. In particular, a properly designed nBn

device bandgap [112-114] are able to overturn the flow of majority carrier
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electrons due to the large conduction band barrier. In fact, the nBn structure
facilitates diffusion-dominated detector performance determined by the bulk
minority carrier (hole) lifetime. This is in contrast with the high dark
currents associated with depletion region generation-recombination currents
in a conventional p-n junction. One example of such detectors is shown in Fig.
1.20. In the detector structure, for each pixel an array of multiple pyramid-
shaped absorbers fabricated in the n-type InAsSb absorber. In fact, such
structure for the detector offers a strategy to increase operating temperatures
of the IR detectors consists of reducing the volume fill ratio of absorber
material, exclusion of front-side reflection for incident light over a broad
bandwidth, and enhanced photon trapping for high absorbance of incident

light [113].

S e Array

common

Broadband photon trapping pyramidal absorber

Figure 1.20: Schematic depiction of Compound barrier detector
architecture with pyramid shaped absorber layer [113].

In conventional FPAs, practically the shape of the detector elements is

square in order to have nearly 100% fill factor. The fill factor is defined as the
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fraction of the detector element area that is active in light detection. Since
generally the more photon collection by a given detector pitch is desirable,
then the fill factor should be considered as larger as possible. This leads to a
higher signal-to-noise-ratio (SNR). But on the other hand, a high fill factor
also tends to reduce the resolution and increase blurring due to the pixel
cross-talk [115]. In the case of the per-pixel electronics, the area which is
available for each pixel is reduced, so fill factor is often decreased to 60%.
Therefore, the light falling in non-active region is either lost or, creates
artifacts in the image due to the generating electrical currents in the active

region [116].
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Figure 1.21: Micrograph and depiction of the micro-lensed FPA
cross-sectional.

The fill factor and photon collection efficiency also can be regained by
using the commercial microlens arrays as illustrated in Fig. 121. Microlens
arrays allow collection of light from the entire area of the array followed by
focusing light into compact photodetector mesas in such a way that each

microlens is optically coupled to an individual pixel as illustrated in Fig. 1.22.
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Figure 1.22: Depiction of typical microlens placement. (b)
Micrograph of microlens array with plano-convex lens shape
corresponds to one pixel. (¢) A plano-convex microlens
parameters including the lens diameter D, the height at the
vertex h; the radius of curvature R, the refractive index n and
the contact angle 8 [117].

Considering h;as height of the vertex, and r = D/2 as the radius of plano-
convex lens. Then, the radius of curvature (R) at the vertex and the vertex

focal length (f) of the plano-spherical refractive lens can be given by [117]:
R=—+— (1.10)

_ R _ hl+r2/hl
f= nD) -1 2n) -1

(1.11)

Where n(4) is the refractive index of lens material at desired wavelength

(1). Also, the lens profile h(r) is generally described as [117]:

1.2

1
R14+/1-7%2/R?

h(r) = (1.12)

But in practice, such commercially available optics provide imaging with

relatively small angle of view (AOV) around ~1 degree. This is determined by
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the fact that the microlenses with a dome shape have only a single refracting
surface with rather limited refractive index contrast [118]. Much larger AOVs
are required for developing imaging sensors, optical perception systems, and,
in general, systems for imaging in a broad range of distances and directions.
micro-lenses are less effective [119] and may not be appropriate for all

applications.

More recently, research from Professor Astratov’s Mesophotonics
Laboratory [120] has shown another application of microspheres associated
with their ability to channel and concentrate light beams which can be very
useful for improving sensitivity of the light detectors, especially detectors
with limited photosensitive area or a device mesa [119, 120]. This is the
subject of Chapter 4 of this dissertation and will be discussed later in more
detail. In this dissertation, we present the results of numerical modeling
describing the functionality and advantages of such FPAs. We will also
mention about a possible technology which can be used for fabrication of such
structures. The results on fabrication of such structures go beyond the scope
of this theses work. (Including fabrication results in your theses would create
a problem for Aaron’s theses because the same results can be defended only
once. Since you did the numerical modeling and Aaron did the fabrication, it
seems that we should divide this work in your PhD theses, so that we will
remove any penitential problem in future. Remember that both PhD theses

will be published on Internet, and people would see who did what. It is in our



38

interests to defend the part which you did, but to make sure that the other

part is not claimed to avoid a potential problem in future).

1.4.2: Super-Resolution Microscopy

Achieving a spatial resolution that is not limited by the diffraction of light
is the subject of interest for the Chapter 4 in this dissertation. In 1873, Ernst
Abbe derived a formula explaining how the optical diffraction can limit the
resolution of optical imaging system. However, lifting some of the constraints
allows to extend the resolution beyond the diffraction limit. Multiple
approaches to this so called optical super-resolution microscopy had been
successfully demonstrated over last decades. In this section, we review some
of the basic concepts as well as text book associated with defining the

resolution of an optical system.

The resolution of an optical imaging system can be limited by factors such
as imperfections in the lenses, aberrations or misalignment. However, there
1s a fundamental maximum to the resolution of any optical system which is
due to diffraction. Light with wavelength A, traveling in a medium with
refractive index n and converging to a spot with half-angle 6 will make a spot

with radius

Je A B A
" 2nsind  2NA

(1.13)

The portion of the denominator n sinf is called the numerical aperture

(NA) as illustrated in Fig. 1.24. Half-angle 6 is the angle of the maximum



39

cone of light that can enter or exit the lens. For standard lens in far field the
NA can be defined as the ratio of diameter of the entrance pupil D to the twice

focal length 2f"

NA—D 1.14
=2F (1.14)

Figure 1.24: Illustration of the numerical aperture with respect
to the point P.

There are some techniques used to enhance the image spatial resolution
by optimizing NA. For instance, resolution improvement can be achieved by
immersing both the objective lens and objective space in a transparent oil of
high refractive index, thereby increasing the numerical aperture of the

objective lens.

Using solid immersion lenses [121-129], either hemispherical (h-SIL) or
super-spherical (sSIL) geometries are other options. The collection angle, and
consequently spatial resolution can be also increased with the s-SIL. The

resolving power of the optical imaging system also could be increased by
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using light of a shorter wavelength, i.e. violet or ultraviolet light [130-132].
However, it should be noted that the super-resolution imaging arises when
the resolution of the imaging system beats the values predicted by these

classical far-field diffraction limit.

1.4.2.1: Diffraction Limit and Resolution Criteria

The resolution of any optical imaging system can be limited either
by aberration or by diffraction resulting in blurring of the image. These two
phenomena are totally unrelated and have different roots. Aberrations
basically can be described based on geometrical mechanism of ray optics and
can in principle be corrected by increasing the optical quality of the optical
system. While, diffraction comes from the wave nature of light and is
determined by the finite aperture of the optical elements. The interplay
between diffraction and aberration can be characterized by the point spread
function (PSF). The PSF describes the response of an imaging system to
a point source or point object. In other word, PSF being the impulse response
of a focused optical system. In fact, any point in the object plane can be
considered as a Dirac delta function, which should be convolved with the PSF
of the imaging system and then form an image (impulse response) in the

image plane [133].

The resolution of a system is defined based on the minimum distance d at

which the points can be discerned. Several definitions are used to
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quantitatively determine the resolution. In the following section we describe
the theoretical estimates of resolution, and various criteria which have been
proposed such as Abbe [133], Rayleigh [134], Sparrow [135], and Houston

[136]. In this review, we will consider incoherent image formation.

In this far-field case, a lens basically works as a low-pass wave filter. The
field radiated by the small source in far field is modulated by the FT of the
source distribution. Then, the lens transmits only that portion of radiated
field which lies inside the collection cone of the lens. So, the plane wave
components, which lie beyond the collection cone of the lens, are not captured
by the lens and are not transferred over to the image plane. Consequently,
loss of the high spatial frequency content causes blurring and loss of

sharpness.

The Abbe diffraction limit for a microscope: In 1873 the German physicist
Ernst Abbe discovered how microscopes were limited by the diffraction of
light. According to the Abbe’s microscope theory, an array of objects
separated by distance d works as a diffraction grating with period d,
therefore the incident light can be diffracted by these object features. This

enables the use of the grating equation:

d sin(6,,) = ma (1.15)

Where 6,, is the angle between the m!"* diffraction order and the normal

vector to the surface of the grating, and A is considered the free-space
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wavelength. The diffracted orders can be collected totally or partially by the
1maging system, as shown in Fig. 1.25. The solution of grating equation for
passing one of the first order diffracted rays through the lens gives us the
Abbe diffraction limit. This was simultaneously formulated by Helmholtz as

well:

A

4=3Na

(1.16)

According to Abbe diffraction formula, for the imaging system, two-point
objects, should be separated by more than roughly half the wavelength of
1llumination in order to resolved. The Abbe limit for the conventional white

light source microscopes is ~ 200 — 250 nm.

Object Back focal plane Image plane

Lens
1

m=2
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e\

Figure 1.25: The two points objects AB is illuminated with
coherent light. The light is diffracted into orders, shown with
different colors (some orders are collected by the lens). In the
back focal plane, the orders are separated; in the image plane,
diffracted orders interfere to form the image B’A [137].
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The Rayleigh criterion is the generally accepted criterion for the minimum
resolvable detail when the first diffraction minimum of the image of one-point
object coincides with the maximum of another. Applying Rayleigh’s resolution
criteria for the irradiance patterns which produced from diffraction by square
or circular shape apertures produce saddle points of 81.1% and 73.6%,
respectively as illustrated in Fig. 1.26. Considering a circular shaped
aperture, the PSF would be in the form of Jinc? = J?(x)/x?, where J;(x) is the

first kind Bessel function. The irradiance pattern for the circular aperture is:

2
2J1(kor NA)) (1.17)

1) =I°( kor NA

Where the ky = 2w /4, is the free space wave number of the illumination
light. It can be shown that, for a circular aperture of diameter D, the first
minimum in the Airy disk diffraction pattern occurs at x = 1.22m where the
distance between the point sources is equal to the radius of the mutual Airy

disks. Therefore, the lateral resolution in Rayleigh limit calculated as:

061,

Ay =—r (1.18)
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Figure 1.26: Rayleigh criterion for a circular aperture [138].

The other resolution criterion is the Sparrow resolution limit which is
defined as the distance between two-point sources where there is no longer a

minimum 1n brightness between the central peaks, but instead exhibit

2
constant brightness across the region between the peaks, 1.e. % =0atx=0

[135]. Mathematically the Sparrow’s diffraction-limited resolution can be

expressed as:

0473 4

A 1.1

The Sparrow resolution limit 1s closer to the Abbe value and
approximately two-thirds of the Rayleigh resolution limit. Moreover, the
Sparrow is used more often in astronomy, while the Rayleigh and Abbe

criterion are more conventional in microscopy.

The Houston criterion states that two-point sources with equal intensities

separated by distance d can be resolved if the distance between the central
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maxima of the superposition of their irradiance profiles is equal to the full-
width at half maximum (FWHM) of the irradiance distribution of either
individual point source. The FWHM of the PSF for a circular aperture with

NA 1s:

_ 0515 4,

A, = FWHM 1

(1.20)

This point should be considered that for all these criteria mentioned
above, the image contract or signal-to-noise (SNR) which always present in
experimental measurement is neglected. As a result, the resolution
fundamentally depends on SNR. Also, if the PSF of the imaging system is
precisely known, then there would not be any limitation to define the
resolution of the system since two-point object model could be perfectly fitted
to the data, regardless of the distance between the two-point objects.
However, due to the lens imperfection, and aberration in experimental
condition, the PSF of the imaging system could not be accurately measured

[139].

Finally, it should be noted that super resolution microscopies are the
techniques which improve the resolution of optical imaging systems without
reducing the wavelength or increasing the framework of the instrument. In
the following section we review some of these techniques which beat the

diffraction limit.
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1.4.2.2: Super-Resolution Techniques

Despite the advantages of traditional far field microscopies, the resolution
of these techniques still is limited by diffraction of the light as it mentioned
in previous section. In fact, in far filed microscopy, the role of evanescent
waves which carry high spatial frequencies corresponding to sub-wavelength
features of the sample is missed. Near-field optical systems can be beyond the
classical diffraction limit by interacting with the evanescent wave or non-
propagating fields which is light localized around object surface and drop off
exponentially with distance from the object. The near-field scanning optical
microscopy (NSOM) is an important method which provide an effective way
to gain optical information of surface structures and optical field with a
subwavelength resolution (Fig. 1.27). In this method the detector tip is
scanning the sample using either at a constant height or with regulated
height by using a feedback mechanism. Spatial resolution in NSOM
techniques is then not limited by the applied wavelength or NA, and rather is
limited by the size of the detector tip as well as the separation distance
between the tip of the tapered optical probe and the sample surface.
Currently for NSOM measurements the resolution is in order of ~50—-100 nm
range [140, 141]. However, long scan times for large sample areas for high
resolution imaging, very low working distance and extremely shallow depth

of field are the limitations should be counted.
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Figure 1.27¢ The schematic shows an apertured NSOM
operating in transmission mode [142].

Emerging the fields of plasmonic and metamaterials within the last
decade offer solutions for engineering extraordinary material properties such
as negative refractive index (metamaterials) [143, 144]. This has provided
great opportunities for novel lens to overcome diffraction limit. In the year
2000, John Pendry Initiated seminal concept of the perfect lens [145] to
achieve nanometer-scaled imaging for focusing below the diffraction limit.
The initial lens was based on using a slab of material with negative
refraction of n = —1 as a flat lens. Such a lens allows near-field rays, which
normally decay due to the diffraction limit, to focus once within the lens and
once outside the lens, allowing subwavelength imaging. Pendry's theory
experimentally demonstrated [146] (14??) at RF/microwave frequencies, and
UV range (using thin layers of silver illuminated with UV light to produce

"photographs" of objects smaller than the wavelength [147, 148]. Negative
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refraction of visible light was also experimentally verified in a transparent

crystal in 2003.

Once capability for near-field imaging was demonstrated, the next step
was to project a near-field image into the far-field. This concept, including
technique and materials, is dubbed "hyperlens" [149, 150]. In fact,
hyperlenses project super-resolution information to the far field through a
magnification mechanism. Recently, there have been numerous designs for
hyperlenses, bringing fresh theoretical and experimental advances, though

future directions and challenges remain to be overcome.
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Figure 1.28: Schematic representation and SEM images of
metallic nanoprobes (with 100 nm scale) applicable to see an
object in nanometer resolution [151].
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Immersion Microscopy techniques such as hemispherical SIL (h-SIL) [121]
super-spherical SIL (s-SIL) [152] with possession of two aplanatic points
(spherical aberration-free focal points) in a dielectric sphere [129] (Fig. 1.29)
and nanometric scale SIL (nSIL are other type of super-resolution microscopy
related to a theory by Born and Wolf [18] (Fig. 1.30). Such techniques are
capable to improve resolving power by as much as 25%, in comparison to

conventional millimeter scale SIL (macro SIL).

(a) (b) (c)
Objective Objective Objective

\ 7 h=(1+n"R
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Figure 1.29: Schematic depiction of (a) An objective lens, (b) a
hemispherical solid immersion lens (h-SIL), and (c) a super-
spherical solid immersion lens (s-SIL). [138].
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Figure 1.30: SEM images for images for nSILs. (a,b) a face-up
lens and (c-f) face down lens, placed on a glass substrate with
stripe patterns [153].

In 2011, it was proposed by Wang, et. Al [154], that the dielectric
microspheres have the ability to resolve fine features due to the producing
photonic nanojets as a consequence of optical reciprocity. Experimentally it
was shown that Silica (n~1.46) microspheres 2<D<9 pum positioned on the
stripes of a Bluray® disk (in 170 nm width and 130 nm separation) along
with a nanometric scale star (fabricated with a ~90 nm corner) can form
super resolved virtual image of these objects as shown in Fig. 1.31. It was

claimed that this technique does not work either for full-immersion of
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microsphere or in the case when the refractive index of microsphere is bigger

than 1.8 [154].

(a) Olympus MDPlan
80x, NA-0.9

Virtual images plane SiO, microspheres :
o ‘Tz.;m<dameter<9um) 3
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Figure 1.31: (a) Depiction of an optical nanoscope in its
transmission mode. (b) SEM image of a Blu-ray® disk without
microsphere, (c) the optical imaging of the Blu-ray through
microsphere superlens in reflection mode, (d) and (e) the SEM
image and optical image of nanometric scale star respectively
[154].

More insight into the microsphere assisted microscopy was performed by
Professor Astratov’s research group in Mesophotonics Laboratory [155-159].
Initially, they wused high-index (n~2) barium titanate glass (BTG)
microspheres immersed in a liquid. It was an important advancement in this
field because it opened the gates for imaging biomedical samples such as
subcellular structures, viruses, and proteins. After that they performed label
free super resolution microscopy using BTG microspheres which were
embedded in polydimethylsiloxane (PDMS) thin-films They demonstrated
that the resolution ~\/6-\/7 (where A is the illumination wavelength) can be

systematically achieved in the images of nanoscale arrays of Au dimers and
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bowties (Fig.1.32). They also developed a technology regarding the fabrication
of transparent elastomeric PDMS slabs holding hundreds of high-index BTG
microspheres. Such coverslips can be considered as a novel optical component

for super-resolution microscopy [155].

=)
o

Irradiance (a.u.)

-100 0 100 200 a0

11.0

-200 -100 0 100 200
x (nm)

Figure 1.32: (a) Schematic representation of the microscopy
experimental setup using BTG microsphere embedded in PDMS
coverslip, (b-d) translation of the coverslip lubricated with TPA.
(e,h) SEM image of Au dimer and bowtie respectively. (f,1)
Virtual image of the dimer and bowtie obtained through the 5
pm and 53 pm BTG microsphere respectively and (g,j) calculated
resolution using 2-D PSFs with FWHMs of A/7 and A/5.5 for Au
dimer and bowtie respectively[155].

Along with the methods we mentioned so far, there are other methods for

functional super-resolution microscopy which basically fall in two main
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groups of, (a) stochastic super-resolution which use mathematical models to
reconstruct a sub diffraction limit from many sets of diffraction limited
images (including photoactivated localization microscopy (PALM), stochastic
optical reconstruction microscopy (STORM), and Structured illumination
microscopy (SIM)) , and (b) deterministic super-resolution which rely on the
non-linear response of fluorophores commonly used to label biological
samples in order to achieve an improvement in resolution (such as stimulated
emission depletion (STED) microscopy [160-162]), and ground state depletion
(GSD) microscopy [163, 164]). Here we briefly review one example for each

category.

Structured illumination microscopy (SIM) is a wide-field fluorescence
technique in which a series of excitation light patterns are generated through
interference of diffraction orders and superimposed on the unknown sample
structure while capturing images [165]. The concept behind structured
illumination microscopy can be understood based on Moiré effect when two
fine patterns are superposed multiplicatively, a beat pattern or Moiré fringes
will appear in their product in Fourier space as illustrated in Fig. 1.33. Such
moiré fringes can be much coarser than either of the original patterns, and in
particular may be easily observable in the microscope. Since the illumination
pattern is known, the moiré fringes contain the information about the
unknown structure. The Fourier transform (FT) of an SI image contains

superimposed additional information from different areas of reciprocal space
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which cause normally inaccessible high-resolution information to be encoded

into the observed image [165].

5B

Figure 1.33: Illustration of the concept of resolution
improvement in SIM. (a) formation of moiré fringes where two
fine patterns are superposed multiplicatively. Reciprocal space
translated for (b) conventional microscope (c) A sinusoidally
striped illumination pattern (d) three Fourier components of the
illumination in reciprocal space which move information beyond
the diffraction limit circle in (b). (e) different orientation and
phase of the pattern which make it possible to recover
information from an area twice the size of the normally
observable region, and consequently exceed the fundamental
resolution limit of the wide-field fluorescence microscope by a
factor of two. (f) example for the reconstruction procedure in
reciprocal space [165].
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Figure 1.34: Comparison of the resolution obtained by
conventional microscopy (top) and structured illumination
microscopy (bottom) [166].

Fig. 1.34 shows a comparison between conventional microscopy versus
SIM as well as their FT of the images in the reciprocal space. In SIM several
images are captured for each orientation angle of the grid to generate one
image subset. After image subsets are obtained for each of the grid
orientations, the collection can be analyzed through a specialized algorithm
to produce a reconstructed image having a lateral resolution approximately
twice that of diffraction-limited instruments Fig. 1.33. The widespread
availability of dyes and fluorescent proteins for labeling specimens and the
ease of conducting multicolor imaging are some benefits of high resolution
structured illumination microscopy, however the length of processing time
necessary to generate high resolution images is about 1 to 30 seconds, which

makes a drawback for this method in some application [166].
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There are some extension of SIM method including plasmonic structured
illumination microscopy (PSIM) [167], localized plasmonic structured
illumination microscopy (LPSIM) [168], and optical tweezers based LPSIM
(OT- LPSIM) [169]. It was experimentally shown by Feifei Wei et al., [167]
that by replacing the laser interference fringes in conventional SIM with
surface plasmon (SP) interference patterns, the resolving power can be
enhanced due to the unique properties of SP waves. Also using finely
structured, resonant, and controllable near-field excitation from localized
surface plasmons in a planar nanoantenna array, the wide-field surface
imaging with resolution down to 75 nm can be achieved. Reasonable speed
and compatibility with biological samples are the advantages of these

methods.

STED microscopy operates by using two laser beams to illuminate the
sub-diffraction object [160]. In this technique, by using the second laser, the
effective PSF of the excitation beam is altered in a way to suppresses
fluorescence emission from fluorophores located away from the center of
excitation as illustrated in Fig. 1.35. The suppression of fluorescence can be
happening through stimulated emission before spontaneous fluorescence
emission occurs in the depletion region. As a result, only the center of
illumination where the STED laser intensity is zero, fluorescence remains
unaffected and is detected by single-photon sensitive detectors. This action

effectively narrows the point spread function and ultimately increases
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resolution beyond the diffraction limit [160-162]. This sub diffraction

resolution can be described by modified Abbe’s equation:

A
d= (1.21)
2n sina /1 + IL
sat
Where n is the refractive index of the medium, [ 1s

the intracavity intensity and Iy, is the saturation intensity. Currently STED

microscopy is capable of 20 nanometer (or better) lateral resolution.
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Figure 1.35: Illustration of stimulated emission depletion
(STED) microscopy principle. (a) simplified Jablonski diagram
illustrating the transitions in electronic state during normal
fluorescence and during stimulated emission (b) A doughnut-
shaped depletion laser (in red) effectively reduces the point
spread function (PSF) of normal fluorescence (in green and
marked by a double arrow) below its diffraction limit [170].
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1.5 Summary

This Ph.D. dissertation is devoted to study the optical properties and
device functionality of Mesophotonics structures formed by dielectric spheres
and by microphotonics building blocks with characteristic dimensions varying
from several wavelengths up to hundreds of wavelengths. These building
blocks are capable of confining light inside them due to total internal
reflection which leads to formation of high-quality whispering gallery mode
resonances. They are also capable of focusing of light leading to formation of
so-called photonic nanojets. In more complicated structures and devices

formed by multiple building blocks it leads to the following effects:

e Fundamental WGM hybridization effect due to spatial overlap of the
evanescent fields of WGMs in neighboring circular resonators.

e WGM excitation in complex structures and devices determined by
evanescent coupling with tapered fibers and stripe waveguides. The
mechanisms of coupling light in- and out of such structures play an
important role in designing sensors of nanoparticles.

e Optical routing and unidirectional optical transmission in photonic
molecules and coupled cavities where spatial asymmetry and losses play
an important role.

e Use of photonic jets produced by dielectric microspheres for increasing

sensitivity and angle-of-view of MWIR detectors, and
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e Experimental approach for super resolution nanoscopy where
nanoplasmonic nanoarrays is used either as object for imaging or as layers

providing structured illumination of various nanoscale objects.

The work presented in Chapter 2 builds upon previous studies of simplest
coupled cavity structures such as dielectric bi-spheres. The unresolved issues
in this area include mechanisms of coupling between multiple cavities,
namely the questions about the spatial configuration of supermodes and how
the spectral properties of these supermodes correlate with spatial
configurations of photonic molecules. They were only few studies of these
effect in previous literature and the task of this theses work was to perform a
systematic study of these effects using finite difference time domain
modeling. To simplify the task, in this dissertation we used a simplified 2-D
model of in-plane coupling between circular resonators. This simplified
geometry catches the essential physics of evanescent WGM coupling effects
taking place in equatorial plane of touching or almost touching real physical
3-D microspheres. The problem of numerical studies is the fact that each
computed result describes only one set of parameters and making conclusions
about the physical properties and effects requires a significant variation of all
structural parameters. In this theses work, this is achieved by variation of
the refractive index of circular resonators and surrounding medium as well
as the diameter of such resonators. By using systems side-coupled to a stripe-

waveguide, we study photonic molecules with various number of constituting
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atoms assembled in various spatial configurations. By varying the structural
parameters in a wide range, we come to the conclusion that some of the
spectral properties of given photonic configuration are preserved. Namely,
this is a type of splitting of WGM components in such strongly coupled

systems which we called “spectral signatures” of photonic molecules.

In Chapter 3, we study the transmission properties of side-coupled
circular cavity systems based on numerical two-dimensional finite-difference
time domain modeling. The spatial asymmetry is introduced due to different
separations between the circular resonators and side-coupled stripe
waveguides. These structures can be viewed as 4-port routers where different
ports are connected due resonant coupling between the guided modes in
stripe-waveguides and whispering gallery modes in circle resonators. Due to
strongly asymmetric geometry, significant optical losses, and mode
conversion processes, such structures display strongly asymmetric optical
transmission properties for the waves propagating in forward and backward
directions between the ports. We show that conventional theory of coupled
cavities is often based on a concept of phase-matching. This concept leads to a
predictable direction of the flux of energy in more complicated multi-port
coupled-cavity structures. However, we show that it works only for
sufficiently large circular resonators with sufficiently small refractive index
contrast where the effective length of the coupling regions with the stripe-

waveguides is much longer than the wavelength of light. We show that in the
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case of coupled-cavity structures formed by high-index circular resonators
with compact dimensions, the coupling conditions between the cavities and
coupling conditions with the stripe-waveguides are changed in a sense that
the effective length of the coupler regions becomes comparable to the
wavelength of light and, as a result, the phase matching condition is relieved.
This leads to much more complicated connectivity between different ports in
such structures which depends on such parameters as spectral properties of
excitation, a degree of spatial asymmetry of such structures leading to
asymmetric losses for propagation in forward and backward direction.
Another fundamental issue is connected with the mode conversion processes
taking place in such structures. The modes excited in different parts of such
structures have different symmetry and polarization properties. The
combination of spatial asymmetry in a form of asymmetric coupling gaps with
the stripe-waveguides leading to asymmetric losses and mode conversion
taking place inside such structures result in very complicated functionality.
As an example, we show that the optical pulses centered around different
wavelengths in such structures can be delivered to different ports which
generally represent routing functionality. We also show that transmission

between two different port can be highly asymmetric in such structures.

In Chapter 4, we develop previous results of Prof. Astratov’s lab based on
developing various applications of photonic jets. One of the trends in design of

mid-wave infrared (MWIR) focal plane arrays (FPAs) consists in reduction of
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the pixel sizes which allows increasing the resolution and decreasing the dark
currents of FPAs. To keep high light collection efficiency and to combine it
with large angle-of-view (AOV) of FPAs, previously it was proposed to use
photonic nanojets produced by dielectric microspheres in order to focus light
on a compact photodetector mesa. However, the engineering of such
structures remained largely unexplored. As an example, the microspheres
need to be fixed on a surface on FPA in such a way that each sphere is
centered with the corresponding pixel. This implies that some kind of glue or
a photoresist layer with the ability to solidify can be used to fix microspheres
in a position. In this PhD theses work, we developed practical designs of such
structures which include these layers used for fixing spheres in two
situations. One is the case of back-illuminated and another one is the case of
front-1lluminated structures. We varied the index and size of microspheres as
well as the thickness of the photoresist layer to achieve the best focusing on
the photodetectors of FPAs. We study how the efficiency of such FPAs
enhanced by microspheres depend on the angle of incidence and we
demonstrate significantly larger angle-of-views (AOVs) of such structures

compared to standard microlens arrays.

In Chapter 5, we experimentally as well as using modeling study
investigate the impact of nano-plasmonic effect on super resolution
nanoscopy by using dye doped nano-spheres and different plasmonic arrays

via confocal microscopy. The idea of our experiments is based on the fact that
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localized surface plasmon resonances (LSPRs) have drastically different
spectral properties in different metals. LSPR are rather broad and their
spectral positions depend on the size of metallic islands leading to different
amount of size quantization contributions to the energy of LSPR. However, if
we skip the details and consider the resonant properties on more quantitative
scale, one can say that LSPRs in sufficiently small Au nanostructures tend to
resonate in green and red regions of visible spectrum, whereas LSPRs in Al
nanostructures with comparable dimensions tend to resonate in blue. By
using these arrays for structured illumination of blue and green fluorescent
nanospheres, we showed that the best resolution of green FL nanospheres
can be achieved with Au arrays, whereas the best resolution of blue FL
nanospheres require Al arrays. Thus, our results provide a direct
experimental prove of the important role which LSPRs play in achieving
optical super-resolution. In addition, we show that maximal resolution
requires minimization of the periods of these arrays. The latter property is

related to mechanisms of SIMs.
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CHAPTER 2: MODELING STUDY OF WHISPERING GALLERY MODE

HYBRIDIZATION IN PHOTONIC MOLECULES

2.1 Introduction to Photonic Molecule

In this Chapter of the dissertation, we study the resonant optical
properties of photonic molecules through FDTD modeling. As is discussed in
Introduction Chapter, photonic molecules can be formed by electromagnetic
coupling of two or more optical microresonators in different configurations
including linear chains and 2-D clusters of resonators. In general, artificial
molecules can be synthesized from nanoscale and microscale resonant
building blocks such as nanoplasmonic particles or microspherical whispering
gallery resonators. The inspiration in this area comes from chemistry where
molecular complexity and symmetry are central concepts for predicting
hybridization of electronic states evolving from the individual atomic orbitals.
In plasmonics, in recent years, all types of simple artificial molecules have
been developed from metallic nanostructures including dimers [171-173] ,
trimers [174], planar quadrumers [175], hexamers and heptamers [176]. In
all these structures, the electromagnetic fields of individual particles extend
away from the particles in a way reminding behavior of atomic wave
functions. By bringing metallic particles closer to each other, a transition
from isolated to collective modes of plasmonic molecules can be realized [176].

It should be noted, however, that the localized surface plasmon resonances
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(LSPR) associated with collective excitation of conductive electrons in the
metallic nanoparticles are spectrally broadened with the typical width on the
order of 20-40 nm [177]. This factor simplifies the fabrication of homogeneous
plasmonic molecules where the individual LSPRs are aligned. In addition,
the spectral manifestation of hybridization effects in plasmonic molecules can
be described in a relatively simple way in a dipole approximation using such
concepts as bonding and antibonding modes as well as dark-hot resonances
[178]. In contrast, microspherical whispering gallery modes (WGMs) have

much higher effective quality (Q) factors usually >104.

The analogy between the quantum mechanics and the classical
electromagnetics was noted long ago, and Stephen Arnold was the first to
introduce the terminology of “photonic atoms” [76]. However, building
photonic molecules from classical photonic atoms brings about an interesting
problem of identity of microspherical WGM resonators required for achieving
homogeneous photonic molecules and circuits. If WGM resonances are
misaligned in the individual photonic atoms, their coupling and hybridization
is inefficient [56, 179-183]. On the other hand, aligning extremely narrow
WGM resonances in individual microspheres represents a challenging
problem. At the same time, coupled cavity structures can be fabricated
without using microspheres by standard in-plane technologies, but these

studies revealed the same problem related to inevitable size and shape
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variations of individual microdisks, rings and photonic crystal cavities with

corresponding misalignment of their resonances [184-186].

It should be noted that one of the primary motivations to study WGM
resonators is related to their sensor applications [187, 188]. The use of
clusters of microspheres for developing sensor applications has been proposed
as a way of diversification of WGM spectra and distinguishing individual
clusters of microspheres [189]. However, the sorting of individual atoms with
resonant properties was not performed in this work, and the WGM
hybridization effects were outside the scope of Ref. [189]. Another example of
application of weak coupling between WGMs was a proposal of detection of
the orientation of molecules’ dipole moments in clusters of identical
microspheres separated with micron-scale gaps [190]. In contrast, in the
present study we introduce the “spectral signature” of a photonic molecule,
strictly as a result of WGM hybridization effects. In the present work, these
effects take place in sorted spheres with almost identical wavelengths of the

uncoupled WGM peaks when such spheres are placed in a contact position.

The potential advantages of strongly coupled cavities over individual
resonators in sensor applications have been noted previously. It has been
suggested that they are capable of differentiating between bulk and surface
perturbations of the ambient refractive index as well as between specific and
nonspecific binding of molecules on the sensor surface [191]. This is based on

tracking the shifts of hybridized bonding and antibonding optical modes in
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coupled optical microcavities [191]. They can be potentially used in Raman or
fluorescent sensors with tailored excitation and emission spectral resonances
[192] and in opto-plasmonic molecules [193, 194]. Similar to single
microresonators [195], they can be used for developing on-chip single
nanoparticle detection and sizing by mode-splitting. In this work, we predict
more sensitive detection of single nanoparticles in two-atom molecules

compared to single atom systems.

In the first studies of simplest homogeneous molecules [58, 81, 196, 197]
this task was solved by manual sorting of few spheres with similar WGM
peak positions out of hundreds of spheres with a standard size deviation of
about 1%. This method made it possible for some basic studies of WGMs
hybridization in bi-spheres considered as an analog of “photonic hydrogen”
molecule. However, this methodology was too inefficient for developing more

complicated structures and practical applications.

In parallel with building the simplest photonic molecules, an interest
emerged in resonant light forces which can be used for manipulation of
microspheres[198-200]. Practical methods for largescale sorting of
microspheres based on using resonant optical forces was previously proposed
in Mesophotonics Lab [201], experimentally realized spectrally resolved
optical propulsion of microspheres in evanescent field couplers [202-205], and
developed the theory of these effects [57, 58, 179, 181, 206-247]. These

developments in principle allow sorting large quantity of microspheres with



68

uniquely identical resonant properties which can be used for developing new
technology of heterogeneous artificial photonic molecules with the WGM

resonance deviations within 0.01%.

The WGM hybridization effects in such structures are considerably more
sophisticated compared to their nanoplasmonic counterparts. Such narrow
WGM peaks allow observations of fine splitting effects related to symmetry
and topology of the photonic molecules. Besides the purely fundamental
interest, such artificial molecules can be used for engineering the density of
photonic states, designing structures with the “optical supermodes”[78, 248],
exploring quantum-optics analogies in photonics [249], and designing
structures with unidirectional optical transport properties [250]. On a more
practical level, such structures can be used for reducing the threshold of
lasers, developing coupled-resonator optical waveguides (CROWSs) with
controllable pulse delay properties, as well as sensors and filters with desired

spectral characteristics.

In this Chapter of dissertation, we performed a theoretically study of
WGM hybridization in photonic molecules built by resonant microspheres
with wavelength matching WGMs. The schematic representation of various
molecules studied in planar geometry using side-coupling to WGMs is
illustrated in Fig. 2.1. The numerical simulation is performed in 2-D case
corresponding to the equatorial cross-section of the 3-D structures. The

modes’ excitation is provided evanescently using side-coupled tapered fiber
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[213]. Fiber transmission spectra were presented for 3-sphere and 4-sphere
chain molecules as well as 2-D molecules such as trimers, quadrumers and
hexamers. The transmission spectra were investigated with three different

sphere/medium index combinations.

Figure 2. 1: Schematic presentation of the various configurations
of photonic molecule side coupled with tapered fiber: (a) single
atom, linear chains of (b) 3 circular resonators and (c) 4 circular
resonators, and planar(d) quadrumer, (e) 5-atom cross and (f)
hexamer [251].

One of the important observations of our work is that photonic molecules
have certain spectral properties which are closely related to the topology and
geometry of a given molecular configuration. The number of atoms
determines the number of spectral components which can be split or
degenerate depending on the symmetry. The spatial configuration determines
the spectral positions of the split components relative to the uncoupled WGM
peaks. The precise amount of splitting depends on the parameters of a given

system such as the diameter and index of the microspheres and index of the
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surrounding medium. However, in more qualitative terms, the type of the
splitting depends on the symmetry and topology of the given molecules so
that it represents the number of atoms and their spatial arrangement for a
given molecule. The stable spectral characteristics are represented by the
total number of the split components and their spectral shifts considered in
relative units. We termed the combination of these properties “spectral
signature” of a given photonic molecule. Numerical methods of
electromagnetic modeling used in our work do not allow us to generalize our
observations and to claim that the spectral signatures are absolutely fixed
characteristics. However, we show that in a certain range of variation of
parameters which corresponds to a variety of practical situations, the
spectral signatures are relatively stable. This means that in principle they
can be used for identification of various molecules and such spectroscopic
characterization can allow distinguishing between different photonic
molecules. Such spectral molecular identification is of course only a distant
analogue of Raman spectroscopy. Still, such identification can be made

reliably.

2.2: Spectral Signature of Photonic Molecules by FDTD Simulation

We used a simplified 2-D model for understanding the underlying physical

properties of 3-D geometry of the optically coupled microspheres. In 3-D case,
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WGMs in microspheres are defined by radial (q), angular (1), and azimuthal
(m) mode numbers [56, 58, 81, 196, 197]. The radial number, q, indicates the
number of WGM intensity maxima along the radial direction, the angular
number, 1, represents the number of modal wavelengths that fit into the
circumference of the equatorial plane of the sphere. The azimuthal mode
number, m, describes the field variation in the polar direction, with the
number of intensity maxima along this direction being equal to I-|m|+1. The
“fundamental” mode has I=m and gq=1. In deformed spheres, the degeneracy
of azimuthal modes represented by m numbers can be lifted [252]. The
splitting of azimuthal modes, however, is usually observed in fluorescence
measurements where all WGMs can be relatively easily excited. In contrast,
in experiments with tapered microfibers the orientations of the WGMs orbits
are determined by the positions where the tapered fibers touch the spherical
surface. In this sense, the orientation of the modes excited in first sphere
adjacent to the taper is determined by the position and orientation of the
taper. The photonic molecules are assembled on a substrate, and individual
WGMs in different spheres couple most efficiently in the equatorial plane
parallel to the substrate. If the taper is parallel to the substrate and touches
the closest microsphere in this equatorial plane, as schematically shown in
Fig. 2.2, the coupling problem acquires some features of 2-D geometry. The
spheres can be modeled as circular resonators with the diameter equal to the

sphere diameter. A tapered fiber can be modeled as a 2-D strip waveguide
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with 1.5 pm width and refractive index of 1.45. It was placed in close vicinity

(typically 100 nm in our modeling) to the circular resonator for side-coupling.

b

Figure 2. 2: Schematic presentation of single sphere side coupled
to tapered fiber waveguide. (a) 3-D geometry. (b) Circular
resonator in 2-D geometry at the equatorial cross-section of the
3-D structure (¢) Electric field map in frequency domain at the
resonant wavelength.

The WGMs in such 2-D geometry are described by radial and angular
numbers [220]. This model is also applicable to cylindrical resonators such as
semiconductor micropillars [214, 253]. The numerical simulation was

performed by finite difference time-domain (FDTD) method [254] with
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commercial software by Lumerical [197]. A Gaussian modulated pulse (Fig.
2.3) of ~10 femtoseconds width was launched into the waveguide from the

bottom upwards, as illustrated in Fig. 2.2(b,c).
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Figure 2. 3: (a-c) Input pulse of the electric field, (a) Spectrum vs
Wavelength, (b) Spectrum vs Frequency, and (c) Signal vs Time.
(d-f) Calculation of E-field transmission spectrum using (d,e)
frequency domain monitors in terms of wavelength, and (f) time
domain monitor.

The electric vector of electromagnetic waves was linearly polarized in the
plane. In 3-D case, this situation has a close analogy with excitation of TM
polarized WGMs in the equatorial plane of spheres. The transmission
through the fiber was calculated as a function of time, and the broadband

transmission spectra were obtained using Fourier transform [255-259]. Due
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to WGMs’ nature of trapping light, the simulation involving microresonators
needs sufficient time to allow multiple pulse circulations and pronounced
decay of the coupled light. We chose the simulation shut-off criteria as when
the electric field in the computational space is less than 105 of the input field
and found the results converged well. Several circular resonators in contact
position represent various configurations of photonic molecules. Five
configurations of photonic molecule were studied, including linear chain of 3
circular resonators (Fig. 2.4(b1)) and 4 circular resonators (Fig. 2.4(cl)),
planar quadrumer formed by 4 circular resonators (Fig. 2.4(d1)), cross formed
by 5 circular resonators (Fig. 2.4(el)), and hexamer formed by 6 circular
resonators (Fig. 2.4(f1)). In order to find the spectral signature commonly
seen in each configuration, the simulations were performed for three different
combinations of the structural parameters. The refractive indices (n) and
diameters (D) of microspheres are shown in different media (air or water) in
three situations illustrated in Figs. 2.4(a2-a4), respectively. Appropriate
diameters were chosen for each case to ensure WGMs of first radial order (q =
1) are well pronounced while second-order modes are suppressed. This
approach enables unambiguous observation of supermodes in the fiber
transmission spectrum that arises from inter-resonator coupling of WGMs

with the same radial and angular modal numbers.



75

(al) (a5)

Spectral

. — Signature
Photonic 5
Molecule &

Configuration _g Uncoupled
3 Resonance
€
(%]

f
©
‘ =
(b1) Ls (b5)
ll i s | +3 +Lz|

(3)

i

1.32 - 1.44 1.2 ”1.3 1.4 1.42 1.44 1.46
Wavelength (um) Wavelength (um) Wavelength (um)

Figure 2. 4: (al) Molecular configurations including: linear chain
of (b1) 3 circular resonators and (cl) 4 circular resonators, and
planar (d1) quadrumer, (el) 5-resonator cross and (f1) hexamer.
Simulated transmission spectra of (a2-a4) single resonators and
various (b2-b4, c2-c4, d2-d4, and e2-e4) molecule configurations.
In these spectra, the column (a2-f2) corresponds to D=7 ym with
n=1.59 in air, the column (a3-f3) corresponds to D=7 ym with n=
1.9 in water and the column (a4-f4) corresponds to D=25 ym
with n=1.59 in water, respectively. (a5-f5) Spectral signatures
for corresponding photonic molecules [251].

The transmission spectra of side-coupling to single circular resonators are
presented in Figs. 2.4(a2—a4) respectively for these three cases. The spectra

show periodic dips due to light coupling to WGMs in circular cavities. The
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WGMs of a single resonator are referred to as uncoupled modes here to be
distinguished from supermodes in photonic molecules. Simulation results for
molecule configurations in Figs. 2.4(b1-f1) are presented in their
corresponding rows. Strong coupling and mode splitting are observed in every
case. Blue vertical line indicates the wavelength of the uncoupled mode,
which helps to compare the relative positions of the split supermodes (in the
case of cross-shaped molecule in Figs. 2.4(e3,e4) and in the case of hexamer
molecule in Figs. 2.4(f2—f4), the position of the uncoupled mode is shifted
compared to other structures). Red ellipse marks a set of supermodes that
arises from inter-resonator coupling of one WGM, representing a reproducible
unit that periodically appears in the spectrum separated by the free spectral
range. As one can see, the splitting patterns of supermodes are quite similar
even though the diameter of circular resonators is varied from 7 pm to 25 pm,
their index was varied from 1.59 to 1.9, and the medium was changed from
air to water. As an example, in Figs. 2.4(b2-b4) the uncoupled WGMs from
single resonator are split into three supermodes. These modes are almost
equally separated, and the central one has much higher magnitude, as
interpreted by the depth of the dip in the transmission spectrum. A slight red
shift of the central mode compared to the uncoupled mode is also noticeable
in all cases. As a summary of the splitting patterns commonly seen in all
three cases, we plotted supermodes’ positions relative to the position of

uncoupled mode in Fig. 2.4(b5). Relative distance from each supermode to the
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corresponding uncoupled WGM resonance is shown as LN, where number N
represents the order in which a given resonance appears in the transmission
spectrum from left to right. We call this stable property represented by the
total number of split supermodes and their relative positions to the
uncoupled mode as the spectral signature specific to such a photonic

molecule.

Spectral signatures summarized for each photonic molecule are presented
in Figs. 2.4(b5—5). In the case of linear chain molecules, the total number of
supermodes is equal to the number of constituting atoms. For a linear chain
of 3 circular resonators in Figs. 2.4(b2-b4), the position of the central
supermode is slightly red shifted (L.2) relative to the uncoupled mode [260].
The splitting 1s almost symmetric with equal separation between adjacent
supermodes. These observations are in agreement with Bloch modes formed
in a coupled linear structure [182]. For a linear chain of 4 circular resonators
in Figs. 2.4(c2—c4), four almost evenly spaced supermodes can be revealed.
However, for 2-D molecules with non-straight geometry the symmetric
splitting is no longer present. Transmission spectra in Figs. 2.4(d2—d4) show
uncoupled mode splitting into three supermodes when a planar quadrumer is
formed by 4 circular resonators. In comparison to a 3-sphere chain which also
yields three supermodes, the modes in the square molecule (Fig. 2.4(d2—d4))
have wider and uneven splitting (L1+L2 and L3-L2) and larger red shift (L2)

for a central supermode. The ratio (L1+L2)/(L3-L2) is found to vary in
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structures with different index and size of the constituent atoms. It is seen in
Fig. 2.4(d4) that this ratio is closer to unity compared to that in Figs. 2.4(d2—
d3). The combination of these properties can in principle be used for
distinguishing such quadrumer's molecules from linear chains based on the
spectral analysis. The cross-shaped molecule formed by 5 circular resonators
has a spectral signature with 5 supermodes, where the splitting of central
supermodes (L2+L3 and L4 —L3) is smaller than the splitting of outer
supermodes (L1-L2 and L5-L4), as shown in Fig. 2.4(e5). In hexamers formed
by 6 circular resonators some supermodes are degenerate, so that each
uncoupled WGM splits into 4 supermodes, as illustrated in Fig. 2.4(f5). While
this ring molecule gives the same number of spectral dips (four) as the linear
chain of 4 resonators, the separation between the two central modes (L2+L3)
is substantially larger than (L1-L2) and (L4 —L3), thus enabling distinction
of the hexamer molecule from other molecules considered in Fig. 2.4. The fact
that the degeneracy is not completely lifted in hexamer molecules (resulting
in less observed modes than the total number of atoms N) can be viewed as a
property of this configuration which can be used for identification purposes.
Each photonic molecule with a particular configuration and symmetry has
unique resonant properties that give rise to its distinct spectral signature.
The spectral signature of quadrumers formed by 4 circular resonators (Fig.
2.4(d5)) is different from that of 4-sphere chains (Fig. 2.4(c5)) and 3-sphere

chains (Fig. 2.4 (b5)). Therefore, we are able to identify the molecule
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configuration based on its spectrum, giving us the ability to potentially utilize
such signatures for geometry or position sensing. We also observed that some
of the coupled supermodes have much higher Q-factors compared to the
uncoupled WGMs, as seen in Figs. 2.4(c4,d4,e4,f2). The Q-factor increase may
relate to the symmetry of the molecule configuration that was reported before
[261, 262]. Hence, the configuration could be designed for potential
applications such as high order filters and multi-wavelength sensors [259]. It
should be noted, however, that the optical transport and coupling process is
more complicated in large 2-D molecules, which provide multiple propagation
paths and coupling possibilities. As a result, the spectral signatures for large
molecules can be rather complicated and, in addition, their spectral
appearance can vary in different spectral ranges. Generally, the shape of
spectral resonances can vary depending on the phase relationships in the
system similar to Fano resonances. For these reasons, a reliable
interpretation of supermodes requires inspection of the evolution of the

spectral signature shape over long spectral ranges.

2.3. Spatial distribution of supermodes in photonic molecules

To better understand the coupling and transport properties of photonic
molecules, we first calculated the Electric filed distribution (E-field) of bi-
circular photonic molecule as a known case (Fig. 2.5) where two

microresonators are in contact, and then for more complicated molecular
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structures we mapped the spatial distribution of electric field for each

supermode, as presented in Fig. 2.6.

The simulations were performed for circular resonators with D = 7 pm
and n = 1.59 in air, the same as in Figs. 2.4(a2-e2). The Electric filed maps in
Fig. 2.5 for bi-circular resonator illustrate different mode distribution for
shorter resonant wavelength (antibonding mode) compare to longer resonant
wavelength (bonding mode). In fact, if two photonic atoms are initially far
apart, they have identical position of resonant WGMs called uncoupled mode
(the black dashed line in Fig. 2.5(a)). However, as the spacing between the
two photonic atoms becomes smaller, they resonantly couple, and a typical
mode splitting in the transmission spectrum form when photonic atoms
combine into photonic molecule [58, 196] The mode splitting can be seen in

the spectrum of Fig. 2.5 (a).
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Figure 2. 5! Bi-circular photonic molecule modeling results for
two identical 7 pm diameter circular resonator in contact with
index of 1.59. (a) Mode splitting in transmission spectrum as two
photonic atoms form the molecule. Electric field map
corresponds to (b) antibonding and (c) bonding modes.

Antibonding molecular modes are normally higher in energy (shorter
wavelength) than bonding molecular orbitals. The E-filed distribution of
antibonding mode in Fig. 2.5(b) can be interpreted as a type of resonant mode
that weakens the bond between two photonic atoms and helps to raise the
energy of the photonic molecule relative to the separated atoms. The energy
1s determined by the effective index of refraction for a given optical mode.
Larger the effective index of refraction smaller the energy is. As an example,

in the case of bonding mode formed by two touching photonic atoms with high



82

index of refraction, the electromagnetic field tend to concentrate near the
contact region which has high effective index of refraction coming from the
materials of photonic atoms. Consequently, the effective index for bonding
mode is slightly higher than that uncoupled individual atoms. In contrast, in
the case of antibonding mode, the effective index is slightly smaller due to a
larger fraction of the mode contained in air. As a result, this mode 1s slightly
shifted to higher energy compared to that in the photonic atoms. The density
of E-filed is concentrated outside the bonding region. In contrast, the bonding
modes are at a lower energy (longer wavelength) than the antibonding modes
and tend to bound two photonic atoms through high concentration of E-filed
shown in Fig. 2.5(b) as hot spots in the region between two photonic atoms

where they are in touch.

More advanced photonic molecule configurations and their corresponding
transmission spectra are shown in Figs. 2.6(a-d), where vertical lines indicate
the position of uncoupled WGMs. Spatial E-field distribution was obtained by
launching continuous wave (CW) source at each supermode eigen
wavelength. Two interesting phenomena can be observed in the E-field map.
Based on analogy with the well-known case of two identical strongly coupled
circular resonators, the shortest and longest wavelength components can be
called antibonding and bonding modes, respectively [58, 262]. For shortest
wavelength, antibonding mode (Fig. 2.6(al-c1)) the electric field appears to be

distributed uniformly among all constituent atoms, which is not seen in other
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modes. The E-field is reduced at the points where the circular resonators
touch which means that the coupling at these points is weakened. However,
such antibonding modes seem to possess an additional coupling mechanism
due to “leaky” modes propagating long distances along the peripheral area of
the molecule. This phenomenon is especially noticeable in the hexamer
molecule. As shown in Fig. 2.6(c1), the E-field standing waves present in the
medium connecting adjacent resonators, constituting a large outer ring.
These phenomena are related to the antibonding nature of such modes. The
E-field is weak between two neighboring resonators due to their phase
mismatch at the contact point, thus the light tunneling is less efficient. In the
meanwhile, light scattered into the medium that is incident on the adjacent
sphere at a grazing angle can be coupled outside the contact region, which
may contribute significantly to the supermode coupling. As a result,
relatively large fraction of the mode is present in the external medium
leading to a smaller effective index for such antibonding mode, which results

in its shortest wavelength position among all split components.
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Figure 2. 6: EM field maps calculated for different molecules
calculated at different supermodes: (a) linear chain formed by 3
circular resonators, (b) quadrumer, (c) 5-resonator cross and (d)

hexamer.

Simulated FEM field maps at three different

supermode eigen wavelengths are presented for each molecule in
(a1-a3), (b1-b3), and (c1-c3), respectively [263].

As seen in Fig. 2.4, this antibonding mode in hexamer molecule (Fig.

2.6(c1)) has much higher Q-factor compared to the uncoupled mode (Q

increases from ~300 to ~1000). Similar Q-factor increase for some of the
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supermodes of symmetric photonic molecules was previously observed and
studied as a function of the gaps between coupled resonators [261]. For
bonding mode, in contrast, the E-field is better overlapped at the contact
region adjacent to the point where two resonators touch due to improved
phase matching. This factor provides more efficient evanescent side-coupling
for WGMs in neighboring cavities. As one can see in Figs. 2.6(a3-c3), the
Iintensity distribution indicates that light is more likely to tunnel to the
adjacent resonator than to stay in the original one and circulate. Therefore,
the light propagates through the entire molecule with a snaky path,
tunneling at the contact point. The hexamer molecule is likely to operate in
the over-coupled regime, due to the fact that bonding mode (Fig. 2.6(c3)) is
broader and shallower and has lower Q-factor compared to the antibonding
mode illustrated in Fig. 2.6(c1). For photonic molecule supermodes whose
eigen wavelengths are close to the WGMs wavelengths of the constituting
circular cavities, the E-field patterns inside individual resonators appear
more perfect circular-shaped, as seen in Fig. 2.6(a2-c2), similar to the WGMs
E-field map inside a single resonator. It is due to the fact that the phase
conditions inside individual atoms are closer to their uncoupled WGMs which
have perfect circular symmetry. If the supermode eigen wavelength is far
away from that of the uncoupled mode, large phase mismatch will create the
E-field maps inside such resonators which are far from perfect circles (left

resonator in Figs. 2.6(al,b1)) or distorted uncircular shapes (Figs. 2.6(b3,c3)).
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It appears that light i1s forced to choose an optical path other than the perfect
circle in order to maintain the phase matching condition. Previously, a
similar effect was observed in size mismatched bi-spheres [180]. Another
noticeable point in Figs. 2.6(a2) is that the E-field is concentrated in two side
resonators, while the central one 1s almost dark. For linear chain this can be
explained by the Bloch modes formation in the coupled molecule. Ref. [182]
proved by calculations and demonstrated experimentally that among the
three split modes in a coupled 3-sphere chain, the center mode is dominant
for the first and the third resonators while the split-off modes showing more
Intensities in the central resonator. For 2-D molecules with a configuration
different from the linear chain the coupling is more complicated, however,
similar effects can be observed in Fig. 2.6(b2). Enhanced E-field is also
observed in the central region enclosed by four resonators due to interference.
The E-field enhancement seen at the center of quadrumer in Fig. 2.6(b2) and
along the peripheral area of hexamer in Fig. 2.6(c1) is advantageous in
sensing applications due to strong light-particle interaction in these regions
[259], not limited to the surface of the resonator like in typical WGM-based

Sensors.

2.4: Sensing Single Nanoparticles by Two-Atom Molecules

As we discussed in in Section 2.1, one of the major motivations to study
WGM resonators is related to their sensor applications [187-195]. In this

work we concentrate on fundamental aspects of WGM hybridization effects in
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photonic molecules and the sensor applications are, generally, out-side the
scope of this work, for more detailed discussion of these applications see
reviews [187, 188]. We would like, however, to illustrate the potential
advantages of coupled cavities over single resonators using a simplest two-
atom photonic molecule. Previously, in Ref. [191] it was shown that by using
two measurements of spectral shifts it is possible to discriminate between
surface and volume index perturbations. However, it is also well known that
the EM field of the bonding modes tends to concentrate in the regions
adjacent to the contact points of the neighboring cavities. This means that if
a nanoscale gap is created between two cavities, the EM field would be
enhanced in this gap. Below we show that single particles placed in this gap
can cause significantly larger spectral shifts of the bonding mode com-pared

to similar spectral shifts of the uncoupled WGMs in single cavities.

For reference purposes, the single resonator case (D=3 pm and n = 1.9) is
illustrated in Fig. 2.7 for a single surface nanoparticle with the refractive
index 1.9 and diameters 50, 75 and 100 nm. It is seen that the spectral shift
of WGM resonance is hardly detectable be-cause of the poor overlap of such
particles with the WGM evanescent field. In contrast, the same particles
placed in the middle of the 100 nm gap separating two identical atoms cause
easily measurable long-wavelength shift of the bonding mode, as shown in

Fig. 2.8. The antibonding mode practically does not experience any shift
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because of its expulsion from the nanoscale gap region separating the

cavities.

— single resonator
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Figure 2. 7: Single nanoparticles with diameters 50, 75 and 100
nm are at the surface of a single resonator with D = 3uym and n =
1.9 [263].
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Figure 2. 8: Single nanoparticles with diameters 50, 75and 100
nm are in the middle of 100nm gap separating two identical
resonators. The spectral shift of the bonding mode in this case
markedly exceeds that in the case of Fig. 2.7 [263].

Another example illustrating the sensing capabilities of photonic molecule
are shown in Fig. 2.9 for single resonator and the hexamer photonic molecule

where the refractive index of the surrounding medium is varying.

In this example, we calculated the waveguide transmission spectra with
the index of the medium increasing by 0.01 increments. The simulation

parameters were selected to be exactly same as Fig. 2.7, and Fig.2.8.
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Figure 2. 9: Waveguide transmission spectra for (a) single
resonator and (b) hexamer photonic molecule with the change of
medium index.

As illustrated in Figs. 2.9 (a,b), the transmission spectra of both the single
resonator and the hexamer photonic molecule show noticeable red-shift of the
WGMs’ dips with increasing medium index, and as a result demonstrating
sensing capabilities. We also calculated resonance mode shift for both cases of
single resonator and hexamer photonic molecule in Fig. 2.10. While the WG
Mode 2 in Fig. 2.10 (¢) for hexamer photonic molecule shows similar shift
compared to the WGM of the single resonator, however, other WG modes
including Mode 1, Mode 3, and Mode 4 in Fig. 2.10 (b), (d) and (e)
respectively, display larger shift. The resonant mode shift is specifically
pronounced for Mode 4, and it shows ~15% larger shift comparing to the

resonant mode shift in single resonator.
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Figure 2. 10: Comparison of the resonance mode shift for the
case of single resonator and hexamer photonic molecule with
medium index perturbation. (a) geometry and simulated
transmission spectra for hexamer molecule. (b-e) Resonant shift
comparison for resonant mode in single atom, and supermodes
in hexamer photonic molecule.

These examples show a significant potential of photonic molecules cavities

for enhancing detectivity of the WGM sensors. However, developing such
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devices require resonators with identical positions of WGM resonances and
sufficiently high Q-factors, typically Q>104, which are rather difficult to

fabricate by conventional technologies.

2.5 Comparison Between Modeling Results and Experiment

The modeling study of resonant optical properties of photonic molecules in
this dissertation was done in parallel with the experimental studies. Those
extensive experimental works were included in the Ph.D. theses of Dr.

Yangcheng Li, who graduated from Mesophotonics Lab in 2015 [205].

In this Section, we compare the simulation results with experimental
results for different configuration of photonic molecules including 3-sphere
chain, planar quadrumer, 5-sphere cross, and hexamer molecules, as shown
in Figs. 2.11(b-e), respectively. First column (Figs. 2.11(a—e)) shows
microscope images for the molecules assembled and brought in contact with
the tapered fiber at their equatorial planes. The taper’s contact positions
were located by carefully adjusting the height while monitoring the spectra to
find the largest mode splitting. Experimental fiber transmission spectra with
side coupling to a single sphere as well as to various photonic molecules are
presented in Figs. 2.11(al—el). The measurements were performed by a
former Ph.D. student of the Mesophotonics Lab, Dr. Yangcheng Li [118]. It
should be noted that in order to reliably determine the spectral signature, it

was needed to record the transmission in a relatively wide spectral range.
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Since the excitation was provided by unpolarized white light source, both TE
and TM WGMs are present in the experimental spectra, as indicated in Fig.
2.11(a1). The full transmission spectrum is a superposition of coupled WGM
TE and coupled WGM TM modes in a molecule. Correspondingly, the
simulation was performed with both TE and TM polarized light sources and

the results were combined, as shown in Figs. 2.11(a2—e2).
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Figure 2. 11: Comparison between FDTD simulated and
experimentally measured spectra for both 1-D chain and 2-D
planar molecules. We acknowledge a contribution of former
Ph.D. student of Mesophotonics Lab, Dr. Yangcheng Li, who
performed the experimental measurements [118]. (a-e)
Microscope images for various photonic molecules assembled
with polystyrene microspheres of 25 pm diameter side-coupled
to a tapered fiber with 1.5 um waist diameter in water. (al-el)
Measured and (a2-e2) simulated fiber transmission spectra for
corresponding molecular configurations [263].

94
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Both simulated and experimental spectra contain periodically repeated
spectral signatures formed by TE and TM polarized WGM-defined features
near 1300 nm. The results demonstrate very good agreement between
experimentally measured and FDTD simulated spectra for both 1-D chain
and 2-Dplanar molecules. The numbers of observed supermodes (dips) and
their spectral positions match well in all cases. In cases represented in Figs.
2.11(b1—d1) not only the dip positions, but also the whole appearances of the
experimental spectra are very similar to the calculations represented in Figs.
2.11(b2—d2), respectively. For hexagonal molecule shown in Fig. 2.9(e) the
agreement of experiment (Fig. 2.11(el)) with modeling (Fig. 2.11(e2)) is far
from optimal that can be explained by difficulties of achieving reproducible
WGM coupling conditions in more complicated configurations of coupled
cavities. (The noise level is higher in this case compared to other cases).
Despite the fact that the agreement is not perfect in all cases, the overall
conclusion is that in most of the cases we demonstrated almost perfect
agreement between measured and calculated fiber-transmission spectra.
These results demonstrate experimental feasibility of photonic molecule
assembling with high accuracy, and also provide strong support for our

proposed concept of spectral signature identification discussed in Section 2.2.
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2.6: Conclusion

In this Chapter of dissertation, we theoretically investigated the optical

properties of photonic molecules consisting of coupled cavities with

homogeneous WGM resonances. The main results and conclusions are listed

below:

The modeling of WGM processes in photonic molecules was developed
based on using a commercial FDTD software Lumerical in a simplified 2-
D geometry. The simulation was performed for identical circular
resonators with identical dimensions and refractive index contrasts
similar to that used in the experimental situations.

The spectral properties of such photonic molecular structures were
studied based on calculations of transmission spectra through the stripe
waveguide side coupled to one of the resonators comprising a given
molecule.

We proposed the concept of spectral signature as a unique feature
associated with each molecular configuration as a relatively stable
property which allows distinguishing between different molecules based
on their spectra. The number of split supermodes and their spectral
positions were studied based on the side-coupled fiber transmission
spectra for 1-D and 2-D molecules formed by multiple photonic atoms.
Since we used the numerical methods we cannot claim that these “spectral

features” or “spectral signatures” are universal characteristics of the given
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molecules, but we tested that these features persist in their spectra in a
certain relativity broad range of variation of parameters. Moreover, we
demonstrated good agreement between the FDTD simulated and
experimentally measured spectra for both 1-D chain and 2-D planar
molecules.

The spatial distribution of electromagnetic fields was calculated by
selecting the resonant wavelengths or super modes excited such
structures. It is shown that each such spatial configuration result in fiber
transmission spectra which have a series of resonant features determined
by the symmetry and the number of the constituting atoms. Interesting
coupling and transport phenomena such as Bloch mode formation, non-
circular field pattern formation, long-range coupling of WGMs confined in
circular resonators through surrounding medium, and the features of
resonant optical tunneling through coupled cavities were observed and
discussed. Further fundamental study of phase matching and coupling
properties may be required to give more rigorous explanations. In
particular, the spectroscopic states of atoms and molecules corresponding
to different symmetry functions are described by a part of the group
theory known as a representation theory [264]. The lifting of degeneracy
in different molecules with various symmetry properties can be explained
from the point of view of representation theory, however this discussion

goes beyond the scope of this Chapter.



98

Along with the spectral signatures of photonic molecules, we study
numerically the sensor capability of such structures and showed that they
have an improved sensitivity compared to single photonic atoms in few
certain carefully designed situations. The modeling indicated a
tremendous potential of photonic molecules for developing sensor devices
with i1mproved sensitivity and functionality. In general, the E-field
enhancement in the medium surrounding certain molecular
configurations provides larger detecting volume and higher sensitivity
comparing to typical WGM-based sensors of a single cavity. The
functionality of WGM sensor devices can be extended in coupled-cavity
structures. Some of these ideas have been expressed for weakly [189, 190]
and strongly [191] coupled cavities. Photonic molecules also showed Q-
factor enhancement for some of the antibonding modes and the mini-band
formed by a series of overlapped supermodes. Therefore, the spectrum of
the molecule can be engineered, providing additional freedom in design of
lasing devices, narrow-line filters, delay lines and multi-wavelength

Sensors.
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CHAPTER 3: RESONANT ROUTING AND ASYMMETRIC
TRANSMISSION PROPERTIES OF COUPLED-CAVITY STRUCTURES:

DESIGN AND ANALYSIS

3.1: Introduction to the optical transport properties of coupled-cavity

structures

Compact integrated optical microresonator devices can be viewed as one of
the most versatile platform for applications such as optical modulation,
switching, and routing of a signal, and so for wavelength division
multiplexing and unidirectional transmission functionalities. Description of
such microresonator coupled to waveguides as well as coupled resonators of
photonic molecules can be explained often based on the simplistic
approximation of single mode phase matched excitation of whispering gallery
modes (WGMs) and kvector conservation with an optimal coupling efficiency
[65, 73, 265, 266]. In this approach, it is assumed there is only traveling
single modes in different components of the structure which are coupled via
phenomenological coupling coefficients and the power flows continuously in
only one direction inside the microresonator [218, 219, 261, 267]. The general
justification for this approach is that the effective length of couplers should
be many wavelengths long in order to have efficient coupling [72, 266]. In this
regard, the coupling spatially decreases with Gaussian dependency away

from the minimum separation point along the length of couplers, and drops
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off exponentially with the square of difference in propagation constant
between the stripe-waveguide and microresonator modes [72].

Stripe-waveguides allow single mode phase matched excitation of WGMs
with a high coupling efficiency to be formed and provide the excitation of
traveling clockwise or counter clockwise of WGMs in circular microresonator.
Likewise, in multi-port structures, the ports can be connected in a certain
way determined by the direction of circulation based on a simple coupled
mode theory for a modal coupling in circular cavities [268-271].

In this Chapter of dissertation, we study transmission properties of side-
coupled cavity systems in the case of high refractive components where all
circular resonators are much more compact, and the effective length of
coupler became comparable with the wavelength of light (1). This is in
contrast with the well-known case of large microresonators with modest

refractive contrast, and long effective length of coupler (several wavelengths).

3.1.1. Coupling properties of compact high-index microresonators as opposed
to large low-index resonators

In this introductory Section 3.1, we first illustrate a qualitatively different

behavior of high- contrast couplers from their low-contrast counterparts

using a simplest example of a single circular microresonator placed between

two stripe-waveguides, as it illustrated in Fig. 3.1. In this example, we also

would like to illustrate an important role played by asymmetric gaps between

the stripe-waveguides and circular resonator in the asymmetric optical
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transmission properties of such systems related to their mode conversion

properties.

x10-12

X (um)

Figure3. 1Figure 3.1: Electric field distribution for the circular
microresonator of (a) 25 pum with refractive index of n=1.59
immersed in water and, (b) 3 pm high refract n=3.4 in air. The
indices 1, 2 and 3 in each case representg, = g:, g2 > g1
and, g, = oo respectively.

The right column in Fig. 3.1 shows the modeling results for spatial
distribution of electric field (E-field) at the resonance wavelength (around A=

1.45 um) for the case of 25 um circular microresonator with refractive index
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of n=1.59 immersed in water which is side coupled with two stripe-
waveguides with separations g; and g,. We also introduced the spatial
asymmetry by increasing g,, and keeping g; in Figs. 3.1a-3.1c. The single
mode approximation can be applied in this case leading to formation of WGM
circulating in one direction. The single mode in the upper waveguide is
coupled to the circular resonator, circulates and then coupled to the lower
waveguide. Since, the electric field map shown in this figure represents a
steady state response of the system in the frequency domain. This steady
state field map obtained because of time averaging displays a uniform red
color in the right part of the ring representing traveling wave (Fig 3.1(al)).
Excitation of traveling wave is also predictable for the case of g, > g, in Fig.
3.1(a2); There is less fraction of power coupled in the lower Stripe waveguide
because of the larger gap, g,. In the last case, Fig. 3.1(a3), g, become infinite
which means the absence of lower stripe-waveguide. Not surprisingly, the
field map still shows the presence of traveling wave in the system in this
case. However, in contrast to the traveling wave patterns observed for big 25
pum circular microresonator, the field maps for small (3 #m) microresonators
in Figs. 3.1(b2-b3) show a standing wave resonance field inside the cavity. In
this case, in order to keep the same quality factor as one in Figs. 3.1(al-a3),
we increased the refractive index contrast of microresonator (n=3.4 in air) as
well. From the first sight, the electric field map for the small microresonator

demonstrates very similar behavior of traveling wave as the right column but
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just for the symmetric case when g, = g;in Fig. 3.1(b1). However, for the
asymmetric structures in Figs. 3.1(b2, b3), the electric field map shows
pronounce maxima and minima representing standing wave. Most
Iinterestingly, the direction of the electromagnetic flux in the receiving stripe
waveguide does not follow a simple k-vector conservation rule. Depending on
the parameters of the system it can be coupled to left or right port in the
receiving waveguide. This opens a possibility for developing a connectivity

between ports which is not dictated by the k-vector conservation law.

In fact, the single mode approximation Ref. [272-274] cannot be applied to
sufficiently high refractive index small microresonators. In these compact
structures, the effective length of coupler became comparable with
wavelength. High degree of localization in space means a delocalization in &
space, which means that the k-vector conservation law requirements are
relieved in such structures with compact high-index microresonators. In this
situation, both clock wise and counter clock wise modes can be excited inside

the micro resonator which leads to formation of standing wave mode pattern,

as illustrated in Figs. 3.1(b2-b3).

3.1.2. Role of mode conversion and connection to non-reciprocal and
unidirectional optical transport properties
Another area where similar processes have been studied is related to very
popular field of non-reciprocity and unidirectional optical transport in

coupled-cavity structures. The test of reciprocity is based on switching the
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input and output; however, it should be noted that it is important to trace in
a backward direction the same mode which reached the output port of the
system in a forward direction. This is an especially important for structures
which provide the conversion of the modes. In Fig. 3.2, this situation is
exemplified by a structure containing: a) converter from asymmetric (A) to
symmetric (S) mode and b) mirror for the asymmetric (A) mode which is
perfectly transmitting for a symmetric (S) mode [275, 276]. As schematically
illustrated in Fig. 3.2(a), an antisymmetric (A) mode launched in the system
from left to right is converted into a symmetric (S) mode and it is transmitted
through the mirror. At the same time, an A-mode incident on the mirror from
the right is reflected. The first impression is that this structure operates as
an “optical diode”. However, tracing in a backward direction the same mode
(S) which reached the output port in the forward direction (Fig. 3.2(c)), shows
that this mode propagates in a backward direction which follows the general
theorem of reciprocity known in optoelectronics for linear systems [277]. For
such systems, the matrix of reflection and transmission (R-T) coefficients for
properly normalized amplitudes is symmetric that conform to power
conservation and time reversibility for wave fields. At the same time, this
example shows that for the same mode in forward and backward direction (as
an example, launching A-mode from left to right and the same A-mode from
right to left) the systems with mode conversion properties can display

asymmetric transmission properties. Such asymmetric transmission can be
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used in a various applications based on their different transmission

properties for modes with various symmetry properties [278, 279].

(a) Mirror for A
A

S S
”ll” cé%::ﬁzr "l." "I"

(b) Mirror for A
AeS C
converter
J A
(C) Mirror for A

ﬁAn hAeS ﬁs|“ -s"

Figure3. 2: Example of a structure containing asymmetric (A) to
symmetric (S) mode converter and a mirror for A mode [275]. (a)
The structure transmits A-mode incident from the left, (b)
reflects A-mode incident from the right, and (c) transmits S-
mode incident from the right.

Thus, this example shows that in structures with mode conversion the
optical asymmetry can be easily obtained if exactly the same mode (A in this
example) is coupled in forward and backward direction. However, this does
not mean that such structures possess the optical non-reciprocity. The
structures considered in this Chapter possess strong mode conversion
properties. It is seen in Figs. 3.1(b2,b3) that the single-mode input and

output waveguides are coupled to standing WGMs in circular resonator
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which have the radial number equal to two — two maxima along radial
direction can be seen. Thus, the asymmetric transmission properties between
any two ports in such structures can be expected, but it does not mean that
these structures are non-reciprocal.

The design of such structures can be additionally complicated by
introducing the optical losses. In Ref. [280] the role of losses has been
demonstrated for microcavity polaritons confined in planar semiconductor
microcavities coupled through the central Bragg mirror. The absorption of
light was provided by the quantum wells which were grown in only one cavity
that resulted in strongly asymmetric resonant transmission properties for

two opposite directions of light propagation [280].

To keep our discussion on more general level, we would like to note that
the true non-reciprocity can be achieved in the Faraday isolators [83, 97,
281, 282] and in the nonlinear devices [106, 283]. Another approach is based
on parity-time (PT) symmetry breaking in coupled resonator structures [250,
284, 285] due to a complicated interplay between the loss and gain in such
structures. In systems represented by symmetric scattering matrix, the

reciprocity is preserved in the presence of linear dissipation [275].
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3.2. Parameters describing routing of light between in coupled-cavity

structures

In this chapter, we provide a qualitative picture of this essential physics
process and study transmission properties of very compact high refractive
side-coupled cavity systems where we deliberately introduce the spatial
asymmetry by using different separations g; and g, between the stripe-
waveguides (WG) and circular resonator. The system incorporates four ports
represented by the terminations of two side-coupled stripe-waveguides. Such
systems can be viewed as another example of structures with the mode
converting properties since the optical connectivity between the ports is
provided due to a coupling from a single-mode stripe-WG to standing WGMs
in a circular resonator, and to another single-mode stripe-WG. In addition,
the structure is strongly asymmetric and lossy that can contribute to

asymmetric transmission properties.
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Figure3. 3: Schematic representation of 4-port optical system
with asymmetric transmission properties. The light can be
coupled into the optical system through two stripe-waveguides
WG:1 and WGs. Dashed lines indicate schematically the light
propagation directions. The input and output ports are shown as
a red arrow and red blocks respectively. For the forward
direction in (a), Port 1 is considered as an input port to couple
the light into the system. The propagation can be provided into
Ports 2, 3 and 4. For the backward direction in (b), Port 3 is
considered as an input port, and Ports 1, 2 and 4 are the output
ports.

The modeling is performed for two-dimensional (2-D) systems that allow
simplifying the calculations and retaining the essential physical properties.
Our preliminary results can be found in Ref [109, 286, 287]. The strength of
coupling depends on the separations, g; and g,, and on the spatial overlap of
the modes in stripe-WG and in circular resonator. The situation becomes
especially interesting if instead of a single resonator we use two or more side-
coupled circular resonators forming so-called photonic molecules [58, 288].
The coupled WGMs in photonic molecules form hybridized modes with

various spatial distribution, so-called bonding and antibonding coupled
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modes. These modes have different spatial overlap with the modes in stripe-
WGs. A combination of mode conversion properties with the strong
asymmetry and strong losses gives rise to asymmetric transmission

properties.

The asymmetry of the optical transport between any two ports 7 and jin
such system (Fig. 3.3) is characterized with an isolation ratio (IR), which is
defined using Eq. (1) below, where 7jj, and 7} are normalized transmitted
signals in the forward and backward directions between ports 7 and j. In Eq.
(1) we assumed that the same mode is launched if forward and backward
directions. In forward direction, we couple the input signal through Port 1
and detect the transmitted signals in Ports 2, 3 and 4, as illustrated in Fig.
3.3(a). Of particular interest for us is a ratio of the intensities (773744 of the
transmitted peaks in the left (Port 3) and right (Port 4) ports. The
corresponding ratio measured in dB is represented by Eq. (2). In the
backward direction, we determine the ratio of the intensities (77374 of the

transmitted peaks in the left (Port 1) and right (Port 2) ports.

_ T;;(A)
IR(1) =10 X log,, T (D (D
ji
Tys(A
PR(A) = 10 x logy, (ﬁ) )
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The 1solation ratio, generally, characterizes the asymmetry of the optical
transmission in the system along a given path. The path ratio represents
different efficiencies of various paths in such coupled-cavity networks. We
begin with the case of a single microresonator. Using typical parameters of
semiconductor structures, we show that the asymmetrical gaps with g,/g;=6
can result in IR~9 dB. After that, we switch to a double microresonator case
and show that the same gaps ratio can result in IR of ~22 dB and ~11 dB for
bonding and antibonding modes, respectively, which shows that much
stronger IR factors can be achieved in photonic molecules compared to the
case of single resonator. We also show that different wavelengths can be
resonantly routed to different ports in the former (photonic molecules) case.
Our results show that the path ratio difference around 12 dB can be realized
between bonding and antibonding modes in optimized configuration. To
analyze the underlying electromagnetic coupling properties for the
asymmetric photonic molecule, we also calculated the spatial distribution of
electric field (E-field) for each coupled mode in the case of double
microresonator. Furthermore, we verified the asymmetric optical
transmission and routing properties in our side-coupled-cavity structures by
studying the dependence of these properties on the gap ratio (g,/g;) for
different materials as well as for different sizes of microresonators in both

cases of single and double resonator structures.
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3.3 Single microcavity router

To demonstrate the asymmetric transmission properties, we modeled a
single circular microresonator, MR1, with the refractive index (17=3.18)
matching that for indium phosphide (InP) and diameter (=3 pm). We used
two side-coupled waveguides, WG1 and WGz, with the 200 nm width and the
same refractive index of microresonator (n=3.18). As illustrated in the insets
of the Fig. 3.4, they were separated from the circular microresonator with
uneven gaps, g;=100 nm and g,=600 nm, respectively. The numerical
simulation was performed by finite-difference time-domain (FDTD) method
with commercial software by Lumerical. A Gaussian modulated pulse of ~10
femtoseconds width with the 1450 nm center wavelength was launched into
Port 1 for “forward” (T13) and into Port 3 for “backward” (Ts1) propagation
directions. The electric vector of electromagnetic waves was linearly polarized
in the plane of schematic drawings in the insets of Fig. 3.4 that corresponds
to a TM polarization of a single-mode WG in the wavelength range of 1.4-1.5
um [5]. The E-field transmitted through different ports was calculated as a
function of time, and the broadband transmission spectra were obtained
using Fourier transform. A computational grid with the maximum mesh

element size of A/24 is used to cover the entire simulation region.
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Figure3. 4: Insets illustrate a single microresonator, MR1, with
refractive index of n=3.18 (corresponding to indium phosphide)
and 3 um diameter. The side-coupling to WGMs in the micro-
resonator is provided through the Stripe waveguides WG1 and
WGz. The gaps g; and g, between the micro-resonator and the
waveguides are 100 nm and 600 nm, respectively (g,/g; = 6).
The propagation paths in a forward direction are from Port 1 to
Ports 3 and 4. The propagation paths in a backward direction
are from Port 3 to Ports 1 and 2. (a,b) Normalized transmission
spectra calculated in the forward direction from Port 1 to Port 3
(7%) and Port 4 (77, respectively. (c,d) Normalized transmission
spectra calculated in backward direction from Port 3 to Port 1
(71) and Port 2 (7%), respectively. The calculation shows the
isolation ratio around 9 dB at the WGM wavelength 1=1.4526

um between Ports 3 and 1: IR(4) = 10 X logy, (?) ~9 dB.
1
We should comment from the beginning that due to high index and
compact size of our resonator, the effective length of the coupling regions

between the circular resonator and stripe-waveguides is rather short in
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geometries considered in this work. This results in a significant
backscattering, so that not only clockwise, but also anticlockwise WGMs are
formed. At the same time, the optical coupling losses can be significant. A
resonant buildup of standing WGMs shows that the light coupled though Port
1 can reach both Ports 3 and 4 under resonant conditions. The transmission
spectra presented in Fig. 3.4 show that the path ratio (between T13 andT14) is
rather close to unity at the peak of transmitted power, 1=1.4526 um, in the
forward direction, PR(1) ~1.7 dB. However, the optical transport in backward
direction, T3 and Ts2, under resonant condition, has significantly higher path
ratio Ts1/Ts2 A likely explanation of this behavior is related to more efficient
excitation of counterclockwise WGM compared to its clockwise counterpart as
a result of coupling through significantly larger gap g,=600 nm. Comparison
of magnitudes of resonant transmission peaks in Figs. 3.4(c) and 3.4(d) shows
that the path ratio increases to ~6.5 dB. However, the magnitudes of the
transmission peaks are found to be reduced in a backward direction
compared to that in the forward direction. We compared the transmissions in
forward and backward directions along different paths. We found that IR
parameters significantly vary along different paths. For the path from Port 1
to Port 4, IR~15 dB, whereas for the path from Port 1 to Port 3, IR~9 dB.

To better understand the temporal behavior of the transmitted signals, we
calculated the E-field amplitude transmitted in forward and backward

directions as a function of time. Such comparison in presented in Figs. 3.5(a)
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and 5(b) for E-field transmitted from Port 1 to Port 3 in a forward (Zi3) and
backward (£31) directions, respectively. The input pulse shown in red has the
peak amplitude of 1 V/m. The transmitted pulse train with decaying
amplitude is shown using blue color. The pulse train takes place due to
trapping light in MR leading to periodical coupling into the output WG. The
amplitudes of the transmitted signals are significantly smaller than the
amplitude of the incident pulse. Comparing the F-field transmitted in the

forward direction (£i3) and backward (#s1) directions in Figs. 3.4(e) and 4(f),

2
. E T
respectively, one can see that (—E“) ~—T13 ~9 at the resonance wavelength
31 31

1=1.4526 um, which agrees well with IR~9 dB calculated due to comparing

corresponding transmission spectral peaks in Figs. 3.4(a) and 3.4(c).
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Figure3. 5: E-field vs. time for the single input pulse (red area)
and transmitted pulse train with gradually decaying amplitude
(blue area). The amplitudes of the transmitted signals are
significantly smaller than the amplitude of the incident pulse
and they can be read along the right vertical axis.

3.4: Double microcavity router

The functionality and performance of similar structures can be
significantly extended by using multiple coupled resonators between two
stripe-WGs. We modeled a system of two identical 3 pm diameter coupled
circular microresonators, MR:1 and MRy, as illustrated in the insets of Fig.
3.6. We kept the same gap ratio of g,/g,; = 6 controlling a degree of spatial

asymmetry as in the case of single microresonator presented in Fig. 3.4.
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Additional parameter, the gap (g) between the two circular microresonators
was selected to be 100 nm. This is a small separation which results in
formation of hybridized molecular states termed bonding (B) and antibonding
(A) modes due to strong coupling between WGMs in adjacent resonators.
These modes can be identified in the transmission spectra (Ti12) in the
forward direction due to two narrow dips illustrated in Fig. 3.6(a). (In the
case of single microcavity router in Fig. 3.4, the corresponding spectrum at
Port 2 contains a single dip. This case is not illustrated in Fig. 3.4.) The
strong coupling regime is evident from the amount of splitting about 4.7 nm
in Fig. 3.6(a) which exceeds the characteristic widths of individual WGM
resonances by almost an order of magnitude. The choice of gap g,;=100 nm
between the upper WG1 and the edge of the photonic molecule is determined
by the fact that it results in deep spectral dips in Fig. 3.6(a) due to critical
coupling between WG1 and photonic molecule at the supermodes’ (B and A)
wavelengths. The gap g2=600 nm between the bottom tip of photonic
molecule and lower WG2 resulted in their under-coupling at the supermodes’
wavelengths.

We checked that the splitting of the B and A states can be reduced by
increasing the inter-resonator gap g, however this splitting as well as the
positions and widths of the WGM-defined peaks are not strongly dependent
on the gap sizes g1 and g2 separating the photonic molecule from the stripe-

WGs in the limit of g;, g, 2100 nm. The behavior of two identical coupled
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resonators can be viewed in terms of avoiding crossing of their levels and
exceptional points associated with symmetry breaking for PT-symmetric
Hamiltonians [289], where a great number of experiments have been
performed, particularly in optics [250, 284, 285]. If two microresonators are
not identical, the coupling of modes with avoided frequency crossing scenario
makes possible switching of electromagnetic (EM) field intensity between two
circular microresonators [290]. To realize such switching in practice, carrier-
induced refractive index tuning of one of the microresonators induced by non-
uniform pumping can be used. These possibilities show a tremendous
potential of such structures for achieving an ultrafast switching, routing and
wavelength demultiplexing based on the design principles proposed in this
chapter of dissertation. However, we will limit our consideration with
1dentical microresonators, MR: and MR2. We will show that the influence of
the spatial configuration of EM fields inside the photonic molecule can be
quite dramatic for the connectivity of different ports in 4-port systems
considered in this work.

As illustrated in Figs. 3.6(b) and 3.6(c), the propagation in a forward
direction from Port 1 is characterized with a marked path ratio favoring
coupling to Port 3 (T13) at the wavelength of B mode (1457.8 nm) and to Port
4 (T14) at the wavelength of A mode (1453.2 nm). Using Eq. (2), PR at the
wavelength of A mode (T3 /T14) can be estimated as ~ -5 dB, whereas PR at

the wavelength of B mode is about 7 dB, both in forward direction.
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As illustrated in Figs. 3.6(e) and 3.6(f), the propagation in the backward
direction (T4; and Ts2) from Port 4 strongly favors coupling to Port 1
(compared to Port 2) at the wavelength of A mode with the corresponding
PR~14 dB. The efficiency of the optical transport in a backward direction is

greatly reduced at the wavelength of B mode.

Input signal ~ WG, I 0.03F ]
~ 0.9} 0.050 | |
1 9 2 3 I I
o s 06k I | 0.02f I
g N=, 5 L I
5 @ 0.025¢+ | | I
L 7, g 0.3+ | | 0.01+ |
3 g9 4 2 | | |
S 0.0f | | | |
WG, = 0.000 L | | 8-8g E . | l
0.009} (e | | i | I
we, 509 (e) I I ® | |
< | | | | |
ol @gl - 0.006 | I 0.02 I
é = 0.003 2 : : oo1f —+ : :
@ 5 - | | | |
[¢F3 © |
= 0.000
\ 0.97 . ! L L 0.00 ‘ L ‘
WG, Input signal 1449 1456  1.463 1449 1456  1.463 1.449 1456  1.463
Wavelength (um) Wavelength (um) Wavelength (um)

Figure3. 6: Insets illustrate double microresonator, MR: and
MRg, with the same index of n=3.18 (corresponding to indium
phosphide) and 3 ym diameter. The side-coupling to WGMs in
the micro-resonator is provided through the Stripe-waveguides
WG1 and WGe. The gaps g; and g, between the microresonator
and the waveguides are 100 nm and 600 nm, respectively
(g2/g1 = 6). The gap g between the circular resonators is 100 nm
resulting in a strong coupling between WGMs. This leads to a
formation of bonding and antibonding photonic molecular
modes. The forward direction is from Port 1 to Ports 3 and 4.
The backward direction is from Port 4 to Ports 1 and 2. (a,b,c)
Normalized transmission spectra calculated in forward direction
from Port 1 to Port 2 (7%), Port 3 (73), and Port 4 (7v),
respectively. (d,e,f) Normalized transmission spectra calculated
in backward direction from Port 4 to Port 3 (73), Port 1 (71), and
Port 2 (7%), respectively.



119

In double microcavity the isolation ratio depends not only on the path, but
also on the specific resonant wavelength corresponding to B or A resonant
modes. The results presented in Fig. 3.6 are obtained for the same gap
ratio, g,/g, = 6, as in the case of a single microresonator represented in Fig.
3.4. For the path from Port 1 to Port 4, we estimate IR~22 dB at the
wavelength of B mode, and IR~11 dB at the wavelength of A mode, which are
significantly larger ratios compared to that in the single resonator case. This
result is explained by stronger suppression of the optical transport in a
backward direction in the double microresonator compared to single
resonator case.

An interesting feature is that B and A modes tend to select different paths
1n our 4-port structure. This can be seen in the forward direction where the B
mode tends to be more efficiently coupled into Port 3 (Fig. 3.6(b)), while the A
mode tends to be more efficiently coupled into Port 4 (Fig. 3.6(c)). In this

situation, the system operates similar to an optical demultiplexer [291, 292].

3.5: Asymmetric transmission as a function of the spatial asymmetry (g

/g1>1)

Different peak intensities of pulses transmitted in forward and backward
directions along the same path were observed in a situation with strongly
asymmetric gaps, g./g, = 6. Various efficiencies of different paths were also

studied for the same situation. It is interesting to study how these properties
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depend on the parameter g,/g; determining the asymmetry of the coupling
constants and coupling losses in such structures.

The role of parameter g,/g; can be studied in a broad range of indices and
diameters of microresonators. Below, we consider two representative cases
with different n and D, but similar and modest quality factors (@~103-104) of
loaded WGM resonances. These cases can be used for practical realization of
such structures in different material systems. The entire range of variation of
parameters n and D available in practice is rather broad. Particularly
interesting cases are represented by ultrahigh @factors (>106) which can be
realized in larger resonators; however, these cases are outside the scope of
this chapter.

The first case is represented by the combination of n=3.18 and D=3 um
considered in our previous studies. As stated earlier, it describes
semiconductor (such as InP) microrings or disks in near-IR spectral range.
The second case represents a high-index glass implementation with n=1.9
and D=7 um which can be realized using barium titanate glass (BTG)
microrings, disks or microspheres also in near-IR spectral range. In the latter
case, we used side-coupled WG: and WGz with refractive index of 1.44
matching the index of silica.

The asymmetric optical transmission properties along certain path are
compared for single and double microcavity routers in Figs. 3.7(a) and 3.7(b)

for these two implementations, respectively. This study is performed as a
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function of the spatial asymmetry of the structures represented by the
parameter g,/g,; plotted along abscissa in these plots. In both cases, T13 and
Ts1 are calculated for forward and backward directions respectively. In the
case of single microresonator, the IR parameter was calculated at the
wavelength resonant with WGM in a single circular resonator similar to how
1t was introduced in the discussion of Fig. 3.4. In the case of double
microresonator, the IR parameter was calculated at the wavelength resonant
with the bonding mode in photonic molecule similar to how it was introduced
in the discussion of Fig. 3.6. Similar analysis can be performed at the

wavelength of the antibonding mode, but it is not included in this work.
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Figure3. 7: Comparison of the IR =log(T;3/T5,) for a single
microresonator (gray color) with double microresonator router
(blue color) for resonators with (a) »n=3.18, D=3 pm
(semiconductor case of InP) and (b) n=1.9, D=7 pm (barium
titanate glass (BTG) case). T. For single microresonator, the IR
parameter is calculated at the WGM wavelength, whereas for
double microresonator, the IR parameter is calculated at the
wavelength of B mode of photonic molecule. It is seen that IR=0
dB for symmetric structure with g,/g;=1. The parameter IR
increases with the structural asymmetry represented by the
parameter g,/g;, reaching values 20-30 dB for g,/g,~10.
Generally, the optical losses are also increasing in structures
with strong asymmetry. In both cases (a) and (b), double
microresonator router shows a significant enhancement of the
IR factor compared to the single resonator.
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The results presented in Fig. 3.7 allow making several conclusions about
the asymmetry of the optical transport along selected paths. First, as
expected, the optical asymmetry represented by the parameter IR is rooted in
the asymmetric coupling constants and coupling losses represented by the
parameter g,/g,. For even gaps, g,/g:=1, IR=0 dB indicating the same
transmission in both directions. With increasing gap ratio, the parameter IR
increases for both single and double microring structures reaching the values
20-30 dB for g,/g,~10. It should be noted that the intensities of the
transmitted peaks are significantly reduced compared to that in the input
pulses since the structure is inherently lossy. Second, the double microcavity
structure possesses significantly larger IR values compared to the single
microcavity case. In a single microcavity case, achieving IR>20 dB requires
gap ratios g,/g,>7 (Fig. 3.7(a)), whereas in the double microcavity it can be
achieved with g,/g,>5 (Fig. 3.7(a)). Third, these conclusions generally hold
for both semiconductor- and glass-based designs displayed in Figs. 3.7(a) and
3.7(b), respectively. Although the diameters and indices of resonators are
significantly different in these two cases, the WGM @*factors are comparable
that results in similar dependencies of IR on g,/g;. In principle, such
structures and devices can be designed for a broad range of parameters of
microresonators in various material systems, however this task goes beyond

the scope of this chapter.
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3.6: Routing properties as a function of the spatial asymmetry (g /g1>1)

We turn now to study of the routing properties of such structures as a
function of their asymmetry. The basic understanding of the routing
properties can be obtained for large circular resonators separated by large
symmetric gaps. These conditions mean that the microcylinders are weakly
coupled and that the coupling between the stripe WGs and microcylinders is
also weak. Based on &Akvector conservation, as we mentioned in the
introduction, one would expect excitation of clockwise WGMs in the single
microresonator and excitation of two oppositely circulating WGMs (clockwise
in the upper and anticlockwise in the lower microresonator) in the double
microresonator case. It means that in the single microresonator case Port 1 is
expected to be coupled to Port 3 whereas in the double microresonator case it
would be coupled to Port 4.

For our sufficiently high-index and compact microresonators the effective
length of the couplers from stripe waveguides to circular microresonators is
too short which means that the application of & vector conservation is not
straightforward. In addition, in the double microresonator case the coupling
between two circular resonators is realized in the strong coupling regime that
results in formation of supermodes with standing patterns of electromagnetic
fields. These factors seriously complicate the coupling scenario and such

analysis requires numerical solution of the Maxwell’s equations.
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Figure3. 8: Path ratio as a function of gap ratio (g,/g,) for single
resonator in two cases of InP and BTG as a material for
microresonators. In (a,b), the signal detected in Port 3 is
stronger than in Port 4 since PR>0 dB. The PR value is found to
decrease with g,/g;.

We begin with the single microresonator case presented in Figs. 3.8(a) and

3.8(b) for high-index semiconductor and glass microresonator, respectively.
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The PR parameter was calculated at the wavelength resonant with WGMs in
a single resonator similar to how it was discussed in the description of Fig.
3.4. It is seen that in the case of symmetric gaps (g,/g:~1), the PR factor is
positive and large (>13 dB in Fig. 3.8(a) and 24 dB in Fig. 3.8(b)). The
corresponding points are located in the top half of the graph (pink
background). This means that Port 1 is coupled predominantly to Port 3 as
expected according to A-vector conservation. With the increase of the
g2/ g:ratio, however, the value of PR factor is reduced indicating that for
large coupling gaps g, the signal is coupled to both Ports 3 and 4. This effect
of reduction of PR with g,/g,is more pronounced in Fig. 3.8(a) compared to
that in Fig. 3.8(b). It can be explained by the fact that much smaller
resonator with much higher refractive index cannot be viewed as a linear
coupler (with Akvector conservation) for sufficiently large gaps and that it
provides equal signals at Ports 3 and 4 (PR asymptotically approaching 0 dB

for g,/g9,~10).
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Figure3. 9: Path ratio as a function of gap ratio (g,/g,) for
double circular resonators. The PR values are calculated for both
B and A modes. At g,/g:~1, the transport at the wavelengths of
both B and A modes is more efficiently coupled to Port 4
resulting in PR<0 dB (blue background). However, with
increasing g,/g; the values of PR increase and become positive
that indicates more efficient coupling to Port 3. In (a), for InP
microresonators, the PR factors for g,/g;= 4 and 6 (dashed
ellipses) are positive for B mode and negative for A mode
indicating that the corresponding wavelengths are coupled
predominantly to Ports 3 and 4. This effect, however, is not
observed for BTG resonators in (b) with larger D and smaller n.
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The case of double microcavity is much more complicated because coupling
1s provided separately at the wavelengths of bonding and antibonding
supermodes, as illustrated in Figs. 3.9(a) and 3.9(b) for high-index
semiconductor and glass microresonators, respectively. Beginning with the
case of symmetric gaps (g,/g,~1), it is seen that for both B and A modes the
PR factors are negative. The corresponding points are located in the bottom
half of the graph (blue background). This means that Port 1 is coupled
predominantly to Port 4 as expected according to kvector conservation. The
behavior of the PR factor with the increase of the g,/g, factor is, however,
different from single microresonator since the corresponding dependence is
not simply approaching zero, but moving into positive (pink background) top
half of the graph which means that for large coupling gaps g, the input signal
1s coupled predominantly to Port 3. As a guide for eye, we showed the
corresponding dependences for B and A modes using dashed red and blue
straight lines, respectively.

For compact high-index semiconductor double microresonators illustrated
in Fig. 3.9(a) the PR factors calculated for B modes are systematically larger
than the corresponding PR factors for A modes by ~11-12 dB. Both
dependencies have nearly the same slope which means that at some
intermediate values of gap ratio, 4 < g,/g, <6, the PR factor is negative for A
mode (~ -5 dB) and positive (~7 dB) for B mode. These cases are marked by

dashed ellipses in Fig. 3.9(b). Such situations are of interest for developing
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novel wavelength demultiplexors. They mean that connectivity to different
ports can be provided at different wavelengths via coupling to different
supermodes of photonic molecule. The example in Fig. 3.9(a) represents the
simplest case of two-atom photonic molecule. However, similar ideas can be
used to connect different ports at various wavelengths in more complicated
photonic molecules. It seems that the key to this very interesting behavior is
represented by the use of compact high-index microresonators with stronger
confinement of corresponding WGMs. As an example, the corresponding
dependences for B and A modes as a function of g,/g; are not well separated
in Fig. 3.9(b) which shows that design of such wavelength demultiplexors is

not possible for larger microresonators with smaller index of refraction.

3.7 Double microresonator structure illustrated by the field maps

In order to provide a direct evidence for wavelength demultiplexing in
high-index semiconductor double microresonator structure, we calculated
electromagnetic field maps for B and A modes at the gap ratio, g,/g; =6. This
case is represented by right ellipse in Fig. 3.9(a). Spatial E-field maps were
obtained using a frequency domain monitor in FDTD solver offered by
Lumerical that represents the impulse response of the system and collect the

steady state EM field data at each mode’s eigen-wavelength.

A couple of phenomena can be interpreted using E-field maps. In forward

direction (Figs. 3.10 (a,b)), there is an efficient coupling between WG1 and
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MR due to the very small gap, g,(100 nm), and light can be strongly coupled
into the system. For short wavelength antibonding mode in Fig 3.10(a), the
E-field is “repulsive” between two microresonators due to their phase
mismatch at the contact point, thus the E-field intensity is reduced at this
region. However, light scattered into the medium can be coupled outside the
contact region, which can contribute significantly to the antibonding coupling
into the MR2. At the lower side of the photonic molecule, there is a week
coupling between MRz and WGz because of the very large gap g, (600 nm).
Even scattered light cannot find an easy way to tunnel into WGa. It leads to
resonant electromagnetic buildup in MRs. This can explain why MRz is
brighter when compared to MR; in Fig. 3.10(a) for antibonding mode field

distribution.

For bonding mode, in contrast, the E-field is better overlapped at the
contact region due to improved phase matching and more efficient evanescent
side-coupling for WGMs. This can be seen through Fig. 3.10(b) as “hot spots”
at the region where two microresonators touch. Since the coupling between
microresonators is very strong, the intensity distribution indicates that light
tends to propagate at both constituent microresonators in similar fashion
rather than to stay in MR: and circulate. Meanwhile, because of weak
coupling between MRz and WG, similar to the case of antibonding mode,
light buildups in the molecule but this time in both coupled microresonators.

The light is then weakly coupled to WG2. The overall view of field maps for
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both bonding and antibonding modes in forward direction verifies that
routing at the wavelength of antibonding mode drives the signal mainly
toward port 4 (Fig. 3.10(a)), while bonding mode is strongly observed at port 3
in Fig. 3.10(b). This is inconsistent with the PR = log(T;3/T;4) calculations

showing mode de-multiplexing described in Fig. 3.9(a) for g,/g,= 6.
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Figure3. 10: Calculated E-field map for each supermodes
(bonding and antibonding modes) in the case of 3 um InP double
microresonator where g,/g,; = 6. (a, ¢) show E-field map for
antibonding mode in forward and backward directions
respectively. Weak filed distribution due to phase mismatch can
be seen in microresonators contact point, while for bonding mode
in (b, d) the phase matching can be seen as “hot spots” where
two microresonators were brought together .The overview of the
file map at (a, b), shows the detection of an antibonding mode at
port 4 in forward direction, and a bonding mode at port 3, which
displays the mode demultiplexing in our designed optical
system.
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A similar explanation can be applied for WGMs transmission in a
backward direction; because of the very large gap between MR2 and WG, for
both bonding and antibonding modes in Figs. 3.10 (c,d) the light would be
weakly coupled to MRs2. The weakly coupled light then distributes among the
resonators corresponding to the attractive and repulsive nature of bonding
and antibonding modes respectively. On the other hand, due to the strong
coupling between MR1 and WG, the light will not circulate on the photonic
molecule long enough and will be efficiently coupled to WG1. This can explain
why MR, for both cases of bonding and antibonding modes in Figs. 3.10 (c,d),
lacks intensity while a measurable field intensity can be seen at WGi-Port 1.
This is in well agreement with the calculated transmitted spectra for bonding
and antibonding mode in Fig. 3.6 for asymmetric double microresonator
structure, where the coupled bonding and antibonding modes in port 2 are too
weak (Fig. 3.6(e)) while antibonding mode in port 1 can be detectable (Fig.

3.6(9).

3.8: Pulse enhanced optical unidirectional system using gain element

It was shown in previous sections that our engineered photonic molecule
clearly demonstrates noticeable isolation ratio specially in the case of double
resonator, however because of weak coupling between MR2 and WGs, and
also dissipative scattering or curvature leakage of passive circular resonators,

the pulse amplitude at output ports drops to a great extent. It is desirable to
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design a system with asymmetric transmission properties which would have
a reasonably high transmission (in one direction) comparable to the signal in
the input port. To address this requirement, instead of passive resonator, we
re-design our system with active resonator. We used red color to indicate the
location of the active resonators in Figs. 3.11 and 3.12. The goal is to recover
the normalized transmitted spectra for forward direction up to 1, and still
preserve the high isolation ratio. To provide gain in the microresonator, we
need a material with a negative imaginary index over the frequency range of
interest. In the modeling, this can be achieved with a Lorentz gain model
when the Lorentz permittivity is negative. In this model, Lorentz resonance
(gain at center frequency) could be set exactly on the resonance frequency in
the transmitted spectra where it needs to be amplified. We put the Lorentz
resonance on 1420 nm, which is the center wavelength of coupled mode for
single resonator, with 400 nm Lorentz linewidth. The linewidth is set broad
enough to cover at least entire one free spectral range. The dashed curve in
Figs. 3.11 and 3.12 indicates the spectral behavior of the gain. Moreover,
using gain material model makes our system unstable since the gain would
eventually lead to lasing in the corresponding physical system. However,
describing such lasing would introduce many other effects such as gain
saturation that goes far beyond the scope of this Chapter. For this reason, we
used linear Lorentz model and simply considered an initial stage of the signal

amplification and stopped the calculation at different times to illustrate the
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increase of the transmission due to the gain without attempting to describe
the steady state of the system. For this reason, we defined an auto shut-off
parameter in our modeling to stop simulation when we achieved normalized
transmission of interested frequency up to 1.

In Fig. 3.11, transmitted spectra for the gap ratio of g,/g;,= 8 in BTG
single microresonator is compared for both case of passive and active
resonator. It can be seen from Fig. 3.11(b) that transmitted spectra for
coupled mode is recovered up to 1. Calculation for single active resonator
shows the 1solation ratio around IR= 9 dB, which is dropped compare to the

passive case (~3 dB), but still we have reasonable amount for the IR factor.
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Figure3. 11: Transmitted spectra (T13) comparison between the
case of (a) passive (blue), and (b) active resonator (red) for 7pm
BTG. For both case the transmission spectrum in backward
shown as an inset figure at top right corner. The gap ratio is
selected g2/ 1 =8 which give IR factor ~12 dB for the passive
case. The Lorentz Resonance and Lorentz Linewidth in the case
of active resonator are set on 11420 nm, and 400 nm,
respectively which causes the coupled mode recovery up to 1.
The red dashed curve shows the spectral behavior of the gain.
The isolation ratio for the case of active resonator is calculated
around 9 dB.
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The results for double resonator with the same material and gap ratio
similar to the single case are illustrated in Fig. 3.12. We just targeted the
transmitted spectra of bonding mode to recover up to 1, therefore the
transmitted spectra for antibonding mode can be less or more than 1 in
different cases. Figs. 3.12(a) and 3.12(b) show the transmission spectrum
when the two microresonators are either passive or active. In this case both
bonding and antibonding modes were amplified with the same ratio. Also,
backward transmitted pulse is weakly amplified, in contrast to the single
active resonator in Fig. 3.11(b), therefore the isolation ratio factor is kept
same as the passive case around IR=29 dB (for bonding mode) while the
coupled modes are amplified. This gives us clear advantages of using double
active microresonator compare to single one since it manifests itself on better
isolation ratio for recovered transmitted mode, as strongly diminished
backward transmitted signal.

Another point which is worth to mention is that double-microresonator
1solator system can filter out resonant modes for amplification. In Fig.
3.12(c), we put gain on MR4, and left MRs to be passive, while in Fig. 3.12(d),
this state is inverted; MR i1s active and MR3 1s passive. Under this condition,
bonding and antibonding modes will not be amplified with the same ratio.
Rather, bonding mode would be more amplified when the first resonator is
active and antibonding mode when the second one is active. It can be

qualitatively explained based on calculated EM maps in Fig. 3.10. When the
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first resonator 1s active, for the antibonding mode there is not enough energy
build up on MR; (Fig. 3.10(a)), therefore putting gain on MR; cannot amplify
the antibonding mode noticeably, while for bonding mode because of
uniformly distribution of energy among both microresonators for this
resonant mode, the signal for bonding mode would be amplify which can be
seen in Fig. 3.12(b). The similar explanation can be applied when the second
resonator 1s active, and the first resonator is passive. For this case there is
more energy build up for antibonding mode in MRz compare to MR, and for
bonding mode although the field is distributed between MR2 and MR;,
however in a defined time interval the antibonding mode energy has more
chance to build up in MR2 since it is the active resonator, and hence
antibonding mode grows up faster compare to bonding mode. As a result, for
this case in Fig. 3.12(d) we would have much more amplified signal for
antibonding mode compare to bonding mode. In the case where both
resonators are active in Fig. 3.12(c), the signal ratio of amplified bonding and
antibonding modes is similar to signal ratio of modes for passive case where
both MR; and MRz has no gain. In each case the isolation ratio is preserved
same as for the passive double-microresonator (~29 dB), while the normalized

transmitted signal is enhanced up to 1 for bonding mode.
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Figure3. 12: Transmitted spectra comparison for double
microresonator with introduced linear gain. Blue and red color
resemble passive and active resonator respectively. For all cases,
just the transmitted spectrum for bonding mode is targeted to be
recovered up tol. Comparison between cases when both
resonators are passive (a) or active (b) shows both bonding and
antibonding mode amplified with same rate, therefore IR factors
for each mode remain similar compare to the passive case. In
contrast when gain is only introduced in one resonator (c, d) the
amplification rate would not be analogous for both modes any
more. Introducing gain for MR: (¢) causes stronger amplified
signal for bonding mode while putting gain on MRs (d)
noticeably amplifies antibonding mode.
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3.9: Conclusion

In this Chapter of dissertation, we provided some detailed considerations
for the transmission and routing properties of side-coupled circular cavity
systems based on two-dimensional finite-difference time domain modeling.
The main results and conclusions are listed below:

e In this study, we investigated the directional properties of the optical
transport in an on-chip dissipative system of passive circular microresonators
side-coupled to stripe-waveguides. These structures can be viewed as 4-port
routers where different ports are connected due resonant coupling between
the guided modes in stripe-waveguides and whispering gallery modes in
circle resonators.

e A spatial asymmetry was introduced in such systems in a form of
uneven gaps separating circular resonators from the stripe-waveguides. It
was demonstrated that spatially asymmetric and lossy systems have
asymmetric optical transmission properties for the waves propagating in
forward and backward directions between the ports.

e We demonstrated for non-optimized single microcavity structures that
introducing the spatial asymmetry results in isolation ratios (the ratio of
transmission in forward and backward directions between the same ports) on
the order of 10 dB for wavelengths resonant with WGMs.

e We study the optical connectivity between different ports in more

complicated structures where two identical circular resonators are strongly
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coupled resulting in formation of bonding and antibonding molecular modes.
It 1s shown that at the wavelengths resonant with hybridized molecular
modes the isolation ratios can be increased beyond 20 dB.

e Our calculation for E-filed distribution of resonant bonding and
antibonding modes in double resonators structure shows the possibility of
controlling the path of different modes, in such a way that different
wavelengths can be preferentially coupled to different ports. Therefore, the
direction of optical coupling between the ports become frequency dependent.
This opens principle possibilities to design a structure with wavelength
demultiplexing functionality, and we demonstrated bigger that 10 dB path
ratio difference for resonant routing between different ports in such
structures.

e From the first sight, the optical losses in such structures can be viewed
as being extensive; however, the signal can be recovered using elements with
the gain. In principle, the realization of such structures is possible on a
semiconductor platform using a combination of lithographic and etching
techniques. In such semiconductor structures as coupled microdisks, the gain
can be added directly on a chip by doping microrings with the active ions. In
this regard, for our modeling study, introducing linear gain to the compact
circular resonators exhibited remarkable isolation performance with restored
forward transmitted signal in contrast with sufficiently weak backward

transmitted one. Also, our modeling shows that the double-microresonator



140

photonic molecule is capable of selectively amplifying different modes with
significant IR factor.

e Another limitation for the proposed structures and devices come from
the fact that the individual microresonators constituting the photonic
molecules were considered to be completely identical, whereas in fact
inevitable fabrication imperfections lead to a random variation of their
dimensions and even shapes. On a semiconductor platform, the individual
resonances can be tuned using local heating effects produced by the focused
laser beams, or local micro-heaters integrated on chip. An alternative
approach to creating such structures 1s based on wusing dielectric
microspheres as building blocks. The spheres with the same resonant
positions of WGM peaks can be optically sorted using effects of resonant
radiative pressure [201, 202, 204, 207, 293]. Such identical microspheres can
be assembled in different configurations to form “photonic molecules” [58,
256, 288] or 3D crystal-like structures with coupled WGMs [181]. Such
coupled microresonator structures can be used as novel sensors [216, 259]
and as the resonant unidirectional [280, 294], routing, optical demultiplexing,
and switching [290] devices discussed in the present study. The optical
properties of photonic molecules can be studied using tapered fibers [213,
295] or Stripe waveguides evanescently coupled to such structures.

e The structures considered in this chapter of dissertation do not possess

nonreciprocity in a true sense; However, the structures do have a
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combination of routing, wavelength demultiplexing, and asymmetric optical
transport properties which can be very useful for developing chip-scale
telecom and sensor devices. The ports in such structures can be connected in
narrow spectral ranges and in only one direction or in both directions. As it
mentioned above, fundamentally, this is determined by many factors such as
the mode conversion and coupling through asymmetric gaps, strong

asymmetric losses, and a few-mode input.
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CHAPTER 4: MODELING STUDY OF PHOTONIC JETS FOR HIGHLY
EFFICIENT MID-IR FOCAL PLANE ARRAYS WITH LARGE ANGLE-OF-

VIEW

4.1: Introduction to Modeling of Photonic Jets

Dielectric microspherical structures along with their resonant properties
discussed in Chapter 2 and Chapter 3 also have the ability to produce
extraordinarily tightly focused beams termed “photonic nanojet” through non-
resonant mechanisms as it mentioned the introduction Chapter. Using this
unique property of microspherical structures for extremely sharp focusing of
light opens a promising way to increase the efficiency of mid-wave infrared
(MWIR) focal plane arrays (FPAs) detectors. Photonic jets produced by
microspheres have narrow (down to ~A/3) and elongated (Iength ~21) waists
which allows efficient coupling of light incident on microspheres into
photodetector mesas with subwavelength diameters (d<A). The advantage of
photonic jets for concentrating of electromagnetic power by ~102-103 times in
very small excitation volumes was theoretically predicted for Ge photodiodes

[119].

Previous work in Mesophotonics Lab revealed some advantages of

microspheres for collecting light from broader areas and focusing it down to
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small mesa size. Compared to the case of wide-field plane-wave illumination,
Integration with microspheres with diameter >d can increase the sensitivity
of individual photodetectors by a factor of ~(D/d)?. Experimentally, the
sensitivity increase by up to 100 times was demonstrated for InAs/InAsSb
type-1I strained-layer superlattice (SLS) detectors at 80K [120, 296]. This has
been achieved in collaboration with Air Force Research Laboratory, Sensors/
Materials and Manufacturing Directorates where the FPA structures were
fabricated. These structures were passed to UNCC where the microspheres
were micromanipulated to mesas by the previous student of the
Mesophotonics Lab, Dr. Kenneth Allen as illustrated in Figure 4.1. In this
setup, in order to provide efficient coupling of the photonic jet into the
photosensitive region, microsphere was aligned with the device mesas by
controlling the wvirtual imaging through the spheres used as contact

microlenses [120].
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Figure 4. 1: Microsphere integration with the photodetector
mesa using silicon adhesive layer. (a) Virtual imaging formation
(b) using silicone to integrate the microsphere to the
photosensitive mesa, (c) microsphere correctly aligned at the top
of the mesa, (d) virtual image of the photodetector mesa through
the sphere [120].
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Figure 4. 2: 2D EM field maps calculated at A=3 pm for back-
1lluminated FPA with the 20 pm substrate, D= 30 pm cylinder
truncated by 10.5 pm, and d=12 pm mesa size (a) Sharp focusing
on the back surface of the substrate at normal incidence case (b)
Incidence at AOV=20"showing that the focused beam is still
located within detector mesa [120].

In next steps, to quantitatively understand the angular acceptance
properties of these structures, I performed numerical modeling of such
microspherical lenses as light collection system integrated with FPA
structure. In my modeling studies, I used FDTD code developed by
Lumerical. The first trial tests went successfully, and I estimated the angular
acceptance of the structures fabricated at that time experimentally based on
individual micromanipulation with several microspheres. The result of the
modeling is shown in Fig. 4.2 (a,b) for back-illuminated FPA, where the
substrate with index ns= 3.5 is polished to 20 pm thickness. To simplify

calculations, the numerical simulation was performed in the 2-D cylindrical
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geometry which has all essential features of 3-D case. The field map
presented in Fig. 4.2 for D=30 pm, and n-1.5 cylinder truncated by 10.5 pm
shows that such structure has an AOVs ~ 20° for relatively small size of the

detector mesa (d=12 pm) at A=3 pm wavelength.

Although the first results of this study were promising however, the
questions about the optimal design of such structures still required further
Iinvestigation. In particular, it was not clear what is the optical size and index
of the microspheres for this application, how to fix of microspheres in an
optimal position in terms of using additional layers in the structure such as
photoresists or epoxies. Most importantly, what should be the design
guidelines, or in more general terms, what are the main basic principles of
optimization of such structures. Often, optimization of one parameter in
device design for achieving maximal performance can have some tradeoffs, so
that the other parameters can become suboptimal for other achieving other
performance characteristics of the device. As an example, increasing the size
of the spheres increases the collection of photons and corresponding
enhancement factor, but it also increases the size of the FPA pitch. At some
point, the pitch can become too large for developing practical applications.
Similarly, to provide large enhancement factors, it is important to reduce the
size of the photodetector mesa, however too small mesas can block the
transmission of light to the detector even despite the focusing provided by the

microspheres. Understanding these tradeoffs was one of the tasks of the
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Chapter. However, in order to tackle these problems, first of all, we had to
develop the guidelines for modeling. Using these principles, we can then
consider performance of these structures with various parameters of spheres
and structural layers, which, in its turn, would help us to optimize these

structures.

In addition to the main subject of this Chapter on FDTD modeling for
enhancement of FPA using photonic nanojet, I also performed a modeling
study of focusing properties of microspheres in a different type of structures
represented by linear chains of touching dielectric microspheres. This is
clearly a different geometry compared to FPAs where the spheres are
assembled as a single monolayer. However, the linear chains of microspheres
are interesting because of their periodical focusing properties which can be
used for laser scalpel and other applications [Astratov et al, SPIE Newsroom
and other publications]. Computationally, these studies were performed by
FEM method as opposed to FDTD method used for FPA modeling. However,
we decided to combine these results in Chapter 4 because they are devoted to
essentially similar light focusing properties of microspheres. The content of
this Chapter is the following. In Section 4.2 we consider modeling of
periodically focused beams in microsphere chain waveguides (MCW). In
Section 4.3 we present modeling results, including the design guidelines
(Section 4.4.1), properties of commercial microlens arrays (Section 4.4.2), and

properties of the back-illuminated (Sections 4.4.3 and 4.4.4) and front-
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illuminated (Section 4.4.5) FPAs integrated with microspheres. We optimized
our designs for achieving collection of light with maximal AOV using
microspheres with various index of refraction and diameters in the 30-60 pm
range. We show that microspheres provide an order of magnitude higher

AOVs compared to commercial microlens arrays.

4.2 Periodically Focused Beams in Microsphere Chain Waveguides

Previously there were performed extensive experimental studies in
Mesophotonics Lab directing on the focusing and transport properties of
spheres chain with size variation from geometrical scale to mesoscale as well
as different refractive index [179, 209, 210, 215, 217, 297-301]. It was shown
microsphere-chain waveguides (MCWs) formed by mesoscale spheres (4 <
D/ <10, where D is the sphere diameter and A is the wavelength of light),
coupled to a multimodal source, gradually filter periodically focused
multimodal beam and dramatically reduce the beam waists with the
diffraction-limited size with extremely small propagation losses. In fact, in a
series of periodically coupled microlenses, each microsphere produces a
subwavelength focused spot or photonic nanojet which result in nanojet-
induced modes. The result is applicable for developing waveguiding
structures with focusing capabilities, which can be used as local microprobes,

ultraprecise laser scalpels [297, 302], and polarization filters for non-trivial
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states (e.g., radially polarized cylindrical vector beams, longitudinal

polarization, etc.) [211].

In order to get more insight on optical transport and focusing results in
MCWs, I modeled beam tapering properties for 2-D mesoscale chain of
cylinders using COMSOL Multiphysics. The simulation was performed in
frequency domain by FEM method as illustrated in Fig. 4.3 for touching
dielectric cylinders with diameters of 5 pm, and index of 1.6. A triangular
adaptive FEM mesh with minimal A1/180 and maximal /18 sizes was
selected to cover the simulation region where A= 0.53 pm. In order to mimic a
multimodal incoherent source in the experimental studies (fluorescent dye-
doped spheres), I used a S-cylinder containing 1400 dipole emitters randomly
placed along several radial lines with different oscillation directions along y-
axis, z-axis, 45 and —45 with z-axis. As an example, Fig. 4.3(b) represents
distribution of dipoles (red regions) oscillating along y-axis inside S-cylinder.
Also, in order to reduce any WGM coupling effect between the source S and
the first microcylinder, the dipoles were positioned inside the S-cylinder with
0.5 pm gap from the cylinder border. Two monitors, after the first and last
cylinders are defined to record transverse irradiance profile as the light
propagate through the chain. It should be noted in spite of randomly
distribution of dipoles with different polarizations, a pronounce interference
effect in the irradiance profiles was inevitable. This effect can be seen in the

irradiance profiles in Figs. 4.3(c) and 4.3(d) for two dipole distributions (solid
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and dotted curves). It can be explained based on a fixed phase difference
between dipoles due to the optical path difference separating them and make
them like coherent sources. However, the envelopes averaged over many
different source configurations with different polarization (red dashed line in
Figs. 4.3(c) and 4.3(d)) can be representative of the beam profiles expected
from dye-doped spheres as multimodal incoherent source. Considering this
fact, transition from wide envelope irradiance peak in Fig. 4.3(c) with FWHM
~1.4 um after the first cylinder, to a narrower envelope irradiance peak in
Fig. 4.3(d) with FWHM ~0.7 um after six cylinders can be clearly observed. In
fact, propagation of light through cylinder chain waveguide can be viewed as
a mode filtering process, resulting in formation of very narrow and tightly
focused beam waist. Accordingly, this modeling confirms that in mesoscale
MCWs, the photonic nanojets can be periodically reproduced along the chain,
giving rise beam tapering effect. Such a focused beam as it mentioned above
could be useful for laser surgery, high-density optical-data storage, and

photo-induced patterning of thin films.
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Figure 4. 3: (a) 2D irradiance map for MCW using FEM
modeling. (b) distribution of dipoles (red dots) inside S-cylinder
polarized along y-axis. (¢) and (d) irradiance profiles calculated
for two different dipole distributions (solid and dotted curves)
after the first (N =1) and the sixth (N = 6) cylinder, respectively
[210].

The modeling study for nanojet-induced modes and transport properties of
MCWs was an example of simulation work that I performed in frequency domain
using FEM method, however the main subject for this Chapter of dissertation

focused on FDTD modeling study on photonic nanojet for mid-IR FPAs that

continues in the following sections.
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4.3: Design and Optimization of Focal Plane Arrays Integrated with

Dielectric Microspheres

MWIR FPAs operating in a range of wavelengths (1) from 3 to 5 um are the
main tools for thermal imaging [116]. The imaging systems based on MWIR FPAs
benefit from the atmospheric transparency window and from reduced scattering
compared to shorter wavelength systems. It should be noted that MWIR FPAs are
the natural candidates for imaging in smog and turbid media. For example,
firefighters use MWIR FPAs to see through smoke, find people and locate hotspots.
Another important area of applications is connected with imaging and sensing the
objects through the fog, mist, rain, snow, and sand in the marine and terrestrial
environments. The cryogenically cooled thermal cameras provide the best quality
MWIR imaging with sufficiently high signal-to-noise ratio [303]; however they are
bulky, slow and expensive. In contrast, the uncooled thermal imagers are compact
and inexpensive; however, they suffer from the thermal noise and other factors

limiting the sensitivity, resolution, contrast, and AOV of MWIR cameras.

A natural way of increasing the resolution, decreasing the thermal noise, and,
potentially, increasing the operation temperature of MWIR imagers is connected
with the reduction of the diameter (d) of individual photodetector pixels [304]. This
approach is currently limited at @~21~10 um which is determined by the diffraction
of light and small fractional area occupied by compact photodetector mesas on the
FPA chip. At first sight, the photon collection efficiency can be regained by using

the commercial microlens arrays which allow collection of light from the entire area
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of the array followed by focusing light into compact photodetector mesas in such a
way that each microlens is optically coupled to an individual pixel. However,
commercial microlens arrays contain lenses with long focal distances (#4200 zm)
[118], so that a small change of angle of incidence causes the shift of the focused
spot away from the compact photodetector mesa. This limits AOV=2arctan(d2/ at
about 1-2 degrees, that is acceptable in astronomical imaging, but does not allow to
develop other applications such as applications in surveillance cameras, motion

trackers and many other imaging sensors.

It should be noted that in recent years the performance of FPAs was enhanced
due to photon trap structures such as photonic crystals [305], textured surfaces
with pyramidal relief features [306], and curved FPAs [307]. The spectral response
of pixels was enhanced due to plasmonic gratings [308-312], nanoparticles [313],
nano-antennas [314], subwavelength hole arrays [315], and microstructure surfaces
[316, 317]. Although the absorptivity and spectral response of individual pixels can
be enhanced by using these structures, the enhanced performance usually takes
place in a relatively narrow range of wavelengths and AOV of such structures is

also relatively narrow.

A combination of enhanced sensitivity with large AOVs makes integration with
microspheres very attractive for developing next generation FPAs [318, 319],
however it requires several conditions. First, a technology of massive-scale, defect-
free assembly of microspheres needs to be developed. Second, the array of

microspheres needs to be transferred at the FPA surface (f it was assembled on a
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separate substrate). The alignment of microspheres with individual pixels needs to
be achieved with a micron-scale accuracy. Third, the methods of affixing the
microspheres at the FPA surface need to be developed. Finally, the parameters of
the FPA structures need to be optimized through numerical design to take under
account the microsphere assembly and corresponding electromagnetic field

focusing.

In this Chapter, we comprehensively address the last issue. In Section 4.3 we
present modeling results, including the design guidelines (Section 4.3.1), properties
of commercial microlens arrays (Section 4.3.2), and design of the back-illuminated
(Sections 4.3.3 and 4.3.4) and front-illuminated (Section 4.3.5) FPAs. We optimized
our designs for microspheres with different diameters in the 30-60 zm range, as
well as with various indices of refraction. We show that microspheres allow the
same light collection efficiency as commercial microlens arrays, but with an order of

magnitude higher AOVs.

4.4: Modeling results
4.4.1: Design guidelines

In the limit of large microspheres (D>>104) the focusing effects can be
described in the paraxial approximation by the geometrical optics. In FPA
structures, however, the spherical aberrations cannot be ignored. In addition,

the optical properties need to be determined: i) assuming different
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microsphere sizes and indices of refraction, and specific thicknesses and
indices of all the layers comprising the structure for both back- and front-
illuminated structures and ii) assuming cases where the microspheres are
partly immersed in a photoresist or truncated. For these reasons, we used the
numerical modeling techniques.

FPA optimization is based on the following design guidelines: (i) The
narrowest waist of the focused beam should be achieved at the
photodetector’s mesa plane. The idea is that at normal incidence the focused
beam should be coupled through the mesa with the minimal optical losses. (ii)
The waist of the focused beam should be smaller than the mesa diameter. In
the practical device structure, the photodetector mesa can be defined by the
semi-circular metallic electrodes terminating the aperture of the incident
focused beam [120]. (iii) The affixed microspheres with the diameters in the
30-60 pm range close to typical pitches of MWIR FPAs and with the
refractive indices in the 1.4-1.8 range have rather short focal distances that
make it implausible to fabricate extremely thin substrates required for the
back-illuminated structures. The solution comes from the fact that the
refractive capability of microspheres can be reduced by partly-immersing
them in a photoresist or by truncating them. Thus, by controlling the amount
of immersion or truncation the structure satisfying guidelines (i-ii) can be
designed. (iv) The way of increasing AOV is connected with reducing the focal

distance of the microlens. The limitation of AOV comes from the fact that



156

increase of the angle of incidence causes the shift of the photonic jet away
from the corresponding photodetector mesa. The amount of shift is
proportional to the effective focal length of the microspheres.

In our designs, we used the full wave FDTD modeling for microspheres
with diameters in a 30-60 um range. Such microspheres can be packed in
close-packed arrays with the pitch and pattern matching that for
photodetector arrays, so that the individual photodetectors are located just
below each microsphere. We consider the period of arrays in the 30-60 um
range since it is close to typical distance between the pixels in mid-IR FPAs.
To simplify calculations, we used a two-dimensional (2-D) cylindrical
geometry which has all essential features of 3-D case. The numerical
simulation was performed by finite difference time-domain (FDTD) method
with the commercial software by Lumerical Solutions Inc. We selected
photodetector mesa (pixel) diameter @=10 xm which corresponds to minimal
sizes used in practice in mid-IR FPAs. For standard microlens array (Section
4.3.2), we considered dome-shaped microlenses fabricated at the top of the
plastic layer with the refractive index n=1.44 and the thickness 165 um. This
plastic coverslip layer is supposed to be mounted at the front surface of FPA.
We show that this combination of parameters results in focusing of the
incident plane waves at the plane of photodetector array; however, the large
focal distances result in AOV~1°. For back-illuminated structures enhanced

with microspheres we considered two cases differing by parameters of
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microspheres and layer thicknesses. In Section 3.3, we consider microspheres
with index, n=1.46, and with diameter, =60 um, semi-immersed in a layer of
photoresist and demonstrate AOV of 5°. In Section 3.4, we consider slightly
truncated microspheres with higher index n=1.56 (polystyrene) and diameter
D=60 um and show that it leads to AOV of 8° For front-illuminated
structures (Section 4.3.5) the thickness of the semiconductor slab is not a
relevant parameter. In the latter case, we consider high-index (1=1.8)
microspheres with D=30 ym and show that it results in AOV of 20°. The
illumination was provided by plane waves at A=4.0 um; however, the
Iinvestigated optical properties are not strongly wavelength dependent, and
the results are generally applicable in the mid-IR range 3-5 ym. Thus, we
demonstrate the increase of AOV by more than order of magnitude compared
to commercial microlens arrays as a result of integration of FPAs with

microspheres.

4.4.2: Standard microlens array

To show that conventional microlens arrays fabricated on a planar
substrate (shown in Fig. 4.4) inherently limit AOVs of FPAs, we consider a
plastic moldable material with reasonable optical transmission properties in
MWIR range. In our design we did not specify the material and simply
assumed that it has the index of refraction 1.44 at 4=4.0 um. In practice, it

can be polydimethylsiloxane (PDMS) or polymethyl methacrylate (PMMA) or
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other similar material. Silica can be also used, but it is absorptive in MWIR
range. All these materials have the index of refraction which is sufficiently
close to 1.44 which means that the conclusions of our consideration are
generally applicable to all these materials. Alternatively, the MWIR FPAs
can be fabricated from high index materials such as Si or Ge. It should be
noted, however, that Si is fragile and hard to machine. In addition, the radius
of curvature of Si lenses is usually large which results in sufficiently long
focal distances [118] comparable to that obtained with plastic lenses which
have larger curvature. Germanium has similar properties to Si but is also
much rarer. Since AOV is largely defined by the effective focal distances, all
microlens arrays designs including low-index plastics and high-index
semiconductor materials have very limited AOVs. Below we illustrate this

problem for a low-index (n=1.44) material.

Figure 4. 4: Schematic presentation [320] and SEM image [321]
of the microlens array integrated with the back-illuminated
optical detector FPA.



159

As illustrated in Figs. 4.5 (a,b), we assumed that the microlenses have the
radius curvature of A=72 um and the lens has a dome shape with the base
diameter of 57 um. It was assumed that such dome-shaped lenses are fabricated at
the surface of a slab with the thickness of 165 x#m. The electric vector of input (from

left to right) electromagnetic plane waves was linearly polarized in the xy plane.
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Figure 4. 5: (a) Schematic of the microlens array integrated with
the back-illuminated optical detector FPA with 200 um
thickness of the substrate. (b) Electric field map calculated by
FDTD simulation at A=4.0 um. The position of microlens,
substrate and detector are shown with dashed black lines [320].
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The incident beam had a Gaussian temporal modulation with 50 fs pulse
duration and 4=4.0 um central wavelength. The location of microlens, substrate
and detector are shown by dashed lines in the calculated EM maps in Fig. 4.5 (b).
The calculated EM map i1s for amplitude of electric field which contains all E-field
components. The position of the optical components indicated by dashed lines in
Fig. 4.5 (b) corresponds to that in Fig. 4.5(a). We considered a back-illuminated
structure with the 200 #m thick semiconductor substrate. The refractive index of
the semiconductor substrate was 3.5. The mesh size in calculations was A/(22n),
where n1is the index in the corresponding optical components. The plastic slab with

microlenses is supposed to be attached to the front surface of a semiconductor slab.

Figure 4. 6: Electric field map correspond to the configuration
shown in Fig. 4.5 calculated at 1=4.0 um for a=0° (top image),
and a=1° (bottom image). In the latter case, it can be seen that
the focused light beam hits the edge of the detector [320].



161

As shown in the lower image of Fig. 4.6, for the angle of incidence a=1°
the focused beam shifts away from the mesa’s center and reaches its edge.
For angles of incidence beyond a=1°, the beam is blocked by the edge of the
mesa, which means that AOV is close to 1° in this case. It is seen that such
array provides efficient collection of light only in extremely narrow cone
around the normal direction which can be a limiting factor for some

applications.

Photoresist
layer

A

Figure 4. 7: Schematic of 53 um soda-lime glass microsphere
immersed in a 25 um photoresist adhesive layer at the back-
lluminated FPA structure. The thickness of the detector
substrate is 47.2 um [320].
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4.4.3: Back-1lluminated structure with microspheres partly immersed in a

photoresist

The typical structure of FPA integrated with microspheres is illustrated in
Fig. 4.7. The diameter of the microspheres is determined by the pitch of
FPAs. In order to provide a surface coverage by microspheres with large areal
fill factor required for efficient collection of light, the microsphere diameter
should be close to the FPA pitch. In the example presented in Fig. 4.7, we
considered microspheres with a 60 um diameter and n=1.46 refractive index
(for soda-lime glass as an assigned material). As an example, such
microspheres can be used in FPAs with 60 um pitch. Similar to the previous
Section, the structure is Dback-illuminated, however, the completed
microsphere has much shorter focal distance which requires much thinner
substrate for focusing light at the photodetector mesa. We assumed that the
microsphere was partly immersed in a 25 um photoresist layer with a
refractive index of 1.57. The photoresist layer played a double function in our
design. First, it can be solidified to permanently fix the microspheres. Second,
it increases the effective focal distance of such lenses which means that the
thicker substrates (compared to the case without the photoresist) can be used
to provide sharp focusing at the plane of photodetector mesas. Our
calculations showed that such structures require a substrate thickness
around 47.2 um. It can be realized in practice by polishing the semiconductor

substrate. The alignment of microspheres with photodetectors can be
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achieved by using fiducial markers or by maximizing the optical signals from
the detectors in the course of alignment. As it is shown in Fig. 4.8(b), such
structure with reduced effective focal distance has AOV on the order of a=5°,
which shows 5-times improvement compared to the standard microlens
arrays.

It should be noted that much smaller, subwavelength microspheres
assembled as a monolayer can trap the incident light due to periodic
diffraction effects leading to formation of 2-D photonic band structure [322,
323]. These effects should not be present in microspherical arrays with the

characteristic spheres’ dimensions 7>104 considered in this Chapter.
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Figure 4. 8 (a,b) Electric field maps correspond to the
configuration shown in Fig. 4.7 calculated at A=4.0 um for angles
of incidence =0° and a=5°, respectively [320].
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4.4.4: Back-illuminated structure with slightly truncated microspheres

The effective focal distance of dielectric microspheres can be further
reduced by increasing their index of refraction. Another powerful resource for
controlling the effective focal distance is offered by truncation of
microspheres as opposed to its partial immersion in a photoresist. The FPA
structure based on polystyrene or plastic microspheres with index n=1.56 in
mid-IR spectral range is illustrated in Fig. 4.9. This microsphere has the

same diameter 60 um as that illustrated in Fig. 4.7.

Figure 4. 9: Schematic of 60 um polystyrene microsphere
truncated at a 5 um depth in contact with a 20 um substrate in
the back-illuminated FPA [320].

It is known that the polystyrene of plastic microspheres can be slightly

melted in a region where they contact the heated substrate [324-326]. This
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leads to a slightly truncated shape of microsphere illustrated in Fig. 4.9. It
should be noted that such thermal treatment can be quite convenient in
practice since it provides permanent attachment of the microsphere to the
semiconductor substrate without using any kind of epoxy or photoresist. In
Fig. 4.9 we assumed a truncation of microspheres by 5 um due to removing of
the corresponding polystyrene or plastic material. In practice the amount of
truncation can be precisely controlled by the temperature of the substrate
and duration of the thermal treatment. Controllable melting of the
microspheres can lead to more complicated deformations of their shapes due
to a material reflow. The truncation model illustrated in Fig. 4.9 can be
considered only as a rough approximation to the real characteristic changes
in the shape of the microsphere. As a result of this procedure, the
microspheres can be permanently fixed in the optimal positions just above
the photodetector mesas.

The combined effect of larger index of refraction and truncation leads to
thinner substrates required for focusing incident plane waves at the back
surface of the substrate. The results presented in Fig. 4.10 show that such
focusing can be achieved with ~20 um thickness of the polished substrate. In
this case, comparison of the EM map in Fig. 4.10 (a) calculated at normal
incidence o=0° with the corresponding map in Fig. 4.10(b) calculated at o=8°

shows that in the latter case the focused beam reaches the edge of the mesa
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indicating AOV=8°. Such AOV exceeds that provided by a standard microlens

array by almost an order of magnitude.
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Figure 4. 10: (a,b) Electric field maps correspond to the
configuration shown in Fig. 4.9 calculated at A=4.0 pm for a=0°
and 0=8°, respectively [320].

4.4.5: Front —I1luminated structure

The maximal increase of AOV can be achieved in the front-illuminated
structure where the microspheres are positioned directly above the mesas of
the photodetector array, as schematically illustrated in Fig. 4.11.
Experimentally, this situation can be realized using barium-titanate glass
(BTG) microspheres. According to a manufacturer, Mo-Sci Corporation, these
microspheres have index ~1.9 in the red part of visible spectrum. The

refractive index is not precisely defined for these microspheres. However,
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taking into account typical dispersion of the refractive index in high-index
glasses, one can assume that their index should be close to ~1.8 in mid-IR
spectral range. In addition, in our numerical design we assumed that these
microspheres have smaller diameter D=30 um. Such microspheres focus
plane waves close to their backside (not illuminated) surface and they can be
used for enhancing front-illuminated FPAs. We assumed that fixing these
microspheres can be achieved using a layer of photoresist with 10 um
thickness deposited by spin coating. After transferring the microspherical
array and alignment of individual microspheres with the photodetector
mesas, the photoresist layer can be solidified by the UV illumination. This
combination of properties, refractive index, size of microspheres and their
slight immersion in the photoresist, leads to formation of photonic jets at the
plane of photodetector array.

The case of front-illuminated FPAs is special because it maximizes the
advantages of integration with microspheres. This is determined by the
shortest focal distance which can be realized in FPAs integrated with
microspheres which translates into maximal AOVs. The calculated EM map
in Fig. 4.12(b) shows that for incident angle a=20° the focused beam still hits
the edge of the detector mesa, which means that AOV~20° in this case.
Further increase of the refractive index of microspheres would result in
focusing of light inside the microspheres which leads to the optical coupling

losses in FPAs.



168

Figure 4. 11: Schematic of a front-illuminated FPA with a 30 gum
barium titanate microsphere placed in contact with the 10 um
detector mesa [320].

On the other hand, the case of front-illuminated structures is also special
because the same microspheres can be used for super-resolution imaging of
the photodetector mesas located just below them [120, 296]. Such imaging
termed microspherical nanoscopy attracted a significant interest in recent
years due to the fact that it allows overcoming the standard far-field
resolution limit, as it is described by the Abbe’s formula [154, 157-159, 211,
327-330]. The resolution advantage of this method comes from the fact that
the virtual image of the surface produced by microspheres is magnified by a

factor between 2 and 5 and it is formed with participation of the object’s
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evanescent fields which carry high spatial frequencies offering more
information about the object. From the point of view of technology of
integration of microspheres with FPAs, the imaging through microspheres
opens a method of alignment of microspheres with the individual
photodetector mesas based on direct visualization. If the microsphere is
centered with the mesa, the latter appears with a non-distorted circular
shape [120]. The fact that the optical imaging can be performed with an order
of magnitude better resolution (at least ~Ai/2 or better, where A is the
illumination wavelength used in the microscope system) than the typical

MWIR wavelengths provides a sufficient accuracy for the alignment process.

4.3

[— |

2.9

15

0.1

| - T |

Figure 4. 12: (a,b) Electric field maps correspond to the
configuration shown in Fig. 4.11 calculated at 4=4.0 um for
incidence angles o=0° and a=20°, respectively [320].
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4.5: Conclusion

In this Chapter of dissertation, we propose to use photonic jets produced
by the dielectric microspheres for focusing and highly efficient coupling light
into individual photodetector mesas. The tasks consist in developing designs
of corresponding structures based on two-dimensional finite-difference time
domain modeling. We optimized the designs of such FPAs integrated with
microspheres for achieving maximal angle of view (AOV) as a function of the
index of refraction and diameter of the microspheres. The main results and

conclusions are listed below:

e Using simplified two-dimensional finite difference time domain
(FDTD) modeling we designed structures where the microspheres are partly-
immersed in a layer of photoresist or slightly truncated by using controllable
temperature melting effects.

e Using numerical modeling, we optimized our designs for achieving
maximal AOVs for microspheres with different diameters in the 30-60 pm
range, as well as various indices of refraction. It should be noted that the
standard solution of the light collection efficiency problem is offered by the
commercial microlens arrays. This solution, however, comes at a price of very
narrow AOV~1-2° of the resulting mid-IR imaging system. We show that the
microspheres allow combining high light collection efficiencies with larger

AOVs



171

e We also designed MWIR FPAs for different geometrical and structural
parameters of spheres, substrates and additional layers. The designs are
aimed at progressively larger AOVs which can be achieved by reducing the
effective focal distance of the microspheres. The designs are developed for
both back- and front-illuminated FPAs.

e We demonstrate that by increasing the refractive index of
microspheres, the AOV can be increased from 5° and 8° in back-illuminated
designs to 20° in front-illuminated structures.

e Different techniques of fixing microspheres such as their partial
Immersion in photoresist or their slight deliberate truncation due to
temperature treatment are considered in our designs. In all cases, the
addition of microspheres should result in FPAs with increased SNR for the
same aperture size and detector pitch.

e Our designs allow decreasing the sizes of photosensitive mesas down to
wavelength-scale dimensions determined by the minimal waists of the
focused beams produced by the dielectric microspheres, so-called photonic
jets. This opens a principle possibility to reduce the dark current and increase

the operating temperature of MWIR FPAs.
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CHAPTER 5: LOCALAZED NANOPLASMONIC CONTRIBUTION TO

SUPER RESOLUTION IMAGING BY DIELECTRIC MICROSPHERE

5.1: Introduction on Microspherical nanoscopy

Microspherical nanoscopy emerged in 2011 as a simple method of imaging
nanoscale structures with a resolution which was shown to exceed the classical
diffraction limit [154]. From the very beginning, the most crucial question
underplaying this area was related to mechanisms of imaging through
microspheres with resolution, which was shown to reach A/7, where A is the
observation wavelength. Initially, it was proposed that the superrsolution imaging
stems from the ultra-sharp focusing properties of dielectric microspheres,
introduced in 2004 as so-called “photonic nanojet” [2]. Although this concept
became popular among the researchers in this area, the size of the photonic
nanojects is limited at A/3 [2], where A is the observation wavelength. In fact, in
practical situations the calculated width of nanojets is larger than A/2, and,
consequently, this concept cannot explain such experimental resolution values as
~A/7. In addition, an analogy between the imaging and focusing properties of
dielectric microspheres holds on a reciprocity principle in optics which stands only
for the same modes propagating in forward and backward directions [331], whereas
the modes involved in virtual imaging and focusing are significantly different.

The maximal far-field resolution can be estimated within a solid immersion lens

(SIL) concept [121] as ~A(2NA), where numerical aperture, NA=n, sin6, is
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determined by the index of object-space (1) and the collection angle 6. In the case of
silica microspheres (125=1.46) in air considered in this work, this approach allows
explaining resolution values up to ~A/3.

It should be noted that in many cases where the superresolution was reported,
the imaging was performed using nanostructured metallic objects such as circles,
dimers, arrays of circles, or holes in metallic thin films [155, 167-169, 332]. In such
objects, the optical near-fields can be resonantly enhanced at the wavelengths of
localized surface plasmon resonances (LSPRs). In periodical arrays, the plasmonic
dispersions can be back into the escape cone leading to the presence of high spatial
frequencies in the escape cone [333]. In general, these conditions can be viewed as a
precursor for achieving optical folded superresolution in a spirit of structured
illumination microscopy (SIM) [334, 335]. It should be noted, however, that in
contrast to SIM or LPSIM [168, 169, 336] where the high spatial frequency
information about the object is usually obtained as a result of rather complicated
postimaging processing, superresolution imaging of nanoplasmonic arrays through
microspheres can be achieved without such processing. The theoretical
mechanisms of such imaging are debated in the literature on this subject. Along
with the abovementioned meachanisms, the resolution can be also enhanced due to
a coherent imaging contributions which can take place under oblique incidence
illumination [337, 338].

In this work, instead of using nanoplasmonic objects directly, we imaged dye-

doped, fluorescent (FL) nanospheres placed at the top of periodic nanoplasmonic
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arrays. Due to a possibility to control the spectral overlap between the emission
properties (the nanospheres were visible due their FL properties) and the resonant
band of the array, we were able to test the hypotheses about the role of plasmonic
properties in achieving the superresolution imaging of FL nanospheres. The
emission band was controlled by selecting green or blue FL nanospheres. The
resonant properties of the array were controlled by choosing nanoplasmonic
structures made from different metals such as gold (Au) and aluminum (Al).
Another feature of our experiments was that we tested arrays formed by the
nanoplasmonic disks with different diameters, edge-to-edge separations, and
periods. We directly prove that superresolution imaging requires a spectral overlap
between the FL band of nanospheres and LSPRs peak position in nanoplasmonic
arrays. We also show that the superresolution imaging is possible only for arrays

with smallest characteristic dimensions (periods <150 nm).

5.2 Superresolution imaging experimental setup and samples

The geometry of our experiments is illustrated in Fig. 5.1 As objects for imaging,
we used 100 nm polystyrene nanospheres which were either undoped or doped by
incorporating dye molecules into polymer matrix (not surface dyed). The
excitation/emission wavelengths of such FL nanospheres were 410 nm/455nm and
411 nm/510 nm with stokes shifts of 99 nm and 45 nm for the green and blue dyes
respectively [339, 340]. The scanning electron microscopy (SEM) image of such

particles self-assembled in a hexagonal array is illustrated in Fig. 5.2 (a).
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The FL nanospheres were placed directly on top of the array, which consisted of
Au or Al nanoplasmonic cylinders with 17 nm heights fabricated at the top of 3 nm
T1 adhesive layer. The fabrication of nanoplasmonic arrays was performed at the
Air Force Research Laboratory (AFRL) on a sapphire wafer using an electron beam
lithography, metal evaporation, and e-beam photoresist lift-off process [159]. The
diameter of Au or Al cylinders varied in different arrays between 60 nm</<100 nm
with the edge-to-edge separation of 0<g<50 nm. An array with the feature sizes, D

=60 nm and = 20 nm , is shown in Fig. 5.2 (b).

Fluorescent
nanospheres

&

\\.‘ 7 Dielectric
\ microspheres
Nanoplasmonic afrays

PR oetL 5
.._.\’:ﬁi \

]

Figure 5. 1: Schematic of the experimental setup

As shown in Fig. 52 (c), the virtual image was created by borosilicate

microspheres (12pnh~1.52) with diameters from 9 um to 15 pm diameters placed in
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contact with the nanospheres. The virtual image can be seen at some depth into the

substrate [154, 157, 159, 327, 341-347].

0|IOJect \/ Dielectric
pane J microsphere

Figure 5. 2: SEM image of (a) 100 nm polystyrene nanosphere
and (b) Au nanocylinder arrays with D= 60 nm and g=20 nm. (c)
Virtual image formation.

Imaging was performed by a scanning laser confocal microscope Olympus
LEXT-OLS4000. The nanospheres were visible due to their FL excited by the
focused laser with the wavelength A = 405 nm matching the absorption bands

of dye molecules for both green and blue FL nanospheres. Imaging in air
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(outside microspheres) has a diffraction-limited resolution ~A/2 determined

by the microscope objective, 100 X (NA = 0.95).

5.3 Experimental definition of super-resolution

The wvirtual images of blue FL nanospheres obtained through borosicate
microspheres with 9-15 um diameters (Fig. 5.3 (a)) are illustrated in Fig. 5.3 (b).
According to Houston criterion [348], the resolution was determined as a result of
fitting the width of the Gaussian point-spread function (PSF) providing the best
agreement of the calculated images with the experiment. Images () were
calculated as a convolution of the two-dimensional (2-D) circular object (O) shown
in Fig. 5.3 (c) with the 2-D PSF where we took into account the magnification (M) of

the virtual image:

I(x,y) = ff_JrooO(u,v) PSF (u —%,v —%) du dv. (D

The magnification can be estimated using geometrical optics [157] as
M@, 1, g) =n/{20 —1)(g/r) — 1} ~3, where we used 7 =ng,/ny~1.52, as
refractive index contrast between the sphere and the object space, g = 0 as the gap
between the microsphere and the object, and r = 7.5 ym as microsphere radius. A
typical example of comparison calculated (Fig. 5.3 (d)) and measured (Fig. 5.3 (e))
irradiance profiles is presented in Fig. 5.3 (f). The best fit corresponds to the PSF’s
full width at half maximum FWHM = 1/5.7 corresponding to the super-resolution

of d~ 82 nm according to the Houston’s criterion [348].
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Figure 5. 3: (a) Image of the 9-15 um borosilicate microspheres
on top of the Al nanoplasmonic arrays. (b,e) Confocal virtual
images of 100 nm blue FL nanospheres. (c) Circular 2-D object
with 100 nm diameter and (d) its convolution with a 2-D PSF
with FWHM of M5.7. (f) Comparison of the experimentally
measured (blue background) and calculated (dashed red curve)
irradiance profiles.

5.4: Experimental results and discussions

The inverse resolution (1/d) is presented in Fig. 5.4 for blue, green, and undoped

nanospheres placed on Au and Al arrays. Since the resolution values vary in
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different experiments due to use of different microspheres, difficulties of precise
focusing at the plane of virtual image, and many other factors, it is seen that,
generally, there is ~10% experimental error of determination resolution. At the
same time, Fig. 5.4 shows some systematic trends with are reliably and
systematically reproduced in our measurements. To begin our analyses, the
resolution of dye-doped FL and undoped nanospheres placed on a sapphire
substrate without metallic layer and observed through the borosilicate
microspheres is found to be in a good agreement with the top estimates based on
the SIL concept (~ 1/3). Similar (or incrementally higher) resolution was found for
all types of nanospheres on top of uniform Au layer, as seen in Fig. 5.4 (b).
Patterning of both Au and Al arrays with sufficiently large periods (Z2=100 nm) and
edge-to-edge separations (g = 50 nm) does not result in a marked increase of the
resolution compared to pure dielectric or uniform thin metal layer cases.

Here we reached the most interesting results observed with reduction of the
characteristic feature sizes and periods of nanoplasmonic arrays. First of all, it is
seen that obtaining the superresolution, which can be defined as increase of the
height of the vertical bars over the level ~1/3 shown by dashed horizontal line,
requires smaller feature sizes than =100 nm and g = 50 nm. This is especially
clearly seen in the case of reducing characteristic dimensions of Al arrays in Fig. 5.4
(a) which shows that the resolution markedly exceeds the SIL limit already for

D=80nmand g = 20 nm .
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Figure 5. 4: Resolution comparison for green, blue, and undoped
nanospheres on top of (a) Al and (b) Au arrays. Blue, green and gray
bars represent blue FL, green FL and undoped nanospheres,
respectively. The horizontal dashed line in each graph shows the
resolution limited by the solid immersion lens concept ~A/3. The
horizontal axis shows the variation in D and g for nanocylinder
arrays. The cases of the uniform thin (17 nm) metal layer and pure
sapphire substrate are also represented.

Further reduction of parameters ) and g leads to reproducible and monotonous
increase of the resolution far beyond the SIL limit of ~ 1/3. For the case of smallest

feature sizes of =60 nm with zero edge-to-edge separations, the resolution
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practically doubles compared to the SIL limit. The same tendency is seen for Au
arrays in Fig. 5.4 (b), however, the significant increase of the resolution was
detected only for the smallest feature sizes of =60 nm with zero edge-to-edge
separations. It should be noted that increase of the resolution takes place only for
dye-dope nanospheres (blue and green bars), where emission is strongly coupled to
the band-structure of the nanoplasmonic arrays. For undoped nanospheres (grey
bars), the confocal image is obtained due to scattering of the focused laser at the
excitation wavelength A = 405 nm. One can assume that this type of imaging is
outcoupled from the band-structure of the nanoplasmonic array since the resolution
does not depend on the geometrical array parameters in this case.

Another and even more intriguing tendency is observed by comparing the
resolution values as a function of the spectral overlap between the FL band of
nanospheres with the plasmonic resonance properties of Au and Al arrays. Due to
nanoscale diameters D of disks (with 17 nm height), we should speak about
localized surface plasmon resonances (LSPR) rather than about propagating
plasmons. The LSPR peaks are rather broad (with the typical widths ~20-40 nm)
and they are dependent on the size quantization effects in such structures [177,
349]. However, in a simplified way, one can say that Au arrays tend to resonate in
red-green region of visible, while Al arrays tend to resonate in blue.

This means that our resolution data summarized in Fig. 3 allows studying the
role of spectral overlap between the FL. and LSPR almost instantaneously. As it is

seen in Fig. 5.4 (a), for Al arrays resonating in blue, all blue bars representing
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resolution of blue FL nanospheres are higher than the green bars. In contrast, as it
is seen in Fig. 5.4 (b), for Au arrays resonating in green, almost all green bars
representing resolution of green FL nanospheres are higher than the blue bars.
Thus, this comparison provides a direct experimental evidence that coupling to
nanoplasmonic is a key condition for achieving optical superresolution imaging
through the dielectric microspheres.

The physical explanation of the mechanism of the observed superresolution can
be related to efficient coupling of the nanospheres’ emission to the diffraction orders
of the nanoplasmonic array. Such coupling manifest itself due to directional
emission and it is generally well known effect for such structures [333]. In this
regard, this mechanism resembles the basic physics of localized plasmonic SIM
and far-field superlens [350] due to the kvector shift by 27a, where a=D+ g is the
array period. The difference with classical SIM [334] or localized plasmonic SIM
[168, 169, 336] is that neither post-imaging processing nor additional optical
components are required in our approach. It can be explained by the fact that FL is
initially redirected into the diffraction orders in our case. With the reducing array
feature sizes and reduced period, the statistically averaged distance between the
emitter and the neighboring “plasmonic atoms” of the array gets smaller which
increases the strength of coupling with the folded plasmonic dispersions. Under
these conditions, the moiré’ effect transferring information from higher spatial
frequencies into the escape cone [333] becomes very pronounced and higher spatial

frequencies can be accessed by focusing at the narrowest waist of the point-like
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objects. For this reason, building a complicated post-imaging processing for

revealing such high spatial frequency information is not required in our case.

(b)  Nanosphere

Au (or Al)

Figure 5. 5: (a,b) Schematic images showing metallic cylinders,
nanospheres and microsphere

5.5: Modeling results for mapping of plasmonic near-fields

In the end of this work, in Fig. 5.5 we present results of a numerical modeling of
Au and Al nanocylinder arrays which provides more precise description of their
resonant properties generally consistent with a simplified qualitative picture

presented above. In these calculations, we did not put a task of calculating any
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1mages, but simply estimated the magnitude of “hot spots” excited in two closely
spaced Au (or Al) nanocylinders as a function of the excitation wavelength for the
geometrical parameters corresponding to our experiments (D=60 nm, g = 0 nm),
see Figs. 5.5 (a) and 5.5 (b). The excitation of such coupled nanocylinders is
provided by focusing incident plane waves at A = 405 nm through very compact
100 nm microsphere into the region where two cylinders almost touch [349, 351,
352], [353]. The modeling is performed by a 3-D finite difference time domain
modeling (FDTD) using Lumerical’s “FDTD solutions” software. A range of 0.5 nm
to 50 nm spatial Cartesian mesh size has been used at the nanometric gap to the

bulk material to have sufficiently accurate filed calculation.
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Figure 5. 6: Maximum electric field intensity calculated in the
middle of the gap between the nanocylinders (n=1.6, k=0,
D=100nm) made from Al, Au, and Al>Os.
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In Fig. 5.6 we presented our simulation results for the near-filed generated by a
nondispersive and nonabsorbing dielectric nanosphere (n = 1.6 and x = 0) placed
with 1 nm gap above two cylinders made from AL or Au corresponds to the Palik’s
material database. The normalized maximum electric field (E) distributions for a
wavelength range of 400-600 nm were taken in the middle of the gap between the
nanosphere and metallic nanoplasmonic arrays in xy plane (Figs. 5.7 (al-a6)) as

well as in the cross section of the structure in xzplane (Figs. 5.7 (b1-b4)).

A=470nm A=530nm

Figure 5. 7: Spatial filed distribution calculated (ai-as) in the
middle of the gap in x-y plane and (bi-bs) in the cross section of
the structure in x-z plane.
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As 1t was discussed previously, the calculated results show a good spectral
overlap between the emission of blue (green) FL microspheres and LSPR in Al (Au)

nanoplasmonic arrays.

,~470 nm

AN

~530 nm

0.0

Fluorescence emission
(a.u.)

Wavelength (nm)

Figure 5. 8 The emission spectra for blue and green FL
nanospheres. The blue and green vertical dashed lines in each
spectrum represent the central wavelength (same area under
the curve from the left and right side of the vertical line).

As it can be seen in Fig. 5.8, the emission spectra of the dyes are not symmetric
around their maxima, therefore we found the effective wavelengths representing
each case which turn to be 470 nm and 530 nm for blue and green dyes
respectively. These are the wavelengths which we used to analyze the image
resolution of fluorescent nanospheres. In Fig. 5.6, the maximum E in the middle of
gap between the nanosphere and the substrate is compared for Al, Au, and
Sapphire. It can be seen at A= 470 nm the maximum E intensity is higher for Al

compare to other cases, while at A= 530 nm, Au overtakes in maximum E intensity.
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As expected, the spatial distributions of electric filed in the middle of gap in Figs.
5.7 (al-a6) (looking from top through the nanosphere) indicate the same
information: the maximum filed enhancement can be seen at A= 470 nm for Al in
Fig. 5.7 (a2), and at A= 530 nm for Au in Fig. 5.7 (a4). In both wavelengths, there is
no filed enhancement regarding to Sapphire as a dielectric substrate in Figs. 5.7
(a3,a6). The plasmonic local filed enhancement at nano junctions between the Al
(Au) nanocylinder arrays and dielectric nanosphere can be also seen in the E- field
maps at x-z plane (Figs. 5.7 (b1-b4). Hot spots in these maps represent the near
field interactions which clearly are noticeable at A= 470 nm for Al (Fig. 5.7 (b2)),
and at A= 530 nm for Au nanocylinders (Fig. 5.7 (b3)). Hence, the influence of the
metallic substrate supports the statement that near field enhancement in the
nanosized gap is due to the excitation and localization of surface plasmons of the
metallic nanocylinder coupled to dielectric nanosphere on top. Such enhanced near
filed can be efficiently coupled to the microsphere which launching the image to the

far filed [354-356].

5.6: Conclusion

In this chapter of the dissertation, we studied the role of the
nanoplasmonic array on supper resolution microscopy for point-like
fluorescent (FL) nanospheres using contact microlenses compared to
standard microscopy. Without using nanoplasmonic arrays, the experimental

resolution approaches the solid immersion lens limit ~A/2ns,. However, by



188

virtual 1maging of FL nanospheres through microspheres, using
nanoplasmonic structured illumination we are able to go beyond the
diffraction limit. In our experiment, the geometrical parameters and material
of nanoplasmonic arrays were varied to study the nanoplasmonic
contributions to the resolution of FL nanospheres. The main results and

conclusions are listed below:

e We investigated several combinations of spectral emission bands (blue,
green FL, and non-FL nanospheres) with various spectral positions of
localized surface plasmonic resonances (LSPRs) in the Au and Al arrays.

e It was demonstrated that the resolution about A/7, where A is the
emission wavelength, can be obtained under conditions of spectral
overlap between the Fl band of nanospheres and LSPRs in the arrays. for
Al arrays resonating in blue, all the resolutions for blue FL. nanospheres
are higher than the green FL nanospheres. In contrast, for Au arrays
resonating in green, almost all the resolutions of green FL nanospheres
are higher than the blue FL nanospheres. Consequently, this comparison
provided us direct experimental evidence that coupling to
nanoplasmonics is a key condition for achieving optical superresolution
imaging through the dielectric microspheres

e We showed that achieving superresolution also requires sufficiently
small feature sizes and periods of the nanoplasmonic arrays. With the

reducing array feature sizes and reduced period, the statistically
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averaged distance between the emitter and the neighboring “plasmonic
atoms” of the array gets smaller which increases the strength of coupling
with the folded plasmonic dispersions.

We also presented the results of numerical modeling of Au and Al
nanocylinder arrays to provide a more precise description of their
resonant properties.

In our modeling calculations, we did put a task of calculating the
estimated magnitude of “hot spots” excited in two closely spaced Au (or
Al nanocylinders as a function of the excitation wavelength for the
geometrical parameters corresponding to our experiments (D=60 nm, g =
0),

The calculated results showed a good spectral overlap between the
emission of blue (green) FL microspheres and LSPR in Al (Au)
nanoplasmonic arrays, in such a way that the maximum field
enhancement can be realized at A= 470 nm for Al, and at A= 530 nm for
Au. In both wavelengths, there was no filed enhancement regarding
Sapphire as a dielectric substrate.

We experimentally showed the influence of the metallic substrate leads
to the near-field enhancement in the nanosized gap, due to the excitation
and localization of surface plasmons of the metallic nanocylinder coupled

to dielectric nanosphere on top. Such enhanced near filed can be
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efficiently coupled to the microsphere which launching the super resolved

1mage to the far filed.
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CHAPTER 6: CONCLUSIONS AND OUTLOOK

In Chapter 2, we theoretically considered the optical properties of strongly
coupled WGMs of photonic molecules formed by different configurations of
identical photonic atoms. The modeling of WGM processes in photonic
molecules was performed using a commercial FDTD software Lumerical in a
simplified 2-D geometry for identical circular resonators with identical
dimensions and refractive index contrasts similar to that used in the
experimental situations. We studied the spectral properties of such photonic
molecular structures based on calculations of transmission spectra through
the stripe waveguide side coupled to one of the resonators comprising a given
molecule. We proposed the concept of spectral signature associated with each
molecular configuration as a relatively stable property which allows
distinguishing between different molecules based on their spectra. The
number of split supermodes and their spectral positions were studied based
on the side-coupled fiber transmission spectra for 1-D and 2-D molecules
formed by multiple atoms. Spectral signature can be used as a unique feature
for recognizing spatial configuration of a given molecule. It can find

applications in position sensing as well as anticounterfeit technology.

We proposed the concept of spectral signature as a unique feature
associated with each molecular configuration as a relatively stable property

which allows distinguishing between different molecules based on their
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spectra. The number of split supermodes and their spectral positions were
studied based on the side-coupled fiber transmission spectra for 1-D and 2-D
molecules formed by multiple photonic atoms. Since we used the numerical
methods we cannot claim that these “spectral features” or “spectral
signatures” are universal characteristics of the given molecules, but we tested
that these features persist in their spectra in a certain relativity broad range
of variation of parameters. Moreover, we demonstrated good agreement
between the FDTD simulated and experimentally measured spectra for both

1-D chain and 2-D planar molecules.

Photonic molecules also showed Q-factor enhancement for some of the
antibonding modes and the mini-band formed by a series of overlapped
supermodes. Therefore, the spectrum of the molecule can be engineered,
providing additional freedom in design of lasing devices, narrow line filters,
delay lines and multi-wavelength sensors. The E-field enhancement in the
medium surrounding certain molecular configurations provides larger
detecting volume and higher sensitivity comparing to typical WGM-based

sensors of a single cavity.

In Chapter 3, we provided comprehensive studies for the transmission and
routing properties of side-coupled circular cavity systems based on two-
dimensional finite-difference time domain modeling. In this study, we
investigated the directional properties of the optical transport in an on-chip

dissipative system of passive circular microresonators side-coupled to stripe-
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waveguides as 4-port routers by introducing uneven gaps separating circular
resonators from the stripe-waveguides. It was demonstrated that spatially
asymmetric and lossy systems have asymmetric optical transmission
properties for the waves propagating in forward and backward directions
between the ports.

We demonstrated for non-optimized single microcavity structures that
introducing the spatial asymmetry results in isolation ratios (the ratio of
transmission in forward and backward directions between the same ports) on
the order of 10 dB for wavelengths resonant with WGMs.

We also studied the optical connectivity between different ports in more
complicated structures where two identical circular resonators are strongly
coupled resulting in formation of bonding and antibonding molecular modes.
It is shown that at the wavelengths resonant with hybridized molecular

modes the isolation ratios can be increased beyond 20 dB.

Our calculation for E-filed distribution of resonant bonding and
antibonding modes in double resonators structure shows the possibility of
controlling the path of different modes, in such a way that different
wavelengths can be preferentially coupled to different ports. Therefore, the
direction of optical coupling between the ports become frequency dependent.
This opens principle possibilities to design a structure with wavelength

demultiplexing functionality, and we demonstrated bigger that 10 dB path



194

ratio difference for resonant routing between different ports in such

structures.

To compensate the optical losses in such structures, we also introduced a
linear gain to the compact circular resonators which exhibited remarkable
isolation performance with restored forward transmitted signal in contrast
with sufficiently weak backward transmitted one. Also our modeling shows
that the double-microresonator photonic molecule is capable of selectively

amplifying different modes with significant IR factor.

The structures considered in Chapter 3 do not possess nonreciprocity in a
true sense; However, the structures do have a combination of routing,
wavelength demultiplexing, and asymmetric optical transport properties
which can be very useful for developing chip-scale telecom and sensor devices.
The ports in such structures can be connected in narrow spectral ranges and
in only one direction or in both directions. As it mentioned above,
fundamentally, this is determined by many factors such as the mode
conversion and coupling through asymmetric gaps, strong asymmetric losses,

and a few-mode input.

In Chapter 4, we designed and optimized different microsphere lenses to
increase the light collection efficiency, and angle-of-view of MWIR FPAs at
for operation at higher temperature. This study was along with the previous

work of the Mesophotonics Lab which proposed to use the “photonic jets”,
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sharply focused beams with subwavelength transversal width produced by
dielectric microspheres [120, 296, 318, 357, 358]. In this Chapter, using
numerical modeling, we optimized our designs for achieving maximal AOVs
for microspheres with different diameters in the 30-60 pm range, as well as
various indices of refraction. It should be noted that the standard solution of
the light collection efficiency problem is offered by the commercial microlens
arrays. This solution, however, comes at a price of very narrow AOV~1-2° of
the resulting mid-IR imaging system. We have shown that the microspheres
allow combining high light collection efficiencies with larger AOVs.

In this work, we also designed MWIR FPAs for different geometrical and
structural parameters of spheres, substrates and additional layers. The
designs are aimed at progressively larger AOVs which can be achieved by
reducing the effective focal distance of the microspheres. The designs are
developed for both back- and front-illuminated FPAs. We demonstrate that
by increasing the refractive index of microspheres, the AOV can be increased
from 5° and 8° in back-illuminated designs to 20° in front-illuminated
structures. Different techniques of fixing microspheres such as their partial
immersion in photoresist or their slight deliberate truncation due to
temperature treatment are considered in our designs. In all cases, the
addition of microspheres should result in FPAs with increased SNR for the

same aperture size and detector pitch.
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In Chapter 5, we studied the nanoplasmonic contributions to the
resolution of nanoscale structures in microspherical nanoscopy. The
microsphere plays a role of dielectric lens picking the objects’ near-fields and
to project them in the far-fields and, simultaneously, an antenna which
creates a virtual image located at larger focusing depth below the sample
surface. We experimentally studied the role of structured illumination of
nanoscale objects by nanoplasmonic arrays fabricated on a substrate on
super-resolution microscopy. By looking into spectral and spatial
characteristics of such coupling between fluorescent dielectric nanospheres
and nanoscale metallic arrays we came to the conclusion that localized
surface plasmon resonances play an essential role in mechanisms of

superresolution imaging properties of such structures.
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