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ABSTRACT

We review the microsphere optical resonators with their whispering gallery modes
(WGMs) and the coupling of light to the microspheres by optical fiber half couplers
(OFHCs). A theoretical background for the optical resonances in spherical particles is
given for plane wave excitation using the Lorenz-Mie Theory, and Gaussian beam
excitation using the Generalized Lorenz-Mie Theory (GLMT). Numerical simulations for
plane wave excitation using LMT, and Gaussian beam excitation using GLMT are obtained
to explain the experimental light scattering results. A brief desription ot the experimental
light scattering setup is given together with the properties of the silicon microsphere. The
elastic light scattering and the observation of the WGMSs on the silicon microspheres are
presented for 0° transmission and 90° elastic scattering. The mode structure is analyzed
with the mode spacing and quality factor measurements, which corresponds well with the
theoretical expectations. The analysis of the WGM spectrum continues with the
characterization of the WGM clusters. These clusters can either be explained by the
azimuthal mode splitting due to ellipticity or the the mode splitting induced by a particle.
The observed assymetrical lineshapes in the spectra are also explained. The presented
measurements shows a Fano type lineshape for the 90° elastic light scattering. This line
shape is explained by the phase relation of the WGMs with the background created by the
surface imperfections and the glare spots. The Fano lineshape observed in the
measurements can be used for fast switching and filtering applications. A biosensing
scheme for DNA particles is also presented, where a particle adsorbed on the microsphere
creates an observable shift in the WGM spectrum. All in all, the optical resonances, namely
WGMs are characterized towards possible applications in sizing, sensing and filtering
applications. Silicon microsphere is a promising candidate for various novel photonic

applications.
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Chapter 1

Introduction

1.1 Microsphere Resonators

Light and material interactions have become the tools of the modern technology.
One of the examples of such interactions is the formation of light resonances in a closed
structure. Resonance phenomenon is not a new concept, since the architects have built
circular domes, which can contain whispering galleries for sound waves (figure 1.1).
Inside these domes, when a person stands close to the circular walls of the dome, he could
hear whispers of the people located far across the room [1].

With the starting of the 20™ century, whispering gallery modes were analytically
explained by Lord Rayleigh [2]. The sound waves produced in a symmetric closed
structure can bounce and travel on the walls, while creating sound resonances within the
structure and thus becoming contained in the circular gallery. While in resonance, the
sound would decay in intensity with the inverse of the distance rather than the inverse

square as in the case of a point source of sound radiating in all directions. This accounts for
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the whispers being audible all-round the gallery and gives rise to famous architectural

wonders.

Figure 1.1: Oldest known whispering gallery under the dome of the Temple of Heaven,
Beijing, China.

Fitting of sound waves into a circular structure involves the physics of the sound
wave resonances, which is based on the constructive wave interference. Much like sound,
light waves can also experience constructive interference in a medium and can create
optical resonances in a closed structure. When light is incident on a diffractive medium
such as a glass sphere, it is refracted into the medium as it passes the boundary between the
glass and air. Inside the sphere, light waves can only travel close to the surface due to the
total internal reflection (TIR) of the light. Light will reflect back into the sphere from the

boundary surface of the glass and will become contained along the surface. Contained light
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waves will than go through the constructive wave interference and will show light
resonances on the boundary of the medium.

When light resonances are created in a compact and symmetrical medium, the
spectra of the light shows high quality factor resonant peaks. These peaks occur due to the
narrow linewidth of the whispering gallery modes of the light, which is confined in a small
mode volume. Since the resonances have very narrow linewidths, they are also extremely
sensitive for the particles in the close vicinity. As a result, highly symmetrical microsized
structures can be used for optical detection of the small molecules and particles [3], [4], [5],
[6].

Detection of biomolecules has been demonstrated by monitoring the wavelength
shifts of the whispering gallery modes (WGMSs) due to the binding of the molecules on the
resonator surface [7]. However, particle sizing based on the estimation of spectral shifts is
slow and is extremely sensitive to the laser intensity and frequency as well as thermal and
environmental disruptions. Spectral shifts also depend on the interaction strength between
the particle and the WGM, which in turn is effected by the particle location. As a result,
small particles with larger overlap can give the same spectral shifts as with the large
particles having smaller overlap with the WGM [8].

The solution to this problem is to create particle scattering induced mode splitting,
which was previously shown for microspheres [9]. Due to the confinement of the photons

in the spherical cavity, Rayleigh scattering of the photons has to be suppressed in high
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quality factor whispering gallery modes in microspheres. These modes are created by the
traveling of photons around the rim and can be in clockwise and counter clockwise
direction depending on the splitting. Formulation of the modes can be explained by
spherical Bessel and Hankel functions and the properties of the light in this state can be
sensitively calculated. Early estimations for the limit of the quality factor are Q ~ 10*° for
the fused silica spheres, but the resonance condition is extremely sensitive to the surface
hydration and contamination of the spheres [10]. This extreme sensitivity is useful for
detecting particles with radius of 40-50 nm but smaller particles were a challenge because
the measurement becomes noise heavy. Using microspheres is beneficial for average size
particle detection such as dust, but for biomedical applications high noise level has to be

solved together with the particle identification [11].

1.2 Coupling of light to the microsphere resonators

Analytic theory of coupling from tapered fibers and optical fiber half couplers
(OFHC) into the microsphere resonators involves the solution of the characteristic equation
for the light mode [12]. Since the optical resonator is a microsphere, Bessel and Hankel
functions in spherical geometry are used for the characteristic equation. The characteristic
equation relates the spherical mode orders to the resonant light mode in the sphere, where
the equatorial plane is defined as the circle, along which the modes are most strongly

coupled. A light mode in a sphere is defined by spherical mode numbers (I, n, m). The
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number of field maxima in the radial direction is given by I, while the number of field
maxima in polar direction is n with azimuthal mode numbers of m. The incoming light
brought to the close vicinity of the sphere with various coupling methods are described
below and the optical trapping of photons on the surface of the resonator occurs due to the
total internal reflection (TIR).

The coupling of light to the microresonators can be listed as angle polished tips
[13], planar waveguides [14], optical fiber half coupler (OFHC) [4] and tapering of the
fiber core [15], [11], [16]. Using OFHC method for the coupling of evanescent Gaussian
beams to the WGMs in microspheres is more favorable due to the creation of smaller
optical mode volumes thus becoming critically coupled [17], [18], [19].

The coupling of WGMs by plane or Gaussian waves focused on the equatorial rim
of a microsphere is not efficient due to the small scattering cross section for the interaction
[20], [21]. Although useful for optical pumping mechanisms, this method might lead to the
weak trapping of photons and might hinder the formation of WGMs.

Since the overall interaction is energy exchange between the photons and the
geometrical shape, it is more preferable to use guided light modes with evanescent field
tails, [22], [23]. Since an overlap of the fields is required, prism coupling [24] became the
widely used coupling configuration and has been adapted by angle polished optical fibers

tips [13].



Chapter 1: Introduction 6

Optical fiber half couplers (OFHC) yield the original optical mode to have a great
disturbance over the fiber core, where at the outside of the fiber core and the OFHC, the
field decays with an evanescent field tail. Generally the fibers with larger core diameter can
carry more confined modes but couple weakly to the spheres. Half block couplers has a
larger spot size near the polished surface so the waveguide and the sphere are more
efficiently coupled in the fundamental mode (m = n), whereas azimuthal mode orders
require tapered fiber. Light in the polished half block waveguide has a broad transverse
field, which is matched in spatial extent to the fundamental sphere mode by bringing the

sphere to the close proximity of the waveguide [12].
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Chapter 2

Theory of the Whispering Gallery Mode Resonators

This chapter includes a general theory of the light resonance in spherically symmetric
light resonators. Light is first studied in geometrical optics with Snell’s law of refraction,
while total internal reflection (TIR) and the resonance condition of the light are explained.
Plane wave representations of the light are used to explain the polarization dependence of
the light in Fresnel’s equations and this helps building of the basic resonator theory by
defining the size parameter (x). As the wavelength of the light (1) becomes much smaller
than the size of the resonator, Mie scattering becomes dominant for the explanation of the
behavior of the light, so vectorial harmonic spherical modes of the light are introduced.
Modal structure of the light inside a spherical resonator leads to specific mode families and
individual resonant modes in the scattering spectra of the resonator and fundamental
parameters such as free spectral range (FSR), polar mode spacing (44,) and quality factor
(Q) can be expressed. Among these parameters quality factor determines the losses in the
resonance and will be presented in terms of the loss mechanisms. After this step, a section
for light coupling to the microspheres will be given. This section includes the universal

coupling equations and will be followed by the optical fiber half coupler (OFHC) with
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evanescent wave coupling mechanisms. Overall, this chapter is intended to establish a

theoretical background for the evanescent wave coupling to a spherical resonator.

2.1  Geometrical Representation of the Light at a Dielectric Interface

Snell’s law describes the light moving from a medium with refractive index of N; to a
medium with refractive index N; with a relation between the angles of the rays and the
refractive indices of the both media:

N;sin6; = N, sin 6, (2.2).

The above relation can also be used to describe the geometrical light ray as a wave,

which refracts and reflects when encountering a boundary between two media. A wave of
light can also be understood with its counterpart, photon, so that electric and magnetic
fields associate to a photon traveling at the speed of light ¢. Understanding the light as a
wave takes place in Fresnel equations, where the direction of the electrical field defines the
polarization of the field. If the transverse directional fields are continuous through the
boundary, then the reflection (r) and transmission (t) coefficients of the electric fields of

light can be obtained for TE and TM polarizations [25]:

N;jcos(6;)— N¢ cos(6¢) N 2N;cos(6;)
N;cos(8;)+ N¢cos(8;)’ TE — N; cos(8;)+ N¢cos(6¢)

Trg = (2.2),

__ Nj;cos(6¢)— N¢cos(6;) _ 2N;cos(6;)
T Njcos(Bp)+ Necos(8;)’ TM ™ N, cos(8:)+ Ne cos(8;)

Trm (2.3).
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Figure 2.1: Reflection and refraction of the light with TE polarization.

When light encounters a boundary, it can refract and reflect simultaneously. Rates
of passing through or being reflected depends on the polarization of the light field and the
angle of the incidence. Together with Fresnel and Snell equations, it can be seen that,
depending on the refractive indices of the two media, there is a critical angle for zero

reflection of the incident light:

Oprewster = arCtan(Nt/Ni) (2-4)-
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Figure 2.2: Reflection and refraction of light with TM polarization

2.2 Total Internal Reflection at a Dielectric Interface

If the light is incident from a higher index medium to a lower index medium (N; > Ny)

than after a critical angle of:
. Nt
Ocritical = arCSIH(E) (2.5),

total internal reflection (TIR) can be observed.

10
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i E Ni > Nt
z X E er = ei > eC
N‘t ETI Evanescent Surface Wave ’.
0
Ni
2=0

Figure 2.3: Total internal reflection of light.

The evanescent surface waves are near field waves with an intensity that has an
exponential decay into the outside low index medium [26], [27]. The evanescent waves can
travel on the boundary of the two refractive media with different optical properties. The
geometrical picture for the total internal reflection (TIR) with the incidence and reflectance
angles may not be enough for the explanation of the evanescent waves; the model predicts
the TIR light traveling on the boundary due to the incoming light having angles equal or
greater than the critical angle, but the explanation for the evanescent waves comes from the

solution of Maxwell’s equations [28].

11
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Evanescent waves present many applications in the fields of optics and photonics. A
well known application of the evanescent fields is in the field of spectroscopy [29], [30].
Apart from these, sensing of the small objects such as molecules and proteins with the help
of evanescent fields are also known [31], [32]. Among these applications, the use of
evanescent waves produced by the elastic scattering of the light in a silicon sphere are the

most suitable for the aim of detection and sensing [33].

2.3 Optical Resonances in Circular Cavities

In this section, the basics of the WGMs excited in the spherical dielectric particles
will be presented. Geometrical picture of the optical resonances state that, when light rays
propagate through the boundary surface of a spherical medium, they refract and hit the
surface of the medium with an angle of incidence of 6;, and if ;> Ocritica = arcsin(1/Nsphere),
then total internal reflection (TIR) occurs (fig. 2.3). Light rays reflect along the equatorial
rim of the spherical structure with identical subsequent reflected angles thus propagate
close to the surface (fig. 2.4).

The description of the optical resonances in microspheres is based on the Fabry-
Perot etalons, where the spherical boundary of the medium replaces the etalon mirrors and
the optical path length is the circumference of the sphere. In this case, resonance condition
of the light in a microsphere can be presented in relatively simple terms, if the wave picture

of the light is used. For the case of a microsphere with circumference much larger than the

12
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wavelength of the light (2za > 1), and light rays having near glancing incidence angles of
0; =~ 90° the optical path length for the light rays traveling inside the microsphere in a
single round-trip should be approximately equal to the circumference of the sphere as;

nA = Nyppere2Ta (2.6),
where Nsphere 1S the refractive index of the microsphere and n an integer. Since the optical
resonances are distributed along the circumference of the microsphere, the resonance
condition is related to the size parameter;

2naNputside
= 2.7).
o 27)

N inside

Nrelative - N
outside

Figure 2.4: Schematic for WGM in a spherical resonator.

13
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Equation 2.6 describes the standing wave condition on the microsphere, where the
integer number n describes the number of intensity maxima distributed along the
circumference. The limits of n depend on the optical path length for one roundtrip of light,
which is mostly confined within the microsphere and extends shortly into the surrounding

medium. This relation can be presented by using the size parameter (x) of the sphere:

X =N < XNgypere (2.8).

The above equation will also be used in the coupling of light to the microsphere.
Geometric optics helps explaining of the WGMs in a spherical particle, however for a
perfect sphere, light rays traveling close to the surface of the sphere should not leak out due
to the condition of 6; > Oiticar. In this case, light rays would be completely confined in the
sphere and WGMs would not be visible for an outside observer. This question can be
answered with the field representations of light in the microsphere, where diffraction of the

waves due to the curvature of the sphere causes light to leak out tangentially from the

equatorial rim.

2.4 Field representations of light in a medium

The light consists of photons, which have associated electric and magnetic fields

traveling with the speed of light in vacuum. When photons are traveling inside a medium,

14
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they also carry associated fields, but this time electrical and magnetic fields are converted
into displacement fields. Behavior of the light propagating in a medium can be given by the

Maxwell equations as follows [34]:

|
)

B

E-I_VXEZO
aﬁ — — -
o VxH=]
V-D=p
V-BE=0 (2.9).

When a photon encounters a boundary between two media the wavefunction of the
photon goes through a transformation, which depends on the refractive indices of the media
and the geometry of the boundary between them. In order to analytically define the fields in
various geometries, mathematicians studied membranes in square, circle and spherical

surfaces and produced coordinate representations of the wave equation:

P9 _ iy 2.9
CZ(F)atz_f(r') (),

15
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where W is the wave function, c(7) is the speed of light in direction 7 and f(#,t) is a
function defining the physical parameters of the medium. When f(#,t)=0 then the wave
equation reduces to the Helmholtz equation, which yields to an electromagnetic wave
traveling in vacuum. If the wavelength of the light is less than the radius of the resonator

medium, then this interaction can be explained by the Lorenz-Mie theory [35], [36].

2.4.1 Lorenz-Mie Theory

The interaction of light with homogenous and geometrical dielectric media can be
explained by expanding the electric and magnetic fields of the light into vectorial harmonic
functions as the solutions of the Helmholtz equation [37]. In the case of spherical particles,
whose diameter is much larger than the wavelength of the light, electromagnetic fields can
be expressed as a combination of vectorial spherical harmonic functions with the
convenience of the spherical coordinate representations. These functions contain expansion
coefficients, which constitute the intensity of the scattered fields inside and outside of the

sphere. Together with the polarization of the fields, expansion coefficients can be given as

[38];
jn(x)[erjn(er)],_erjn(er)[xjn(x)],
= 2.1
I L ) Nyt () Ny (e ) R D ) (2.10).
= Jn O [NyX jn (Nex)] = jn (N x) [X i ()] (211)

hP () Ny i (N7 )] = i (N0 [x RS ()]

16
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The above equations contain spherical Bessel functions j, (x) and Hankel function

of the second kind h,(f) (x) with the derivative with respect to the argument is donated with
a prime. Functions are defined on the size parameter x while Nrejaive 1S the relative
refractive index of the sphere with respect to the outside medium. The coefficients for the
internal and external fields are identical for both polarizations, whereas zeros of the
denominators correspond to the whispering gallery modes (WGMs) of the microsphere
[39].

The mode of the light in a microsphere can be expressed with mode numbers (I, n,
m), which characterize the radial, polar and azimuthal components of the electromagnetic
field in a microsphere. Radial mode number | (I = 1,2,3 ...) gives the number of maxima in
the radial part of the field distribution, whereas polar (angular) mode number n (n = 0,1,2
...) defines the field intensity distribution in the polar direction. The mode number m
denotes the azimuthal distribution of the field and is degenerate with 2n+1 values (m = -n,-
n+l..,0,...,n-1,+n). This degeneracy can be removed by making the sphere deformed to
have an oblate or prolate shape. Mode numbers for the description of the light inside the
spherical resonator arise naturally with the solution of the characteristic equation together

with the solution of the resonance condition (Eqn. 2.6).
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Parameter / Function Symbol Values
Radial mode (Legendre) I 1,2.3,...
Polar (angular) mode (Bessel) n 0,1,2,...
Azimuthal (equatorial) mode (Bessel) m -n<m<+n, (2n+1 values)

Table 2.1. Parameter symbols and values for the mode of light trapped in a sphere

The mode numbers for the light resonating in the outer surface of a microresonator
can also describe the momentum properties of the photon. The mode number n indicates
the order of the spherical harmonic Y, ,,, and describes the polar angular field distribution,

while being the eigenfunction of the square of the orbital momentum operator L:

LYy = 2hn(n + DYy (2.12).

The azimuthal mode number m arises from the projection of the angular momentum

on the azimuthal axis and can take 2n+1 values:

L, Yom = mMAYp (2.13).
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2.4.2 Free Spectral Range, Mode Spacing and Quality Factor

The main properties of the whispering gallery mode (WGM) spectrum are analogous to
Fabry-Perot interferometer [40]. For a Fabry-Perot type resonator, wavelength separation
between successive polar modes n and n+1 on the intensity spectra is called the free

spectral range (FSR) as:

FSR = A, — Ayeq (2.15),

where 4 nm is the frequency of a particular mode [41]. When the Fabry-Perot geometry is

adjusted for the spherical resonator, Fabry-Perot like FSR of the resonator can be given as:

2
FSR= —2 (2.16).

2maNsphere

Naturally, the above formula doesn’t include the scattering effects induced by the
sphere geometry on the WGM resonances. These effects arise from the size parameter (x)
of the sphere and the number of polar modes (n). If the limiting case for the resonance
parameters; x > 1, n > 1, and x/n ~ 1, is used with the Lorenz-Mie scattering, the
asymptotic formula for the mode spacing of the optical resonances in a microsphere would

be [42];
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2 -1 / 2
A% tan Ny —1
A,

= (2.17).

2
2naNpytside | Nyer—1

The above equation gives the approximate spacing in wavelengths between the two
resonances with the same radial mode order |. This spacing is also called as the intra-mode
spacing due to the fact that it defines the spectral separation of the resonant modes for the
constant polarization of the light. The finesse (F) defines the quality of the individual
resonances by relating the FSR with the full-width-at-half-maximum (FWHM) of the

resonances:

FSR
F =

= — 2.18).
AAFwHM (218)
The finesse is a basis for the quality factor definition of the optical resonances in a
microsphere. As it is described by the figure 2.5, the linewidth of the resonances are 64 and

the resonance occurs at a wavelength of 4, which yields to a quality factor relation similar

to the finesse, as;
Q== (2.19).
The quality factor (Q) quantifies the ability to store light and it is a measure of
energy losses. Quality factor is also related to the finesse (F) of the resonator and defines

the time averaged energy density per the energy loss for a resonant mode in the cavity in

one round trip time [43];
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Q = X Estored (220)’

Ejoss

where o denotes the angular resonance frequency of the photon. The quality factor defines

the decay time (z) of that photon during the resonance as;

w
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Figure 2.5: Spectral properties of the optical resonances.
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The imaginary part of the eigenvalue of the wave number (k) with a resonance
determines the decay of the radiation reflected from a curved surface. The radiation
scattered from the curved boundary surface of the cavity and the outside medium will
decay from the spherical structure with a radiative quality factor [44]. Normally, the quality
factor of the bare resonator (Qun) gets into account, when the sphere mode is excited with
light, but the contaminants (Qcont) and the surface scattering (Qss) create the excess energy
losses in the power spectra. Overall, the quality factor can be written as a summation over

all losses;

Qiotar = Qum + Q54 + Qoghe + -+ (2.22).

2.5  Coupling of Light to the Circular Resonators

2.5.1 Universal Coupling Equations

Spherically symmetric microresonators can interact with light, as can be seen in Fig.
2.5. The light in a waveguide gets transmitted to the resonator through evanescent coupling
with coupling coefficients of x and t, while leading to circulation of light along the
circumference. Equations for universal coupling of light between a waveguide and arbitrary
resonator geometry can be given by creating a uniform interaction matrix [45]. If a single
unidirectional mode of the resonator is excited for a lossless coupling the interaction matrix

can be written as:
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by
b,

t K
—Kk* t*

a
ol

(2.23),

where b; and a; are complex amplitudes of the light modes and «, t and «* , t* are inner and
outer coupling parameters, respectively. Amplitudes of the modes are normalized such that
the coupling parameters can be written as |x?| + |t?| = 1. If the input amplitude is set to
be unity (a;=1), then the transmission around the resonator is given by a, = ae'®b, with
the inner circulation loss factor of a. Depending on the coupling parameters, the
transmission past the resonator on the waveguide can be written as;

2 _ a’+lt]*—2alt|cos(8+y)
b, | = 1+a?[t|?—2alt]| cos(0+¢) (224),

where t = |t|exp(i¢;). The total circulating optical power around the resonator can be
given as;

a?(1-|t|?)
1-2alt| cos(0+¢)+a?|t|?

|la,|? = (2.25).

The resonance condition occurs at (6 + ¢,) = n2m, where n =0,1,2... is the mode
number in the polar angular direction. The resonance of light in the structure modifies the
above equations as;

_ a?(1-th)?

C (1-alt])? (2.26),

when a = |t| internal losses become equal to the coupling losses, while the transmitted

power (|b;|?> = 0) vanishes so that the critical coupling condition is reached. The outgoing
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wave in the waveguide destructively interferes with the circulating internal field and a

transmission minimum is seen.

Figure 2.6: Universal scheme for the waveguide coupled to a ring resonator.

2.5.2 Excitation of optical resonances in microspheres

The whispering gallery modes (WGMs) of light in a microsphere requires an excitation
mechanism. The laser light should be incident on the microsphere and refract into the
sphere to create localization of photons onto the interior surface of the microsphere. In this
case, the nature of the incident light is important, i.e., plane wave [46] or Gaussian wave
[47] should be used for the excitation of the fields inside and outside of the sphere. Both of
the field representations are used to calculate the Mie scattering coefficients for the

interaction with a microsphere.

24



Chapter 2: Theory Of The Whispering Gallery Mode Resonators 25

The light coupling to a resonator involves certain matching conditions. These
conditions include the distance of the cavity to the excitation source, refractive indices of
the media and the phase matching of the input light with the resonator [12]. Excitation of
the WGMs in a resonator depends on the relative distances of the cavity center and the
beam waist of the excitation source. This distance is called as the impact parameter (b),
where the equation 2.8 gives a similar definition over the size parameter (x). The impact
parameter defines the efficiency of the coupled resonances inside the resonator medium. In
order to maximize the coupling to the cavity, the impact parameter should be limited by the

radius of the spherical resonator (a) and with the relative refractive index (Nye):

a < b < aN,g (2.27).

The overall resonance condition is to excite the cavity modes with the input light by
a coupling mechanism, which delivers the light to the close proximity of the cavity in
various ways (figure 2.7). Special attention goes to the optical fiber half coupler (OFHC)
for the coupling of the light to the microsphere. OFHC consists of a single mode optical
fiber (SMOF) buried into a glass block. SMOF is capable of transmitting near infrared light
with wavelength of 1550 nm, while having a core refractive index of 1.47 and a cladding
refractive index of 1.45. The middle part of the SMOF is polished down to the core (~1-2

um). The exposed part of the fiber creates an evanescent field tail over the surface, which
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can interact with a microsphere positioned to the close proximity. Side and end viewed

diagrams for the light coupling with an OFHC can be seen at Fig. 2.8 and Fig. 2.9.

() >

A7\

(a) (b)

7 (c) (d)

Figure 2.7: Light coupling methods for exciting WGMs in a spherical microresonator, (a)
prism, (b) optical fiber half coupler (OFHC), (c) fiber tip, (d) tapered fiber.

Figure 2.8 shows a diagram for the light coupling to a microsphere with OFHC,
where a is the radius of the sphere, b the impact parameter, Najr and Ngpnere the refractive
indices of the air and the sphere, and the k the wavevector of the light traveling through the
fiber on the OFHC. Together with the figure 2.9, evanescent field tail of the light can be
seen, where the fiber core (2wo) defines full-width at half maximum (FWHM) of the

Gaussian beam.
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Figure 2.8: Side view of OFHC with the microsphere

End View
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Figure 2.9: End view of the OFHC with respect to the microsphere.
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Chapter 3

Numerical Simulation and Analysis of Elastic Scattering in Silicon Microspheres

This chapter summarizes the computational studies of the elastic light scattering by
silicon microspheres with plane wave and Gaussian beam excitation. Plane wave excitation
results are prepared with implementing the Fortran 77 software prepared by Steven C. Hill
and Peter W. Barber with their book titled as ‘Light scattering by particles: Computational
Methods’ [46]. Gaussian beam excitation simulations are performed with the code by

James A. Lock [48].

3.1  Plane wave excitation simulations in silicon microspheres

These simulations are carried out in order to obtain the scattered field intensities as a
function of wavelength for the determination of the resonant light structure of a silicon
microsphere. In order to cover the experimental results, incident field can have parallel (1)
and (1) polarization states, whereas the scattered field is observed from polar angles of 0°
to 180°. The calculated resonance spectra will be of use for the understanding of the

experimental results and the analysis of the light resonances.
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3.1.1 Transfer matrix method for the spherical harmonic fields

The light scattering by a small particle can be described by the Lorenz- Mie theory
[35], [36]. If the electrical field of the incident light can be expanded in turns of spherical
vectorial harmonic functions, than scattered and internal light distributions can be
calculated by finding the expansion coefficients [49]. The fields can be calculated with the
separation of variables for finding the light intensities over the spherical coordinates. The

light distribution is formulated by expanding incident (Einc), scattered (Escat) and internal

(Eint) electrical fields in terms of spherical harmonic vector functions as [46]:

—

E, (kP) = Eo X07, D, [a,ME(kF) + b,NE(kP)] (3.2),
E .. (ki) = Eo 307, D, [f, M3 (k7)) + g,N3 (k)] (3.2),
E 1y (Neatk) = Eo X0, [cuME(Nyeik7) + dyNE(Npo k)] (3.3),

where k = 27” is the wave vector and N,.,; the relative refractive index. Other parameters

can be listed as; (v = 0, m, n) and (u = o, m’, n’) the spherical harmonic triple indices, D,

the normalization factor, a, and b, the incident field expansion coefficients, c, and d, the
internal field expansion coefficients, f, and g, the scattered field expansion coefficients, MT}

and NT} the spherical harmonic vector functions of the first kind, M3 and M3 the spherical
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harmonic vector functions of the third kind. The software utilizes a set of matrix equations
to solve the expansion coefficients of the fields simultaneously. By using the expansion
coefficients, the field intensity distributions and scattering cross sections for parallel and
perpendicular field polarizations can be calculated from 0° to 180°. Schematic of the
incident, internal and scattered fields can be seen in figure 3.1.

The array dimensions of the matrices define the maximum size parameter of the
spherical particle. If the particle is too large, the convergence of the calculations exceeds
the limits. Convergence factor (n.) of the matrices can be related with the size parameter (x)
as:

ne = x +4.05x/3 +2 (3.4).

The convergence factor also determines the resolution for the wavelength in the
light scattering spectra. In order to observe narrow linewidth WGMs in the scattering
spectra, the convergence factor must exceed the size parameter as:

Ne 2 |Npeix| (3.5).

For a silicon sphere of radius 500 pum, refractive index of the sphere 3.5 and
incident wavelength range of 1426 nm — 1427 nm, the size parameter of the resonator is
around 2200. This yields to a convergence factor of n; ~2300. In order to be able to observe
WGM spectral lines, the convergence factor should be larger than 7000 and has been
modified accordingly. For having sufficient wavelength resolution, the number of data

points in all of the simulations is set to be 10*, which gives a resolution of 0.0002 nm.
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Figure 3.1: Schematic for the geometry of the numerical calculations [46].

312 Polar Angle dependence of the resonances in the intensity spectra

The polar angle dependence of the elastic light scattering in silicon spheres is calculated
for parallel and perpendicular polarization states. A silicon sphere of refractive index 3.5
and radius 500 um is used for the calculations for the scattering angles ranging from 0° to
180° with 10° steps. The results can be seen in fig. 3.2 for parallel polarization and fig. 3.3
for perpendicular polarization, respectively. The calculated mode spacing on the graphs for

each of the polarizations are displayed as gray and white regions to aid the eye.
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Figure 3.2: Light scattering intensities with parallel polarization calculated for angles from
0° to 180°.
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Figure 3.3: Light scattering intensities with perpendicular polarization calculated for angles
from 0° to 180°.
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The angle variation of the elastic light scattering simulations shows the polar angle
dependence of the resonances [50]. For a given polarization, the calculated mode spacing is
Ay = 0.24 nm, which is indicated by the gray and white regions in the spectra, where
among these angles, different amount of mode families per a mode spacing can be
observed. In the parallel polarization, the 0° elastic light scattering (forward scattering)
shows 2 mode families per a single mode spacing, whereas the scattering through the
angles of 10° to 60° shows one mode family per a single mode spacing. As expected, the
angles from the 70° to 140° shows half mode family in a single mode spacing, and the
angles from 150° to 170° shows one mode family per a single mode spacing. The 180°
scattering (backscattering) intensity shows 4 mode families in a mode spacing.

In the perpendicular polarization case, the light intensity at the 0° (forward)
scattering is same with the parallel case by having 2 mode families per a mode spacing.
The number of mode families for the a single mode spacing is similar to the parallel
polarization case. The light intensities from 10° to 90° present half of the mode families in a
mode spacing whereas the intensities from 100° to 170° present one mode family per a
single mode spacing. The intensity at 180° (backward) scattering presents 4 mode families
per a mode spacing.

The explanation for this behavior is attributed to the parity symmetry of the
whispering gallery modes. The simulation solves for the field expansion coefficients, where

even and odd polar mode numbers of the resonances decide the outcome of the simulations
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[42]. Throughout the data, if the angle is suitable, even polar mode numbers contribute to
the spectrum, whereas the odd numbered polar modes do not, thereby adjusting the amount

of polar mode families contributing the spectrum [51].

3.2  Gaussian beam excitation simulations of silicon microspheres

The whispering gallery modes (WGMs) in microspheres can be excited with the
help of Gaussian beams with evanescent field tails. Figure 3.2 shows the diagram of the
optical coupling for the microspheres with the essential parameters, where w, is the half
width of the full maxima of the Gaussian beam, b the impact parameter, a the radius and
the Nsphere the refractive index of the microsphere. The direction of the propagation for the
beam is +z direction, whereas the polarization of the beams are determined with the
direction of the electric field for TE and TM polarization cases which is always in the
direction +x. TE geometry has the impact parameter initially located at y=-b and x = 0
while TM geometry has the impact parameter initially located at x = -b and y = 0. For
these simulations, radius of the sphere is 500 pum, refractive index of the sphere is 3.5, w, IS
54 um, and the impact parameter is 555 pm, accounting for 1 um cladding.

The simulated spectra for the angles from 0° to 180° with the Gaussian beam
excitation are rich with the various WGMs [48]. The angle dependent spectra is similar to
the simulation results obtained by the plane wave excitation. In the TE polarized case,

which is displayed in the Fig. 3.3, the intensities at the 0° and 10° present 2 mode families
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in a single mode spacing. The intensities at the 20° and 30° show 8 mode families whereas
40° shows 4, 50° shows 6 and 60° shows 8 polar mode families in a single mode spacing.
The calculated intensity at 70° shows 2 mode families, whereas the intensities at 80° and
90° show 8 mode families. The rest of the angles are similar with the previous ones, where
the intensity at 100° shows 4 mode families, 110° and 120° show 6 mode families, 130°
shows 8, 140° shows 2, 150° shows 10, 160° shows 8 and 170° and 180° show 10 mode
families per a single mode family.

The TM polarized case for the Gaussian beam excitation is presented in the Fig. 3.4
and it is similar to the TE polarized case, but the mode families are less visible. However, it
is still possible to observe the mode families displayed in the spectra with a dependence on
the polar angle. The intensities at polar angles from 0° to 40° show 6 modes, 50° and 60°
show 2 mode families per a single mode spacing. The intensities from 70° to 90° show 6
mode families, 110° shows 2 mode families, 120° shows 4 mode families, 130° shows 2
mode families and the rest of polar angles from the 140° to 180° show 6 mode families per
a single mode spacing.

The structure of the spectra for the Gaussian beam excitation contains an even
number of mode families per a single mode spacing. This again can be explained with the
parit symmetry of the polar modes displayed in a single mode spacing. As the resonance

condition in the sphere is obtained, the polar modes with the even polar mode orders can be
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displayed in the spectra. These numerical simulations will be usefull for the analysis of the

experimental spectra with the silicon microspheres.
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Figure 3.2: Geometry for the Gaussian beam excitation, a) TE polarization, b) TM
polarization.
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Figure 3.3: 90° Elastic light scattering with respect to the polar angle with TE polarized
gaussian excitation light.
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Figure 3.4: 90° Elastic light scattering with respect to the polar angle with TM polarized
gaussian excitation light.
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Chapter 4

Experimental Measurements on the Silicon Microsphere

This section will consist of the characterization of the physical properties of the
silicon spheres and the near-infrared (near-IR) excitation laser diode together with the

optical characterization setup for the elastic light scattering measurements.

4.1  Physical Properties of the silicon spheres

Physical properties of the spherical silicon microresonators will be discussed in this
section. Surface and shape properties of the silicon spheres are investigated with scanning
electron microscopy (SEM) and optical photography. Bulk crystalline properties were
obtained with He-Ne laser excitation Raman scattering measurements, whereas the

electrical characteristics are obtained with I-V measurements.

4.1.1 Surface properties of the silicon spheres

Ellipticity of the spheres was obtained by SEM photographs, which can be seen in Fig.
4.1. The spheres are found out to be slightly elliptical with ellipticity e = 0.008, where the

long axis has a radius of Rjong = 504.5 pm and the short axis has a radius of Rghort = 501 pm.
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Silicon spheres are commercially obtained and chosen for their low surface roughness. The
spheres were cleaned thoroughly with hot ethanol and water solution bath in an ultrasound

cleaner and figure 4.1 shows a relatively smooth sphere surface with miniscule defects.

Cursor Height = 1.008 mm

idth = 1.002 mm

100.0 pm

Figure 4.1: Photograph of a silicon sphere obtained by SEM measurements.

4.1.2 Raman scattering spectrum of the silicon microsphere

The structure of the silicon spheres is determined with the Raman spectroscopy. The

measurements are performed in room temperature (300 K) and can be seen in Fig 4.2. The
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excitation source is a He-Ne laser with a wavelength of 632.8 nm, whereas the resolution of
the measurement is 0.7 cm™. The largest peak is located at the 520 cm™, which shows the
first order optical phonon vibration excited by the input laser [52]. This peak has narrow
linewidth and high accuracy for the vibration frequency, which indicates the purity of the

crystalline structure of the silicon microsphere.

520cm!

933-991 cm!
300 cmt!

Intensity (arb. units)

200 280 360 440 520 600 680 760 840 920 1000 1080 1160
Raman Shift (cm)

Figure 4.2: Raman spectra of a polished silicon sphere with 632.8 nm excitation.

The broadband observed for 933-991 cm™ and the narrow peak located at 300 cm™

indicate the second order Raman scattering from the silicon lattice [53]. The peak at 300
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cm™ shows the secondary transverse acoustic phonon interaction, whereas the broad band
at 933-991 cm™ shows the secondary transverse optical phonon interaction [54]. Minor
peaks in the Stokes side of the spectrum show miniscule intensities (< % 1) and do not
correspond to the known phonon interactions of the crystalline silicon, thus they can be
regarded as the contamination left on the sphere by the environmental effects (such as

native oxides created by air).

4.1.3 Electrical properties of the silicon spheres

The electrical characterization of the spheres can be seen in figure 4.4. The
measurements were taken with metallic probe contacts holding the silicon sphere from the
sides (fig. 4.3a). This arrangement is expected to have a metal-semiconductor-metal
(MSM) Schottky type 1-V behavior. The response of the silicon sphere is slightly
asymmetric on the positive current side (fig. 4.3b) due to the non-symmetric metal probes

[55].
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Figure 4.3: a) Optical photograph for the sphere with metallic probes, b) I-V characteristic
of the metal silicon metal contacts.

4.2  Laser diode temperature-wavelength characterization

A near-IR telecommunication distributed feedback (DFB) laser diode with a
temperature tunability was used in the experiments [56], [57]. The laser diode has a
butterfly type package for electrical contacts and a fiber pigtail for optical output. The
diode is mounted on a thermo-electric control (TEC) module, which adjusts the
temperature of the cavity with a TEC current. The change in temperature adjusts the cavity
length of the diode laser and determines the wavelength of the output light. The diodes can
be calibrated over the wavelength with a dependence on TEC thermistor resistance (R) in

ohms and the temperature (T) in kelvin given as:

= C, + G, In(R) + G3In(R)? (4.1).
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The above equation is known as Steinhart-Hart curve for thermistors. The constants
C,, C, and C3 determine the resistance of the thermistor. The characterization curves for the

wavelength tuning range of the laser diode can be seen in figure 4.4.
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Figure 4.4: Temperature vs wavelength calibration curve for the laser diode.

4.3  Optical setup for the characterization of the resonances

In this section, the experimental setup for the creation of optical resonances will be
presented. The parts of the setup consist of spherical silicon microresonator, fiber optics,
photodetectors and laser diodes. All of the equipment is characterized for electrical,

physical and optical properties and a setup diagram is given in figure 4.5.
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A tunable laser diode with IR light output is used for the experiments in the fiber
optical coupling setup, where laser light is transmitted via a single mode optical fiber. The
evanescent coupling was achieved with an optical fiber half coupler (OFHC) and micro-
position control of the sphere over the OFHC, while the data were obtained with detectors
positioned at the 0° transmission and 90° elastic light scattering. High quality factor

resonances in the elastic light scattering spectra were obtained by tuning of the input laser.
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Figure 4.5: A schematic of the experimental setup. The inset shows the wave vectors of the
light over the silicon sphere and the OFHC, which evanescently couples the light to the
sphere with the surface scattering spots.
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Figure 4.5 shows a schematic diagram of the experimental setup. The input light is
supplied by a continuous wave (CW) laser operating in near-infrared (near-IR), whereas the
output of the laser is butt-coupled to a single mode fiber (SMF). The input light is
transmitted through the fiber and arrives at the OFHC, which couples the light to the sphere

evanescently on the surface scattering spots (fig. 4.1 inset). The light scatters from the

sphere in both 0° (K;rqns) and 90° (kseq.), While a microscope lens arrangement (L1, L2
and L3) is used to collect the light in 90° and detect it with a photodetector of (P1). The 0°
scattered light from the sphere is transmitted through the fiber and arrives at the 50/50 fiber
coupler. This section is used for directing the light to both photodetector (P2) and a
wavemeter (WM1). PD2 is used to detect the intensity variations on the 0° scattering and
WML is used for wavelength and optical power detection. The inset in figure 4.1 shows the
coupling of light into a whispering gallery modes (WGMs) of the silicon microsphere. The
overall data acquisition is achieved by GPIB connection of the digital storage oscilloscope

and optical multimeter to the computer.

4.4  The Coupling Scheme with the Optical Fiber Half Coupler

The optical fiber half coupler (OFHC) acts as a waveguide for the excitation light
(figure 4.6). The OFHC is a glass block with a single mode fiber embedded on the top
surface of the block [58]. An optical fiber is stripped from the buffer and its cladding is

polished close to the core. The incoming light is coupled out of the polished fiber and
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forms a region of evanescent light wave over the glass block, which couples the light to the

sphere in close proximity (figure 4.7).

Fiber Cladding l Silicon Sphere

t

Glass Block

Figure 4.6: Photograph of the OFHC surface with a silicon sphere.

Figure 4.7: Microphotograph of OFHC with the red illumination laser.
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Chapter 5

Experimental Results and Data Analysis

In this section, measurements of the optical resonances in a silicon microsphere will
be presented. The experimental results can be explained by the waveguide coupled mode
theory [59] with the near-IR optical resonances being excited with the Gaussian beam of a
distributed feedback (DFB) diode laser, which is coupled with an optical fiber half coupler
(OFHC) to the microsphere. The results are distributed into sections, where the first section
shows the elastic light scattering spectra of the optical resonances. Spectral mode spacing,
linewidth, and quality factor analysis are performed on these spectra. The following section
presents spectrum with asymmetrical Fano like lineshape in the 90° elastic light scattering.
This part is analyzed with the interference of the surface scattering with the optical
resonances excited in a silicon microsphere with an OFHC. Fano like optical resonances
observed in the 90° elastic light scattering are expected to be practical for filtering [60],
[61], [62] and fast switching applications [63], [64]. The chapter concludes with a possible

application of the silicon microspheres for biosensing [65].
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5.1  The Polar Mode Spacing and the Quality Factor measurements

The determination of the mode spacing in an elastic light scattering spectrum relies
on a few factors. As it is given in the chapter 2, the polar mode spacing of the resonances

can be calculated by:

Agtan~t! [NZ, -1

AX, = (5.1),

2ma foel—l

where Nreative the relative refractive index of the microsphere resonator and A the resonant

wavelength of the light, and a the radius of the microsphere. This formula leads to a
theoretical mode spacing, which should be close to the observed mode spacing in the

spectrum given in fig. 5.2. Relatedly, the quality factor of the resonances can be given as:

Q== (5.2),

where o/ is the linewidth of the resonances observed at the wavelength g.

Figure 5.1 shows the elastic light scattering spectra for a silicon sphere excited by
near infrared light in air. The upper curve (red) shows the transmission intensity whereas
the lower curve (green) shows the 90° elastic light scattering intensity. The input laser is
tuned over a temperature range from 24.3°C to 18°C, which corresponds to a wavelength

scan from 1425.86 nm to 1426.51 nm.
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As estimated in the elastic scattering Gaussian beam calculations in the chapter 3,
there are 4 mode families in a mode spacing and families appear to be smoothed. This
behavior can be attributed to the wavelength resolution of the scan, where the temperature
resolution is defined by the thermoelectric current (TEC) step values. This measurement is
carried out with TEC steps of 1 mA, for a TEC limit of 250 mA. The change of the diode
current, adjusts the resistance of the diode, thus changes the temperature of the laser diode.
As described in section 4.2, the temperature change of the laser diode has a linear relation
with the wavelength of the output of the laser. For a temperature range of 6.3°C and a
wavelength range of 0.65 nm, the wavelength resolution of the scan presented in Fig. 5.1
results to be 2.6 pm.

Although the optical resonances appear to be smoothed, the spectrum allows the
determination of the mode spacing. Since the resonant mode families show the
corresponding dip and peak structure with visible polar mode families, the polar mode
spacing is shown in the figure, with an average measured mode spacing of 44, = 0.24 nm.

The quality factor (Q) of the peaks in the spectrum of Fig 5.1 are on the order of 10*.
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Figure 5.1: 0° and 90° elastic light scattering spectra by a silicon microsphere in air.

Figure 5.2 shows elastic light scattering spectra for a silicon sphere excited by near
infrared light in air. The upper curve (red) shows the transmission intensity, whereas the
lower curve (green) shows the 90° elastic light scattering intensity. The input laser is tuned
over temperature from 24.3°C to 18.5°C, which corresponds to a wavelength scan from
1425.91 nm to 1426.51 nm. This measurement is carried out with TEC steps of 0.5 mA for

a TEC limit of 250 mA, which yields to 500 current steps. For a temperature range of 5.8°C
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and a wavelength range of 0.6 nm, the wavelength resolution of the scan presented in Fig.
5.2is1.2 pm.

As can be seen from fig. 5.2, the mode spacing of this measurement is found out to
be 44, = 0.238 nm with a slight difference from the calculated mode spacing of 0.23 nm.
As estimated, there are 4 mode families in a mode spacing. This measurement is similar to
the measurement of fig. 5.1, while having a higher resolution and might be showing some

of the azimuthal modes situated on top of the mode families.
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Figure 5.2: Higher resolution 0° and 90° elastic light scattering spectra by a silicon
microsphere in air.
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The modes of the spectrum displayed in Fig 5.2 contains high Q resonances. The
transmission spectrum appears to show finer optical resonances, where the resonance

located at 1426.095 nm has a linewidth of 5.3 pm, which corresponds to a quality factor of

Q=2.7x10°
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Figure 5.3: High resolution 0° (transmission) and 90° elastic light scattering spectra from a
silicon microsphere in air.

Figure 5.3 shows elastic light scattering spectra for a silicon sphere excited by near

infrared laser in air. The upper curve (red) shows the transmission intensity, whereas the
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lower curve (green) shows the 90° elastic light scattering intensity. The input laser is tuned
over temperature from 26.7°C to 18.6°C with a tuning range of 8.1°C, which corresponds to
a wavelength scan from 1425.92 nm to 1426.75 nm with a wavelength tuning range of 0.83
nm. There are 4 mode families in a single polar mode spacing as expected and mode
clusters in the polar mode envelope are visible.

The measurement in Fig. 5.3 is carried out with TEC steps of 0.5 mA for a TEC
limit of 500 mA. For a temperature range of 8.1°C and a wavelength range of 0.83 nm, the
wavelength resolution of the scan presented in fig. 5.3 results to be 0.8 pm. The 90° elastic
light scattering of the figure 5.3 presents finer optical resonances. These resonances are
located as clusters in the mode family envelopes. The light scattering in this measurement
also shows large quality factors; mode clusters on the polar mode envelopes are more
visible. As can be seen from fig. 5.3, the mode spacing of this measurement is found out to
be 44, = 0.236 nm with 4 mode families in a mode spacing. The quality factor (Q) of the
peaks of the spectrum in fig 5.3 contains many high quality factor resonances. The 90°
elastic scattering spectrum appears to contain finer optical resonances, where the resonance
located at 1426.207 nm has a linewidth of 7.1 pm, which corresponds to a quality factor of

Q=2 x10°.
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Figure 5.4: 0° and 90° elastic light scattering spectra by a silicon microsphere in air.

Figure 5.4 shows elastic light scattering spectra for a silicon sphere excited by near

infrared laser in air. The upper curve (red) shows the transmission intensity, whereas the

lower curve (green) shows the 90° elastic light scattering intensity. The input laser is tuned

over temperature from 26.3°C to 18.25°C with a tuning range of 8°C, which corresponds to

a wavelength scan from 1425.87 nm to 1426.7 nm with a tuning range of 0.83 nm. There

are 4 mode families in a single mode spacing and a cluster of modes are clearly visible in

the spectrum.
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The measurement in fig. 5.4 is carried out with TEC steps of 0.1 mA for a TEC
limit of 250 mA. For a temperature range of 5.8°C and a wavelength range of 0.83 nm, the
wavelength resolution of the scan presented in fig. 5.4 is 0.1 pm. The 90° elastic light
scattering of the figure 5.4 presents finer optical resonances. These clusters of resonances
are located in the mode family envelopes. The light scattering in this measurement also
shows high quality factors; clusters of optical resonances are more visible.

As can be seen from fig. 5.4, the mode spacing of this measurement is found out to
be 44, = 0.235 nm with 4 mode families in a mode spacing. The quality factor (Q) of the
peaks of the spectrum in fig 5.4 contains high Q resonances. The transmission spectrum
appears to show finer optical resonances, where the resonance located at 1426.205 nm has

a linewidth of 5.3 pm, which corresponds to a quality factor of Q = 5.5x 10°.

Figure 5.1 Figure 5.2 Figure 5.3 Figure 5.4
dAresolution 2.6 pm 1.2 pm 0.8 pm 0.1 pm
Akn 0.24 nm 0.238 nm 0.236 nm 0.235 nm
Ah¢ - - 8.8 pm 8.8 pm
Q ~10* 2.7 % 10° 2.0 x 10° 5.5%x 10°

Table 5.1: Observed optical resonance parameters in the 90° elastic light scattering
intensity of the measurements 1-4.

57




Chapter 5: Experimental Results and Analysis of Elastic Light Scattering in Silicon Microspheres 58

5.2 Clustering of the modes in the spectra

The 90° elastic light scattering intensity measurements of the figures 5.3 and 5.4
show a matching behavior, which can be seen in Figure 5.5. Mode families are distributed
with a mode spacing of 44, = 0.236 nm for both of the measurements. Observed WGMs

might have a mode splitting.

—— 0.4
0.35
0.3
| 025
1 0.2
0.15

1 0.1

0.206 V

0.156 . v L L J 0
1426.0395 1426.1395 1426.2395 1426.3395

Wavelength (nm)

90° intensity- measurement 4
(arb.units)

4 0.05

90° intensity- measurement 3
(arb.units)

Figure 5.3: 90° elastic light scattering intensities for measurements 3 and 4.

The azimuthal mode splitting of the optical resonances in a microsphere arise from

the ellipticity of the resonator [66]. Ideally, the resonator is a perfect sphere; in this case
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azimuthal resonances are degenerate with 2n+1. If the ellipticity of the microsphere is

included, the position of the resonances on the wavelength can be given as [67]:

A(m) = g {1 +§[1 _m ]} (5.3),

n(n+1)
where e is the ellipticity of the resonator, Ar is the resonant wavelength, n is the polar mode
number and m is the azimuthal mode number. Since the azimuthal resonances can have
values between —n to +n, the wavelength of the azimuthal resonances would have a
corresponding range.
One can define a mode spacing for the azimuthal modes by differentiating between

the wavelengths of the consecutive azimuthal modes of order m and m+1 as:

E)LR
2

A =

2m+1 |
nn+1)

(5.4).

The azimuthal mode number depends on the polar mode number by having values
between —n to +n. For a silicon microsphere of ellipticity e = 0.007 and a resonant
wavelength of 1426.216 nm, the mode number n would be 7710. In order to have high
angular momentum azimuthal modes, n = m, the azimuthal mode spacing would be 1.48
pm. This is close to the observed mode cluster wavelength difference of 8.8 pm in the 90°
elastic scattering of figure 5.5.

In order to explain the excess wavelength difference in the mode cluster observed in the

spectra, a few possibilities can be considered. The particle binding induced mode splitting

[68], [28], [69] can be another likely candidate for the observed discrepancy. Ideally,
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WGMs in a microsphere resonator has a clockwise (CW) and counterclockwise (CCW)
modes with degenerate wavelengths. However, when a small particle binds on the surface,
the particle causes a scattering from one of the resonator modes (CW) into the free space,
whereas the CCW mode would be scattered back in the opposite direction. This would
create a mode splitting depending on the quality factor of the resonator [70].

In more theoretical terms, the mode splitting can be explained by the coupling strength
(9) of the modes and the linewidth broadening (/) induced by the splitting [9], [71]. The
coupling strength is determined by the the azimuthal splitting with g = z4A., where 4/ is
the observed wavelength detuning of the mode cluster. The linewidth broadening is I'r =
T|oA1- O)o|, Where o4y and o4, are the linewidths of the split modes. When the particle is
much smaller than the excitation wavelength (Rparicle << 4r); the particle interaction with
the evanescent field of the WGM induces a dipole moment depending on the particle

polarizability («) as:

a = 4mR3 (ep=em). (5.5),

particle (¢ y7e)
where the ¢, and ey are the electric permitivities of the particle and the medium. The above
formula requires the refractive index of the particle to be known, since it depends on the
electric permittivity. However, the polarizability of the particle might be found depending

on the g and 7'r. The parameters are given as:

e

g= —a*f*(r) (5.6),

AVwem
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where f(r) is the normalized mode distribution and Vwewm is the mode volume. Relatedly,
the linewidth broadening of the resonances can be found as:

acmla?f?(r)

3ARVweMm

Combining the equations 5.5 and 5.6; one can find the polarizability of the particle

by only measuring the linewidth broadening and the mode shift of the spectrum, as:

«= (%) (%) 59)

The particle radius is related with the dielectric permittivity described with the

equation 5.5, by combining the equation 5.5 with the equation 5.8, the radius of the particle

depending on the ratio (/=/g) and dielectric permittivity (er) can be written as:

Ar (3Tr/g\Y/3
Rparticle -

= Gaes (5.9).

When the clustering peaks of the figure 5.5 located around Az = 1426.207 nm are
considered, the ratio of the cluster spacing to the mode linewidth is; 7'r/g = 0.375. For a
water droplet with a relative dielectric permittivity of e = 0.1471, the equation 5.9 yields

to a particle radius of Rpanicle = 281.74 nm, which is plausible for an accumulation of

humidity layer on the sphere.
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5.3  Asymmetrical lineshape in elastic light scattering

Asymmetrical lineshapes can be observed in the optical resonances [72], [73], [74],
[75] and may have various applications especially in filtering [60], [61], [62] and switching
[63], [64]. The Figure 5.6 shows the excitation of WGM resonances in a silicon
microsphere in air. The input laser is tuned over temperature from 24.4°C to 17.8 °C, which
corresponds to a wavelength scan from 1426.25 nm to 1425.88 nm. The 90° elastic light
scattering spectra shows asymmetrical line shapes, while the 0° transmission spectra
contains Lorentzian line shapes for the WGMSs. The asymmetrical lineshape observed in the
90° spectra are called Fano lineshape, which may occur due to the interference between the
elastic light scattering from the microsphere and the surface of the OFHC.

When the silicon microsphere is coupled with the optical waveguide, phase
sensitive interference of light can be observed. This interference occurs between the
electric fields of the WGMs and the background (BG) light, which consists of the surface
scattering on the OFHC and the geometric resonances (glare spot) on the microsphere [39].
WGMs contain narrow linewidth resonances, and the surface scattering of the light and
geometric effects creates a DC background (BG) component in the spectrum. However,
wavevectors of the WGM and the BG have a mismatch, which creates a phase mismatch
between the light scattering from the BG and the light coming from the WGMs of the
sphere. As a result, asymmetric lineshapes can be observed in the 90° elastic light

scattering spectrum [76].
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Figure 5.4: 0° transmission and 90° elastic scattering spectra from a silicon microsphere.

The total intensity obtained by a detector positioned on 90° would be dependent on

the electrical fields of the WGMs and the BG as:

liotar = % [|EWGM|2 + |Eggl* + ZEWGMEE’GeiAd)] (5.112),
Liotar = lwem + Ise + c€oEwemEpce™® (5.12),
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where ¢, is the vacuum permittivity, Ewem the electric field of the WGM, Egs the
background electrical field, lwgm and lgg the WGM and background intensities, A¢ the

phase difference between the WGM and the background.
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Figure 5.5. Schematic of the analogy between a Fabry-Perot etalon and a microsphere
spectrum.

If an analogy to the Fabry-Perot resonator is given, the effect of the phase

difference (A¢) between the fields can be seen clearly. In case of no absorption, the electric
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field magnitude of the WGM can be expressed in terms of the transmittance (T) and

reflectance (R) coefficients;

Ewem _ iwt[ T ]
Eo € |1oRed 54)

where Eqe™ is the input supplied to the microresonator and d=2zxNgn is the phase

acquired by the WGMs. If the background fields are added, the total intensity (liotar)

observed at 90° can be written as:

IHIJ_;W - [(1—:ei8)2 +2 (1—:ei5) et + 1] 59)

The above equation shows the dependence of the total intensity observed at 90° on
the phase difference of the fields. For the specific cases of 4¢ = 0, n/2, © and 3n/2, total
intensity should show symmetrical (Lorentzian) and asymmetrical (Fano) lineshapes in the
spectrum. The results of this simulation can be seen through figures 5.8 to 5.11. Depending
on the figures, we can conclude that the phase difference in our observed spectrum is

around 37/2.
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Figure 5.6: 90° elastic scattering intensity with A¢ = 0 phase difference.

N
(o]
T
1

N
w
T
1

=
o

=
w

o
o
T

Scattering Intensity (Arb. Units)

o
w

1426 1426.2 1426.4 1426.6 1426.8 1427
Wavelength (nm)

Figure 5.7: 90° elastic scattering intensity with A¢p = n/2 phase difference.
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5.4  Biosensing application with silicon microspheres

Optical resonances have found many applications for the biology and biosensing
[18], [77]. Detection of the small agents such as proteins, viruses and genes can be carried
out with the help of the near infrared optical resonances [7]. One way to establish this
approach is to create WGMSs on a microsphere and measure the small shifts on the resonant
wavelength spectra. If there are small biological agents present in the environment, than the
interaction of the agents with the microsphere should yield to observable changes in the
spectrum.

Whenever a small particle is adsorbed on to the sphere, light modes resonating in
the sphere should have slightly longer optical paths thus effectively shifting the resonant
wavelength. Also, the refractive index of the material surrounding the microsphere should
also contribute to the wavelength shift. Depending on the radius increase (da) of the
resonator and the refractive index change (6N) of the surrounding medium, the wavelength
shift (dsni)) in the spectrum can be estimated as:

Ly 1) o)
O7shift _ 04 + _OoN (5.10),

A a  Nrelative
where a is the radius and Neative 1S the relative refractive index of the resonator. The shift in
the wavelength of the optical resonances can be detected if the linewidth of the resonances
are smaller than the shift. This condition can be satisfied with the WGM resonances on

dielectric microspheres excited with a narrow linewidth telecom laser.

68



Chapter 5: Experimental Results and Analysis of Elastic Light Scattering in Silicon Microspheres 69

Optical detection of the DNA with the help of the WGMs on a sapphire [78] or
silicon microspheres have been proposed recently. Techniques rely on the radius increase
of the microsphere together with the refractive index change of the environment due to the
adsorption of the DNA base pairs in liquid buffer solutions.

When a silicon microsphere with a radius of 500 pum is immersed in the liquid
mixture, a DNA layer can get adsorbed on the surface of the resonator. A base pair has a
length of approximately 0.33 nm, thus, a DNA layer of 10 nm can accumulate on the
surface with 30 DNA base pairs. This should bring a wavelength shift of 0.03 nm with a
standard telecom laser operating at 1426 nm. On the other hand, refractive index change in
the mixture created by the adsorbed DNA material would also contribute to the wavelength
shift. If the DNA molecules crate a refractive index change of 6N = 0.001 in a phosphate
buffer saline (PBS) solution with a refractive index of Npgs = 1.335, than the wavelength
shift of the optical resonances due to the index change of the mixture would be 0.54 nm
with an operating wavelength of 1 = 1426 nm. Overall, the expected resonant wavelength
shift would be 0.57 nm, which is much larger than the linewidth (1.2 pm) of the observed
light resonances on the silicon microspheres. The mode spacing of the silicon microspheres
is 0.23 nm, which is also smaller than the wavelength shift, thus the presence of the DNA
molecules can be detected by the WGMs of a silicon microsphere with a moderate

accuracy.
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Chapter 6

Conclusions

A summary of the work together with the conclusions obtained from the thesis will
be given in this chapter. The thesis starts with the review of the microsphere optical
resonators, where the characteristics of the spherical WGM resonators are discussed. After
this part, the coupling of light to the microspheres is described. Optical coupling to the
microspheres is affected by the shape of the excitation beam and with the nature of
coupling. Coupling mechanisms are listed as optical fiber half coupler (OFHC), prism,
fiber tip and tapered fiber, where OFHC method is used in the experimental part of this
thesis. Overall, the first chapter describes the applications of the microsphere resonators
together with the efficient mechanism for the optical coupling.

Chapter 2 gives the theoretical background for the optical resonances in spherical
particles. The chapter starts with geometrical description of the total internal reflection
(TIR) where, this phenomenon gives rise to the trapping of the light in a symmetrical
medium. When TIR of light rays occur in a uniform spherical refractive medium, light will
build up on the surface of the sphere and contain intensity maxima and minima along the

circumference of the medium. However, the description of the geometrical picture of the

70



Chapter 6: Conclusions 71

optical resonances cannot explain the intensity spectrum of the resonances, where the
wavelength and the distribution of the light in the resonator require a field explanation.
Since the radius of the sphere is much larger than the wavelength of the light, Lorenz-Mie
scattering theory will be used for the explanation of the modes of the optical resonances.

In order to have a mathematical description of the whispering gallery modes
(WGMs) of light on a microsphere, Maxwell’s equations with spherical boundary
conditions are introduced. The solution of the boundary conditions requires the
introduction of the spherical harmonic vectorial functions with the integer indices of (I, n,
m). These indices belong to the modes of light, which describe the field distribution along
the radial, polar and azimuthal coordinates of the sphere. The field distribution of the
sphere can be explained the spectral parameters of the optical resonances by introducing
the mode spacing (44,) and the quality factor (Q). After this part, the coupling of light to
the WGMs of a microsphere is given.

The coupling of light is described as the excitation of a light mode in a microsphere
with the correct properties of the light. The universal coupling relations with amplitude and
phase for the input and output light are given in order to explain the coupling. The
resonance occurs by meeting certain matching conditions, where the impact parameter (b)
is important. The impact parameter (b) for the microsphere is limited by the radius and the

refractive index of the microsphere, where the WGMs of the light on a microsphere can be
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distributed. The impact parameter (b) plays an important role in the methods for the
coupling of light and the optical fiber half coupler (OFHC) used in the experiments.

Chapter 3 presents the numerical simulations for the WGMs in a microsphere. This
chapter is divided in two parts, where the plane wave and Gaussian beam excitations are
simulated. In the numerical simulations; the polar angle dependence of the resonances is
investigated together with the polarization dependence. This chapter yielded to the
explanation of the number of polar modes in the elastic light scattering spectra obtained in
chapter 5.

Chapter 4, describes the experimental setup for the characterization of the WGMs in
a spherical resonator. For having a high refractive index for the confinement of the light
modes and relatively easy integration for the device applications, the material for the
microsphere resonator is chosen to be silicon. The physical parameters of the silicon
microspheres are characterized with the 1-V characteristics, SEM microphotographs and
ellipticity measurements together with the Raman spectroscopy results. After this, the
optical setup for the coupling of light and excitation of WGMs are presented. In this part,
the laser diode characteristics and the properties of the fiber optical setup are given. The
coupling scheme with an OFHC is presented and described in detail.

Chapter 5, gives the results for the measurements and the device application
schemes for the silicon microspheres. The elastic light scattering and the observation of

WGMs on the silicon microspheres are presented for 0° transmission and 90° elastic
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scattering. The mode structure is analyzed with mode spacing and quality factor
measurements, which corresponds well with the theoretical expectations. The analysis of
the WGM spectrum continues with the characterization of the WGM clusters. These
clusters can either be explained by the azimuthal mode splitting due to ellipticity or the
mode splitting induced by a particle.

The azimuthal modes are naturally degenerate for a perfect sphere, where they split
with the introduction of the ellipticity (e) for the microsphere. Depending on the shape
distortion, the observed azimuthal mode splitting can be explained for the presented
spectra. On the other hand, clustering of the resonances in the WGM might also result from
the particle induced mode splitting. This phenomenon can be used for another device
application, where the binding of a dielectric particle induces a greater mode splitting than
the splitting induced by the ellipticity of the microsphere. The clustering of the modes in
the WGM spectra can be used for the particle sizing applications where the radius of the
binding particle can be found.

Following the section of the spectral characterization of the WGMs, the observed
asymetrical lineshapes in the spectra are also explained. The presented measurements show
a Fano type lineshape for the 90° elastic light scattering. This line shape is explained by the
phase relation of the WGMs with the background (BG) created by the surface
imperfections and the glare spots. The Fano lineshape observed in the measurements can be

used for fast switching and filtering applications.
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A biosensing scheme for DNA particles is also presented, where a particle adsorbed
on the microsphere creates an observable shift in the WGM spectrum. Depending on the
elastic light scattering and WGM measurements together with the electro-optical properties
of the silicon, an observable change in the spectrum is predicted, when a base of DNA gets
adsorbed on to the surface of the microsphere.

All in all, the optical resonances, namely WGMSs are receiving an increasing
attention for the accurate sizing, sensing and filtering applications. Silicon as a microsphere
material is promising due to its widespread usage and easy technological integration with
silicon photonics. Overall, silicon as the microsphere is a promising candidate for various

novel photonic applications.
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APPENDIX

Autocorrelation and signal analysis for the elastic light scattering

The following section presents the autocorrelation function (ACF) analysis of the
elastic light scattering spectrum. The ACF can be used for the determination of the mode
spacing, which may yield to particle sizing applications [79], [65]. The analysis is
performed with a custom autocorrelation function (ACF) with the backgrounds of the
elastic light scattering intensities subtracted. In the ACF spectrum, the polar mode spacing
of the silicon microsphere is clearly visible. Additionally, the observed spectra were
measured at 90°, which is expected to have 4 polar mode families in a mode spacing. This
behavior is also met in the ACF spectra with the correlation of the 0° and 90° elastic light

scattering.
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