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ABSTRACT

Optical microresonators are gaining an important role in a variety of applications
such as sensing, novel light source, and optical communication applications. Lightwave
circuits are already using these optical microresonators extensively.

Silicon being the main material for the current electronic integrated circuits can
also be used for producing future photonic integrated circuits or photonic optoelectronic
circuits. These photonic integrated circuits can easily upgrade their electronic
counterparts, using the well developed CMOS process technology.

This work covers simulation and analysis of the elastic light scattering from
various silica silicon microresonators such as microslabs, microcylinders, microspheres,
and microspheroids. Absorption, extinction, and scattering efficiencies as well as elastic
scattering intensities are calculated and analyzed for silica and silicon microresonators.
The resulting morphology dependent resonances, which are apparent in the elastic

scattering spectra, can have novel applications in silicon photonics.
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OZET

Optik mikroginlaclar, algilama, 151k kaynagi ve optik iletisim gibi uygulamalar
icin gittikge daha fazla Onem kazanmaktadir. Optik devreler, su anda optik
mikro¢inlaglar1 kullanmaktadir.

Giliniimiizde kullanilan elektronik tiimlesik devrelerin ana gereci olan silisyum,
gelecekte de fotonik timlesik ve fotonik optoelektronik tiimlesik devrelerin
iiretilmesinde kullanilabilir. Gelistirilmis CMOS teknolojisini kullanarak iiretilecek bu
fotonik tiimlesik devreler, elektronik tlimlesik devrelerin yerini kolayca alabilirler.

Bu calisma, mikroplaka, mikrosilindir, mikrokiire ve mikrokiiremsi gibi ¢esitli
silika ve silisyum mikroginlaglardan esnek 1sik sagilimi  benzesimlerini ve
incelemelerini icermektedir. Silika ve silisyum mikrocinlaglar i¢in sagilim siddetinin
yani sira sogurma, soniim ve sagilim verimleri de hesaplanmistir.

Esnek sacilim izgelerinde goriinen yap1 tabanli kipler, silisyum fotonik alaninda

yeni uygulamalar gelistirmek i¢in kullanilabilir
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Chapter 1

INTRODUCTION

The optical modes or optical resonances are analogous to the acoustic
whispering gallery modes, which were first proposed by Lord Rayleigh in 1912 [1],
for optical frequency range. Optical resonators are physical structures that localize the
incident light by total internal reflection, and therefore manifest morphology
dependent resonances. Pioneering research on the subject had been performed by A.
Ashkin et al [2-4], R.K. Chang et al [5], and S.C. Hill et al [6]. Moreover, several
books were published that cover the elastic light scattering from particles, and
morphology dependent resonances (MDR’s) [7-13]. Microresonators’ MDR’s are
being used widely in photonics [14, 15].

Being a basic building block for photonics, resonators attracted a lot of
attention, and extensive research had been done on the subject [16-20]. Several
geometries can be used as microresonators such as microslabs, microdisks,
microrings, microtoroids, microspheres, and photonic crystal microcavities in order to
localize light [16]. Recently, due to the need for better photonic devices for high speed
communication, several applications have been developed regarding novel light
sources [21-28], wavelength conversion [29], optical filters [30-38], switches [32, 39],
modulators [40-42], sensors [43-51], optical frequency comb generation [52], and
electrophoresis [53]. In addition to these applications, photonic integrated circuits can
be achieved by implementation of some or all of these applications.

After the proposal of integrated optics by S.E. Miller [54], the photonic
integrated circuits have been pursued [55-58], since the transmission and processing
of light is an intriguing idea that bundles high speed communications along with high
speed processing.

Silicon is a good candidate for photonic integrated circuits due to several
reasons [59, 60]. Silicon is an abundant, well-understood, and a cheap material, that is

suitable for mass production [59], which makes it a widely used material in
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electronics. Silicon is also suitable for photonics [60] and therefore, can be an
important material for photonic integrated circuits.

Due to this importance, elastic light scattering experiments were performed in
silicon microspheres, and numerical simulations were performed to support the
experimental results. The computer programs, which were used in the calculations,
were provided with the book by P.W. Barber and S.C. Hill [11] by using FORTRAN
programming language. The experimental data was collected with National
Instruments LabVIEW® software.

Chapter 2 includes a brief introduction to optical resonators, and covers
calculations of reflected and transmitted light intensities from both silicon and silica
microslab resonators.

Silica and silicon cylindrical microresonators are investigated in chapter 3.
Scattering, absorption and extinction efficiencies are calculated, as well as the
scattering intensities for forward, elastic and backward scattering.

In chapter 4, the elastic light scattering from the spherical microresonator
geometries are investigated for silica and silicon materials. In addition to the
calculations the experimental elastic light scattering results from a silicon spherical
resonator are presented.

Chapter 5 covers scattering efficiency calculations from silica, silicon nitride
and silicon spheroid microresonators. In addition to scattering efficiency calculations,
mode separation with the deformation of spherical geometry is investigated.

Chapter 6 concludes the work, and suggests future work that can be done to
complete, or extend the understanding for elastic light scattering from silicon

microresonators.



Chapter 2: Slab Microresonators 3

Chapter 2

SLAB MICRORESONATORS

Optical resonators confine light by morphology dependent resonances.

Resonances occur, if the constructive interference condition is met:

Optical Path Length = nA (2.1),

where 7 is the mode number and A the wavelength of light in vacuum. These
resonances are referred to as morphology dependent resonances, since they depend on
the morphology of the resonator [10].

Elastic light scattering from particles, which have a smaller sizes than the
wavelength of light, is called Rayleigh scattering. L.V. Lorenz [61] and G. Mie [62]
independently solved the scattering problem for relatively bigger particles with sizes
bigger then or comparable to the wavelength of light [63]. The Lorenz-Mie solution
for plane waves is called Lorenz-Mie theory, and the solution for arbitrarily shaped
beam excitation is referred as the generalized Lorenz-Mie theory.

The first studied geometry for resonator is a slab. The silica and silicon wafers

and thin films can be modeled as microslab resonators.
2.1. Slab Resonator

Slab resonator is a special case of the Fabry-Perot resonator [64]. When a
plane wave is incident on the slab resonator, a portion of the incident light is reflected
back due to the Fresnel reflection, and rest of the light enters into the resonator.
Within the resonator medium, the light travels back and forth, and if the resonance
conditions are met, constructively interfered waves are transmitted through the
resonator.

The simulated slab resonator is given in figure 2.1. The simulations are done

with the FORTRAN programs, which are provided with the book by P.W. Barber and
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S.C. Hill [11]. For a resonator that is illustrated in figure 2.1, the resonance condition

1s:
4aN, =nl (2.2),

where N; is the refractive index of the resonator medium, » the mode number, and A

is the wavelength of light in vacuum.

N
Tncident Resonance Transmitted
2e =1
Eeflected
[ =

Figure 2.1: Slab Resonator Configuration.

A size dependent parameter can be defined for the resonator as the size
parameter. The size parameter is the product of the propagation vector in the outside

medium with the resonator’s spatial parameter [11]:

x =ka (2.3),
where, the propagation vector is:
27N
k=" 2.4),
) (2.4)

where, N is the refractive index of the external medium (environment) and A the
wavelength of light in the vacuum. Size parameter is a dimensionless parameter
which, depends on the size, and the refractive index of the resonator, and also the

wavelength of the incident light.
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Also, the refractive index ratio should be defined for further use:

M= 2.5).

=|=

2.2. Silica Microslab

A silica slab model is used for calculating the spectra in figures 2.2, 2.3, 2.4,
and 2.5. The thickness of the slab is chosen to be 2a. The transmitted light intensity
through the slab and the reflected light intensity from the slab resonator are plotted in
figure 2.2. The refractive index of the silica slab is chosen to be 1.50+i0.00. The
incident light intensity is 1 (unity, or 100%).

1.5 ! ‘ : I 7

- N =1.5+i0.00 Incident | N, |

i Reflooted | 2a | Transmitted -

~ 1.0 & 7
e \/\/\/\/\/\/\/\/\/\:
% - Transmitted ]
2 |
~ 05 7
Reflected

0.0 - 1

o 1 2 3 4 5 6 7 8 9 10

x (Size parameter)

Figure 2.2: Transmitted and reflected intensities for a transparent silica slab.

The refractive index of the silica does not have any imaginary part, so there is
no absorption, and the sum of the reflected and the transmitted light intensities equals
to unity. The silica has a refractive index of 1.5, and due to the Fresnel reflections

from the two surfaces, the reflectance from air-silica interfaces increases to 8% [63].
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In figure 2.2, the average reflected light intensity is 8%. The resonant size parameters

can be found by combining equations 2.2 and 2.3, which gives:

n= (2—mjx (2.6).
V4

For integer multiples of 7 /2m, there is a complete transmission of light
through the resonator, therefore, the reflected light intensity decreases to zero. For
silica with a refractive index of 1.5, the resonant size parameters are the integer

multiplies of 7 /3.

1.5 [ I I I I I I i
- N ,=1.5+i0.05 Incident | Ny | | ]
Refle c't od |22 X Transmitted
~ 1.0 § ]
2 C . 1
37 L Transmitted 1
5 - i
= C ]
= I Absorbed ]
~ 0.5 - .
Reflected

0.0 “
0 1 2 3 4 5 6 7 8 9 10

x (Size parameter)

Figure 2.3: Transmitted, reflected, absorbed intensities for an absorbing silica slab.

In figure 2.3, the complex refractive index of the silica is taken as 1.5+i0.05,
and the thickness of the slab is again 2a. As in the previous simulation, the incident
light intensity is unity in this simulation. Although the sum of the transmitted and
reflected light intensities do not equal to the incident light intensity, since there is

absorption in silica, that is represented by the imaginary part of the refractive index.
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As the trip length of light inside of the slab increases, the material absorbs more;
therefore, both transmitted and reflected light intensities decrease as size parameter
increases.

The relative internal intensities for a silica slab with a non-resonant size
parameter of 11 are shown in figure 2.4 for both transparent and absorptive silica.

Slab thickness is chosen to be 2a.

15 ¢ - | 7
- x=11 Incident | N, | E
E off-resonance Reflected 2a X Trar}smltted E
i 7z=0 VZ ]
Lo ¢ N ,=1.5+i0.00 ]

e
o

1;,, (Internal intensity)

N,=1.5+i0.05

0.0
0.0 0.5 1.0 1.5 2.0

z/a
Figure 2.4: Relative internal intensities for silica slab for x=11.

As can be seen, there is no resonance, when the size parameter is 11, since the
size parameter is not an integer multiple of 7 /3. Therefore, the internal light intensity
is low. As expected, the internal intensity decreases with increasing slab thickness for
the absorbing medium, which has a complex refractive index. However, the internal
intensity is not decreasing in the transparent medium.

The relative internal intensities for a silica slab with a resonant size parameter
of 4x are shown in figure 2.5 for both transparent and absorptive silica. Slab thickness

1s chosen to be 2a.
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1.5 L T T T T T T ]

r X=471 Incident Ny |, ]

_ on-resonance Refle c'te d ‘2a X Trar}smitted

2 N =1.5+i0.00 70 g ]
= 1.0

2 i i

j= i :

= i )

£ 1

8 L ]

\E/ 0.5 ‘ ]

= N,=1.5+i0.05 ]

0.0 - ]

0.0 0.5 1.0 1.5 2.0
z/a

Figure 2.5: Relative internal intensities for silica slab for x=4m.

For a size parameter of 4m, which is an integer multiple of 7 /3, the fields are on
resonance. Therefore the internal intensity for the slab with size parameter of 4n is
higher than the internal intensity for the slab with a size parameter of 11. For
transparent and absorbing media, the resonances can be seen, but in the absorbing
medium, as expected, the light intensity tends to decrease as slab thickness increases,

due to the absorption.
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2.3. Silicon Microslab

Calculations are performed for a silicon slab with a thickness of 2a. The

refractive index of 3.50+i0.00 is used for the calculations shown in figure 2.6.

1.5 I T I I I I I I
- ~Reflected  n 235440.00 Incident [N, |, ;
E—Transmltted Reflected .22 . Transmitted E
~ 1.0 1
2
R7
5 I
S ROV
~ 0.5 :
o RWI | | | i I !
WHVRRYRVRVRVRYRYVAVRVRYRYEVRVRVRYRVRVRVE
O T A A A A T T A T AR TR TR
T T T I T T T
T T T T T T Ot T A T
0.0 ] lU'\ IJ\ ‘l:\ “J'\ ll' \IU' \“J' \lll \‘IJ' “l’ ll;\ lUl\ \JI\ Il]‘ I l‘l' \‘J \‘Vl \‘J’ l\"‘ llll U\ l\lL
0 1 2 3 4 5 6 7 8 9 10

x (Size parameter)

Figure 2.6: Transmitted and reflected intensities for a transparent silicon slab.

As the refractive index is increased to 3.5 from 1.5, the number of modes
increased. The reflectance of air-silicon interface is around 31% [66]. Due to the
multiple surface the reflectance increases to 47%, which is the value of average
reflected light intensity in the figure 2.6. For the silicon slab, the intensity difference
between the peaks and dips is relatively bigger than the silica with a refractive index
of 1.5. Also, the sum of the reflected light intensity and transmitted light intensity is
equal to the incident light intensity, which is unity (100%), since there is no
absorption. The resonant size parameters should be integer multiples of 7z/7, for a
silicon slab resonator. Therefore, increased number of modes is observed for the

silicon resonator, as expected.
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To simulate an absorption case, an imaginary part is added to the refractive
index of 3.5 and the computation is performed for a refractive index of 3.5+i0.05 with

the same configuration with the previous slab.

1.5 [ I I I I T I I i

- N,=3.5+i0.05 Incident | N, ]

- Reflected | 2a | Transmitted -

~ 1.0 | ;
oy 1
E) Absorbed -
é | A A A AN Al 'A‘. ."l\‘ .'/\ 7
~ 05 | ,\-\,:"'.:'\:-"‘.,-"'.:"'.i‘\."‘.\/"‘\j'\/‘\/ ]
S '-‘ " - '-' W Y Reflected -

\ Vi \/ \" ; ' ' ' "' "" Transmitted

0.0 = — -

0 1 2 3 4 5 6 7 8 9 10

x (Size parameter)

Figure 2.7: Transmitted, reflected, absorbed intensities for absorbing silicon slab.

The incident light intensity is unity. With the addition of imaginary part to the
refractive index, the absorption is introduced, so the sum of the reflected and the
transmitted light intensities is no longer equal to unity. Similar to the silica slab, the
reflected and the transmitted light intensities decreases with increasing size parameter,
although, the intensity difference between the peaks and dips are higher due to the
higher reflectance of the silicon. The number of modes is the same as the transparent
silicon slab.

The relative internal intensities are investigated for size parameters of 11 (non-

resonant) and 4z (resonant). The silicon slab thickness is taken as 2a.
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1 . 5 T T T T T
— N1=3.5+i0.05 Incident | IV, .
— N1=3.5+i0.00 Reflected |28 | 1Tansmitted
x=11 z=0 z

—_
S

off-resonance

e
o3

1;,, (Internal intensity)

0.0

0.0 0.5 1.0 1.5 2.0
z/a

Figure 2.8: Relative internal intensities for silicon slab with x=11.

In figure 2.8, the size parameter of a silicon slab is 11, so the resonance
condition is not satisfied. Therefore, the fields are not on resonance, so the internal
light intensity is low. As expected, the average intensity is not changing with the
increasing slab thickness for transparent silicon, while the average intensity decreases
for increasing thickness of absorbing silicon.

In figure 2.9, the relative internal intensities are investigated for size parameter
of 4rn for a slab resonator with the same thickness of a 2a. The resonant fields cause

higher internal light intensity.
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15 r T T T T T ]
- —NI=3.5+i0.00 Incident | N, .
_ - —NI=3.5+i0.05 x=4n Reflected |22 Transmitted
,;\ i on-resonance 7=0 7 1
210 | b
Q
E
=
=
3
£ 0.5 | |
S ;
: ' \ | U y E
0.0 - ‘ /
0.0 0.5 1.0 1.5 2.0
z/a

Figure 2.9: Relative internal intensities for silicon slab for x=4m.

So, as can be observed in both silica and silicon microslab resonators, the
resonances can only be observed at certain size parameters. Therefore, it can be said
that morphology dependent resonances for a specific resonator can be accessed for
only certain wavelengths. The spectral density of resonances in silica slab is less than
the spectral density of resonances in silicon due to the difference in refractive indices.
As can be observed, the spectral density of resonances increases as refractive index
increases. Another observation is the intensity difference between the off-resonance
and on-resonance cases. Higher reflectance causes more reflection for off-resonance,
but if the resonance condition is met, due to the zero reflection, the transmission

intensity is maximized.
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Chapter 3

CYLINDRICAL MICRORESONATORS

The next resonator geometry is the cylinder, which can be a model for optical
fibers in the transverse direction. Optical fibers are extensively used in
communication systems and going to be used in photonic integrated circuits for both

inter- and intra-chip connections.
3. 1 Cylindrical Resonator

For two dimensional calculations an infinitely long cylinder is chosen. The
circular cylinder is illuminated with an incident plane wave and several simulations
are performed for different refractive indices and different size parameters. The

following figure shows the configuration used for simulations.
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Figure 3.1: Cylindrical resonator configuration.
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The resonance condition for cylindrical cylinder resonator can be defined as:
2maN, =ni (3.1).

By replacing size parameter into the equation 3.1, the following equation is

gathered:
n = Mx (3.2).

Equation 3.2 means that, at every size parameter of x for integer multiples of
1/M, there is a resonant mode. The term of scattering for cylindrical and spherical
resonators are used instead of reflection and transmission. Both scattering and
absorption removes energy from the incident wave, so scattering and absorption are
the two components of extinction. Therefore, the sum of the scattering efficiency and

absorption efficiency should give extinction efficiency [7]:

Qext = Qsca + Qabs (33)

FPerpendicular
Seattering (907

Baclkward scattering (1807

Incident

Forward

Soattering (07
N

Figure 3.2: Scattering from a cylindrical resonator (top view).
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Silica and silicon with respective refractive indices of 1.5 and 3.5 are studied
for the cylindrical geometry. Efficiency factors are calculated, and simulations for

scattering intensities at different angles are performed for both silica and silicon.
3.2 Silica Microcylinder

In the following simulation, silica with a refractive index of 1.5+i0.01 is used
in the cylindrical geometry. The radius of the silica cylinder is a. Scattering,
absorption and extinction efficiencies are computed for an incident plane wave with

TM polarization.
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Figure 3.3: Extinction, scattering and absorption efficiencies for a silica cylinder.

In figure 3.3, extinction, scattering and absorption efficiencies (efficiency
factors) are plotted. As can be observed initially, absorption efficiency is increasing
with increasing size parameter, while the scattering efficiency is oscillating with the
size parameter. As a sum of these two efficiencies, the extinction efficiency is also
oscillating with the size parameter, since the scattering efficiency is the larger

contributor to the extinction. In addition to this assessment, a peak for scattering and
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extinction efficiencies are observed with a value of approximately of 4.0. The
resonance peaks are identified on the oscillation structure.
In the next figure, scattering efficiencies for different polarizations of light is

shown. The refractive index is chosen as 1.5+i0.00. The radius of the silica cylinder is

a.
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40 TM k Incident 7

N .
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Figure 3.4: Scattering efficiencies for a silica cylinder.

In figure 3.4, the difference between the scattering efficiencies for TE and TM
polarizations are shown. The oscillation behavior is similar for both polarizations,
however scattering efficiency curve for TE polarization seems to follow scattering
efficiency curve for TM polarization with a lag. This difference is caused by the
refractive index experienced by the fields. As defined in figure 3.1, the TM and TE
polarizations are experiencing different effective refractive indices. While TM
polarization experiences more of the refractive index of the silica cylinder, TE
polarization experiences less of the refractive index of silica, and more of the
refractive index of environment (which is air in these calculations), thereby leading to

weaker confinement, and a larger effective size parameter.
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In figure 3.5, the scattering efficiency for TM polarization is investigated for
size parameters between 15 and 20. The simulation is performed for a transparent

silica cylinder with a refractive index of 1.5.
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Figure 3.5: TM scattering efficiency for silica cylinder.

As can be observed in figure 3.5, distinguishable and narrower resonant peaks
occur for higher size parameters. The oscillation behavior of the scattering efficiency,
though it is damped noticeably, continues as size parameter increases. Moreover, the
scattering efficiency seems to oscillate around the value of 2.0, which is still quite
high for an efficiency which is normally expected to be 1.0.

The limiting value of 2.0 for extinction efficiency, which is referred as
“extinction paradox” in some sources [7, 8, and 13] should be addressed. The
extinction efficiency (Q..) is defined as the ratio of the extinction cross section (Cey,)

to the geometrical cross sectional area (Cyeo).

Qext = Cext /Cgen (34)
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Similarly, the scattering efficiency, and the absorption efficiency are the ratios
of the scattering cross section and absorption cross sections to the geometrical cross
sectional area. The extinction cross section is the energy removed from the original
incident wave on the area of the resonator [7]. “Cross sections” are, generally, the
functions of the state of polarization of the incident light, and the orientation of the
resonator [7]. So, normalizing the extinction cross section with the geometrical cross
section area gives the extinction efficiency. The normalization should give a limit of
1.0.

However, due to the diffraction pattern, additional energy is also removed
from the incident wave, which gives diffraction with the same cross section of Cye,.
Therefore, due to the Babinet’s principle [7], the total extinction cross section is twice
of the extinction cross section that is caused by both scattering and absorption. Thus,
doubling the cross section, and using the same geometrical cross section area, leads to
the limit value of 2.0 for the extinction efficiency. The oscillation behavior is caused
by the interference of the incident (transmitted) wave and the scattered (diffracted)
wave. Due to this interference, the oscillation occurs around the limiting value of 2.0,
and it is called as interference structure [8].

The final property, that can be observed on the efficiency curve is the ripple
structure. The peaks on the oscillation structure are called ripples, and they are the
result of the resonant electromagnetic fields [13], and known as morphology
dependent resonances (MDR’s).

The scattering intensities for different polar angles are calculated and plotted.
The incident beam has TM polarization, and the refractive index of the transparent
silica cylinder is 1.5+i0.00. The radius of the silica cylinder is chosen to be a. In
figure 3.6, the forward scattering is shown, while the perpendicular scattering is

plotted in figure 3.7. In figures 3.8, and 3.9, the backward scattering is simulated.
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Figure 3.6: TM forward scattering intensity for silica cylinder.

In figure 3.6, the TM forward scattering intensity has a background due to the
incident plane wave intensity. The MDR’s have narrower peaks at higher size
parameters. The mode spacing between the two consecutive modes with the same

mode order can be calculated by simplifying the formula:

Ar_Av
X v

3.5),

where, v is the frequency of light in the vacuum, Ax the mode spacing, and Av the

spacing between modes in frequency domain:

Cc

Av=
2maN,

(3.6).

By simplifying the equation 3.5, by replacing the size parameter, and the mode

spacing, equation 3.7 is gathered:
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A= (3.7).

The mode spacing is calculated as 0.75 for silica by using equation 3.7, and is

in agreement with the simulation results.
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Figure 3.7: TM Perpendicular scattering intensity for a transparent silica cylinder.

In figure 3.7, the elastic scattering at 90° for TM polarization is shown. Due to
the scattering angle of 90°, there is no background, so the total scattering intensity is
less intense, however the MDR’s are more clear. The MDR peaks are narrower.
Noticeably, the number of resonances for perpendicular (90°) scattering is half the
number of the resonances for forward scattering (0°). This difference is the result of
the scattering angle of 90°. For forward (0°) and backward (180°) scattering, both even
and odd resonant modes are observable, however, for perpendicular (90°) scattering
only the even resonances can be observed, since the odd mode argument disappears at
90° [11, 67]. Therefore the mode spacing between the two consecutive modes with

same mode order is twice of the calculated value of 0.75 at 90°.
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Figure 3.8: TM backward scattering intensity for transparent silica cylinder.
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Figure 3.9: TM backward scattering intensity for transparent silica vs. 1/x.
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In figures 3.8 and 3.9, the elastic scattering intensities are simulated for a
scattering angle of 180°. In figure 3.8, the backward elastic scattering intensity is
plotted as a function of size parameter, while in figure 3.9 the backward elastic
scattering intensity is plotted as a function of the inverse size parameter, which is
proportional to the wavelength. The number of resonances at 180° is the same with the

number of resonances at 0°. The mode spacing is also found to be 0.75.
3.3. Silicon Microcylinder

The simulations similar to the silica cylinder are also performed for silicon
cylinder. The real part of the refractive index of silicon is 3.5. The efficiencies for
absorption, scattering and extinction are computed with a complex refractive index of
3.5+i0.05. Scattering, absorption and extinction efficiencies of a silicon cylinder for
TM polarization are simulated and plotted in figure 3.10. The refractive index of the

silicon cylinder is 3.5+i0.05, while the radius is a.
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Figure 3.10: Extinction, scattering and absorption efficiencies for silicon cylinder.
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As expected the absorption efficiency increases with increasing size parameter,
while the scattering and extinction scattering efficiencies tend to decrease with
increasing size parameter. Due to the increase in refractive index, the number of peaks
increases in comparison to the silica cylinder, although oscillation behavior and the
limiting efficiency value of 2.0 for extinction coefficient of the silicon cylinder are

similar to the efficiency curve of the silica cylinder.
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Figure 3.11: Scattering efficiencies for a transparent silicon cylinder.

Two simulations are performed for scattering efficiencies for both TE and TM
polarizations. The refractive index is chosen to be 3.5 and the radius is a. The results
are compared in figure 3.11. There is a difference between the TM and TE
polarizations due to the polarization dependency of the scattering cross section;
however the trends are same for both polarizations. Scattering efficiency decreases
with increasing size parameter, and again the scattering efficiency tends to a limiting

value of 2.0.
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The scattering efficiency for TM polarization is simulated for size parameters
between 15 and 20, and plotted in figure 3.12. As can be seen the limiting value of 2 is
valid in also bigger size parameters. The resonant modes can be observed in the

scattering efficiency curve.
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Figure 3.12: TM scattering efficiency for a transparent silicon cylinder.

The scattering intensities for different scattering angles of 0°, 90° and 180° are
simulated and plotted in figures 3.13, 3.14, 3.15, and 3.16. Similar to the silica
simulation for forward scattering intensity, the intensity of the forward scattering for
silicon cylinder has background intensity due to the incident plane wave. Also the
mode spacing Ax is calculated as 0.38, and the simulation result is in agreement with

the calculations. Higher order modes can also be observed in the scattering spectra.
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Figure 3.13: TM forward scattering intensity for a transparent silicon cylinder.
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Figure 3.14: TM perpendicular scattering intensity for a silicon cylinder.
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Elastic scatterings at 90° and 180° don’t have a background; therefore the
resonances are clearly identifiable with a bigger MDR-to-background ratio. Also, as
expected, only even modes are observed for perpendicular scattering. Due to the

elimination of the odd modes, the mode spacing is doubled for perpendicular

scattering.
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Figure 3.15: TM Backward scattering intensity for a transparent silicon cylinder.

In this chapter, efficiency factors for both silica and silicon cylinders are
investigated. The oscillations structures are similar, and the limiting values for
extinction coefficients are the same for both silica and silicon cylinders. However due
to the dependency on the refractive index, efficiency curves show differences. These
efficiency factor curves and the difference between them are in good agreement with
the previous findings by van de Hulst [7], Bohren and Huffman [8], Barber and Hill
[11], and Grandy [13]. After the interference structure, the scattering efficiency
oscillates with increasing size parameter with a minimum limiting value of 2.0. The
silicon cylindrical microresonator has more resonant modes than the silica resonator.

Also the scattering light intensity from the silicon cylindrical microresonator is higher
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than the scattering light intensity form the silica cylindrical microresonator, again due

to the higher refractive index of silicon.
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Figure 3.16: TM backward scattering intensity for a silicon cylinder vs. 1/x.
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Chapter 4

SPHERICAL MICRORESONATORS

Due to their high quality factors and symmetrical morphology [16, 20],
spherical microresonators (microspheres) are much more preferable than the other
geometries. Therefore they are being used in various applications such as; light
sources [22, 23], optical filters [33-35, 37, 38], optical modulators [42], and detectors
[45-48] and photonic integration [57, 58, 67]. Microspheres can be regarded as 3-
dimensionel resonators, and they can be used in photonic integrated circuits [68].

The resonance condition for the spheres is similar to the resonance condition
for the cylinder. In addition, due to the spherical symmetry, efficiency factors are

independent of the polarization of the light.

4.1. Spherical Resonator

Perpendicular

Figure 4.1: Spherical resonator configuration.
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The spherical resonator model that is used for calculations is illustrated in
figure 4.1. The radius of the sphere is a. The spherical microresonator is illuminated
with an incident plane wave. The polarizations are defined as parallel and
perpendicular to the scattering plane (z-x plane). Scattering efficiencies and scattering
light intensities for different angles from both silica and silicon microspheres are
calculated.

Mode spacing between the two consecutive resonances with the same mode

order of a spherical resonator is [65]:

(OR

If, x/n is approximately 1.0, the mode spacing can also be found by the

Ax = (4.1).

following simplified equation [65].

2 —
Ax = arctanv M~ —1 2).

NIVE

4.2. Silica Microsphere

A silica microsphere with a refractive index of 1.5+i0.01 is chosen as a
spherical microresonator to perform the simulations for efficiency factors, and
scattering intensities for different angles.

The efficiency factors for silica spherical microresonator are shown in figure
4.2. The scattering efficiency of a silica spherical resonator with a size parameter

range between 15 and 20 is plotted in figure 4.3.
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Figure 4.2: Extinction, scattering, and absorption efficiencies for a silica sphere.
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Figure 4.3: The scattering efficiency for a silica sphere.
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The ripple structure and the interference oscillation are observed as in figure
4.2. As explained in the previous chapter, the ripple structure represents the
morphology dependent resonances (MDR’s). The oscillation above the limiting value
of 2.0 represents the interference of the incident (transmitted) plane wave, and the
scattered (diffracted) wave, while the limiting value is caused by the doubled
scattering cross section due to the both geometric and diffraction contributions.

Scattering light intensities for forward scattering (6=0°) (Figure 4.4),
perpendicular scattering (6=90°) (Figure 4.5), and backward scattering (6=180°)
(Figure 4.6) are calculated for a silica microsphere. The backward scattering intensity
for silica spherical microresonator is also plotted as a function of inverse size

parameter, i.e., proportional to the wavelength.
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Figure 4.4: Forward scattering intensity (Perpendicular) for silica sphere.

Since, the forward scattering is in the direction of the incident wave, the
forward scattering is observed with a background in figure 4.4. The mode spacing
between the consecutive modes with the same mode order is calculated as 0.75 by

using the mode spacing equation. The calculated value is in agreement with the mode
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spacing of the simulated resonances which is 0.74. Also higher order modes are
observable on the figure 4.4 between the consecutive resonant modes.

In figure 4.5, the scattering light intensity from the silica sphere at 6=90° is
plotted. The direction of the scattered light is perpendicular to the direction of the
incident light, therefore scattering spectrum is cleared out from the background
intensity and the MDR-to-noise ratio is increased. Also, due to the elimination of the
odd mode numbers, only the even modes can be observed in the perpendicular

scattering spectrum, and therefore the mode spacing is twice of the calculated mode

spacing.
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Figure 4.5: Perpendicular scattering intensity (Perpendicular) for silica sphere.

In figures 4.6, and 4.7, the backward scattering spectrum is plotted against size
parameter and inverse size parameter. As expected, the odd numbers are restored in
the scattering spectra. There is no background due to the incident light. However, in
comparison to the perpendicular light scattering, the backward scattering intensity is

high, since +6 are degenerate at the 180°.
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4.3. Silicon Microsphere

Simulations are also performed for silicon microsphere with a refractive index
of 3.5+i0.05. The complex refractive index is used for calculating the scattering,

absorption and extinction efficiencies (Figure 4.8).
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Figure 4.8: Extinction, scattering, and absorption efficiencies for a silicon sphere.

As expected, the number of modes in silicon is higher than the number of
modes in silica, since, the refractive index of silicon is higher than silica. Oscillation
behavior due to the interference is still observable. The oscillation is attenuated and
goes to the limiting value of 2.0 as the size parameter increases. This limit is also
shown in the following figure.

Elastic scattering efficiency is plotted in figure 4.9 for a refractive index of 3.5
and radius of a. As size parameter varies between 15 and 20, the scattering efficiency
is oscillating around the value of 2.

For light illumination with perpendicular polarization, the forward scattering,
perpendicular scattering, and backward scattering are also calculated and presented in

the following figures.
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Figure 4.9: Scattering efficiency for a transparent silicon sphere.
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Figure 4.10: Forward scattering intensity (perpendicular) for a silicon sphere.
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In figure 4.10, the forward elastic scattering for a transparent silicon sphere
(6=0°) is shown. The peaks represent the resonances, and the background intensity
due to the incident light intensity. In figure 4.11, the perpendicular elastic scattering
(6=90°) is shown. The scattering light intensity has minimum background. The
number resonance is half of the number of resonances when compared with the

forward elastic scattering as expected. Mode spacing is twice of the calculated value.
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Figure 4.11: Perpendicular scattering intensity for a transparent silicon sphere.

Backward scattering light intensity with respect to the size parameter and the
inverse size parameter are plotted in figures 4.12 and 4.13, respectively. Spectra

include high order modes.
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Figure 4.12: Backward scattering intensity (perpendicular) for a silicon sphere.
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Figure 4.13: Backward scattering intensity for a silicon sphere vs. 1/x.
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4.4. Elastic Light Scattering from a Silicon Sphere

In order to compare the simulation results, and to provide a comparison with
experimental data, the following setup is used. Plane wave is used to illuminate the
resonators in our simulations, while Gaussian beam is used in the experimental setup.
The solutions for plane wave, and Gaussian beam are different, however, the elastic

scattering at 90° is similar, due to the absence of the background.

InGaks
Photodicde
T Decilloscope
i
|
Microscope i
|
\i‘/ . Tunable
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InGats Half Coupler Fiber 4
Power Head
Optical BMultimeter

Lazer Diode Controller

Figure 4.14: Experimental setup for elastic light scattering from silicon spheres.

A tunable diode laser (1473 nm) is driven by a laser diode controller, which is

controlled by a computer. The lasing wavelength of the diode laser is controlled via a
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computer, and the laser beam is sent to the optical fiber, which is connected to the
optical fiber half coupler (OFHC). On the top of the OFHC, there is a silicon sphere
with a refractive index of 3.5, and a radius of approximately 500 microns. A
microscope is arranged in such a way, that it collects scattered light from the sphere at
90°. Scattered light passes through the microscope and is incident on the InGaAs
photodetector. InGaAs photodetector is connected to the oscilloscope and the
computer is connected to the oscilloscope via a GPIB interface. The computer is also
used to collect data from the optical multimeter, which is connected to the InGaAs
power head for the transmitted light.

The perpendicular scattering light intensity from the silicon sphere is plotted
by using experimental data. The mode spacing between the two consecutive modes

with the same mode order can be also written as a function of wavelength [58] as:

_ Aarctanv M’ -1

A
2N M? -1

4.1),

where M is the relative refractive index ratio, a is the radius of the sphere, and 4 is the
wavelength of light in the vacuum, and N is the refractive index of the surrounding
medium.

In figure 4.5, the mode spacing for silicon sphere with a radius of 500 microns
is found to be 0.27 nm for wavelength of 1474 nm. This experimental value is in good
agreement with the calculated mode spacing of 0.26 nm. Due to the large size of the

sphere, the elastic scattering spectrum contains many resonant modes.
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Figure 4.15: TE polarized elastic scattering from the silicon sphere.
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Chapter 5

SPHEROID MICRORESONATORS

Spheroids are interesting geometrical shapes, and the light scattering from
spheroids is worth investigating. Multiple studies are performed on deformed spheres

and spheroid resonators and their resonant modes [69-72].
5.1. Spheroid Resonator

There are two types of spheroids (oblate, and prolate). We will cover only the

prolate in this chapter.

L
i

Paralel ( E,)

Perpendicular (&)

Figure 5.1: Prolate resonator excitation configuration.
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In figure 5.1, a prolate and an incident plane wave are illustrated. The

equivalent size parameter of a prolate (a>b) spheroid is defined as:

X —xox(alb)? 5.1)
spheroid sphere )

where a/b is called as the axial ratio of a spheroid [11]. This equivalent size parameter
is defined for an equivalent sphere with a same volume as the prolate.

The scattering efficiency calculations with respect to size parameter are
performed for silica, silicon nitride, and silicon materials with a refractive index of

1.5, 2.0, and 3.5, respectively.
5.2. Silica Microspheroid

Simulations for transparent silica microspheroids are performed and results of

these calculations are plotted in figures 5.2, 5.3, 5.4, and 5.5.
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Figure 5.2: Scattering efficiency for a transparent silica sphere.
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In figure 5.2, scattering efficiency from a silica sphere is shown. Due to the
low refractive index, the scattering efficiency spectrum does not show any high-Q
resonance peaks. The same situation is also observed in figures 5.3, 5.4, and 5.5,
which the scattering efficiencies for parallel polarization, perpendicular polarization,

and random orientation are shown, respectively.
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Figure 5.3: Scattering efficiency (parallel polarization) for silica prolate.

As can be seen from the figures 5.3 and 5.4, the scattering efficiencies for
perpendicular and parallel polarizations differ as spherical shape deforms to a
spheroid. As the deformation continues, the geometry of the prolate tends to a
cylinder, and the scattering efficiencies for the prolate tend to the scattering
efficiencies for a cylinder for respective polarizations. In figure 5.5, the calculation for

random orientation is performed.
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Figure 5.4: Scattering efficiency (perpendicular polarization) for silica prolate.
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Figure 5.5: Scattering efficiency (random orientation) for silica prolate.
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5.3. Silicon Nitride Microspheroid

The silicon nitride with a refractive index of 2.0 is used for following
calculations. In figure 5.6, the scattering efficiency for a silicon nitride sphere is
plotted. High-Q resonance peaks are observed for the silicon nitride sphere. In
addition to the polarization dependency of a spheroid, another property for spheroids
is observed in figures 5.7, and 5.8. When sphere is deformed to a spheroid with an
axial ratio of 1.05, degenerate resonance peaks split. The splitting increases as the

axial ratio increases.
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Figure 5.6: Scattering efficiency for a silicon nitride sphere.
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As can be seen from figures 5.7, and 5.8, the degenerate modes are splitting
with deforming the shape of the sphere. Therefore, scattering spectra for a spheroid
includes those non-degenerate modes. The mode splitting for a spheroid with an axial

ratio of 1.05 is found to be 1.1% of the original mode for spherical resonator of the

same material.
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Figure 5.7: Scattering efficiency (parallel) for silicon nitride prolate.
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Figure 5.8: Scattering efficiency (perpendicular) for silicon nitride prolate.

The mode splitting is defined as:

owm) . e 3m’
W =1 6(n(n+l)] (5:2),

o

where, ow(m) is the mode splitting in angular frequency, » the mode number, w, the

frequency of the n™ mode, m the azimuthal mode number, and e the morphology

distortion [71, 72]. The distortion is defined as [71, 72]:

(5.3).
asphere

Mode splitting for a silicon nitride prolate with an axial ratio of 1.05 is

calculated to be 1.5% by using equation 5.2 and it is in good agreement with the

calculations.
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Figure 5.9: Scattering efficiency (random) for silicon nitride prolate.

5.4. Silicon Microspheroid

Calculations for silicon spheroids are also performed. In figure 5.10, the
scattering efficiency for a silicon sphere is calculated. In figures 5.11 and 5.12 the
scattering efficiencies of a silicon spheroid with an axial ratio of 1.05 are calculated
for different polarizations, while in figure 5.13, the calculation is performed for

random orientation.
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Figure 5.10: Scattering efficiency for a silicon sphere.

As can be seen on figures, the resonant peaks, that are observed for silicon
spherical resonator (in figure 5.10), split into degenerate modes with the geometrical
deformation of the microsphere (figures 5.11 and 5.12). As the polarization
dependency is introduced again to the scattering efficiency, the perpendicular and the
parallel scattering efficiencies are different for spheroids. By using equation 5.2, the
mode splitting is calculated as 0.3 %, while the simulation is resulted with a mode

splitting of 0.4% for silicon prolate with an axial ratio of 1.05.
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Figure 5.11: Scattering efficiency (parallel polarization) for silicon prolate.
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Figure 5.12: Scattering efficiency (perpendicular polarization) for silicon prolate.
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In the following figure, the scattering efficiency for random orientation is

shown.
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Figure 5.13: Scattering efficiency (random orientation) for silicon prolate.

As a result, the mode splitting for spherical deformation is observed for both
silicon nitride, and silicon resonators. Moreover, mode splitting is not the only result
of deformation. A shift in wavelength is also observed for spherical deformation [50,
70 and 72]. Therefore, by using mode separation, and mode shift, new photonic

applications can be envisioned.
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Chapter 6

CONCLUSION

In this work, the morphology dependent resonances were calculated, and
studied in the elastic scattering spectra of microparticles for potential applications in
silica and silicon photonics. The elastic scattering from silica, silicon microresonators
with different morphologies were investigated with numerical simulations. An
experimental elastic scattering spectrum for a silicon spherical resonator is provided
for comparison with the simulation results.

In chapter 1, the slab microresonators were studied, and the resonances were
observed for silica and silicon. In chapter 2, the elastic light scattering from
cylindrical microresonators is investigated. The scattering efficiencies of spherical
resonators were calculated, and perpendicular light scattering intensity from the
silicon sphere is experimentally shown in chapter 3. Spheroid resonators were
simulated, and the scattering efficiencies for different polarizations were calculated
for silica, silicon nitride, and silicon in chapter 4.

By simulating the slab resonator, simplest type of the resonators, the
morphology dependent resonances were shown. These modes are result of a resonance
condition for a resonator, which depends on the size and the refractive index of the
resonator material. Due to this dependency, these resonances can only be accessed for
certain size parameters, or wavelengths.

Simulations for silica and silicon cylindrical resonators were performed, and
the extinction, scattering, and absorption efficiency factors were calculated. In
addition to those efficiencies, scattering intensities were studied for three specific
angles. The scattering efficiency has a limiting value of 2.0, due to the additional
diffraction from the resonator. In addition to the limiting factor, the interference of
incident and the scattered waves causes an oscillation structure. Spherical resonator

simulations for silicon and silica were also performed and extinction, scattering, and
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absorption efficiency factors were investigated as well as the scattering intensities for
three specific angles.

Similar to cylindrical resonators, the scattering efficiency curve for spherical
resonators have also the MDR ripples and oscillation structures, and again the limit
value of 2.0. In the cylindrical and spherical resonators, the forward light scattering
intensity has a high background intensity caused by the incident light. The elastic
scattering light intensities at 90° (perpendicular scattering) and 180° (backward
scattering) were observed to be free out of this background, and MDR-to-background
ratios were higher. The perpendicular scattering spectra for cylindrical and spherical
resonators have half of the modes as compared to the number of modes for forward
and backward scattering. Finally, spheroid resonators of silica, silicon nitride and
silicon were investigated. Mode splitting due to the deformation of the spherical
morphology is observed.

In summary, by numerically simulating slab, cylinder, sphere, and spheroid
geometries of silica, and silicon resonators, elastic light scattering from these
resonators and resonant modes were studied, and analyzed. As a future work,
scattering efficiencies for oblate spheroid resonators can be studied, and morphology
dependent resonances for those resonators can be identified through the elastic light

scattering spectra.
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