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ABSTRACT

The whispering gallery modes resonators have received increased attention as novel
structures, which are suitable for various applications in linear, nonlinear and quantum
optics. Small mode volumes and high optical quality factors are unique features of these
resonators. These properties make possible high concentration of optical fields and
relatively long photon confinement times. The spherical cavities confine light by total
internal reflection at the inner surface boundary. In this study, elastic light scattering
intensity calculations at 90° and 0° for the transverse electric and transverse magnetic
polarized light were performed at 1200 nm for a 50 um radius and 3.5 refractive index
silicon microsphere. The mode spacing between morphology dependent resonances was
found to be 1.76 nm. The linewidth of the morphology dependent resonances was observed
to be on the order of 102, which leads to a quality factor on the order of 10°.
Experimentally, high quality factor optical resonances are obtained in the elastic scattering
spectra from a silicon microsphere with a radius of 500 wm and refractive index of 3.48.
The mode spacing between morphology dependent resonances was found to be 0.27 nm.
The linewidths of the resonances were found to be of the order 10 nm, which leads to Q
factors of 10°. As a result, silicon microspheres could be used as a resonant cavity
enhanced optoelectronic devices for near infrared wavelength region as well as other

application in linear, nonlinear and quantum optics.
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OZET

Mikroginlaglar, dogrusal, dogrusal olmayan ve kuantum optik alanindaki essiz
uygulamalar ile dikkat cekmektedirler. Kiiciik boyutlar1 ve yiiksek kalitedeki yap1 tabanh
cinlamalar1 bu cinlaglarin en Onemli Ozellikleridir. Bu ozellikler sayesinde cinlaglar
fotonlart uzun siireler yerellestirirler. Isik bu cinlaglar icersinde tam geri yansima ile i¢
yiizeyde yerellesir. Bu ¢alismada kirilma katsayis1 3.5 olan 50 um yaricapindaki silisyum
mikroyuvarlar icin esnek sagilma izgeleri 90° ve 0° de 1200 nm dalgaboyunda
hesaplanmigtir. Yap1 tabanli kipler arasindaki mesafe 1.76 nm olarak hesaplanmistir. Bu
kiplerin ¢izgi genisligi 0.02 nm olarak bulunmustur. Bu degerler ile kiplerin kalite faktorii
10° olarak bulunmustur. Deneysel olarak, yiiksek kalite faktorlii cinlamalar, esnek sagilma
izgesinde 3.48 kirilma katsayisina sahip, 500 um yaricapindaki silisyum mikroyuvarlar
icin gozlemlenmistir. Yap1 tabanh kipler arasindaki mesafe 0.27 nm olarak hesaplanmugtir.
Bu kiplerin ¢izgi genisligi yaklasik 10 nm olarak gozlemlenmistir. Bu degerler ile kiplerin
kalite faktdrii 10° olarak bulunmustur. Sonug olarak, silisyum mikroyuvarlar dogrusal,
dogrusal olmayan ve kuantum optik uygulamalarina ek olarak c¢inla¢ zenginlestirilmis

optoelektronik aygitlar olarak yakin kizilalti dalgaboylarinda kullanilabillir.
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Chapter 1

INTRODUCTION

The light, we see, reaches our eyes in an indirect way. Looking at a cloud, or at the sky,
we see scattered sunlight. Scattering is often accompanied by absorption. A leaf of a tree
looks green, because the leaf scatters the green light and absorbs the red and blue light. The
red and blue light energy is converted to heat and are no longer present. Both scattering and
absorption remove energy from a beam of light traversing the medium. The extinction is
seen, when we look directly at the light source [1]. Therefore, we can define extinction as

the sum of scattering and absorption,

Extinction = Scattering + Absorption (L.1).

The light scattering and absorption properties of particles help determine the color of
paints, the distance a laser beam can propagate throught the atmosphere, the light induced
motion of illuminated particles, and the enhancement of Raman scattering near metal
particles [2].

Scattering and absorption phenomena can be utilized in instrumentation for optical

particle characterization, filters and sun glasses, in which particles absorb and scatter
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different colors of light, and in nonlinear optical devices such as cw silicon Raman
lasers[3] with electronic modulation capability [4], and silicon lossless light modulators [5],
in which particles may be used to enhance local fields [2]. Microspheres belong to the same
group of interferrometric devices as Fabry-Perot interferometers and fiber Bragg gratings.
The optical resonances in microspheres depend on the geometry (size and shape) and the
refractive index of the microspheres.

Chapter 2 includes a brief description of silicon microspheres. The importance of
silicon photonics and the recent achievements and applications in that field are presented.
Moreover, there is a brief summary about the recent studies and applications done on
silicon microspheres.

The general problem of light scattering by microspheres is illustrated in Chapter 3,
which includes an overview of the elastic light scattering phenomena from a spherical
particle as well as an explanation of the theory of morphology dependent resonances and
the principle of their excitation. In addition, the special Lorenz-Mie theory (LMT) and the
Generalized Lorenz-Mie theory (GLMT) are described briefly showing the external elastic
scattering field coefficients equations.

Chapter 4 includes the calculations done for a silicon microsphere in the 1200 nm
wavelength region. Elastic scattering intensity at 90° and 0° for the transverse electric (TE)
and transverse magnetic (TM) polarization was calculated for a silicon sphere of radius 50

um and refractive index of 3.5. This calculation showed the possibility of using a silicon
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microsphere as a resonant cavity enhanced optoelectronic device for the near infrared
wavelength region.

Chapter 5 shows the high quality factor optical resonances obtained in the elastic
scattering spectra from a silicon microsphere with a radius of 500 um and refractive index
of 3.48 coupled to an optical fiber half coupler. The mode spacing between morphology
dependent resonances was found to be 0.27 nm. The linewidths of the resonances were
found to be of the order 10 nm, which leads to Q factors of 10°.

Chapter 6 concludes with a summary of the thesis work as well as the outlook for
future work.

The appendix describes the mounting of a standard telecom laser operating at 1300

nm in a homemade laser diode head with thermal and electrical control.
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Chapter 2

SILICON MICROSPHERE

2.1 Silicon Photonics

Photonics is the technology of emission, transmission, control and detection of light
using fiber optics and optoelectronic devices. Silicon photonics concentrate on photonic
devices that have silicon as the base material. Silicon photonics originated around 1980’s
[6-9]. Early success was in passive devices in the 1990’s [9-16]. The success of silicon is
due to its wide availability, and purification to an unprecedented level [17]. Silicon can also
be handled and manufactured easily, and shows very good thermal and mechanical
properties, which facilitate the fabrication of the devices based on silicon [17]. Silicon has
suitable material properties for photonic devices such as high thermal conductivity (10 x
higher than GaAs), high optical damage threshold (10 x higher than GaAs), and high third
order optical nonlinearities [18]. Silicon photonics is proceeding towards mass
manufacturing of discrete optical components, integrated transceivers for synchronous
optical network, gigabit ethernet, and optical backplane markets [18]. A recent commercial
silicon photonic based device, the eight channel variable optical attenuator (VOA), was

produced recently [19]. Another prototype device, a four channel wavelength-division
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multiplexing (WDM) transceiver was also reported [19]. Another mainstream envisioned
for silicon photonics is optical interconnects for complementary metal oxide semiconductor
(CMOS) electronics [20]. Silicon photonics can also be used in biosensing applications
[18]. Another advantage of silicon is its bandgap energy of 1.1 eV, which makes silicon
transparent in the optical communication wavelengths greater than 1.1 um [21].

Silicon photonics had the challenge to create a light emitting device on crystalline
silicon due to the indirect bandgap of crystalline silicon [18]. Consequently, light emission
in silicon was created by using silicon engineered materials such as erbium-doped silicon-
rich oxides [18].

2.2 RESONANT CAVITY ENHANCED DETECTOR

The increase in data rates of interchip communication, and the development of high speed
fiber optic communication create a demand for high speed photodetectors. Commercially
available fast photodetectors such as Schottky photodiodes have bandwidths exceeding 200
GHz [22]. The efficiency of conventional high speed photodetectors is limited due to the
thin absorption region needed for short transit times of the photocarriers [22]. A high
efficiency photodetector needs to have a thick active region, which would have the
drawback of an increase in the transit time of the photogenerated carriers and a decrease in

the speed of the device [23]. For a photodetector to have a high bandwidth and high speed,
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the transit time of the photogenerated carriers within the depletion region must be small for
a limited thickness of the absorption layer [23].

A solution to achieve an efficient high speed photodetector with a thin absorbing layer
is the resonant cavity enhanced (RCE) device [24, 25]. RCE detectors operate at high
speed, and have a thin absorbing region, which decreases the transit time of the
photogenerated carriers [26]. RCE detectors detect light at the resonant wavelength of the
cavity and reflect the nonresonant wavelengths [26]. The RCE photodetector consists of a
thin absorbing layer set within a Fabry-Perot cavity [23] as shown in figure2 [25]. Once the
device is illuminated and the resonance condition is fulfilled, the internal optical field

amplitude will be enhanced [27].

Ilumination %

DBR DBR

Figure 2.1: Cross section of Fabry-Perot cavity with distributed Bragg reflectors (DBR’s). d and
o are the absorbing layer thickness and absorption coefficient, respectively.
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Silicon based photodetectors are able to monolithically integrate detectors [25]. Si-RCE
photodetectors have been shown to provide high bandwidths [25]. Si-RCE photodetectors
have low dark currents on the order of picoamperes, which is an advantage of Si over III-V
devices [28]. In addition to Si-RCE photodetectors, silicon based devices can be used for
communication systems, optical bus systems for ultra large scale integrated (ULSI) circuits,

and I/O stages for system-on-a-chip (SOC) [28].

2.3 Optical Losses in Silicon
According to the Beer-Lambert law for light absorption in the absence of nonlinear optical
processes (figure 2.2), the intensity of light as a function of the distance traveled (/) through

the material and absorption coefficient () is given by

10)=1, e~ 2.1),

where I, is the incident light intensity.

Substrate

Figure 2.2: Beer-Lambert absorption of a beam of light penetrating a substrate of thickness /.
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The optical absorption coefficient, (o) the attenuation caused by [30] material losses (Omar)-
Surface scattering is induced by the imperfections of the surface. Material losses are caused
by the fundamental absorption in the material, atomic impurities and the three types of bulk
scattering: Raman, Brillouin, and Rayleigh.

The variation of the absorption coefficient (o) of a silicon substrate of thickness 600 wm

and refractive index 3.5 is shown in figure 2.3 [34].

g a Silicon subsrate
i 1 =600
S 3525 H ]
E -
K i
2 =
= R
g 235 -
O -
o R
= -
§ R
S 11.75 i 7
= R
< [
0 1 1 1 1 | 1 1 1 1 | 1 1 1 1
1 1.125 1.25 1.375 1.5

Wavelength (mm)

Figure 2.3: Absorption coefficient of silicon wafer 600mm thick versus wavelength.

Figure 2.3 shows that the absorption coefficient decreases gradually with the increase in

the wavelength until 1.245 um, where silicon no more absorbs and the absorption
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coefficient becomes null at wavelength greater than 1.25 pum. Consequently silicon
becomes transparent at wavelengths greater than 1.25um.

2.4 Silicon Microsphere

Microspheres have received increasing attention as optical microcavity resonators due to
their high quality morphology dependent resonances (MDR’s) [29]. Silicon microspheres
with their MDR’s are a new paradigm for the use of silicon in optical communication
applications [30]. Recent studies were done for spherical silicon solar cells [31], near-IR
communication applications [32], and for electrophotonic integration [33]. In this case the
material and the cavity are combined into monolithic silicon microsphere. A scanning
electron micrograph (SEM) of a silicon microsphere of radius 0.5 mm and refractive index

of 3.48 is shown in figure 2.4.

EHT=1000kY WD= 6mm Signal A= InLens  Date :17 Mar 2005
Time :10:03:54

Figure 2.4: Scanning Electron Micrograph (SEM) of a silicon sphere of radius 0.5 mm.
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The number of possible roundtrips is given by

(2.2),

Number of roundtrips =
2maa

where a is the radius of the sphere, and a the absorption coefficient. The possible number
of roundtrips of trapped light in a silicon sphere of radius 500 wm and refractive index 3.48

as a function of wavelength is shown in figure 2.5.

Silicon Microsphere
a =500 pm

Number of roundtrips
wn
wn

0 0—o——0 9o —0——=8
1 1.055 1.11 1.165 1.22
Wavelength (um)

Figure 2.5: Number of round trips in a silicon sphere of radius 0.5 mm in the range 1.1-1.22um.
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Figure 2.5 shows the possible number of roundtrips of trapped light in the same
sphere as a function of wavelength in the range 1-1.22 um. Because the absorption
coefficient becomes zero above 1.25 um, then the number of round trips increases as

wavelength increases as shown in figure 2.6.

8 ) ) ) ) 1 ) ) ) ) 1 ) ) ) ) 1 ) ) ) )
R [ Silicon Microsphere o ]
& [ a=500pum ]
= 6 F .
= R i
=
: - -
S | i
| ]

Qs o -
5 4 [ ]
2 i i
£ | ]
=
Z - -
=2F ° -
& | ° -
L . -
= . -
- . -
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1.1 1.15 1.2 1.25 1.3

Wavelength (nm)

Figure 2.6: logarithmic scale of the number of round trips in a silicon sphere of radius 0.5 mm in the range 1.1-1.3 um.

The trapped light inside the sphere is expected to make around 25x10° turns at 1.25
um before all of the light is absorbed. At wavelengths greater than 1.25um, the trapped
light inside the sphere is expected to make a large number of turns before the light is

absorbed.
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Chapter 3

ELASTIC LIGHT SCATTERING FROM SPHERICAL MICROPARTICLES

3.1 Overview

Microspheres have attracted the attention of the optical spectroscopy community in the
recent years due to their unique optical properties [35]. The interface of the sphere causes
three electromagnetic and quantum electrodynamic effects to take place [36]. At a specific
wavelength, which satisfies the morphology dependent resonance (MDR) condition, the
microsphere behaves as an optically resonant cavity [36]. MDRs can be considered as
standing waves that can be decomposed into two counterpropagating waves
circumnavigating the microsphere [36]. Also as a result of the modified density of the final
electromagnetic states, the transition cross sections in the microsphere are larger than the
same in a bulk transition cross section [37]. In the microsphere, the final states correspond
to MDRs whereas in the bulk, the final states are the continuum modes of an infinite

system [38, 39].
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3.2 Scattering Geometry

Figure 3.1 shows an incident electric field, Ejnpy, illuminating a sphere of radius a. Some
fraction of E iypu 1s scattered by the sphere, and is denoted as Egcaered. The elastically
scattered light has the same frequency as the incident light. Inelastically scattered light due

to the Raman effect and quantum transitions are excluded.

Escattered

v
<

—> TE
™ Einput

Figure 3.1: Geometry of a sphere of radius a illuminated by a plane wave propagating in the +z direction.



Chapter 3: Elastic Light Scattering from Spherical Microparticles 14

3.3 Scattering Cross-section

The intensity is the most important property of the scattered wave [1]. The intensity is
defined as the power per unit area. At any point in the distant field, the incident wave and
the scattered wave are confined to a direction or to a solid angle around this direction [1].
The incident and the scattered light are characterized by their intensity, polarization, and
phase. The phases cannot be measured directly, but are of importance in the full
formulation of the scattering of polarized light [1]. The scattered wave at any point in the
distant field has the character of a spherical wave, in which energy flows outward from the
particle. The direction of the scattering wave from a particle to any point in the distant field
is characterized by the polar angle 0 and the azimuthal angle ¢, relative to the direction of
propagation of the incident light [1]. The scattered intensity ( Isaterea ) Can be calculated as

[1]

_ IinputF(e’ (p)

scattered — 2.2
k°r

I (3.1),

where Iy 1S the incident intensity, k the wave vector, and F(0,¢) a dimensionless function
of the direction but not of r, which depends on the orientation of a particle with respect to
the direction of the incident wave. In our case, the orientation of the particle is irrelevant

due to the sphere’s symmetry in ¢, and F is a function of 6 only.
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If we let the total energy scattered in all directions be equal to the energy of the incident

wave falling on the area Cycagtered
1 )
Cscattered = k_2 j F(e, (P) sin eded(p (3-2),

The extinction cross-section is equal to the sum of the scattering cross-section and the
absorption cross-section and can be calculated as

Cextinction = Cscattered + Cabsorbed (3'3)'

For non absorbing spheres since Cypsorbed = 0, we have Cextinciion = Cscattering.

3.4 Morphology Dependent Resonances

When the size of regularly shaped particles such as spheres become comparable to the
wavelength of light, the optical field intensity near the surface is enhanced and becomes
many times greater than that of the incident intensity [40]. A nonlinear material response
can occur for a very long time, which opens new perspectives in quantum electrodynamics
[41]. The elastic light scattering spectra are based on the optical geometry of the sphere.
The electromagnetic wave energy is trapped inside the silicon microsphere as it propagates
around the inside surface by an almost total internal reflection [42]. After the
circumnavigation of the electromagnetic wave in the sphere, the resonating light manifests

a series of sharp peaks (MDRs) each as a function of the sphere’s size parameter [42].
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The optical resonances of a microsphere depend on the geometry, size, and relative
refractive index of the material to the medium [43]. Any variation in the size or the relative

refractive index corresponds to a shift in the MDRs.

3.5 Plane Wave or Gaussian Beam Illumination

When the sphere is illuminated with a plane wave (figure 3.2), the internal intensity is
concentrated along the principal diameter near the front and the back surfaces of the

microsphere [36].

b 0=90" 4

[
»

»
»

Incident Beam

»
»

»
»

Figure 3.2: Schematic of the side view of a microsphere illuminated with a plane wave and exciting MDRs.

When the incident plane wave is resonant, a uniform intensity distribution, on the optical
axis around the edge of the sphere, in the volume determined by the MDRs, will be created
[44]. If an off-axis Gaussian beam is sent to the sphere on a resonant frequency as in figure

3.3, then the internal intensity distribution will be all within the edge of the sphere, on the
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optical axis, in the volume determined by the MDR and is no longer concentrated near the

front and the back surfaces of the sphere [45].

6 — 900A

Gaussian beam /D ------------------- D S——

Figure 3.3: Schematic illustration of a silicon microsphere coupled to an optical fiber placed at an impact
parameter b away from the sphere center

Another advantage for the Gaussian beam is that, an edge illumination with a focused beam
excites MDRs more efficiently than does a plane wave [46, 47]. Moreover, if one is
interested in a phenomenon that needs the existence of an incident light on only one small
part of the spherical particle, most of the plane energy is wasted because it strikes the

particle at the wrong place.
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3.6 MDR Analysis

A number of theoretical studies have been performed about MDR’s, which are also known
as whispering gallery modes (WGMs) [42]. There are three different analytical
explanations for the MDR phenomenon. The first analysis uses Maxwell’s equations for an
incident electromagnetic wave on a resonating cavity [48-50]. In a homogeneous sphere,
the electromagnetic wave is expressed in terms of spherical coordinates [51-53]. The
Maxwell’s equations solutions in spherical coordinates for the MDR process have been
described in the literature [54]. Polarized electromagnetic fields were introduced as a result
of the analytical techniques derived from the solution of Maxwell’s equations [54]. A
quantum mechanical analogy between the scalar Helmholtz’s equation that results from
solving the Maxwell’s equations in spherical coordinates and the Schrodinger’s equation
was a second explanation for MDR’s [55]. A Shrodinger-like equation and the analogy
with the hydrogen atom have brought into the picture the new concept of the photonic atom

model [56].
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This quantum mechanical approach suggests that energy is trapped near the surface of a
microsphere [57]. Coupling is due to tunneling through the outer wall. The third
explanation for the MDR phenomenon includes a geometric optics approach, which is
attractive due to its simplicity and straight forward explanation of the physical phenomenon
[57, 58].

To simplify, the MDR phenomenon, when an electromagnetic wave is coupled to a
sphere, the field components’ intensity distribution inside follow the solutions of the scalar
Helmholtz’s equation in spherical coordinates [51, 52]. These intensity distributions are
called eigenfunctions or modes. The equations resulting from the solutions of the
Helmholtz’s equation are functions of the sphere’s geometrical and material properties. As
a result the distributions of the intensities inside the sphere are affected. In addition, the
sphere acts as a resonator by responding more strongly to some electromagnetic fields than
others [53].

The solutions of the scalar Helmholtz’s equation in spherical coordinates are the radial,
azimuthal and polar eigenfunctions, which are associated with the radial (1), polar (n), and
azimuthal (m) mode numbers [59]. The radial modal number I gives the number of nodes
of the intensity distribution in the radial direction. The radial mode number (1) can take the
values between 1 and lp.x. The maximum radial mode number (l,.x) is given by the

equation [60]
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1
x| 8 (m-1)° |2 1
lpax =—| = +— 3.4).
max P |:9 m 4 ( )
The polar mode number n is approximately the number of wavelengths packed around the
circumference of the resonator traveling around the sphere’s great circles. The polar mode

number n can take the values x < n < mx [61]. The azimuthal mode number m can take the

values 0<m<n [61].

3.7 Specialized Lorenz-Mie Theory (SLMT)

Lorenz and Mie have expressed the equations for the scattered fields of a linearly polarized
electromagnetic plane wave of wavelength A by a homogeneous sphere of radius a and
complex refractive index m in terms of an infinite series of spherical multipole partial
waves n [62]. The two polarization states transverse magnetic (TM) and transverse electric
(TE) of each partial wave have the scattering amplitudes a, and b, respectively

corresponding in the a >> A limit,

a, = jn (X)[mX/'n (mX)] _ijn (mx)[x j” (X)] (3.5),

h@)lmx j,(m x)]' —m*j,(mx)|xh 2 >(x)]

_plmx j,(mo)] =m?j,mxlx j, 0]

b Y
h2Xmx f(mx)] = o m ok 8,2 x)]

3.6),

n
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where the prime ( /) stands for the derivative with respect to the argument [63], j, (X) is the

spherical Bessel function of the first kind, hn(z)(x) is the Hankel function of the second
kind, x is the size parameter (x=2ma/A), m is the refractive index. The MDRs of the

microsphere appear for the wavelengths that makes the denominators of a, and b,

approache zero, that is at the poles of the coefficient equations [64].
3.8 Generalized Lorenz-Mie Theory (GLMT)

The Generalized Lorenz-Mie theory (GLMT) expresses the equations for the scattered
fields of a transversally localized (focused) beam such as Gaussian beam of wavelength
A by a homogeneous sphere of radius a and complex refractive index m in terms of an
infinite series of spherical multipole partial waves ( n ) with specified coefficients [60],

By =b,BY 3.7),

aZ

m

47

= |dQH.(Q)Y,. (Q 3.8),
; nm+nw4m£ (@Y, (@) (3.8)
where Ynm*(Q) is the spherical function, ¥;,(x) is the Ricatti-Bessel function, and H,(Q2) is

the radial component of magnetic field incident on the sphere surface. B!’ is the beam

shape coefficient. Knowing the beam shape coefficients is crucial to GLMT, since the

scattered intensity and all the quantities derived from the scattered intensity are written in
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terms of combinations of the beam shape coefficients, the plane wave partial wave

scattering amplitudes a, and b, of the SLMT and the angular functions [62].

3.9 Quality Factor

The quality factor (Q) of a resonance is defined as [3]

2nStored Ener
Q= gy (3.9).
Energy lost per cycle

Also the quality factor (Q) provides the information about the average lifetime of a photon

in the resonant mode, which is given by [35]

= Q (3.10),

where ®, is the resonant angular frequency.
The quality factor (Q) gives the number of cycles required for the stored energy to decrease
to e™ of the original value [35]. In addition, Q gives information about the linewidth (Full

Width Half Maximum) dA and is expressed by

Q= A, (3.11).

where A, is the resonant wavelength.

oA

Mo

Figure 3.4: Illustration of a single MDR spectrum.



Chapter 3: Elastic Light Scattering from Spherical Microparticles 23

2.25 L] L] L] L] 1 L] L] L] L] 1 L] L] L] L] 1 L] L] L] L]
[ Silicon Microsphere
-, a=15um .
—~ i = 3.5 -
S 218 Hj| " .
= K .
(] - .
=
2 I 7
= ]
g 2.12
o
R= -
§ B
ia -
R 2.05 -
1.98 e
64 64.75 65.5 66.25 67

Size Parameter (X)

Figure 3.5: The variation of the resonances linewidth as a function of size parameter (x).
Figure 3.5 shows the calculated scattering efficiency of a sphere of refractive index m=3.5
as a function of the size parameter (x) using Steve Hill program [2]. The figure shows that

the linewidth of the resonances become narrower as the sphere size increases.

3.10 Mode Spacing
The mode spacing (AA) is the spacing between the MDRs of the same mode number

(n) and consecutive mode orders (1). The mode spacing is expressed by the equation [65]

A% arctan w/imz —1i
Ah= 3.12),
27ta\/‘m2 —li
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Figure 3.6: Schematic illustration of the mode spacing AA.
The mode spacing in size parameter (AX) is

arctan/(m° —1
X =

(3.13).
m> —1

where X =

is the size parameter.

The mode spacing between nearly identical TE and TM modes is expressed by [66]

ax, =D

(3.14),
m

where m is the refractive index.
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Figure 3.7: The mode spacing between nearly identical TE and TM modes, where the
dashed lines represent the TM mode and the solid lines represent the TE mode.
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3.11 Number of Resonances

The density of MDRs can be estimated by [35]

dN(x) _xp*(p—tan” (p))

. - (3.15),
where pz(m2 —1)5 . By substitution for N(A) is found as
4n2a2p[\/5 —tan | \/E ]dk
N(») =j 3 (3.16).

3.12 Excitation of Resonances in Microspheres

An external electromagnetic field can be used to excite the MDR’s of a sphere. At optical
frequencies, an incident laser beam can be coupled to the sphere by using an optical fiber
half coupler by approaching the sphere as shown in Figure 3.5. The optical coupling
between the sphere and the fiber can be facilitated by etching or heating and stretching the

section of the fiber that is to be in contact with the sphere [67].

Cladding

Core

Etched Portion
Of Cladding (a) (b)

Figure 3.8: (a) Etching and (b) heating and stretching of the fiber.
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In both cases, the evanescent field extends beyond the fiber boundary. A small diameter
of the thinned fiber enables the positioning of a microsphere very close to the core of the
fiber, and provides a better coupling of light into the sphere. In addition, since the core of a
single mode fiber supports only one fundamental mode, with its evanescent field extending

far beyond the core boundary, the etched fiber produces a cleaner coupling.
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Chapter 4

THEORETICAL CALCULATIONS

Generalized Lorenz-Mie theory [68] is used to calculate the elastic scattering intensity
at 90° and 0° for the transverse electric (TE) and transverse magnetic (TM) polarization for
a silicon sphere of radius 50 um and refractive index m=3.5 in the 1200 nm wavelength
range. The mode spacing AA between the morphology dependent resonances of same mode
number and consecutive mode order was calculated to be 1.76 nm at A = 1200 nm using
equation 3.12. The absorption coefficient of silicon at 1200nm is 0.0298cm™, which
corresponds to an absorption length of 33 cm, which is greater than the circumference of

the silicon sphere.
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Figure 4.1: Low resolution transverse electric (TE) polarized elastic scattering spectra at 1200 nm
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Figure 4.2: High resolution transverse electric (TE) polarized elastic scattering spectra at 1200nm.

Figure 4.1 shows the low resolution spectrum of the transverse electric (TE) polarized and
figure 4.2 shows the high resolution spectrum of the (TE) polarized elastic scattering
intensity in the 1200 nm range. The upper curve in figure 4.1 and figure 4.2 shows the
elastic scattering intensity calculated for forward scattering at 0° (transmission), and the

lower curve shows the elastic scattering calculated for channel dropping at 90°.
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Figure 4.3: Low resolution transverse magnetic (TM) polarized elastic scattering spectra at 1200nm.

Figure 4.3 and 4.4 show the low resolution transverse magnetic (TM) polarized and high
resolution TM polarized elastic scattering intensity respectively in the 1200 nm region. The
upper curve in figures 4.3 and 4.4 show the transmitted intensity (elastic scattering at 0°)

and the lower curves show the channel dropping (elastic scattering at 90°).
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Figure 4.4: High resolution transverse magnetic (TM) polarized elastic scattering spectra at 1200nm.

In the TE and TM polarized spectra, the mode spacing (ALA) is 1.76 nm. This correlates well

with the optical size of the microsphere. The linewidth (6A) of the MDRs shown in figures
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4.2 and 4.4 is on the order of 10 nm, which corresponds to a Q on the order of 10°. Due to

the presence of multiple sets of transverse modes with different radial mode order (1), a
multimode behavior is observed [59]. The transmission is not suitable for signal monitoring
as the dips are only 3% of the maximum transmission intensity. On the other hand, the
elastic scattering at 90° has a larger dynamic range of about 41% of the maximum elastic

scattering intensity, which leads to a relatively large interchannel crosstalk suppression

[69].
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Chapter 5

EXPERIMENTAL MEASUREMENTS

5.1 Introduction

High quality factor optical resonances are obtained in the elastic scattering spectra from
a silicon microsphere with a radius of 500 um and refractive index of 3.48. The mode
spacing between morphology dependent resonances was found to be 0.27 nm. The

linewidths of the resonances were on the order of 10 nm, which lead to Q factors of 10°.

5.2 Experimental Setup

Figure 5.1(a) shows the schematic of the experimental setup. A tunable diode laser with
a wavelength of 1473 nm is used in order to excite the MDRs of the silicon microsphere. In
order to tune the wavelength of the diode laser, the laser temperature was tuned using a
laser diode controller (LDC). The temperature of the laser was tuned from 14°C to 16.2°C
at a constatnt current of 26.3 mA. The temperature corresponds to wavelength range of
1472.56-1473.42 nm. Elastic scattering light from the microsphere at 90° was collected by
a microscope lens and detected by an InGaAs photodetector. The polarization of the

collected scattered light was controlled with a polarizer inserted between the InGaAs
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photodiode detector and the microscope eyepiece lens as shown in figure 5.1(a) and 5.2 (b).
The InGaAs photodiode signal was sent to a digital oscilloscope for signal monitoring and
data acquisition. The transmitted power through the optical fiber is detected by an InGaAs

power head (PWH) connected to the optical multimeter (OMM).

Glan Polarizer

|/ —— 00
EE InGaAs P
! Photodiode Oscilloscope
Microscope ! 4

INnGaAs | @ < 1473 nm
W Half coupler O Diode Laser

Power Head

A

v

! 1 [
1 Dot o

OMM | | LDC

Computer

1 b e Y

Figure 5.1(a): Schematic of the experimental setup
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Figure 5.1(b): Experimental Setup

Device Number Name
1 XYZ Translator
2 InGaAs Power Head Meter
3 InGaAs Photodetector
4 Microscope
5 Coupler Holder (See figure 5.1 (¢))

Table 5.1: Experimental setup elements.
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Figure 5.1 (c): Optical fiber coupler and a silicon sphere held between 2 golden probes.
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5.3 Polarization Dependent Background in the Spectra
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90° Elastic Scattering
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Figure 5.2 (a): Schematic illustration of a microsphere coupled to an optical fiber placed at an impact
parameter b away from the sphere center.

Figure 5.2 (a) shows a microsphere of radius a and index of refraction m coupled to an
optical fiber placed at an impact parameter b away from the sphere center. The transverse
electric (TE) and transverse magnetic (TM) components with respect to the sphere of a
Gaussian beam are shown in figure 5.2 (a) traveling in the optical fiber and inside the
sphere. The TE component is pointing outside the paper, while the TM component is
perpendicular to the fiber. As the electromagnetic wave couples to the sphere, the TM
component refracts from the sphere parallel to the direction of the optical fiber. The
background due to the scattering from the coupler’s surface has more TE polarized

component than TM polarized component. Moreover, the background from the glare spot
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should be the same in the TE and TM polarized spectra. As a result, if the polarizer in
figure 5.1 (a) is rotated to transmit the TM component, the scattering from the sphere at the
glare spot will be detected only. Consequently, less background will be seen in the TM
polarized spectra. On the other hand, if the polarizer in figure 5.1 (a) is rotated to transmit
the TE component, the scattering of light from the coupler, as well as the sphere, and the
glare spot will be detected. Consequently, more background (BG) will be present in the TE

polarized spectra.

Envelope (E)
v

Elastic Scattering Intensity
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B (AM) i
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Figure 5.2 (b): lllustration of a spectrum with the MDR, envelope, and background.

Figure 5.2 (b) shows an illustration of a spectrum defining the MDR, envelope (E) and

background (BG) intensities in an explanatory spectrum. The slowly varying envelope
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oscillates at mode spacing (AA), which is the spacing between the MDRs of same same
mode order (I) and consecutive mode number (n). The slowly varying envelope is caused
by the interference of MDR’s with the same polarization. The MDR’s shape is same in the
TE and TM polarized spectra. The background (BG) is the * dc ” value of the spectrum.
The MDR’s have Lorenzian lineshapes on top of the envelope.

5.4 Explanation and Results

The calibration curve (wavelength versus temperature) of the 1473 nm diode laser
used in the experiment is shown in figure 5.3. The wavelength of the laser varies with the
temperature according to the equation

A(nm)=1467.1+0.3875T(°C) (5.1),

where A and T are the wavelength and temperature of the diode laser, respectively.
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Figure 5.3: Laser wavelength as a function of temperature.
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The microscope used to collect the scattering light from the sphere has two
eyepieces. The scattered light is sent to the eyepieces by a beam splitter as shown in figure
5.1(a). The scattered light from the sphere at 90° is reflected at an angle of 45° before being
detected by the InGaAs photodiode (PD). The resonances shown in figure 5.4(a), (b), and
(c) are exhibited by the periodic circumnavigation of the electromagnetic wave inside the

sphere. These resonances are size parameter (x = 2ra/A ) dependent and they are known as

morphology dependent resonances (MDRs) [42].
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Figure 5.4 (a) High coverage spectra for the elastic scattering intensity without a polarizer.
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Figure 5.4 (a) shows the high coverage spectrum of the elastically scattered light from the

microsphere detected without a polarizer and the corresponding transmitted power. Figure

5.4 (b) and (c) present the spectra of the elastically scattered light from the silicon

microsphere with a polarizer in the detection path as shown in Figure 5.1 (a). Figure 5.4 (b)

and (c) show the TE and TM polarized elastically scattered light from the silicon

microsphere and the corresponding transmitted power. The mode spacing between the

MDR’s of same mode order (I) and consecutive mode numbers (n) is observed to be 0.27

nm, which agrees well with the result of 0.26 nm estimated at 1473 nm.
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Figure 5.4(b) High coverage spectra for TE polarized elastic scattering intensity.
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Figure 5.4(c) High coverage spectra for TM polarized elastic scattering intensity.

Using Eq. (3.16), the number of resonances was estimated to be approximately 4x10*. The

observed number is approximately 400 in Figure 5.4 (a), (b), and (c). The mode order ()

ranges from 1 to x = 2130. As a result, 400 MDR’s out of 4x10* was observed, that is 200

mode orders out of the expected | = 2000 was seen. This means that the non observed

resonances of order | = 1-1800 have sharper linewidths compared to the 0.0015 nm

linewidth of the 1473 nm laser, and consequently higher quality factor (Q). Whereas, the

observed 200 resonances have wider linewidths compared to the 0.0015 nm of the 1473 nm
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laser, and consequently smaller quality factor than that of the 1473 nm laser, which was
estimated to be 10°,

The background in Figure 5.4 (a), (b), and (c) is due to the scattering from the half coupler
surface as well as from the refracted beam (glare spot) [36]. The occurrence of closely
located resonances in the TM polarized spectrum in Figure 5.4(c) is because of the large
size of the silicon microsphere. The scattered intensity envelope in the TM polarized
spectrum in Figure 5.4(c) has a smaller amplitude compared to that in the TE spectrum in
Figure 5.4 (b) and in the spectrum without a polarizer in Figure 5.4 (a).

The unpolarized spectrum intensity ratio of MDR to envelope is 1:6. Whereas in the TE
polarized spectra the ratio of MDR intensity to envelope is 1:4, and in the TM polarized
spectra the ratio of MDR intensity to envelope is 2:1. Theoretically, the slowly varying
envelope should be the same for the TE and TM polarized elastic scattering intensity [70].
The slowly varying envelopes in Figure 5.4 (b), and (c) are different as a result of the
position dependent coupling of the light to the sphere, which would affect the TE and TM
polarized scattering. Figure 5.4 (a) shows that there is more TE component than TM

component in the unpolarized spectrum because of the position dependent coupling.
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Figure 5.5 (a) High resolution spectra for the elastic scattering intensity without a polarizer.
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Figure 5.5 (b). High resolution spectra for TE polarized elastic scattering intensity.
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The transmitted power spectrum was observed in figure 5.4 (a), and (b) to be almost a
straight line and hard to distinguish between the dips. Consequently, in order to increase
the resolution of the transmitted dips, a trendline was fitted to the transmitted power
spectrum. Then the equation of the trendline was calculated as a function of the
wavelength. The new values of the transmitted power were calculated according to the
trendline equation and then subtracted from the original transmitted power values. A new
curve for the transmitted power was fitted as shown in figure 5.5 (a), and (b). Figure 5.5
(@), and (b) show the high resolution spectra of figure 5.4 (a), and (b) respectively. As
expected for every peak in the scattered spectra, there is a corresponding dip in the

transmitted power spectra.
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Figure 5.5 (c). High resolution spectra for TM polarized elastic scattering intensity.
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The transmitted power spectrum was observed in figure 5.4(c) to be almost a straight line
and hard to distinguish between the dips. Consequently, in order to increase the resolution
of the transmitted dips, a trendline was fitted to the transmitted power spectrum. Then the
equation of the trendline was calculated as a function of the wavelength. The new values of
the transmitted power were calculated according to the trendline equation and then
subtracted from the original transmitted power values. A new curve for the transmitted
power was fitted as shown in figure 5.5(c). Figure 5.5(c) shows the high resolution spectra
of figure 5.4(c). As expected for every peak in the scattered spectra, there is a

corresponding dip in the transmitted power spectra.
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Figure 5.6 (a). Single resonance spectra of the elastic scattering intensity without a polarizer
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Figure 5.6(a) shows the single resonance picked up from figure 5.4(a). The linewidth of the
MDR is found to be of the order of 10 nm, which corresponds to a quality factor (Q =
A/8)) of the order 10°. At the MDRs of wavelength 1472.8484 nm of figure 5.6(a), the
transmitted power drops by about 0.02 % of the incident power. The scattered intensity

signal has a large dynamic range on the order of 18dB.
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Figure 5.6 (b). Single resonance spectra for TE polarized elastic scattering intensity.

Figure 5.6(b) shows the single resonance picked up from figure 5.4(b). The linewidth of the

MDR is found to be of the order of 10 nm, which corresponds to a quality factor (Q =
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A/8)) of the order 10°. At the MDRs of wavelength 1473.333 nm of figure 5.6(b), the
transmitted power drops by about 0.02 % of the incident power. The scattered intensity

signal has a large dynamic range on the order of 22dB.
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Figure 5.6 (c). Single resonance spectra for TM polarized elastic scattering intensity.

Figure 5.6(c) shows the single resonance picked up from figure 5.4(c). The linewidth of the
MDR is found to be of the order of 10 nm, which corresponds to a quality factor (Q =
A/8)) of the order 10°. At the MDRs of wavelength 1473.0210 nm of figure 5.6(c), the
transmitted power drops by about 0.02 % of the incident power. The scattered intensity

signal has a large dynamic range on the order of 17dB.
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6.1 Conclusions and Future Work

A brief description was given in this thesis about the elastic scattering from spherical
particles, the morphology dependent resonances (MDRs), and their excitation principle
using a Gaussian beam. The importance of silicon photonics, the latest achievements, the
applications in the field, as well as the latest studies of promising applications that can be
done using a silicon microsphere, were presented. Also, theoretical calculations for elastic
light scattering from a 50 wm, 3.5 refractive index silicon microsphere were presented and
analysed in the 1200 nm region. The mode spacing between MDRs with consecutive mode
orders was observed to be 1.76 nm. The full width half maximum of MDRs was found to
be 0.02 nm, which corresponds to a quality factor of 10°. The transmission signal is not
suitable for signal monitoring, but the 90° elastic scattering has a larger dynamic range is
suitable for crosstalk suppression between channels. The TE and TM polarized MDRs of
the microsphere can be easily used separately with the use of a polarizer. The 90° elastic
scattering light can be accumulated using a high numerical aperture lens and measured
using an InGaAs photodetector. The transmitted intensity can be measured using an optical
multimeter. The photocurrent can be measured using a current meter in series with the

sphere and voltage supply.
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Experimental spectra for unpolarized, TE, and TM polarized elastic light scattering
from a 500 wm radius and 3.48 refractive index silicon microsphere were presented and
analysed between 1472-1473 nm. The TE and TM MDR’s of the microsphere here can also
be detected separately with the use of a polarizer. The mode spacing was observed to be
0.27 nm, which correlates well with the optical size of the silicon microsphere. The full-
width-half-maximum of the MDRs were found on the order 10™ nm, which correspond to a
quality factor of 10°. The transmission signal is not suitable for signal monitoring, while
the 90° elastic scattering with a larger dynamic range, is suitable for applications such as
channel dropping. The polarization dependence of the elastic scattering signal heralds
another novel parameter from optical channel dropping.

For the silicon microsphere of radius 500 pm to be used as an RCE photodetector,
a laser of wavelength range 1.07-1.19 um is needed. This corresponds to the low
absorption coefficient needed, in order for the electromagnetic wave to be able to resonate
inside the sphere and at the same the photons having enough energy to cross the band gap
from the valence up to the conduction band. It is important to note that, if we have silicon
spheres 1Tn ot radius smaller than 500 wm, then it is possible to have an RCE

photodetector at a wavelength around 1100 nm.
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APPENDIX

A.1 Electrical Control Input

A box for holding and operating a 1300 nm AT&T dual inline package (DIP) diode laser
was prepared. The figures below show electrical connections of the laser to the laser diode

controller, and the mechanical assembly steps of the laser box.

P
\

- a9
.
L]

A B

N
W

A
.
.

e reee

" |O".
.Qu'ﬁxv‘.d‘
PEr R RN N N

£

I8
2299080

. !bECL .

OO ‘\“:‘T“,c..\
01169
QOC ™

o Ne )P e e e

' @
P I I
LR L B
99 %90
2299 9008 e

|
"
o
U
:

. . - Vboooo'\\
v e e Y s e cvee s
TR e cec s

L

EEEE *e e eere
Ceeee e tCRePPOERPRETY T
PR RO B O &
‘c.._t...ooo%'.
Ceeser e e .

Cee QTR OEREe >
. ”~

LA A B N R N
® 00 s esdeanverIavenw

L4

:{g

Figure A.1.1: Pigtailed diode laser in DIP package inserted in DIP socket.
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Figure A.1.1 shows the Pigtailed diode laser in DIP package inserted in DIP socket. The
labeled numbers around the socket corresponds to the numbers of the laser package pins.
The green connectors are used to connect the socket pins to the laser diode current
controller. The pins of the current connectors are numbered according to their connection
with the laser diode current controller connectors. The connections between the laser

package pins and the green connectors were done at the bottom side of the board.

Pin Number Pin Name

1 Ground
Laser Anode
Laser Cathode
Ground
Ground
Photodiode Anode
Photodiode Cathode
Not Connected

[cAENE Ko SRV, Y F N RUS] §\S)

Table A.1.1: Laser diode package pin numbers and their corresponding names.
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Figure A.1.2: Electrical connection to the laser diode current and temperature controller connectors.

Figure A.1.2 shows the electrical wiring connections of the green connectors to the laser
diode current controller connector. The connections between the green connectors and the

laser chip electrodes were done according to the table below.

SO 4O 3O ZO IO
'O *O 'O ‘O

Figure A.1.3: Laser diode current controller back connector.
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Pin Number Pin Name
1 and 2 Free ends
3 Ground
4 and 5 Laser Cathode
6 Photodiode Cathode
7 Photodiode Anode
8and 9 Laser Anode

Table A.1.2: Laser diode current controller connector numbers and their corresponding names.

A.2 Fiber Optic Output

PR R

..ooc-'o.oq P 5
' .. .
¢ ’“S’c:‘oo -/

Figure A.2.1: Laser output fiber connected to a fiber adapter at the output of the box.

Figure A.2.1 shows the laser output fiber connected to an FC/PC fiber adapter at the output

of the box.
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A.3 Thermal Control Input

After the electrical connection, we need to connect the thermistor to the laser which would

the information about the laser chip temperature.

Figure A.3.1: Thermistor laying on a thin aluminum plate.

Figure A.3.1 shows the thermistor of part number 1T1002-5 laying on a thin aluminum

plate. The thermistor was tied down to the aluminum sheet by a duct tape, and supported
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with two metallic staples. The thermistor’s positive and negative electrodes are connected
to the laser diode temperature controller pins 7 and 8 respectively (shown in figure A.1.1).
The aluminum plate with the thermistor will be laid down over the laser package.
Whenever the laser package temperature changes, the aluminum plate temperature will
change and consequently the thermistor resistance will change. The thermistor resistance
variation with respect to temperature was given by the ILX company. Note that a little
amount of silicon heat sink compound (DOW CORNING) was added to the contact surface
between the aluminum sheet and the laser chip as well as to the contact surface between the
aluminum plate and the thermistor. The heat sink compound is used in order to improve the

heat transfer between the components.

Peltier
Cooler

Figure A.3.2: Peltier cooler lying on the aluminum plate.
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In order to control the temperature of the laser, a Peltier cooler is used. The Peltier cooler is
laid on the opposite side of the aluminum plate after adding the silicon heat sink compound
on the contact surface between the Peltier cooler and the aluminum plate. The Peltier cooler
positive electrode (red wire) is connected to the pins (1, and 2) of the laser diode
temperature controller, and the negative electrode (black wire) is connected to the pins (3,
and 4) of the laser diode temperature controller. Consequently, the aluminum plate should
have the thermistor at the bottom surface and the peltier cooler at the upper surface. Then,

the aluminum plate is laid down with its bottom surface contacting the upper the surface of

the laser diode package as shown in figure A.3.5 and A.3.6.

‘O 'O O 0 'O
'O *O 'O ‘O

Figure A.3.3: Laser diode temperature controller back connector.

Pin Number Pin Name
1 and 2 Peltier cooler positive electrode
3and 4 Peltier cooler negative electrode
5 Free end
6 Free end
7 Thermistor positive pin
8 Thermistor negative pin
9 Free end

Table A.3.1: Laser diode temperature controller connector numbers and their corresponding names.
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Peltier
Cooler

Figure A.3.4: The aluminum plate with the Peltier cooler and the thermistor laying over the laser package.

Figure A.3.5: Electrical, mechanical and optical assembly of the 1300 nm laser box.
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A metallic heat sink is added to the upper surface of the Peltier cooler in order to transfer
the heat from its upper surface to the surrounding as shown in figure A.3.7. A small fan can

be added on top of the metallic heat sink to exchange the heat faster.

Figure A.3.7: 1300 nm AT&T laser diode box.
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The temperature controller ILX LDT-5412, and current source LDX-3412 were used to
operate and calibrate the 1300 nm AT&T laser diode. The 1300 nm AT&T laser diode
calibration curves are shown in figure A.10. By setting the thermistor resistance value
using LDT-5412, we were able to set the temperature of the Peltier cooler. By setting the
temperature of the Peltier cooler, we were able to set the wavelength and the power of the

1300 nm AT&T laser diode as shown in figure A.3.9 and A.3.10.

1316

—— Trial 2

1315.125 \ - — =Trial 3

1314.25 |

Wavelength (nm)

1313.375

13125 L 1 1 il 1 Il Il Il 1 Il N N N " 1 N N N N

3.55 3.9875 4.425 4.8625 53
Thermistor Resistance(k)

Figure A.3.8: Calibration curve of the wavelength of 1300 nm AT&T laser diode versus thermistor resistance.
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Figure A.3.9: Calibration curve of the wavelength and power of 1300 nm AT&T laser diode versus thermistor resistance.
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