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ABSTRACT
Silicon is a cheap and naturally abundant material and has contributed to the electronics
revolution, which in turn has led to the foundation of separate fields known as silicon
electronics and silicon photonics. In silicon photonics optical resonances are utilized,
which are useful for various applications, i.e., optical components such as Fabry-Pérot
resonators. However, with the passage of time focus has shifted to three dimensional
optical resonators with microspheres being the prime example. Nowadays, optical
resonances excited in microspheres are called whispering gallery modes (WGMs) and
they can be beneficial for various photonics applications. In this work, a silicon
microsphere, with a 1 mm diameter and a refractive index of 3.48, is used to excite the
WGMs of the silicon microsphere by evanescent coupling with a silica optical fiber half
coupler (OFHC). A near infrared CW laser with the central wavelength of 1472 nm is
used for the excitation of the WGMs. Additionally, these WGMs are tuned with the help
of a pulsed 405 nm Fabry-Pérot laser, which acts as pump laser to modify the refractive
index of the microsphere. As the pump energy changes, an average red shift of 0.37 nm
in the WGMs spectrum of the silicon microsphere is observed for 50% duty cycle of the

pump laser, which leads to a refractive index change of AN = 8.75x10“ and a

temperature change of AT = 4.70 K. This behavior can be explained by the thermo-optic
effect (TOE) in silicon. All-optical switching in time domain is also carried out for the
WGMs of the silicon sphere, as the pump modulates the refractive index of silicon, the
resonant peaks are observed to be shifting in time domain. Overall, TOE tuning of the
resonant spectra is shown to be beneficial for the all optical control of silicon

resonators. This technique can be useful for applications in silicon photonics.



OZET
Silisyum oldukga bol bulunan ve uygun optik 6zellikleri olan bir geregtir. Silisyum
kullanilarak elektronik devrimi gergeklestirilmis ve silisyum elektronik/fotonik
aragtirma alani ortaya ¢ikmustir. Silisyum, fotonik alaninda optik ¢inlamalar igin de
kullanilmakta olup, Fabry-Pérot ¢inlaglar1 gibi bir¢ok optik aygitta yer almaktadir.
Silisyum fotoniginin gelismesi ile 3 boyutlu optik ¢inlaglar 6nem kazanmis ve
mikroyuvarlar ana arastirma dallarindan biri olmustur. Bugiinlerde, mikroyuvarlarda
uyarilan optik ¢inlamalara fisildayan gegit kipleri (FGK) denmektedir ve bu ¢inlamalar
bir¢ok fotonik uygulamasinda yer bulmaktadir. Bu c¢alismada, 1 mm ¢apl ve kirllma
katsayisi 3.48 olan silisyum mikroyuvarlarda FGK’leri ¢alisilmistir. Optik ¢inlamalar,
mikroyuvarlarin optik dalga kilavuzlarina baglasmasi ile elde edilmistir. Bu ¢alismada,
FGK’lerin uyarilmasi i¢in dalgaboyu 1472 nm olan siirekli dalga kizilalti lazer
kullanilmistir. Ek olarak, 405 nm dalga boyunda ¢alisan bir Fabry-Pérot lazeri sayesinde
1472 nm’de gozlemlenen FGK’lerin yonetilmesi amaclanmistir. 405 nm lazer, uyari
lazeri olarak kullanilarak silisyum mikroyuvarlarin kirilma katsayilari iizerinde 1sil-
optik etki yaratilmistir. Uyar1 lazer giiciniin degismesi ile yuvar kirilma katsayisi

AN = 8.75x10* ve yuvar sicakhigi AT = 4.70 K miktarinda degistirilmis ve bu yolla

FGK’ler 0.37 nm kirmiziya kaydirilmistir. Ek olarak, mikroyuvarlarda ¢inlayan 11k
zaman boyutunda da incelenmis ve uyari lazeri yuvar kirilma katsayisini degistirdikce
FGK’lerin zaman ekseninde de kaydirildig1 gézlemlenmistir. Yapilan ¢alisma, 1s1l optik
etki ile optik agma-kapama yonetiminin olabilirligini gostermis ve optik yollarla

FGK’lerin yonetilebilecegini ortaya koymustur.
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Chapter 1

INTRODUCTION

Elastic light scattering is one of the basic methods used for determining the
optoelectronic properties of resonators of different shapes. In elastic light scattering,
the photon energy remains conserved after the coupling between the incident ray of

light and the optical resonator.

A common example of elastic scattering is Rayleigh scattering, the optical modes or
optical resonances are analogous to the acoustic whispering gallery modes (WGMs),
which were first proposed by Lord Rayleigh [1], while Gustav Mie was the first to

present scattering theory for a spherical shaped object [2].

Recently, research in optical microresonators has intensified, and extensive research
has been done on the subject of microresonators [3,4,5,6,7]. Microresonators of
different shapes are used such as microslabs, e.g., Fabry-Pérots [8], microcylinders
[9], microdisks [10], microrings [11,12], microtoroids [13], microspheres [14], and
photonic crystal microcavities [15] in order to localize light, while multiple studies are
performed on deformed spheres, and axisymmetric spheroid resonators [16,17].
Microresonators of different materials, such as silica [18], fused silica [19],
chalcogenides [20], germanium [21], silicon [22] and are used for various applications
such as optical communication [23], biosensing [24], detection [25], optical
modulation [26], photonic integration, and wavelength division multiplexing (WDM)

[27].
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Silicon technology has grown rapidly during the past half-century, with the main
application being in microelectronics. Moore’s law has continued to hold true for fifty
years, and silicon has been an essential component in the growth of the
complementary metal oxide semiconductor (CMOS) industry [28]. However, with
arrival of the new millennium, the tide has turned and semiconductor devices are
swiftly approaching performance and density saturation [29], hence silicon is now
seen as a material for manufacturing optoelectronic devices, since silicon photonics is
compatible with CMOS technology [30].

Silicon photonics [31] has narrowed the gap between photonics and electronics [32]
by using semiconductor microresonators as the intermediary [33]. Silicon
microspheres with their high quality WGMs are excellent examples of three
dimensional semiconductor microresonators [34,35,36].

Many demonstrations of optical modulation have been done in the near-infrared (near-
IR) region for optical microresonators by using thermo-optical, electro-optical, or all-
optical techniques. Thermo-optic modulation has been demonstrated by installing a
heater in the structure such as a waveguide or resonator, which heats the structure and
changes its refractive index, thermo-optic modulation has been demonstrated in
silicon Fabry-Pérot etalon [37,38] and a shift in wavelength was observed by heating
Nd*® doped silica microspheres [39]. Electro-optic modulation (EOM) is achieved by
applying an electric field to the microresonator. EOM can either be electro-absorptive
or electro-refractive [40], and has been demonstrated in silicon microrings [41] and
silicon microspheres [42,43], while a spectral shift [44] has also been demonstrated by

utilizing electro-optic excitation.
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All-optical control, such as modulation, and switching, is usually achieved by using a
light source to control another light source. A pump laser is used to control the
resonances of a probe laser, which is used for excitation. All-optical modulation is
either attributed to the linear one photon absorption (OPA) at low optical intensities
[45,46] and to the non-linear two photon absorption (TPA) at high optical intensities
[47]. OPA and TPA are induced by using a focused pump beam or a coupled pump
beam, [48,49] which lead to free carrier absorption (FCA) and free carrier dispersion
(FCD).

FCA and FCD are the all-optical counterparts of electro-absorption and electro-
refraction, respectively [50]. FCA results in thermo-optic effect (TOE) and generation
of heat in the form of phonons, and due to the high thermo-optic coefficient of silicon,
which is considerably higher than that of silica and other thermo-optical materials.
TOE results in a red-shift of the spectrum, and FCD results in a blue-shift of the
spectrum. Due to the high thermo-optic coefficient of silicon, a red-shift is observed,
after using OPA to induce TOE. However, FCD can be made the dominant process by
increasing the free carrier lifetime [51]. The TOE in silicon is strong at low
frequencies [52], therefore TOE overshadows the rest of the nonlinear effects at
millisecond regime.

All-optical modulation has been demonstrated in different types of optical resonators
such as silicon [53,54,55] and silicon nitride [56] microrings. Similarly wavelength
shifts have been observed for microspheres of different materials such as silica [57],
silica coated by silicon [58], and chalcogenides [59]. Here, for the very first time to
our knowledge, we report all-optical switching in silicon microspheres in the near-IR

by TOE induced by OPA.
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Chapter 2 gives a brief introduction to spherical resonators, with emphasis on
generalized Lorenz-Mie theory to describe the modes of a spherical resonator.

Chapter 3 explains the topic of optical processes in silicon by understanding optical
modulation and going into subtopics of thermo-optic modulation, electro-optic
modulation, and in the end the all-optical modulation, which is the essence of this
work.

In chapter 4, the all-optical wavelength tuning of resonances of the silicon
microsphere is explained and demonstrated with a probe laser with a wavelength in
the near-IR region and a pump laser in the visible region.

Chapter 5 covers the topic of all-optical switching of the optical resonances of the
silicon microsphere in time by monitoring the elastic scattering signal.

Chapter 6 is the conclusion of this work done on the silicon microsphere resonators

and includes suggestions for any possible future work.
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Chapter 2

SPHERICAL MICRORESONATORS

2.1. Optical Resonators

An optical resonator is the equivalent of an electronic resonant circuit in photonics or
optoelectronics. The optical resonator confines light inside itself at several different
resonant frequencies. Inside the optical resonator, light either reflects back and forth
or circulates, without being able to escape, generally depending on the shape of the
resonator used for trapping light.

There are different types of resonators, that can confine light in different dimensions
such as the one dimensional Fabry-Pérot [8], the two dimensional microtoroid [13],
microring [11,12], and microdisk [10] resonators. Light can be trapped in three
dimensions using a spherical resonator [14], and microspheres [44] of certain
diameters and material properties.

The simplest resonator is the Fabry-Pérot resonator, which was first introduced by two
French scientists Charles Fabry and Alfred Pérot in 1897 [8]. The Fabry-Pérot
resonator is also called Fabry-Pérot interferometer, or the Fabry-Pérot etalon, as it was
used for interferometry. Etalon is a French word, which according to Oxford English
dictionary means “measuring gauge”. Fabry-Pérot etalons are mainly used in

spectroscopy, laser applications and telecommunication applications. Several different
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types of basic resonators exist in ray and wave optics, such as the planar-mirror
resonator, spherical-mirror resonator, optical fiber resonator and the ring resonator.

One of the most important uses of optical resonators is in lasers, where laser stands for
“light amplification by stimulated emission of radiation”. Laser itself consists of an
optical resonator, which amplifies light by trapping it inside the resonator cavity and
uses an amplification medium for this very purpose. However lasers also control the
wavelength and the spatial distribution of light. Nowadays resonators are extensively
being utilized in micro and nano-photonics to take the progressing field of

optoelectronics further into the future.

2.2. Spherical Resonators

Whispering Gallery Modes (WGMs) were first illustrated by Lord Rayleigh [1], at the
start of twentieth century. But Gustav Mie was the first scientist to describe the
WGMs for a spherical shaped object [2]. However, it was not until the introduction of
maser (microwave amplification with stimulated emission of radiation), and later laser
that WGMs started to come in to the limelight and scientists looked for their
applications.

The fabrication of stable optical resonators is a difficult task, however with the
introduction of spherical-shaped resonators made up of dielectric material, this task
was made easy, since the surface of the dielectric spherical resonator itself is
responsible for trapping light by total internal reflection (TIR), which can be

understood by Snell’s law.
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A dielectric sphere with minimal or no absorption can sustain WGMs [6], where the
refractive index of a material is given by:

N =N, +iN, (2.1),

imag

For a nonabsorbing material, the imaginary part of the refractive index is zero. The
light stays confined inside the spherical resonator by sticking to the sides of the
spherical resonator. The TIR inside a spherical resonator is illustrated in Figure 2.1,
where 6inc is the incidence angle of the light confined inside the resonator, Ng the

refractive index of the material of sphere, and a the radius.

Figure 2.1: TIR inside a spherical resonator.

For the light to couple into the resonator, the resonance condition has to be met. The

resonance condition for a spherical resonator is given by the following equation:

N, =27aMg,, (2.2),
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where n is the angular mode number, a the radius, Az the resonant wavelength and
Msph the refractive index of the sphere relative to the outside refractive index. Mgph is
given by:

NS
M, :N_Ph (2.3),

out
where Noyt is the refractive index of the surrounding medium.

2.3. Silicon Microsphere

The basis of this study is a silicon microsphere of 1 mm diameter and a refractive
index of 3.48, excited with a near-infrared (near-IR) laser of central wavelength of
1472 nm. Scanning electron microscope (SEM) image of the silicon sphere is shown

in figure 2.2.

Figure 2.2: SEM image of the silicon microsphere.
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Multiple studies are being performed on silicon microspheres of different sizes [22,
36, 60], such as electro-optical modulation, wavelength shifting, resonance tuning
[26,42,43], while they have are also being explored for use in solar cells [61], all-
optical photodiodes [62], and have possible applications in medicine [63], barcodes

[64], and biosensing [65].

2.4. Whispering Gallery Modes

The WGMs of a silicon microsphere can be seen, after exciting WGMs by satisfying
the resonance condition, shown in equation 2.2. However WGMs can be excited in
different ways, such as plane-wave excitation or Lorenz-Mie theory (LMT) or by
Gaussian-beam excitation or generalized Lorenz-Mie theory (GLMT).

WGMs occur at discrete wavelengths, and depend on the size parameter and refractive
index of the microsphere. WGMs are defined by three mode numbers: azimuthal
mode number (m), polar angular mode number (n), and radial mode number (I). The
radial mode number shows the number of maxima in the direction of the radius,
whereas the polar modes can be seen on the edges of the sphere for different angles.
The azimuthal mode number describes the azimuthal distribution of the field and is
degenerate with 2n+1 values, while this degeneracy can be lifted by deforming the
spherical structure to that of an axisymmetric spheroid, i.e., a prolate or an oblate.
Mode numbers for the resonating light inside the spherical resonator can be easily

found with the solution of Equation 2.2, i.e., the resonance condition.
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To observe the modes of a silicon microsphere, a finite-difference time domain
(FDTD) method using electromagnetic simulation was performed by coupling a
silicon microdisk resonator of 5um radius to a silica slab, and diamond slab
waveguides of 0.5 um width, to observe the modes of a silicon microsphere coupled

to an optical fiber in two dimensions [66, 67].
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Figure 2.3: WGMs inside a silicon microdisk coupled to a silica slab waveguide.
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Figure 2.4: WGMs inside a silicon microdisk coupled to a diamond slab waveguide.
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For figure 2.3 angular mode number is n = 65 and radial mode order is | = 1. Whereas

the angular mode number is n = 37 and radial mode order is | = 8.

2.4.1. Lorenz-Mie Theory

In 1908, two physicists namely Gustav Mie and Ludvig Lorenz from Germany and
Denmark, respectively proposed the theory of light scattering from a dielectric sphere,
[2] and nowadays it is referred to as the Lorenz-Mie theory (LMT). LMT gives us the
light scattering results of a spherical structure being illuminated with a plane wave, or
in other words gives us the scattering results of a sphere by plane-wave excitation.

In LMT the incident wave is expanded into vector spherical harmonics and the
expansion coefficients of the scattered field are calculated by applying the boundary
conditions to the surface of the sphere. The WGMs do not occur for a single
wavelength, but for a wavelength range, and the WGMs can occur in between the

following boundary.

x<n<xMg, (2.4),

where X is the size parameter and is given by the following equation:

x =ka (2.5),

where k is the wave propagation vector given by:
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27N
A

k =

out (2 . 6) ,

The mode-spacing in terms of size parameter is given by the following equation [68]:

2
. arctaanMSph -1

AX = (2.7),

The geometry for the plane-wave excitation is shown is figure 2.5.

Perpendicular
polarization

>
<

Parallel
polarization

Sl - o o

Figure 2.5: Plane-wave excitation geometry for a sphere.
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LMT results are shown in figure 2.6 using FORTRAN simulation by S.C. Hill et al.

[69].
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Figure 2.6: LMT simulation for a Si microsphere with x = 15 to 20.

Figure 2.6 shows the elastic light scattering and transmission spectra for a silicon
sphere with a size parameter ranging from 15 to 20 for the perpendicular polarization
to the plane of incidence. The primary horizontal axis shows the 90° elastic light
scattering spectra (in blue) while the secondary horizontal axis shows the 0°
transmission spectra (in red). The mode spacing is found using equation 2.6 and it is
numerically verified as well in the plot i.e., 0.76 between two consecutive resonant

peaks.
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2.4.2. Generalized Lorenz-Mie Theory

We know from the previous section that LMT shows us the elastic light scattering
results of a spherical body hit by a plane wave. However, when the plane wave is
changed in to a focused Gaussian beam then the LMT becomes generalized Lorenz-
Mie theory (GLMT).

Therefore the illumination of a spherical body by a Gaussian beam is known as the
GLMT, since it is a generalization of the original LMT. In GLMT, the waves having
angular mode number smaller than size parameter are excluded from the LMT infinite
series [5]. We already know from equation 2.3 and 2.4 that to excite modes of a
sphere, the resonance condition must be met. The scattering geometry for GLMT is
described in figure 2.7, where w, is the half width of the Gaussian beam, b the impact

parameter, a the radius, and Ny is the real part of the sphere’s refractive index.

Perpendicular
Scattering (90°)

Forward
Backward scattering (180°) Scattering (0°)

Impact Parameter (b)

Figure 2.7: Gaussian beam excitation illustration.
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Keeping figure 2.7 in mind and by applying the localization principle, the resonance

boundaries for the GLMT case are given by rewriting equation 2.4 as:

a<b<aM, (2.8),

where b is the impact parameter and a is the radius of the sphere. The mode spacing
for two consecutive peaks as a function of size parameter is described by equation 2.7.
However mode-spacing can be expressed as a function of wavelength. Mode-spacing

as a function of wavelength is given by the following equation:

2 arctan M, 2 1
AL =R pz (2.9),
27aN, \[M " =1

where Noy is the refractive index of the outside medium and Mgy, is the relative
refractive index of the sphere with respect to the outside medium. The simulations for

GLMT are performed by using FORTRAN program by J.A. Lock et al. [70].
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Figure 2.8: TE Polarization scattering spectra of GLMT excitation.
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Figure 2.9: TM Polarization scattering spectra of GLMT excitation.
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Figures 2.8 and 2.9 show the TE and TM polarization simulation results for GLMT
respectively, for a sphere of 500 um radius, refractive index 3.48, whereas the
wavelength range for both scattering spectra plots is from 1471 nm to 1473 nm. The
mode spacing for these values was found using equation 2.7 and was found to be

0.26 nm, which agrees with our scattering spectra plots.

2.4.3. Quality Factor of the Resonances

Along with mode spacing the quality factor (Q-factor), is one of the main properties of
WGMs. Q-factor is usually defined as the ratio between the energy of the confined
photons and the energy of the escaped photons during one circular trip. Q-factor
shows the time interval for a photon to stay in the WGM. Therefore, according to the
definitions stated above, the Q-factor of the resonances denoted by Q is given by the

following equation [71]:

Q=wr (2.10),

where, 7 stands for the life time of photons and w stands for the angular frequency.

However, Q-factor is also defined as:

_ A
Q ﬂ’FWHM

(2.11).

where, Ar is the resonant wavelength and Apwnm IS linewidth of the resonant peak

given by full width at half maximum (FWHM) [72].
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Figure 2.10: FWHM, linewidth of a resonance at a given wavelength.

Figure 2.10 shows the FWHM of a MDR. The angular mode number (n) and radial
mode number (1) directly affect the Q-factor of a MDR. Resonances that are nearer to
the surface of the resonator have higher Q-factors [73]. Q-factor is directly
proportional to n, as n increases the Q-factor of the resonator will also increase. The
microsphere resonators with a very low radial mode number (1) i.e., I=1 and a high

polar mode number (n), have a high Q-factor.
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Chapter 3

OPTICAL EFFECTS IN SILICON

3.1. Silicon Photonics

Solid state microelectronics industry’s main material or in other words favorite
semiconductor has been silicon for a period of more than half a century [28]. Silicon
technology has grown rapidly and Moore’s law has continued to hold true for fifty
years, and silicon has been an essential component in the growth of the
complementary metal oxide semiconductor (CMQOS) industry [28], with the main
application being in microelectronics [74]. A significant amount of research in silicon
photonics has been performed due to the need for high speed communication, cheap
photonic devices, high bandwidth, low power and low interference devices in
microelectronics [74]. For several applications in microelectronics silicon is one of the
mostly used materials and silicon is the basis of many integrated circuits and
microprocessors. But there have been several question marks regarding the suitability
of silicon in the photonic integrated circuits, however with arrival of the new
millennium the tide has turned and semiconductor devices are approaching
performance saturation, hence silicon is now seen as a material for manufacturing
optoelectronic devices, since silicon photonics is compatible with CMOS technology
[29]. Although silicon photonics is relatively a new field, when compared to other

semiconductors such as the direct bandgap I1I-V semiconductor photonics
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technologies; silicon is enroute to make a huge impact in the field of optical
communications [32]. Integrated optoelectronic silicon chips have become the top
candidate for succeeding conventional microelectronics [33].

Silicon is highly producible, naturally abundant and a relatively cheap material and is
very well researched, and hence is a material well known in electronics [75,76].
Silicon is transparent at the telecommunication wavelengths between 1.3 um and
1.55 um, by keeping all these facts in mind silicon photonics is capable to make a

great impact in optical communications [77].

3.2. Optical Modulators

One of the main applications of silicon in photonics is being used as the material for a
waveguide. Silicon is a suitable material for waveguiding with very low loss. Silicon
is transparent from the wavelengths of 1.1 um extending well into the far-infrared
region. We’ve already seen the theory of a silicon microsphere as a microresonator in
chapter 2. However, here we’re going to shed some light on the application of silicon
waveguides/resonators as optical modulators.

An optical modulator is a device that is used to modulate i.e., change the fundamental
properties of a light beam propagating either in free space or in an optical waveguide
[40]. An optical modulator can alter different beam parameters, allowing them to be
categorized as either, (1) phase modulators, (2) amplitude modulators, and (3)
polarization modulators.

Optical modulation is one of the basic requirements for semiconductor

microresonators in integrated optics. Optical modulation is usually achieved by
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altering the optical field of the waveguide/resonator by applying an external signal.
The change in optical field actually leads to a change in refractive index. Modulation
in silicon is achieved by similar means, i.e., by altering the refractive index. The
refractive index of silicon can be changed by three different modulation techniques,
such as (1) electro-optic modulation, (2) thermo-optic modulation and (3) all-optic

modulation.

3.3. Electro-optic modulation

Electro-optic modulation is achieved in a resonator by applying an electric field to the
resonator, electro-optic modulation is further classified into (1) electro-refractive
modulation, and (2) electro-absorptive modulation. In electro-refractive modulation,
after applying an electric field around the resonator, the real part of the refractive
index changes, while in electro-absorptive modulation, the imaginary part of the
refractive index changes after application of an electric field around the silicon
resonator. The primary effects, that are usually responsible for causing either electro-
absorption or electro-refraction in semiconductor materials, are the Pockels effect, the
Kerr effect, the Franz—Keldysh effect, while carriers can either be injected or depleted

electrically as well.

3.3.1. Pockels effect

Pockels effect is also called the linear electro-optic effect, and is named after a
German physicist named Friedrich Carl Alwin Pockels. The Pockels effect is
classified as an electro-refractive process, since after the application of an electric

field around the material a change in the real part of the refractive index is observed,
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and is linearly dependent on the applied electric field (E field). The refractive index
change will be directly proportional to the applied potential difference, in case of
fixed modulator geometry and a uniform constant E field. Moreover, due to Pockels
effect a change in the real part of the refractive index is observed, which is dependent
on the direction of the E field applied to the modulator, and with respect to the axes of
the modulator crystal. Therefore Pockels effect is classified as a polarization
dependent process.

Pockels effect requires a lack of inversion symmetry in the material, however since
silicon does not possess the lack of inversion symmetry, therefore Pockels effect is
non-existent in silicon [75]. The change in refractive index due to Pockels effect is

given by the following equation.

3.1),

where AN is the change in the refractive index due to Pockels effect, r the linear
electro-optic or Pockels coefficient, E the applied electric field and N the refractive
index in the direction of the applied E field. Usually the values for r lie in the range
10" t0 10™ m/V for E = 10° V/m. The change in refractive index due to Pockels effect
is very small. Most commonly used crystals to observe Pockels effect are NH;H,PO,

(ADP), KH,PO, (KDP), LiNbO3, LiTaOs, and CdTe [78].
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3.3.2. Kerr Effect

The Kerr effect is named after a Scottish physicist John Kerr, who discovered the
effect in 1875 [79]. Kerr effect is also known as the quadratic electro-optic effect, and
results in change in the refractive index proportional to the square of the electric field.
Kerr effect is also classified as an electro-refractive process. All materials display the
Kerr effect, but it is generally much weaker than the Pockels effect.

In silicon Kerr effect is very weak. Kerr effect is a second order effect and the applied
electric field is squared and there is no dependence on the direction of the applied
Electric field, unlike Pockels effect. The change in refractive index induced by Kerr

effect is given by the following equation:

_sNE2
2

AN = (3.2),

where s is the Kerr coefficient, E* the square of the applied electric field and N the
initial refractive index. Typical values of G are 108 to 10™ m%V/? in crystals and 10%

to 10™ m?/V2 in liquids [79].

3.3.3. Franz-Keldysh effect

Unlike Pockels and Kerr effect, Franz-Keldysh effect is an electro-absorptive process,
since a change in the imaginary part of refractive index of the material is observed
after application of an electric field. This effect is named after the German physicist
Walter Franz and Russian physicist Leonid Keldysh. The Franz-Keldysh effect is very
weak in silicon, while at the telecom wavelengths the Franz-Keldysh effect almost

disappears in silicon.
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Franz-Keldysh effect is usually strong at wavelengths closer to the bandgap of a
semiconductor material. The energy bands of the semiconductor experience a
distortion due to the applied voltage, which results in a shift of the energy bandgap. In
turn, the energy bandgap shift results in the absorption of the semiconductor. In order
to observe a change of the order of 10 in the refractive index, a potential difference
of 200 kV/cm is needed [80]. When compared to Kerr effect, in order to observe a
change of the similar in the refractive index, a potential difference of 1000 kV/cm has

to be applied.

3.3.4. Electrical carrier injection or depletion
A change in the refractive index of a semiconductor material can also be caused by
changing the concentration of free charges. Drude-Lorentz equation for the

concentration of free charges to the absorption of the material is:

e’ C, C,
Aa = 3 * \2 + *\2 (3.3),
drcen | p, (M) g4, (my,)

where C. and C; are concentration of electrons and holes, respectively, « the
absorption coefficient, 4, the vacuum wavelength, c the speed of the light in vacuum,
and &, the permittivity of the vacuum The corresponding equation for the change in
the real part of refractive index is:

AN =270 [&+ Cr} (3.9),

- 2.2 *
8rcgn(m  my
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The relation between the refractive index of silicon and the concentration of hole and
electron densities has been studied experimentally by R.A. Soref et al. [80], with
special emphasis on the telecommunication wavelengths of 1.3 um and 1.55 um. The
conclusion for the experimental study was that, the results for silicon are related to
Drude-Lorentz model for electrons, whereas, for holes there is a dependence of
(ACy)*® The following expressions were produced evaluating the changes in the
refractive index of silicon due to carrier injection or depletion at communication
wavelengths of 1.3 pm and 1.55 pm.

For A =1.55 um.

AN = AN, + AN}, = -[8.8 x 107% AC, + 8.5 x 108 (AC;))*¥]

Aa = Aoe + Aoy = 8.5 x 1078 AC.+ 6.0 x 108 AC,, (3.5),
ForA=1.3 pm:

AN= AN + AN}, = -[6.2 x 10?2 AC + 6.0 x 108 (AC},)%]

Aa = Aoe + Aoy = 6.0 x 1078 AC+ 4.0 x 108 AC,, (3.6),
where AN and AN}, are the changes in the refractive index of silicon due to a change
in the electron and hole concentrations; whereas Aae and Aay, are the changes in the
absorption coefficient of silicon due to a change in the electron and hole
concentrations, respectively.

Career injection and depletion either results in an electro-refractive or electro-
absorptive process and a change in the real part or the imaginary part of the refractive

index is reported.
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3.4. Thermo-optic Modulation

Thermo-optic modulation is the type of modulation where literal heat is applied to the
resonator to change its refractive index. Thermo-optic modulation has been
demonstrated by installing a heater in the structure such as a waveguide or resonator,
which heats the structure and changes its refractive index, thermo-optic modulation
has been demonstrated in a silicon Fabry-Pérot etalon [37,38] and a shift in

wavelength was observed by heating Nd*® doped silica microspheres [39].

3.4.1 Thermo-optic coefficient of Silicon

The thermo-optic coefficient of silicon is given by the following equation:

AN _186x10° /K (3.7),
AT

where AN is the change in the refractive index of silicon and AT is the change in the
temperature of silicon. The thermo-optic coefficient of silicon is considerably higher

than that of silica and other thermo-optical materials.

3.5. All-optical Modulation

All-optical control, such as modulation, and switching, is usually achieved by using a
light source to control another light source. A pump laser is used to control the
resonances of a probe laser, which is used for excitation. All-optical modulation is
usually either attributed to the two photon absorption (TPA), or to the linear one

photon absorption (OPA).
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3.5.1. One/Two-Photon absorption

One photon absorption (OPA) is a linear process and is also called linear absorption,
whereas the two photon absorption (TPA), is a non-linear process. OPA or TPA are
induced by using a focused pump beam or a coupled pump beam. In OPA one photon
is absorbed, whereas in TPA, two photons are simultaneously absorbed, which results
in the excitation of the carrier to high energy level, for example from the valence band
to the conduction band [81]. TPA depends on the optical absorption. If the combined
energy of the single or the two incident photons is greater than the bandgap energy of
silicon (Eq=1.12 eV, A =1100 nm), then they will be absorbed and will excite an
electron from valence band to conduction band, which will in turn result in the
generation of heat in the form of a phonon, when the electron transitions in the
conduction band, i.e., intraband transition, and interband transition will result in the
emission of photon. In silicon, TPA occurs at high intensity of the pump laser, since it

is a non-linear process, whereas OPA occurs at lower intensity.

3.5.2. Free carrier absorption and dispersion

Both OPA and TPA lead to free carrier absorption (FCA) and free carrier dispersion
(FCD). Since, we have already discussed the generation of phonon above, if the free
carrier lifetime is small, it will take little time to recombine and therefore will result in
generation of heat i.e., phonons which in turn results in the thermo-optic effect (TOE).
Free carrier absorption (FCA) and free carrier dispersion (FCD) are the all-optical
counterparts of electro-absorption and electro-refraction, respectively. In FCA a

change in the imaginary part of the refractive index is observed and, in FCD a change
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in the real part of the refractive index is observed. FCA in turn results in the TOE,
which causes a redshift in the resonances of the silicon microresonator. FCD results in
blueshift and depends on the free carrier lifetime. FCA is usually the dominant
process in silicon microresonators, but if the free carrier lifetime is increased in the
silicon microresonators, it will result in FCD being the dominant process and a
blueshift in the resonances will be observed. FCD and FCA are explained, using the

Drude-Lorentz model already give in equations 3.5 and 3.6.

3.5.3. Thermo-optic effect induced by free carrier absorption

OPA and TPA are induced by using a focused pump beam or a coupled pump beam
lead to free carrier absorption (FCA) and free carrier dispersion (FCD), which are the
all-optical counterparts of electro-absorption and electro-refraction, respectively. FCA
results in thermo-optic effect (TOE) and generation of heat in the form of phonons
and due to the high thermo-optic coefficient of silicon. Whereas TOE results in red-
shift of the spectrum and FCD results in blue-shift of the spectrum. Due to the high
thermo-optic coefficient of silicon red-shift is observed, after using OPA to induce
TOE. FCD can be made the dominant process by increasing the free carrier lifetime.
The TOE in silicon is strong at low frequencies, therefore TOE overshadows the rest
of the nonlinear effects at millisecond regime. The chief advantage of the thermo-
optic based switching is that it is not dependent on the polarization switching speeds
[82].

All-optical modulation has been demonstrated in different types of resonators such as

silicon and silicon nitride microrings. Similarly wavelength shifts have been observed
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for microspheres of different materials such as silica, silica coated by silicon, and
chalcogenides. However, here for the very first time to our knowledge, we report all-
optical switching in silicon microspheres in the near-Infrared by Thermo-optic effect

(TOE) induced by one photon absorption (OPA).
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Chapter 4

ALL-OPTICAL RESONANCE TUNING WITH SILICON MICROSPHERE

In this chapter, we will discuss the essence of our work by keeping in mind the optical
processes explained in chapter 3. All-optical control such as modulation or switching
has been demonstrated several times in silicon microresonators, however we
demonstrate it for the first time in silicon microspheres. As already explained that all-
optical control requires a pump light source and a probe light source to achieve all-
optical control, therefore we go step by step in the chapter by first analyzing the probe

laser and then the pump laser.

4.1. Elastic Scattering Spectra of the Probe laser

The experimental setup used for exciting the WGMs in the silicon microsphere
illustrated in figure 4.1. A single silicon microsphere of 1 mm diameter and refractive
index 3.48 is placed on a silica optical fiber half b coupler (OFHC) manufactured
from a single mode optical fiber. The OFHC is connected to a near-IR distributed
feedback (DFB) laser with the central wavelength of 1472 nm, to excite the WGMs of
the microsphere. The DFB laser is controlled using a laser diode controller (LDC). A
photodiode is placed over the eyepiece of the microscope to collect the elastically
scattering data. One end of the OFHC is connected to the DFB laser while the second
end is connected to another InGaAs photodiode for the purpose ,of collecting the

transmission data.. The outputs from the two InGaAs photodiodes, silicon photodiode,
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and the signal generator are connected to a digital storage oscilloscope (DSO), while

the DSO is connected to a computer, where the data is recorded using Labview

software.
InGaAs PD A
@eh] | MM b doo
' DSO
: 1472 nm
. “Y OFHC )
DFB laser
InGaAs PD
computer LDC

Figure 4.1: Experimental setup for exciting the WGMs of the silicon microsphere.

Figure 4.2 shows the elastic light scattering results obtained by utilizing the optical
setup explained in figure 4.1. A mode spacing of 0.26 nm , and a quality factor of
4x10%, is observed using this setup, and there is a visible correlation between the

peaks and dips of the transmission and scattering, which agrees with the LMT and
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GLMT calculation performed in chapter 2. Hence, our probe laser is functional and

giving us the desired results.
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Figure 4.2: Scattering and transmission spectrum of the silicon microsphere.

4.2. Characterization of the Pump using TTL input

After checking the probe laser, now we characterize the pump laser, before
performing the all-optical wavelength shift experiment. A TTL input of 0-5V, with
8 Hz frequency (125 ms) is fed to the pump laser to analyze the behavior of the pulses
of the electronic function generator and the pump laser. The experimental setup for

the characterization process is illustrated in figure 4.3. The output from the electronic
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function generator is split, where one end is fed to the DSO and the second is fed to
the 405 nm Fabry-Pérot pump laser. The output of the pump laser is collected by a
silicon photodiode and the output of the silicon photodiode is connected to the DSO.
The DSO is connected to a computer, where the data is collected using Labview

software.

405 nm Silicon PD
FP laser D
W\/ (ONOXOXO)
DSO

electronic

signal
generator

computer

Figure 4.3: Experimental setup for exciting the pump characterization.

Figure 4.4 shows the input signals from the electronic function generator at duty
cycles of 20%, 30%, 40% and 50%, while figure 4.6 shows the input signals at the
duty cycles of 60%, 70% and 80%. Figures 4.5 and 4.7 show the outputs of the pump

laser for the duty cycles of 20%, 30%, 40%, 50% and 60%, 70%, 80%, respectively.
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Figure 4.4: Applied signal from at (a) 20% (b) 30% (c) 40% (d) 50% duty cycles.
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Figure 4.5: Pump laser monitor at (a) 20% (b) 30% (c) 40% (d) 50% cycles.



Chapter 4: All optical wavelength tuning with silicon microsphere

36

TTL Input (V)
N

Time (ms)

At () 70% 1

TTL Input (V)
N

TTL Input (V)
N

) 50 100 150 200 250
Time (ms)

Figure 4.6: Applied signal from EFG at (e) 60% (f) 70% (g) 80% duty cycles.
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Figure 4.7: Pump laser monitor at (e) 60% (f) 70% (g) 80% duty cycles.

As seen in figures 4.4 and 4.6 the inputs from the electronic function generator are
stable and are generating a good pulsed output of 0-5V, similarly good pulsed outputs

are observed at the silicon photodiode at a time range of 250 ms in figures 4.5 and 4.7.
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Voltage at Electronic Voltage at Silicon
Function generator (V) Photodiode (V)
Duty Cycle Minimum Maximum Minimum Maximum

20% 0 4.64 0 6.28
30% 0 4.64 0 6.32
40% 0 4.64 0 6.28
50% 0 4.64 0 6.4
60% 0 4.64 0 6.96
70% 0 4.64 0 7.76
80% 0 4.64 0 8.12

Table 4.1: Function generator input and, pump laser output comparison.

Table 4.1 shows the comparison between the input from the electronic function
generator and the output of the pump laser collected at the silicon photodiode, the
output of the function generator remains stable throughout the application of different
duty cycles, i.e., 0-4.6 V, however the output of the pump laser changes with the
application of the different duty cycles. The output of the pump laser continues to

increase with the increase of the duty cycle, due to the increased on time.

4.3. All-Optical wavelength tuning of the Si Microsphere Resonance

The main experimental setup used for this work is illustrated in figure 4.8. After the
checking of the pump laser and characterization of the probe laser, both the setups

from figures 4.1 and 4.3 are combined to achieve our aim of all-optical control. A
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single silicon microsphere of 1 mm diameter and refractive index 3.48 is placed on the
silica OFHC, manufactured from a single mode optical fiber. The OFHC is connected
to a near-IR DFB laser with the central wavelength of 1472 nm, to excite the WGMs
of the microsphere. The DFB laser is controlled using a LDC. A photodiode is placed
over the eyepiece of the microscope to collect the elastically scattering data. One end
of the OFHC is connected to the DFB laser, while the second end is connected to
another InGaAs photodiode for the purpose of collecting the transmission data. A
pump laser with wavelength of 405 nm is used to control the WGMs excited in the
silicon microsphere by the 1472 nm DFB probe laser. The output of the 405 nm pump
laser is split using a beam splitter, where one of the split beams is collected by a
silicon photodiode, and the other one is focused on the silicon microsphere using
convex lens with a focal length of 20 cm. The pump 405 nm laser with an average
power of 6.32 mW at 90% duty cycle is focused down to a spot of 170 um in
diameter, corresponding to an average intensity of 28 W/cm?. The 405 nm pump laser
is driven by an electronic signal generator operating at duty cycles of 10% to 90%. A
silicon wafer is placed before the objective of the microscope to prevent the InGaAs
photodiode from detecting any 405 nm light. The outputs from the two InGaAs
photodiodes, silicon photodiode, and the signal generator are connected to a DSO. The
DSO is connected to a computer, where the data acquisition and storage is performed

using Labview software.



Chapter 4: All optical wavelength tuning with silicon microsphere 40

electronic
signal
generator
InGaAs PD
anconPDLl ] &) (OXOXV)
. =1
1472 nm
probe laser
InGaAs PD
computer LDC

Figure 4.8: Experimental setup of all-optical switching in a silicon microsphere.

4.3.1. Silicon microsphere wavelength tuning with different pump duty cycles

Figure 4.9 (a) and (b) shows the transmission and scattering spectra, when the 405 nm
pump laser is operated at 7 Hz with 0% and 20% duty cycle pump signals,
respectively. A shift of AA = 0.16 nm can be observed, corresponding to an average
intensity of 6 W/cm? for 20% duty cycle. The change in refractive index is calculated
using:

a2 _aN

P N (4.2),
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where AN is the change in refractive index, N the refractive index of silicon, and J4

the wavelength shift. For a shift of oA = 0.17 nm, the refractive index change was

found to be AN =4.02x10™ while the change in temperature was found to be

approximately AT = 2K. The red shift in the spectra is attributed to the FCA induced

TOE. Similarly, Fig. 4.10 and 4.11, show all the transmission and scattering data with

duty cycles of 0%, 20%, 30%, 40%, 50%, 60%, 70%, and 80% and the red shift with

the increase of pump laser duty cycle. The average wavelength shift is found to be

0.37 nm for 50% duty cycle, which leads to an average refractive index change

AN = 8.75x10™ and an average temperature change AT = 4.70 K

Duty Cycle Change Change in Change in
In wavelength Refractive index Temperature
- S AN AT
20 % 0.17 nm 4.02x10™ 2.16 K
30 % 0.25 nm 5.91x10™ 3.18K
40 % 0.31 nm 7.33x10™ 3.94K
50 % 0.37 nm 8.75x10™ 470K
60 % 0.51 nm 12.06x10™ 6.49 K
70 % 0.58 nm 13.71x10™ 7.37K
80 % 0.63 nm 14.89x10™ 8.00 K

Table 4.2: Parameter change for the spectra in Figs. 4.10 and 4.11.

Table 4.2 shows the wavelength shift, refractive index change, and the temperature

change due to the application of different duty cycles of the pump laser. The change in

temperature is

calculated using

the

thermo-optic

coefficient  equation.
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Figure 4.9: Shift in (a) transmission, (b) scattering at 20% duty cycle pump.
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Chapter 5

ALL-OPTICAL SWITCHING IN SILICON MICROSPHERES

In this chapter, the all-optical study of the resonances observed in the previous chapter
is performed in time. The experimental setup is kept the same as in figure 4.8, but
however the Labview VI (virtual instrument) or in other words the data acquisition
software is changed to observe the elastic light scattering signal of the 90° scattering in
time. Unlike the study performed in the previous chapter, instead of scanning for a
wavelength range, which is usually performed by specifying a temperature range on
the LDC, the temperature of the DFB laser is kept at a single temperature near to a
resonant peak of elastic light scattering spectra. The equation linking the temperature

to wavelength for the probe DFB laser is given by the following equation:

2 =(0.3587xT)+1467.1 (5.1),

where T is the temperature that the probe DFB laser is operating at.

5.1. Unfocused all-optical switching (AOS) spectra

For this part of the experiment the focusing lens is taken out of the experimental setup

to observe the behavior of the elastic scattering single for an unfocused pump laser
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illuminating the sphere. First an elastic scattering spectra is taken, for temperature
ranging from 13 °C to 20 °C, which corresponds to a wavelength range of 1471.75 nm

to 1474.30 nm. The elastic scattering spectra is shown in figure 5.1.
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Figure 5.1: Elastic scattering spectrum.

Figures 5.2 and 5.3 show the timing plots of the switched transmission and scattering
for various values of the pump duty cycles ranging from 20% to 80% with an
increment of 10% steps. For figure 5.2 the temperature at the LDC is fixed at 14.9 °C
and for figure 5.3 the temperature is fixed at 15.6 °C, which correspond to the
wavelengths of 1472.45 nm and 1472.70 nm respectively, that lie at almost one mode
spacing apart and are denoted in figure 5.1 via the two circles. The shoulder

wavelength values of the resonances are chosen because of the fast rate of change of
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the slope. In figures 5.2 and 5.3, the 405 nm pump laser is operating at 8 Hz, and all
the plots have a time range from 0 to 250 ms, where one grey plus one white portion
equal 125 ms, which corresponds well with the applied frequency. The grey portions
of the figures show the on time of the duty cycle, whereas the white portions show the
off times of the duty cycles of the applied pump signal. It is evident from the figures
that during, the on-period of the pulse, a change in the refractive index of silicon is
observed, whereas during the off-period the refractive index of silicon goes back to its
original value. However, the pattern is not the same throughout the figure, as different
duty cycle pump is shone on the microsphere. In some instances, since the duty cycle
value is high, the refractive index of the microsphere might not revert back to its
original value as quickly as it happens for smaller duty cycle values. However, one
thing is clear that, there are patterns in the on-time and off-time duty cycles, which
repeat themselves throughout the timing; the effect for the on-time and off-time are
opposite of each other, as in some cases the signal goes up in the on time of the duty
cycle and it comes down in the same plot for the off time of the duty cycle, which is

due to the effect of previously applied duty cycle.
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5.2. Off-resonance switching spectra

Another experiment was conducted to verify the claim made in the previous section.
This time the sphere was placed at weak coupling spot on the OFHC and an off-
resonant spectrum was taken, later on the laser was fixed at a random temperature of
14.9 °C, to observe the elastic light scattering signal. The frequency was kept the same
i.e., 8 Hz and the same pattern of pump duty cycles was followed. The scattering
signal spectra are plotted in Figure 5.4 using the same format as Figures 5.2 and 5.3.
Apart from Figures 5.4 (b) and (c), no visible repetitive pattern can be found in the
scattering signal spectra. This observation shows that the pump laser was used to
modify the WGMs of the silicon microsphere induced by the probe laser, which are
evident in Figures 5.2 and 5.3. Since no repetitive pattern can be seen in the spectra,
therefore it is shown that the elastic scattering signal pattern observed was due to low

signal to noise scattering signal.



Chapter 5: All optical switching in time domain 51

3.8 [T T Ty 3+7 [ S e e s ———
c (a) 20% L (b) 30% |
L 1 36 | :
3.5 [

34 |

33 |

0 50 100 150 200 250 (1] 50 100 150 200 250
Time (ms) Time (ms)

0 50 100 150 200 250 0 50 100 150 200 250
Time (ms) Time (ms)

" (e) 60%

0 50 100 150 200 250 0 50 100 150 200 250
Time (ms) Time (ms)

0 50 100 150 200 250
Time (ms)

Figure 5.4: Unfocused random-AOS signal at 8 Hz pump for an off-resonant case.



Chapter 5: All optical switching in time domain 52

5.3. Focused Pump Laser

After performing the unfocused resonant all-optical switching experiments and the
off-resonance verification experiment, the lens was put back to observe the elastic
scattering signal for the focused pump beam. The results of these experiments are
plotted in figure 5.5. However the frequency was slightly changed for this experiment
to 7 Hz to change the total on and off time for one cycle to 142 ms. Figure 5.5 (f) is
the prime example of the type of switching achieved with this experiment, where the
signal goes up in the on time with the change of refractive index, and comes down,
I.e., reverts back to its original value in the off time. Table 5.1 shows the comparison

between the focused and unfocused pump laser parameters.

Parameter Units Unfocused Focused
Pump Power mwW 7.8 6.32
Beam Diameter cm 0.24 0.017

Spot Area cm? 0.0452 0.0002
Pump Intensity mW/cm? 17 27844

Operating Frequency Hz 7 7

Pump On Duration ms 115 115
Pump Energy mJ 0.16 0.73

Table 5.1: Unfocused and focused pump laser parameters comparison.
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5.4. Detailed timing signal for duty cycles from 10% to 90%

After performing experiments with a focused pump laser, another experiment was
performed by using the focused output of the pump laser. The comparison between
the focused and the unfocused pump laser is given in table 5.1. However, if the data
for the focused and unfocused elastic light scattering spectra is compared, a visible
difference can be observed on the vertical axes of the Figures 5.2 and 5.5, and in the
unfocused data of Figure 5.2; the vertical axis showing the elastic light scattering
signal has values as high as 8 V, however that is not the case for Figure 5.5, where a
focused pump is used to illuminate the sphere, the highest value of the elastic
scattering signal on Figure 5.5 is 2.7 V. However, it should be kept in mind that for all
of these experiments the laser diode was being operated at a current of 23.5 mA,
which is way below the current limit i.e., 27mA, therefore this effect observed is
because of the focused and the unfocused pump lasers. For this experiment the
electronic function generator was replaced with a function generator with the
capability of generating duty cycles below and above 20% and 80%. More elastic
scattering signal plots were recorded to further understand the effect of the pump laser
on the elastic scattering spectra in time. Figure 5.6 shows the detailed plots of this
experiment ranging from 10% duty cycle to 90%, with the time scale was increased
from 250 ms to 500 ms wave. The same pattern as observed in Figures 5.2, 5.3 and
5.5 is again evident in these plots. However, better patterns are observed in Figures
5.5 (), (k), () and (m) as the duty cycles for these plots are 45%, 50%, 53% and 55%
respectively. Since these duty cycles correspond to the pump being almost half off and

half for the total pulse durations, an almost equal and opposite pattern of the elastic
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scattering signal is observed, as in the on time the signal decreases and in the off time
it increases i.e., the refractive index of the sphere is getting restored in the off

instance.
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Figure 5.6: Focused AOS at 7 Hz pump at 15.4°C probe for 10% to 90%.
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Figure 5.6: (Cont’d) Focused AOS at 7 Hz pump at 15.4°C probe for 10% to 90%.

The comparison between Figures 5.5 (b) and (s) shows an exactly opposite pattern, as
the plots are for the duty cycles of 15% and 85% respectively. 15% and 85%, duty
cycles correspond to an approximately off pump laser and a continuous wave (CW)
pump, therefore the effect of the pump of these duty cycles is absolutely opposite of

each other.
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Chapter 6

CONCLUSION

All-optical tuning was demonstrated in the transmission and scattering spectra of a
silicon microsphere of 1 mm diameter and refractive index of 3.48 in the near-IR
probe wavelength of 1472 nm. A 405 nm pump laser with pulsed output operating in
the millisecond regime is used to control the resonances of the probe laser and an
average shift of 0.37 nm for 50% duty cycle, which leads to an average refractive
index change AN = 8.75x10™ and an average temperature change AT = 4.70 K. Also,
we demonstrated optical switching of silicon microsphere MDRs in the 90° elastic
scattering with the help of TOE induced OPA for both focused and unfocused pump
lasers.

These results can be used for optical modulators for semiconductor applications and
can ultimately lead to all optical computing. For future work, a coupled pump source
can be taken into account, as the pump in this study was a free space laser, a Y-
coupler can be used to couple both the probe and the pump lasers into the OFHC. As
this was one of the very first all-optical modulation studies in silicon microspheres,
many other parameters can be changed in the future studies, such as the pump laser
wavelength can be changed, as in this study a Fabry-Pérot 405 nm pump laser was
used, an increased wavelength laser in the near-IR regime can be used to induce TPA.

One of the very first all-optical control studies in silicon was conducted with a 532 nm
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laser, that can also be a possible choice for the pump laser for the all-optical control
studies in silicon microspheres. The carrier lifetime in the silicon microsphere can be
increased to observe a TPA induced FCD, and observe a blueshift instead of
observing a redshift of the wavelength. The final experimental setup for this study did
not include a lock-in amplifier, the scattering and the transmission data can be further
refined and amplified using a lock-in amplifier. However, this study was conducted in
the millisecond regime and at a frequency range of 7 to 8 Hz, the next step in this
study can be to perform this study for high frequencies and at ultrafast regimes, for

definite applciations in integrated photonics and photonics computing.
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