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ABSTRACT

Elastic light scattering of silicon and diamond microspheres excited by femtosecond
(fs)-laser written glass and diamond waveguides is studied in order to assemble an all

diamond optical system towards integrated diamond photonics applications.

Transverse electrically (TE) and transverse magnetically (TM) polarized light from a
wavelength tunable laser operating in the near-infrared region is coupled to a 1 mm
silicon sphere by using the Gorilla and Eagle®®™ glass optical waveguides. Silicon
sphere elastic scattering characteristics are gathered on both glass and diamond optical
waveguides, in order to examine diamond optical waveguide characteristics. After which,
an all-diamond optical system is established with diamond sphere on fs-laser written

diamond shallow waveguide.

The assembled diamond system integrates a Type-Ib (nitrogen impurity > 5 ppm)
diamond microsphere with a fs-laser written Type-1la (nitrogen impurity of 100 ppb)
diamond waveguide. The diamond waveguide is fabricated by exploiting type II
fabrication method to achieve stress induced waveguiding. TE and TM polarized light
from a wavelength tunable laser operating in the near-infrared region is coupled to a

1 mm diamond sphere by using the diamond optical waveguide.

By carefully engineering the microsphere’s high quality factor resonances, and further
exploiting the nonlinear properties of existing nitrogen-vacancy (NV) centers in diamond
microspheres and/or diamond waveguides in such configurations, it is possible to realize

various applications in integrated diamond photonics.



OZET

Gelecekte tiimlesik elmas fotonik uygulamalarinda kullanilmak iizere, tiim bilesenleri
elmas fotonik tabaninda birlestirmek i¢in, femtosaniye (fs)-lazer ile yazilmis sig optik
cam ve elmas dalgakilavuzlarina baglastirilmis silisyum ve elmas mikroyuvarlarin

fisildayan gecit kiplerinin esnek sacilmalari iizerinde ¢alisilmustir.

Dalgaboyu degistirilebilen yakin kizilalti siirekli lazerden gelen enine elektrik (TE) ve
enine manyetik (TM) kutuplu 151k ile 1 mm ¢apinda silisyum yuvar arasindaki baglasma
Gorilla ve Eagle®®"™ camlarma yazilmis s1§ dalgakilavuzlari ile yapilmustir. Oncelikle
silisyum mikroyuvarm elastik sacilma oOzellikleri cam ve elmas dalgakilavuzlan ile
gozlenmistir. Daha sonra, bu verileri karsilastirarak elmas sig optik dalgakilavuzunun
davranig1 incelenmis ve bu bilgiler tiim bilesenleri elmas olan diizenegin incelenmesinde

oncii olmustur.

Tiim bilesenleri elmas olan diizenekte, bir Tiir-1b (azot > milyonda 5 parga) elmas
mikroginlag, ve bir fs-saniye lazer ile yazilmig Tiir-2a (azot milyarda 100 parca) elmas s1g
dalgakilavuzu kullanilmustir. S1g elmas dalgakilavuzu Tiir 2 gerilme etkili lazer yazma
yontemiyle islenmistir. TE ve TM kutuplu dalgaboyu degistirilebilen yakin kizilalt:
stirekli uyarma lazeri elmas optik dalgakilavuzundan 1 mm elmas mikroyuvara
baglastirilmstir.

Mikroyuvarlarin  yiiksek nitelik katsayili ¢mlamalarmin  6zenli  kurgulanmasi ile,
mikroyuvar ve dalgakilavuzlarindaki elmas azot bosluk (NV) 6zeklerin dogrusal olmayan
Ozelliklerinin kullamilmasi, tiim bilesenleri elmas olan diizeneklerin gelecekte tiimlesik

elmas fotonik uygulamalarda kullanilmasini saglayabilir.
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NOMENCLATURE

a radius of sphere
a attenuation coefficient
b impact parameter
B root mean square (rms) length of surface inhomogeneities on the microsphere
c speed of light in vacuum
D diameter of sphere
F finesse of cavity
h Planck’s constant
L Fabry-Pérot cavity length
A incident wavelength in vacuum
A, resonant wavelength in vacuum
Aewim full width at half maxima (FWHM) in wavelength
Ay free spectral range (FSR) in wavelength
A, mode spacing in wavelength
m relative refractive index

mode number

refractive index of the resonator
N uisice refractive index of the outside medium
NA numerical aperture of a lens
AV free spectral range (FSR) in frequency
Av, mode spacing in frequency
Q quality factor of a resonance
Q. quality factor associated with the internal losses
Q.o quality factor associated with the radiative losses
Quont quality factor associated with the surface contaminant losses
Quat quality factor associated with the bulk material losses
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Chapter 1: Introduction

Chapter 1

INTRODUCTION

Whispering gallery modes (WGMs) were first observed in sound waves by Sir Lord Rayleigh
in the first years of 20" century in St. Paul’s cathedral [1]. Sound waves, fitted in a circular
structure, exhibit resonance condition based on the reflection of sound from the walls.
Similarly, this phenomenon occurs in light waves trapped inside an optical cavity by total
internal reflection (TIR), known as whispering gallery modes (WGMs), a subset of
morphology dependent resonances (MDRs). Cavities, that support such WGMs or MDRs, are
called resonators. Until now, materials such as silica (SiO2) [2], silicon (Si) [3], lithium
niobate (LINBO3) [4], diamond [5], and liquid droplets [6] are used in geometries such as
rings [7], discs [8], spheres [9], and toroids [10] to realize WGM microcavities. The
combination of such materials with the WGM microcavities is vastly investigated due to the
resulting unique optical and electrical properties of such a combination. Previously,
resonances from microresonators such as Si [11], SiO2 [12], and diamond [13] were harvested
for optical filtering [14], channel dropping [15], lasing [16], and sensing [17] for applications
such as tunable optical channel add-drop filters [18], laser resonators [16], and WGM

biosensors [17].

We choose silicon and diamond spherical microcavities, since these group IV materials
enhance high quality factors in quite small modal volumes with their high refractive indices.
Both materials hold significant interest for integrated photonics industries. Silicon, the
standard material of complementary metal-oxide-semiconductor (CMOS), is also a highly
selected component for photonic integrated circuits (PICs), as it provides high refractive index
contrasts in the applications of optical amplifiers and modulators [19], as well as photonic
crystal waveguides [20]. Diamond is used for photonics applications in Raman lasers [21],
photonics waveguides and cavities [22], as it has marvelous optical, thermal, and chemical
properties [23].

14



Chapter 1: Introduction

Silicon (Si) and silica (SiO2) are the most fundamental optical components in optical fibers,
optical filters, optical amplifiers, photodetectors in integrated optical devices, and photonic
integrated circuits (PICs) [24].

Moreover, to realize high Q-factor resonances, it is essential to achieve a superb coupling of light from
a guiding propagation medium such as tapered fibers [12], prisms [25], optical-fiber-half-couplers
(OFHCs) [26], and optical waveguides [27] to the smooth curvature of the microsphere. The high
optical transparence in infrared wavelength region makes, silica, such as Gorilla and
Eagle?°®™™ glasses, one of the most fundamental optical waveguide materials for evanescent

light coupling to the WGMs of silicon and diamond microspheres [27].

Applications in quantum regime have been rapidly developing, and there is a continuous
search for a suitable and faster photonics platform as successful as silicon [21]. Having
outstanding mechanical properties like hardness, high thermal conductivity, chemical
inertness [28], as well as unique optical properties, such as high Raman gain, possible
nonlinear behaviors triggered by nitrogen vacancy (NV) centers, large energy difference
between valance and conduction bands (5.5 eV), and wide transmission window from
ultraviolet (UV) to far infrared (far-IR) points out diamond as a promising photonic platform

for optical filtering, sensing, amplification [13], and various quantum realm applications [21].

The broadband transparency of diamond, with a refractive index of 2.38 [29] in near-IR,
facilitates the observation of WGMs via integrating a photo-inscribed diamond waveguide
(WG) with a diamond microsphere. WGMs manifest themselves by exploiting TIR due to the
difference of refractive index between the external medium and the circular microcavity,
where the circumnavigating light realizes a localization around the microsphere [30]. As is
well known, these localized modes exhibit high quality factor (Q-factor) resonances inside
small spherical cavities.

It was previously demonstrated that, fs-laser written silica WGs have capability of triggering
high Q-factor WGMs inside Si microcavities with high impact parameters, while exhibiting a
polarization selective response for transverse electric (TE) and transverse magnetically (TM)
polarized lights [27]. Femtosecond (fs) laser photo-inscription technique enables diamond to
function as a WG for photonic integration to diamond sphere to achieve an all diamond optical

platform [31]. Additionally, it is possible to excite the Fabry-Pérot (FP) resonances in the

15



Chapter 1: Introduction

transmission direction in the WG, which will further yield an integrated FP resonator along
with a spherical resonator for the combined diamond system.

In this work, we examine elastic scattering of 1 mm Si sphere excited by three different
shallow waveguides inscribed by fs-laser on Gorilla Type | glass, Eagle?® ™ glass, and
Type lla (Nitrogen ~ 100 ppb) diamond. Lastly, we demonstrate a novel approach, an all
diamond system, which performs excitation of a Type Ib (Nitrogen > 5 ppm) 1 mm diamond

sphere via a Type lla fs-laser written shallow diamond WG.

16



Chapter 2 Waveguides and microsphere resonators 17

Chapter 2
WAVEGUIDES AND MICROSPHERE RESONATORS

2.1 Waveguide Parameters

A spatially inhomogeneous optical waveguide is employed for confining and guiding the
electromagnetic wave forward along its propagation axis. Light is confined in the waveguide by using

total internal reflection (TIR), which is governed by Snell’s law, as in below Eq. 1;

N,sin@ =N,sin6. .

Figure 2.1 is an illustration of the light propagating in a denser medium (Nz), changing its direction

depending on its angle of incidence (&, ), when facing a less dense medium (Nz). When the reflected
ray continues to propagate through the surface, that is, if its angle (6, ) is equal to 90°, the incidence
angle of the incoming ray is known to be the critical angle, as shown in Eq. 2. Moreover, the rays

having incidence angles, which hold 8 > 4. .. . encounter TIR.

i critical

_sint Nz @).
1

6,

critical

Low refractive index medium N,

ecr:izical

High refractive index medium N,

Figure 2.1: lllustration of total internal reflection (TIR) of a ray.
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There are several different types of waveguides, according to their geometries, refractive indices,
materials, and usage areas, e.g., planar, rectangular, cylindrical, and photonic crystal [32]. As one of
the most common example of light confining by such phenomena, the Fabry-Pérot interferometer
consists of two semi-transparent parallel mirrors, which trap the light with a phase matched round-trip
between the mirrors [33]. A light beam incident with an arbitrary angle to the surface normal will
undergo reflections and transmission over the mirrors, which have a fixed distance L, and the medium

between the mirrors having a refractive index N, as indicated in Figure 2.2.

The mode number n of the roundtrip of the light trapped inside the mirrors is found using the
following equation [34];

NnA=2LN 3),

and the resonance condition occurs, when there is integer number n of roundtrips, leading to a
standing wave formation.

P

/ t
. T N i
” .\—z.\ .

Figure 2.2: Schematic of the Fabry-Pérot interferometer.

The resultant spectra will have significant resonant peaks at corresponding wavelengths A with mode
numbers n due to the constructive interference of the wave inside the cavity. The distance between
two consecutive resonant peaks is recognized as the free spectral range (FSR), and can be formulized

in terms of frequency as;
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_C

where, c is the speed of light in vacuum, and n and n+1 indicate the consecutive mode numbers. Eq. 4

AVegg =Av, . —Av, =

may also be written in terms of wavelength as in Eq. 5,

A A?

Aﬂ“FSR =—AVpp = ﬂ (5),
where / is the central wavelength of the beam. It is clear that, a change in the length and/or the
refractive index of the Fabry-Pérot resonator affect the FSR of the spectra, which proves that Fabry-
Pérot resonators are sensitive to wavelength selection, and this motivates various applications for

sensors and laser cavities [35].

Nonetheless, the sharpness of the defined resonant peaks characterizes the resolving power of the
resonator. The quality factor of the resonance is determined by from the ratio between the resonant

wavelength, and the full-width-at-half-maxima (FWHM) of the resonance peak shown as:

A

Zey

Q= (6).

where Arwnmv represents the FWHM of the peak.

Intensity (I/1,,.,)

l
I

JL o Ju )

AN, AA, [LY W
Wavelength (A)

Figure 2.3: Schematic of a Fabry-Pérot resonator transmittance spectrum.
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Figure 2.3 is an illustration of a sample transmission spectrum of a Fabry-Pérot resonator as An-1, An,
and A4n+1, represents the consecutive modes, 42rsr the distance of the consecutive peaks, and A2rwHm
the FWHM of the resonance peak.

The finesse (F) of the resonator can be also obtained using Eq. 7, which shows the quality of a
resonance, by taking the ratio of the FSR to the FWHM of the resonant peak.

Aﬂ“ EFSR

F=_—"FR_
Aﬂ’FWHM

7).

More specifically the finesse for an ideal Fabry-Pérot resonator is defined by;

7N R
F=——

1-R (8),
where R represents the reflectance of the mirrors in the cavity. High finesse Fabry-Pérot resonators
provide strong light confinement inside the cavity, since F is independent from the length of the cavity,
and is only determined by the losses, leading to various application areas in spectroscopy [36]. Eq. 9
defines the relation between the reflectance R of a Fabry-Pérot resonator parameters, and overall
Q-factor of the resonator. As can be understood from the equation, the size parameter and the relative

refractive index of the resonator are directly affecting the quality factor.

N 2LN7zR o
A/ - A(1-R)

2.2 Microsphere Parameters

Due to their morphology, microspheres support whispering gallery modes (WGMs), by exploiting
consecutive TIRs inside its cavity, similar to Fabry-Pérot resonators, due to the difference of refractive
index between the external medium and the circular cavity, where the circumnavigating light realizes
a localization around the microsphere [30]. This is shown in Figure 2.4, where Nousice i$ the refractive
index of the outside medium, N the refractive index of the microsphere, a the radius of the

microsphere, and 6; the angle of the reflected ray.
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Figure 2.4: lllustration of a WGMs propagation inside a microsphere.

In spherical microresonators, some limitations like the size parameter and the impact factor need to be
met in order for the beam to complete a one full roundtrip. The size parameter is a dimensionless ratio

between the size of the sphere, and the operation wavelength 4 such as [37]:

2ra
a=——
AIN

outside

(0),

where a represents the radius of the sphere.

Furthermore, this size parameter can also indicate the relation between the mode number n of the

spherical resonator for that wavelength. This limitation can be formulized such as:

X < n <NX (11),
where, N is the refractive index of the sphere, and the outside medium’s refractive index is taken as 1.
As it is also described previously in the Fabry-Pérot resonator part, the distance between two
consecutive resonant peaks is defined as an FSR. This distance can be also defined terminologically

as the mode spacing for spherical resonators, since the range is not free like in the Fabry-Pérot

resonator [38]:

A A%tan™"y/N? -1
n 12),
2raN? -1 12)

where /n is the resonant wavelength, and refractive index of surrounding medium is taken as 1.



Chapter 2 Waveguides and microsphere resonators 22

2.3 Microsphere WGM Spectra

A schematic figure of light coupling of a Gaussian beam to a spherical resonator can be seen in
Figure 2.5. Here, the dashed line represents the center of the propagating transmission beam, m the
relative refractive index, k the wavevector of the scattered light, a the radius of the sphere, and b the
impact parameter, that is the distance between the center of the beam and the center of the sphere.

The impact parameter for coupling to a microsphere is restricted by a <b <Na [39]. Only the incident
beams in this impact parameter region can couple to the microsphere. Moreover, two different
polarizations of light are used for our purposes: the transverse electric (TE) polarization, of which the
electric field component is tangent to the surface of the sphere, and the transverse magnetically (TM)

polarization, of which the magnetic field component is tangent to the surface of the sphere.

k
90° Elastic Scattering
TE
™

™
Gaussian Input N
g D-®)--FE------------- @) ------------ 9)--------- ¥--}--» Transmission
< Waveguide

Figure 2.5: lllustration of coupling to a microsphere by a Gaussian beam.

Figure 2.6 is a drawing of the expected spectrum for both TE and TM polarized transmitted (blue
curve) and scattered (red curve) light from the excitation source (in this case the waveguide) and
scattered light from the resonator (in this case the microsphere). The dips of the transmission spectrum
coincide with the peaks of the scattering spectrum, meaning that the particular wavelength completes
the full roundtrip, which gives rise to a WGM. As discussed before, the gap between the dips in the
transmission spectrum is the same as the gap between the peaks in the scattering spectrum (called as
the FSR of the waveguide A/rsr in the Fabry-Pérot) is now called as the mode spacing 44, in the

microsphere.
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Figure 2.6: Drawing of the spectra for both transmission and scattering of light from a microsphere.

Using Eq. 13, the Q-factor, which defines the resolving power and sensitivity of the microresonator
according to sharpness of a resonance peak, is calculated by the losses due to intrinsic radiative losses
Qrad, scattering losses Qss, surface contaminants Qcont, Material loss Qmat, and the losses caused by the

external light coupling Qex [40]:

ot = Qrag + Q"+ Qan + Qi + Qe (13).
Qrad is the losses caused by the imperfections of TIR from curvatures [41], and Qcont IS the losses
related with the surface contaminants, that may occur in the fabrication process of the microsphere.
The scattering losses, Qs, are due to the surface inhomogeneity, and estimated using the following
[40];

Aa

(14),
7°c’B

st =

where o is the rms size, and B the correlation length of the surface inhomogeneity, are found to

be <2 nm. Qmat IS the losses material losses for atomic impurities, and the absorption of the material,

and can be formulated as;

27N
Qmat ~ al

(15),
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where « is the attenuation coefficient for the material, that is used at that wavelength range, N is the

refractive index of the material with respect to air as the outside medium.

The loss caused by the external light coupling is found by Eq. 16 [42]:

Qext = ‘ = (16),

where t is the incident light mode field coupling coefficient, with generally ‘tz‘ <<1.
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Chapter 3

ELASTIC SCATTERING FROM Si SPHERE EXCITED BY FEMTOSECOND LASER
WRITTEN GORILLA GLASS WAVEGUIDE

In this chapter, femtosecond (fs)-laser written Gorilla glass waveguide properties, mode profile of
waveguides, Si sphere properties, experimental setup for excitation of WGMs from Si sphere, and

finally experimental results are discussed.

3.1 Gorilla Glass Waveguide Properties

Figure 3.1 shows shallow waveguide writing in the bulk Corning, Gorilla glass by using Pharos Light
Conversion fs laser at 300 fs pulse duration, 1030 nm wavelength, 500 kHz repetition rate. Laser light
is focused using 0.42 NA objective, and 20-25 um below the surface. No waveguide structure can be
formed at the depths shallower than 25 pm, since the glass surface is ablated by the fs laser. The
waveguides have a high transmission rate at 1550 nm with large mode field diameter (MFD).
However, the waveguides are inscribed with different parameters to observe their efficiency of
evanescent field coupling to microspheres. Table 3.1 and 3.2 shows the vertical and horizontal MFD
single mode guiding with variation of writing speed (v) from 2, 5, 10, 15, 20 mm/s, and laser power

(P) changed 325, 350, 375 mW while the depth kept constant.

[

) 5cm
i IO.l cm

Corning Gorilla Glass

Pharos
fs laser

Figure 3.1 : Hlustration of Gorilla glass inscription using Pharos fs laser.
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Writing Speed Laser Power P (mW)
v (mm/s) 325 350 375
2 SM (17x21) SM (17x22) SM (19x26)
5 SM (18x22) SM(17x22) SM (18x23)
10 SM (21x24) SM (19x23) SM (19x24)
15 SM (24x27) SM (21x24) SM (19x24)
20 SM (28x30) SM (22x26) SM (20x24)

Table 3.1: MFDs of 20 pm depth waveguides with different writing speeds and laser powers.

Writing Speed Laser Power P (mW)
v (mm/s) 325 350 375
2 SM (17x21) SM (17x22) SM (18x25)
5 SM (19x23) SM(16x19) SM (19x25)
10 SM (21x26) SM (19x24) SM (20x25)
15 SM (25x28) SM (21x25) SM (21x25)
20 SM (29x32) SM (23x27) SM (22x26)

Table 3. 2: MFDs of 25 pm depth waveguides with different writing speeds and laser powers.

A 25 um depth, 5 mm/s speed, 350 mW laser power written waveguide is chosen to observe the light
coupling to silicon microsphere, shown in green in Table 3.2.

Figure 3.2 (a) and (b) show the SEM images of top view and side view of the chosen waveguide.
Figure 3.2 (c) shows MFD as 16 um vertical and 19 pm transverse directions as the near-field intensity
profile of this waveguide at 1550 nm wavelength. This waveguide is inscribed with a 6.0 dB insertion
loss, and 0.8 dB/cm propagation loss. Gorilla glass waveguides used for evanescent field light
coupling to Si microsphere in this project, because fs-laser inscribed Gorilla glass waveguides have

large MFD with single mode propagation suitable for near-IR light coupling to the Si sphere.
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Figure 3.2: a) Top b) end view c) near field intensity profile of the fs-laser written Gorilla waveguide.

3.2 Gorilla Glass Waveguide Mapping

Figure 3.3: Femtosecond laser written Gorilla glass waveguides.

Figure 3.3 is the image of the Gorilla glass waveguide sample placed on brown platform of the
micrometer stage. A pigtailed bare fiber carries the light to the waveguide at the left side of the glass,
and the output is detected from the right side of the waveguide end by a 20X, 0.40 NA Edmund

Optics objective, which is connected to a webcam through 10X eyepiece.

Figure 3.4 shows the experimental setup for characterizing the fs-laser written waveguides, and
observing the output of the beam profile of the waveguide. An OZ Optics red probe laser operating at

637 nm is used as the light source propagating through the waveguides.
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Figure 3.4: Experimental setup for mapping the output of the Gorilla glass waveguides.

Figure 3.5 indicates the beam profiles of five waveguides between the two ablation lines (ALs) with
the insets showing their inputs by a single mode bare fiber. AL1 indicates the first ablation line, which
is a nonguiding medium. The laser ablated regions are used to separate the waveguides of different
writing depths. WG1, WG2, WG3, WG4, and WGS5 indicate the first, second, third, fourth, and fifth

waveguide after AL1 with scanning speed of 2, 5, 10, 15, and 20 mm/s, respectively.

Figure 3.5 : 25 pm deep, 350 mW, different scanning speed written WG beam profiles. Insets are input top views.
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Figure 3.6 is an illustration of the Gorilla glass waveguide for using it as a map for further studies. The
inset of this figure shows the place of waveguides with different writing speeds between the two

ablation lines. The waveguide used for our experiments is shown as an orange dashed line on the

map.
GORILLA GLASS
5WG 350 mW
5 WG 300 mW
5 WG 250 mW
5 WG 200 mW
0 375 mW
d=25um iti 350 2w
5WG 325 mW
5 WG 375 mW
5 WG 350 mW
d =20 um swe 325 mW
S WG 375 mW
SWG 350 mW
5WG 325 mW B
g—_—g—! 20 mm/s 15 mm/s —
Ablated : —
2 mm/s —
Ablated :.r / —
Figure 3.6 : Map of the fs-laser written Gorilla glass waveguides.
3.3 Silicon (Si) Sphere

Si microsphere purchased from Ball Semiconductor has ~1 mm diameter. The sphere was
manufactured by process called crystallization of melted Si droplets facing a free-fall inside a plasma
furnace. Then the sphere is mechanically lapped and polished, achieving an accurate form of mirror-
like finish and round surface without defects [43]. The sphere is cleaned by an isopropanol and
acetone mixture inside an ultrasonic bath to remove any surface contaminants before the experiment.

Figure 3.7 is the visible camera image of the lapped Si sphere used for our purposes.
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Figure 3.7: Lapped Si sphere 1 mm in diameter.

3.4 Experimental Setup

The experimental setup for coupling the infrared (IR) laser light to observe the WGMs of the Si
sphere is shown in Figure 3.8. A Princeton Lightwave distributed feedback laser (DFB) laser is used
as excitation source connected to ILX Laser Diode Controller to tune the narrow laser linewidth
around 1427 nm with 1.1 pm spectral resolution. The continuous wave (CW) laser light transferred
through a single mode (SM) bare fiber into the waveguide. Butt-coupled bare fibers and the Gorilla
glass waveguide sample is placed on three dimensional translational stages in order to make the
alignment precise. The optical fiber at the output end of the waveguide is connected to 50/50

Y-coupler to feed both the photodetector and the optical wavelength meter.

Elastic light scattering from both 0° angle transmission and 90° angle scattering were detected by
InGaAs photodiodes (PDs). The detectors were connected to a 100 MHz bandwidth digital storage
oscilloscope (DSO) via BNC connectors and the oscilloscope was connected to PC via IEEE-488
General Purpose Interface Bus (GPIB) to accumulate the data.

The 500 wm radius Si sphere is positioned by a metal needle tip connected to vacuum suction system
and controlled with a three dimensional micrometer stage, as shown in Figure 3.9. A beam splitter
was placed in an optical microscope T-tube in order to split the elastically scattered light collected by

10X microscope objective into two. A visible camera was placed at one end of the microscope T-tube
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for imaging and placing the microsphere. InGaAs PD was placed on the other end of the microscope
T-tube.

DSO, the diode laser controller and the optical multimeter (OMM) were connected to a PC via GPIB

to control and acquire data using LabView (National Instruments) software program.

OMM L Vacuum Pump
————— - & Needle Tip
Cam
[m} -
P | |
. B = A/
Silicon .
sphere —
CLL T ETTN ]
DFB Laser &
Controller
XYZ Stages

Figure 3.8: Experimental setup for light scattering of Si sphere on 25 pm deep fs-laser written Gorilla glass waveguide.

Figure 3.9: Elastic scattering from lapped Si microsphere on Gorilla glass waveguide experimental setup image.
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35 Experimental Results

Figure 3.10 is the spectra of both 90° scattering and 0° transmission results for the lapped Si sphere
excited by fs-laser inscribed 25 um deep Gorilla glass waveguide. The mode families can be clearly
seen from the spectra as the light couples to the 1-mm Si sphere. This is a satisfying result for
understanding the coupling strength.

For this specific configuration, the mode spacing 44 is calculated to be 0.249 nm [44], according to
Eq. 12. This mode spacing value correlates well with the value observed in the elastic scattering
spectra with mode spacing of 0.25 nm, as it can be seen in Figure 3.11. The size parameter is
estimated as x = 2200 at 1427 nm meaning that, Si sphere can support WGMS with a minimum x ~
2200 up to mx =~ 7660 mode number, since the polar angular mode number n of the WGMs around
the microsphere is restricted by x <»n < Nx. The impact parameter for coupling to a microsphere is
similarly restricted by a <b <Na [39], which is in this case 500 um <b <1740 um. Assuming the
WG and the sphere are in contact, the impact parameter is b~ 525 pum, satisfying the localization
principle.

Experimentally the Q-factor is determined using O =104, where 4 is the resonance wavelength and 64
the full-width-at-half-maxima (FWHM) of the resonance. The narrowest peak has o4 =10 pm
FWHM, at a wavelength of 1426.9 nm, and the Q-factor of this peak is measured as 1.3 x 10°.

3.4 T T T T T T T T T 0.192

29
1 0.187

24 |

Transmission (arb.unit)
Scattering (arb.unit)

1.9 0.182
1426.3 1426.8 1427.3

Wavelength (nm)

Figure 3. 10: WGMs in the scattering and transmission spectra from Si sphere on Gorilla glass waveguide.
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Figure 3. 11: WGMs in 0° transmission and 90° scattering of Si sphere using Gorilla glass waveguide.
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Chapter 4

ELASTIC SCATTERING FROM Si SPHERE EXCITED BY FEMTOSECOND LASER
WRITTEN EAGLE?™"™ GLASS WAVEGUIDES

4.1 Eagle?®™™ Glass Properties and Waveguides

Corning® Eagle’®™ glass as an alkaline earth borosilicate, has refractive index of 1.5, density of
2.38 g/cm®, low thermal expansion, clear in appearance, extraordinary optical properties as it shows
extremely broad transmission percentage (above 90%) in the visible and near-IR wavelength regions
of the electromagnetic spectrum [45]. Eagle?®®™ is supplanted by Eagle XG™, because of the need
in the arsenic free glass type with the same qualities of Eagle?®™ for use in several application areas

like active matrix liquid crystal display (AMLCD), chips on glass (COG), and optoelectronics [45].

According to the transmission spectrum from 200 — 1100 nm of Eagle?®®® ™ glass of 0.7 mm thickness
shown in Figure 4.1 [46], Eagle*®™ shows excellent optical fidelity for light coupling from fs-laser
written Eagle?®®™ glass waveguide to a microsphere, which is also transparent in the near-IR

wavelength region.
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Figure 4.1: Transmission spectrum of Eagle?®™™ glass in UV, visible, and near- IR regions.
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The waveguides are inscribed to an Eagle?®®™ glass 5 mm x 5 mm x1 mm sample, as it is described
in Chapter 3.1. A Pharos Light Conversion fs laser at 300 fs pulse duration, 1030 nm wavelength,
1 MHz repetition rate is used for inscription laser tool to write the waveguides from 10 — 25 um
depths, while varying the laser power from 500 — 750 mW at 20 mm/s scanning speed for each depth.

OTM

In Figure 4.2, (a) the map of the shallow waveguides written on Eagle?®™ glass sample for our
purposes, and (b) the list of the mode field diameter (MFD) of waveguides for specific depths and
powers of the inscription laser is shown. The waveguide, at a 20 um depth, written by 550 mW laser
power, is a good candidate for evanescent field light coupling, since it has the optimum single mode
MFD of 24 um x 27 um. This waveguide can be seen in Figure 4.3, together with the ablation lines

(which are boldly visible), manufactured during the inscription due to the limits of their related laser

power and the depth.
EAGLE GLASS Waveguide Depth (um)
Laser Power
omw ] 10 | 15 20 2
25 um 650 mW 200 mw
550 mW
500-mW 500 Ablated |16 pm x 17 pm | 14pum x 15 pm
20 um 550 Ablated 24 pm x 27 pm [ 15 pm x 17 pm
600 Ablated Ablated 16 pm x 19 pm
15 um 650 Ablated Ablated |26 um x 34 um
700 Ablated Ablated Ablated
10 pm
750 Ablated Ablated Ablated
a) b)

Figure 4.2: (a) fs-laser written Eagle®®™ glass waveguide map, (o) MFD of these waveguides.
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Figure 4. 3: Microscope images of waveguides at (a) 20 pm and (b) 25 pm depth. Inset is the MFD of the selected waveguide.

4.2 Experimental Setup for Silicon Sphere Scattering from Eagle Waveguide

PC

GP Vacuum Pump &
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Figure 4. 4: Experimental setup for scattering from Si sphere on 20 pm deep fs-laser written Eagle?™™ waveguide.
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In this experiment, the same lapped Si sphere was used as discussed in Chapter 3.3, as shown in
Figure 3.7: Lapped Si sphere 1 mm in diameter The Si sphere is placed on the waveguide with a drop
of index matching gel (Thorlabs, #G608N), which has refractive index of 1.46. The experimental
setup for coupling TE and TM polarized infrared (IR) laser light to Si sphere is shown in Figure 4. 4.
A Princeton Lightwave distributed feedback laser (DFB) laser is used as the excitation source
connected to ILX Laser Diode Controller to tune the laser with a narrow linewidth around 1427.5 nm.
Continuous wave (CW) laser light is transferred through a single mode (SM) bare fiber through a
manual fiber polarization controller to the Eagle glass waveguide. The paddles of the polarization
controller act like waveplates to change the stress induced birefringence inside the wrapped fibers
around the three spools. Hence, the polarization of the transmitted light can be changed inside the
SMF.

Butt-coupled bare fibers are aligned to the Eagle?®®™ glass waveguide sample, which itself is placed
on three dimensional translational stages for precise alignment. The fiber at the output end of the
waveguide is connected to a 50/50 Y-coupler to feed the output to both the photodetector and the

optical wavelength meter.

Elastic light scattering from both polarizations of light at 0° angle transmission and 90° angle
scattering were detected by InGaAs photodiodes (PD 1 & PD 2). The detectors were connected to a
100 MHz bandwidth digital storage oscilloscope (DSO) via BNC connectors and the oscilloscope

was connected to PC via IEEE-488 General Purpose Interface Bus (GPIB) to accumulate the data.

500 pm radius Si sphere, positioned by a metal needle tip connected to vacuum suction system, is
controlled with a three dimensional micrometer stage. A beam splitter (BS) was employed to divide
the collected light into two arms; one arm for visible optical camera (cam), the other for the PD2. In

order to select the polarizations of the scattered light, a Glan polarizer (GP) is used.

DSO, the laser diode controller, and the optical multimeter (OMM) were connected to a PC via GPIB

to control, and acquire the data using LabView (National Instruments) software program.
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4.3 Experimental Results
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Figure 4.5: 0° transmission and 90° (2) TE and (b) TM polarized scattering spectrum without the silicon sphere.
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Figure 4.6: 0° transmission and 90° TE polarized scattering from the Si sphere using Eagle?®™ waveguide.
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Figure 4. 7: 0° transmission and 90° TM polarized scattering from the Si sphere using Eagle?™™ waveguide.

TE and TM polarized 90° elastic scattering (shown as the blue curves) and 0° transmission (shown as
the red curves) spectra of the resonances of the 1 mm silicon sphere excited by a 20 pm depth shallow
waveguide for 1 nm wavelength sweep, from 1427 nm to 1428 nm shown in the Figure 4.6 and
Figure 4.7 respectively. The mode families can be clearly seen from the spectra as the light coupled to
1-mm Si sphere. The size parameter is estimated as x =~ 2200 at 1427.5 nm. The Si sphere can support
up to mx = 7660 mode number, since the polar angular mode number n of the WGMs around the
microsphere are restricted by x <» <NXx, and adequate for our case, as also recognized in Chapter 3.5.
The impact parameter for coupling to a microsphere is restricted by a <b <Na [39]. Only the incident
beams in this impact parameter region could couple to the microsphere. For our experiment, assuming
the WG and the sphere are in contact, the impact parameter is b = 520 um, satisfying the localization
principle. Experimentally the Q-factor is determined using Q =46/, where A is the resonance
wavelength and J4 the full-width-at-half-maxima (FWHM) of the resonance. The narrowest peak has
oA =26 pm FWHM, at a wavelength of 1427.26 nm and the Q-factor of this peak is measured as
5.5x10* for TM polarized spectra. For TE polarized spectra the narrowest peak has o4 =26 pm
FWHM, at a wavelength of 1427.64 nm and the Q-factor of this peak is measured as 5.4 x 10%

correlate very well with the TM polarization results.
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Chapter 5

ELASTIC SCATTERING FROM SILICON AND DIAMOND SPHERE EXCITED BY

FEMTOSECOND LASER WRITTEN DIAMOND WAVEGUIDES

In this chapter, optical properties of diamond, diamond sphere, diamond waveguide fabrication by
fs laser, the experimental setup for WGMSs observation of diamond and silicon microsphere excited
by fs-laser written diamond waveguide and the results for these experiments will be discussed. The

experiments performed on the same experimental setup for both silicon sphere and diamond sphere.
51 Properties of Diamond

Diamond is one of the allotropes of element carbon, which means the difference between graphite,
and diamond is only their three dimensional atomic structure. In a diamond structure, a carbon atom is
surrounded by covalently bonded four other carbon atoms, which makes it very unique and the
hardest material known. Since the electrons of carbon atoms bonded with neighboring valance
electrons, diamond exhibits a tetrahedral lattice structure. However, there may be several defects in
the structure. Optically active defects in such a lattice structure are called color centers. For example,
there may be impurities and holes in the structure or missing atoms in the structure, which are called
as vacancies. The most common impurities are known as nitrogen vacancy (NV) centers [47].
Replacing two carbon atoms by one nitrogen and a vacancy leads to a NV center with a floating
electron. Also known as point defects, NV centers have two types according to the charge of an
unpaired electron in the vacancy, i.e., if the unpaired electron is neutral, it is known as NV®, and if it is
negatively charged, it is known as NV". The research on NV centers in diamond is rapidly growing,
and the applications of diamonds getting prominent like solid state physics as a laser gain media [48],

and quantum photonics as a platform for integrated photonic circuits [49].
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52 The Diamond Waveguides
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Figure 5.1: Microscope image of fs-laser inscribed diamond waveguides (waveguide with the red arrow was used).

Ultrashort pulsed lasers are becoming the most powerful tool for micromachining, since those lasers
are very capable of generating high irradiances and optical breakdowns in transparent materials [50].
The type |1 fabrication technique is applied to achieve stress-induced lightwave guiding in between
two parallel lines by inducing refractive index differences between the material and the lines using an
inscription tool Pharos, Light Conversion amplified Yb:KGW pulsed laser operated at 515 nm,
500 kHz repetition rate, and 230 fs pulse duration [51]. Waveguides are micromachined to a Type lla,
nitrogen impurities of 100 ppm, synthetically grown diamond bulk material, which is polished for
smooth planar surface with varying femtosecond laser powers, at different widths and depths to
achieve the matching beam profile for light coupling to microresonator. Figure 5.1 is a map showing
the depths, writing powers, spacing and widths of each waveguide written on the diamond sample
[52]. The waveguides written at 10 — 30 wm deep with the increments of 5 um, with the spacing of
17-18-19 um, while the laser power changed between 30 — 40 mW with the increment of 5 mW, and
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corresponding pulse energies of 60 — 80 nJ. The scanning speed is kept constant at 0.5 mm/s and the

laser light is focused by 100X oil immersion microscope objective of 1.25 NA.

Figure 5. 2: The image of the used diamond waveguide. The butt-coupled bare glass fiber transmits the light source.

Figure 5.2 shows top view visible light camera image used waveguide with a butt-coupled optical SM
glass bare fiber. The WG with the optimal yield was written with 30 mW laser power, and has a depth
of 20 um from the center of the beam propagating to the surface, and a width of 19 ym. The WG
exhibits 9 dB insertion loss at telecom band, and has a mode-field-diameter (MFD) of 16 um x 20 um
elongated in the vertical axis. The mode propagating within the high-performance WG and cross-
sectional end facet of the fs-laser inscribed WG is shown in Figure 5.3 (a) and (b), respectively. Note

that, relative intensity of mode profile is indicated from red (1) to violet (0).

Figure 5. 3: (a) Color scaled MFD of the WG. (b) SEM of the WG end with the propagating beam profile.



Chapter 5: Elastic scattering from Si and diamond sphere excited by diamond waveguides 43

53 Experimental Setup of Si and Diamond Spheres Excited by Diamond Waveguide
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Figure 5.4: The schematic of the setup for scattering from Si and diamond spheres excited by diamond waveguide.

Illustration of the experimental setup for observing 90° elastic scattering and 0° transmission of TE
and TM polarized near-IR region laser light, coupled to a 1-mm Si and diamond spheres by fs-laser

written diamond waveguide is shown in Figure 5.4.

As an excitation source, a tunable continuous wave (CW) narrow linewidth Princeton Lightwave (PL)
distributed feedback (DFB) laser is used. The DFB laser is controlled by an ILX Lightwave LDC
3744B Laser Diode Controller (LDC) with 1 pm resolution steps of fine temperature tuning around a
central wavelength of 1427 nm. The laser light is transferred from the cleaved and polished end of an
optical SM bare glass fiber with 8.2 um core diameter to the waveguide entrance. Another fiber
similar to the input fiber, is placed at the output of the WG to collect the transmitted light through the
waveguide. The output is split into two by a 50/50 Y-coupler. One arm of the Y-coupler is directly
connected by an FC/PC fiber connector to an InGaAs photodetector (PD1) for intensity
measurements, and the other arm is directly connected by an FC/PC connector to the InGaAs optical
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wavehead (OWH), which transports the information to ILX Lightwave OMM 6810B optical
multimeter (OMM) to measure the light power and the wavelength. Another InGaAs photodetector
(PD2) is placed on a microscope with a 20X magnification objective and an 10X eyepiece, which
collect the elastically scattered light from the microsphere. Thus, both the transmission and the elastic
scattering light acquired by the photodetectors are connected to a 100 MHz bandwidth digital storage
oscilloscope (DSO) via BNC connectors. The oscilloscope is connected to a PC via IEEE-488

General Purpose Interface Bus (GPIB) to accumulate the data.

A beam splitter (BS) is employed to divide the collected light in to two arms: one arm for visible
optical camera (cam), the other for the PD2. In order to select the polarizations of the scattered light a
Glan polarizer (GP) is used before the 10X eyepiece. The 1 mm-diameter diamond sphere is brought
to the close proximity of the waveguide surface by a vacuum pumped suction mechanism with a thin
needle tip. The sphere is held from an equatorial position. DSO, LDC, and OMM are connected to a
PC via GPIB to control and acquire the data using LabView (National Instruments) software
program. This experimental setup is used for elastic scattering observation of both silicon and
diamond spheres. Characteristics of the lapped Si sphere are explained in Chapter 3.3, and that of the

diamond sphere are explained in Chapter 5.5.
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Figure 5.5: 0° transmission and 90° scattering from the Si sphere using diamond waveguide.
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The resonance spectra, that is centered at around 1427.73 nm, for observation of elastic scattering
from 1-mm Si sphere excited by fs-laser inscribed 20 um depth shallow diamond waveguide, is
shown in Figure 5.5. For the Si sphere having refractive index of 3.48 the calculated mode spacing,
A4, between two consecutive mode numbers in the same mode order is 0.249 nm by using Eq.12. The
measured mode spacing of 0.25 nm, correlates well with the calculations.

The size parameter is estimated as x = 2200 at 1427.73 nm. The Si sphere can support up to Nx =
7660 mode number, since the polar angular mode number n of the WGMs around the microsphere

are restricted by x <n <Nx, adequate for our case, as also recognized in Chapter 3.5.

The impact parameter for coupling to a microsphere is restricted by a <b <ma [39]. Only the incident
beams in this impact parameter region could couple to the microsphere. For our experiment, assuming
the WG and the sphere are in contact, the impact parameter is b = 520 um, satisfying the localization

principle.

55 The Diamond Sphere

Figure 5.6: The image of the diamond sphere held by suction needle.

The 500 pum radius monocrystalline synthetic diamond microsphere is manufactured by Dutch
Diamond Technologies using chemical vapor deposition (CVD) [53]. A specialized lapping
machinery with a roundness form accuracy < 250 nm was used for reaching a spherical shape. Then,

the spherical sample was polished finely for minimizing surface roughness, and acquire high
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smoothness. To further increase the evanescent coupling, it is essential to have a smooth surface finish
without any contaminants. The surface roughness is < 2 nm, and the diamond sphere is cleaned by an
isopropanol and acetone mixture inside an ultrasonic bath to remove any surface contaminants. Our
spherical diamond sample is classified as Type Ib, with a nitrogen impurity > 5 ppm, and has a
refractive index of 2.38 in near-IR region wavelengths [54]. Figure 5.6 shows the image of the
diamond sphere used for our purposes, taken with a visible camera. In Figure 5. 7, the optical visible
camera image of the diamond sphere held by the suction needle can be seen at the front, and the

diamond waveguide and the butt-coupled optical bare SM fiber can be seen at the back.

Figure 5. 7: The image of diamond sphere held by vacuumed needle tip placed on the diamond waveguide.

5.6 Experimental Results for Diamond Sphere

TE and TM polarized 90° elastic scattering (shown as the blue curves) and 0° transmission (shown as
the red curves) spectra of the WGM resonances of the 1 mm-diamond sphere excited by a 20 um
deep shallow diamond waveguide for 1 nm wavelength sweep, from 1427.15 nm to 1428.15 nm are

shown in the Figures 5.8 and 5.9, respectively.

The size parameter is estimated as x ~ 2200 at 1427.7 nm. The polar angular mode number n of the
WGMs around the microsphere is restricted by x <» < Nx. Our diamond sphere can support mode

number n from a minimum of 2200 up to Nx =~ 5200.
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The impact parameter for coupling to a microsphere is restricted by a <b <Na [39]. Only the incident
beams in this impact parameter region could couple to the microsphere. For our experiment, assuming
the WG and the sphere are in contact, the impact parameter is b = 520 pum, satisfying the localization

principle with boundaries of 500 pm <b <1190 pm.

The polar angular mode number n, and radial mode order | define WGMs of a microsphere. WGMs
of consecutive n and same radial mode order | form a mode family, and are separated by a mode
spacing 44 = 0.341 nm according to Eq. 12. The calculated mode spacing value correlates well with

the value observed in the elastic scattering spectra of Figure 5.8 and 5.9.

The free spectral range (FSR) of Fabry - Pérot resonances of the diamond waveguide is calculated
according to Eq. 5 as 0.086 nm. The FSR of the diamond WG Fabry - Pérot resonances, measured as

0.087 nm from the elastic scattering spectra of Figure 5.8 and 5.9, correlates well with the calculated

value.
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Figure 5.8: 0° transmission and TE polarized 90° elastic scattering from the diamond sphere on diamond WG.
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Figure 5.9: 0° transmission and TM polarized 90° elastic scattering from the diamond sphere on diamond WG.

Experimentally the Q-factor is determined using Q =404, where 4 is the resonance wavelength, and
o/ the full-width-at-half-maxima (FWHM) of the resonance. The narrowest high resolution peak is
shown in Figure 5. 10, with 64 =9 pm FWHM, at a wavelength of 1428.09 nm. The Q-factor of this
TM polarized peak is measured as 1.5 x 10°. The measured Q-factor of the Fabry- Pérot resonances is
on the order of 10* with a FWHM of 33 pm located around 1427.27 nm, during the 90° elastic

scattering experiment.
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Figure 5. 10: TM polarized 90° WGM of the diamond sphere at 1428.088 nm with high-resolution.
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Chapter 6

CONCLUSIONS

This work includes 1-mm silicon and diamond spheres’ elastic light scattering observation using
femtosecond (fs)-laser micromachined shallow Gorilla glass, Eagle?®®™ glass, and diamond

waveguides produced at different writing speeds, depths, and laser powers.

In Chapter 1 the materials silicon, silica and diamond, microcavity, and waveguide structures, and
coupling processes using these materials for observation of elastic scattering from spherical

microcavities are briefly introduced.

Chapter 2 reviews the waveguide and the microsphere resonator properties, gives the fundamental
background information for the designed experiments. Using the equations explained in Chapter 2,

the expected results are calculated.

Elastic scattering of silicon sphere excited by fs-laser written Gorilla glass waveguides is presented in
Chapter 3. The experimental setup, for observing the Gorilla glass waveguides end facets, and the
light scattering of silicon sphere on a 25 um deep fs-laser written Gorilla glass waveguide, is shown
and explained in detail. For forming a clear mental image, visible camera images of the experimental
setups are shared. Estimated experimental results and calculations for the light scattering of 1-mm
silicon sphere excited by fs-laser written Gorilla glass waveguide are explained, compared, and
concluded at the end of this chapter. Experimental results are also compared with the previous
measurements with the same configurations [27] to ensure that, the system is working properly and
also for observing the optical behavior of the 1-mm silicon sphere.

Chapter 4 shows the elastic scattering of silicon sphere excited by fs-laser written Eagle?®™ glass
waveguide. The waveguides are written to Eagle?®®™ glass with the same inscription method as
Gorilla glass sample writing. Therefore, we urged to explore the elastic scattering results for 1-mm
silicon sphere excited by Eagle?®®™ glass waveguide. Experimental setup for this configuration is

explained in detail and the results are presented. The calculations and measurements are compared
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and concluded. The results of this configuration and the previous chapter’s configuration correlate

well with each other.

Chapter 5 presents the two experimental configurations and their results by using fs-laser written
Type-lla (Nitrogen ~ 100 ppb) diamond waveguide as an excitation source. First, to testify that the
fs-laser written diamond waveguide is functioning, elastic scattering of 1-mm silicon sphere is excited
by the diamond waveguide. The results are compared and concluded with both estimated and
calculated values, which agree well with each other. Thus, assuring the diamond waveguide sample
can be used as an effective excitation source, as we already recognized the silicon sphere’s

consistency. At that point, we proceeded to demonstrate a novel all diamond system.

The all diamond system performs excitation of a Type Ib (Nitrogen > 5 ppm) 1-mm diamond sphere
via a Type lla fs-laser written shallow diamond waveguide. The diamond waveguide has a depth of
20 pm, and light propagates in a single mode with an elliptical mode shape. We observed high quality
factor (on the orders of 10°) whispering gallery modes, with a mode spacing of 44 = 0.33 nm, as well
as Fabry-Pérot resonances triggered in the diamond waveguide, which have a free spectral range

(FSR) of 87 pm, and relatively lower quality factors, as expected.

Spherical diamond microresonators on fs-laser written diamond WGs show promise as novel
integrated photonic architectural components. Demonstration of such an integrated photonic platform
may give rise to future nonlinear applications such as frequency comb generation, all diamond Raman
amplifier, and high-power Raman laser [55] by utilizing NV centers or Raman scattering properties of

diamond, as well as physical characteristics of diamond.

As future work, it may be possible to utilize in the current experimental setup, a single wavelength
CW pump laser with high power to realize ultrahigh Q-factor, high power Raman lasing from the
diamond microsphere by exploiting the high Raman gain and high-power handling capability of the

diamond microsphere and the diamond waveguide.
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