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ABSTRACT

The present study explores the application of new materials systems for low threshold
microlasers, and characterization of the microcavities. The sol-gel method is used for gain
functionalization of high-Q microcavities. A detailed procedure for preparation of the sol-
gel films by the spin-on or dip-coating method is presented. The effect of different process
conditions on the properties and microstructure of the thin films is investigated through
Fourier Transform Infrared (FTIR) Spectroscopy, Scanning Electron Microscopy (SEM),

and etching rate test.

Surface gain functionalization of microsphere cavities is fabricated by coating the
microsphere with a thin layer of Er’*-doped sol-gel films. The optical gain is due to the
population inversion of rare earth ions in the sol-gel films. A fiber taper is used to both
couple the pump power into and extract the laser power out of the microsphere laser. The
laser dynamics change between continuous-wave and pulsating operation by varying the

doping concentration and the thickness of the sol-gel films outside the microsphere.

Surface functionalization is also achieved on the microtoroid on a single silicon chip,
which can be fabricated in parallel using wafer-scale processing and has characteristics that
are more easily controlled than microsphere. The microtoroid can be selectively coated
only at the periphery by making use of the variation of etching rate (in buffered HF) of sol-
gel films with different degrees of densification. The laser performance of the gain
functionalized microtoroids is investigated. Highly confined whispering gallery modes
make possible single-mode microlasers. This work also shows that the high Q microtoroid

laser has a linewidth much lower than 300 kHz.
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The thesis explores fabrication of high Q microcavities directly from the sol-gel silica

films deposited on a single silicon wafer. Quality factor as high as 2.5 x 107 at 1561 nm is
obtained in toroidal microcavities formed of silica sol-gel, which allows Raman lasing at
absorbed pump power below 1 mW. Additionally, Er’*-doped microlasers are fabricated
from Er’*-doped sol-gel layers with control of the laser dynamics possible by varying the
erbium concentration of the starting sol-gel material. Continuous lasing with a record

threshold of 660 nW for erbium-doped microlaser on a silicon wafer is also obtained.

Analytic formulas are derived to predict the laser performance, such as the laser output
power, the threshold power, and the differential quantum efficiency, under different loading
condition, i.e. the air gap between the fiber-taper coupler and the cavities. The effect of Er’*
concentration on the minimum threshold is also investigated. In addition, we present a
theoretical model in which we include paired ions as the saturable absorber. It shows that
self-pulsing operation can be expected with paired-ions-induced quenching in the system.
The pulsation frequency increases linearly with the square root of the pumping level, which

is consistent with the experimental observation.



TABLE OF CONTENTS

Acknowledgements ... v
ADSIFACE ... vil
Table of Contents ... ..o X
List of FIGUIES .......coooiiiiiiiicc e Xiv
List 0f TaBIeS .......c.cooiviiiiiiiiiic e Xviii
Chapter L: Introduction .............c..c.cooviiiniiiiiiinicccc e I
L1 MOUIVALION. c..iiiiiiiiicicee et e 2
1.2 Organization of the ThesiS .....ccoecvvvivieieiiieiiiree e 3
Chapter II: Whispering gallery type microresonators .................c.ocooeeeiene, 7
2.1, INtrodUCHION...cci ittt 7
2.2, MIicrosphere réSONALOrS ........cceiiiiiriereneeniere e see e seresee e &
2.3 Cavity quality factor (Q) ..ccevevvvnerriertice e 17

Chapter III: Optical coupling between fiber taper and WGM cavity ...... 23



3.7

Chapter 1V:

4.1

4.2

4.4

4.5

I tEOAUCHION . et et eae s 23

General methods for coupling to microsphere microcavities .....23
Fabrication of the fiber taper..............ccoocooiiiieeeoeeeeeeen 25
Characterization of the fiber taper modes.........c..ccccoovoveierennnne. 26
Coupling between the fiber taper and the cavity .........ccecvreene. 26
Phase matching between the microcavities and the fiber-taper

COUPLET 1.ttt e e e e 33
CONCIUSION ... oiiiiiiiic e 34
Optical materials by sol-gel process..................ccccooiin. 35
INTrOAUCTION. ...ttt 35
An overview of sol-gel process Steps......ovveevvrveriineeniieniencene. 35
4.2.1 Hydrolysis and condensation ..........ccccceevevevveveencncnnenn 37
4.2.2 Gelation ....ooveveiceirieiiieiiicee e 38
4.2.3 AZCING woivieeieeieeieie ettt ettt 39
A.2.4 DIVINEZ oottt et 39
4.2.5 Densification ........coeceiiririnenieese e 39
4.2.6 Advantages and limitations of sol-gel method ................. 40
Fabrication of sol-gel films for photonic application................. 41

Characterization of sol-gel silica film with Fourier Transform
Infrared Spectrometer (FTIR) ..cccooooviiiiiiiiii 42
Effect of anneal temperature on etching rate of sol-gel film in

buffered Fluoride acid (HEF) ... 44



4.6 CONCIUSION .o e, 45

Chapter V: Surface functionalization of silica microsphere resonators...46

5.1 IntrodUCHioN.......cociiiviiiiceeeeceee e 46
5.2 Erbium doped silica glass...........coocoveieeveoeeieeece e 46

5.2.1 B -Er " INteraCtions .........ovvveeeeeeeeeeeeeeeeossoeeesoeeeeseeeeeee 48
5.3 Fabrication of silica MiCrosphere .........ccccovvceneinconeninncnnee 49
5.4 Surface functionalization of microsphere.........c.ccoccevvvvininennn 52
5.5 Coupling between fiber taper and microsphere............cccccceennenee. 54
5.6 Laser performance ..........c.ccveiviveririeeeeece et 56
5.7 Effect of doping thickness on the laser dynamics ...............e.ve... 59
5.8 CONCIUSION .ot 61

ASECHIP oo 62
0.1 INITOAUCTION ...t e e e e e e v e 62
6.2 Characterization of Microtoroid cavities .....oovvvreeriveeereeeeeeenennn 63

6.3 Surface functionalization of microtoroid cavities on a Si chip...66
6.4 Fiber taper coupled microtoroid lasers on a Si chip.................... 67

6.5 CONCIUSIONIS. .o eeeeeee e e 72



7.1 INtroduCtion....cc....ooviiii e 73
7.2 Fabrication and characterization of microdisk and microtoroid
cavities from the sol-gel films ........coceveveininiiiii i 75
7.2.1 Fabrication of sol-gel films on a silicon wafer................. 25
7.2.2 Fabrication of microdisk and microtoroid cavities from the
SOl-gel fIIMS oo 76

7.2.3 Characterization of microdisks and microtoroids with

optical microscope and SEM .........ccoooeeeiiiiiinieiiiecenn 79

7.3 Raman Microlasers from sol-gel films on a Si chip.................... 81
7.4 Er’-doped Microlasers from sol-gel films on a Si chip............. 82
7.5 Analysis of Er’ -doped microlasers ........ccoocoovvovecovveovrerreerrerenes 87
7.5.1 Transmission spectrum of the pump.......ccccooveevnirinene. 89

7.5.2 Laser output power of the microlasers..........cccocevvennnne. 91

7.5.3 Threshold power of the microlasers...........c.ccccvevevennene, 95

7.5.4 Differential quantum efficiency of the microlasers....... 100

7.5.5 Experimental Results......cccoooiiiiiiiiiiiiiiiiiiiece 102

7.6 CONCIUSIONS...ccuiiiiriiiiiitit ettt e 105

Chapter VIILI: Paired ions induced self-pulsing in Erbium-doped

MICKOLOFrOIA TASCES ..o e 107
8.1 INOAUCTION. ..o e e 107
8.2 Model for ion pairs inducing self-pulsing.............c.ccccovvrvrrnn 108

8.3 Experimental results on self-pulsing operation ..............c........ 116



B CONCIUSIONS et

Chapter IX: Conclusion and future work

Bibliography



LIST OF FIGURES

2.1. The field profile of a TE mode of a microsphere. ...........cocoovvvveeeeeenn. 12

2.2 The field profile of a TE mode of a microsphere,
n=1,1=192,and m=1-4 ..o 14

2.3 Images of the WGMs in the taper-sphere coupling zone: (a) 1I-m=0.

(b) I-m=1. and (C) I-M=5. ..o e, 15
2.4 High resolution whispering gallery mode spectrum. ............cc.cocoevrvernnnn. 19
3.1 Different coupling scheme for microspheres...........ccccooevvevieveiieeeenennn, 24

3.2 Optical image of waist of the fiber taper. Inset: a standard 125 um single

mode optical fIDers..........oooiiiiii 25
3.3 Schematic of coupling between fiber taper and cavity.............ccccccoee.e.., 27

3.4 Different coupling regimes for a cavity with the intrinsic quality factor Qo

3.5 Normalized transmission of a fiber taper coupled microsphere versus

the air gap between the microsphere and the taper.............ccocovvievevennnnenn. 33
4.1 Schematic of fabrication of sol-gel films on a substrate..........c.c.ccocoon.... 41
4.2 FTIR spectra of thermal silica and sol-gel silica samples prepared with

different heat treatMent ..........ococoivveerinieieieceeec e 43
5.1 Schematic representation of the Er " intra 4f Energy level ..o, 47
5.2 Hlustration of fabrication of the microsphere for a silica fiber................ 50



5.4 Schematic of surface functionalization of silica microsphere.................. 53

5.5 Schematic of a thin film coated microsphere laser coupled with a fiber

LAPCT Lottt 55
5.6 Image of the WGMs in the taper-sphere coupling zone.............cccoeeeee. 56
5.7 Emission spectrum of a microsphere 1aser.......ooooovioeeriionniinincecn 57

5.8 Laser output power versus absorbed pump power in the microsphere

5.9 Measured pulsation frequency versus the square root of the laser
OULPUL POWET P o e 60
6.1 Optical micrograph top view of a microtoroid shoing principal and minor
diameters of the toroid ..o 63
6.2 Simulation of fundamental TM modes for toroid with minor diameters of
(@) 4 um; (b) 8 um and (€) 16 M. wovvevvviiericcceeeee e 64

6.3 Iield intensity distribution along the polar direction for different micro-

G et 66
6.5 Mllustration showing a micro-chip laser consisting of an Erbium-doped
sol-gel thin film applied to @ microtoroid...........ccovveeverieriincicnicene, 68

6.6 Photomicrograph top view of an Erbium microtoroid laser coupled

BY @ fIDRI TAPET woveiiiie i 68

XV



6.7 Emission spectrum of a microtoroid laser with approximate diameter

OF 8O LML, 1t 69
6.8 Laser emission spectrum from Er-doped sol-gel thin-film coated

MICTOLOTOIA LASET. ..oviiiiiiiiici s 70
6.9 Measured laser output power plotted versus absorbed pump power

for a microtoroid laser with a diameter of 80 pm .........coooviriciiine 71
7.1 Schematic process flow for creation of solgel microcavities on a

ST WATRT L 77
7.2 Transmission spectrum of a fiber taper coupled microdisk with

diameter 0f 100 MICTON ... cviiiiier e 78
7.3 Optical photomicrograph of (a) circular pads on silicon wafer

(b) under-etched silica disk (c) Microtoroid after CO, laser reflow .......... 80
7.4 SEM images of microdisks and microtoroids...........ccoceeivivciieninicnnnennn 81
7.5 Raman emission spectrum of an undoped microtoroid with principal

diameter OF 49 UM ..o 83
7.6 Photomicrograph view (horizontal and vertical) of an Er**-doped

solgel silica Microtoroid laSer........ccooviiiiiiiiiiiiii e 85
7.7 Typical laser spectrum of an Er-doped solgel silica microtoroid laser..... 86
7.8 Normalized transmission of pump power as a function of air

gap between the fiber taper coupler and the microlaser ...........ccoocvevrennee. 90
7.9 Laser output power as a function of air gap between the fiber

taper coupler and the microlasers with different intrinsic Q ................... 95



7.10 Threshold pump power as a function of air gap .....ccoccoveieiiiiiiiiieee, 98
7.11 Threshold pump power as a function of erbium concentration in the
microlasers with different intrinsic Q.....coooovverieviniicoiriiiee 99
7.12 Quantum efficiency as a function of air gap with different intrinsic Q .102
7.13 Normalized laser output power as a function of air gap............c.c.o...... 103
7.14 Diftferential quantum efficiency as a function of air gap..........ccceceoenes 103

7.15 Measured laser output power plotted versus the absorbed pump

power for a MIicrotoroid LASET ........cvivivevieeeeece e 104
8.1. Cross-relaxation process between paired 10NS ......cccoevrviervcieniiievennn 110
8.2 Energy level diagram in current model for paired ionS ........ccccervrnenenne. 112

8.3 Numerical simulation of photon density as a function of time at

different pumping level. ... 115
8.4 Numerical simulation of evolution of the self-pulsing frequency as

a function of square root of P/Pth. ... 116
8.5 Self-pulsing operation of an Er3+-doped microtoroid laser with laser

OUEPUL POWET ettt ettt ettt ettt e e r e e cesiaes s ibassanenanaees 119
8.6 Evolution of the self-pulsing frequency as a function of square root

of the 1aSer OULPUL POWET 1..vvvieeiiiiiiicie et 119



XVl

LIST OF TABLES

8.1 Values of parameters used in sImulation.........ocovieiiriiioiiiiiniin, 117



Chapter 1

INTRODUCTION

There has been interest in microresonators, which are attractive systems both for
fundamental physics research in the fields of nonlinear optics, cavity quantum
electrodynamics and for applications in sensor for bio-molecule and low threshold
microlasers ete. [1-4]. My research interest lies in exploring application of new materials
system for low threshold microlasers and evaluating the performance of the devices.
Optical gain can be obtained not only through nonlinear optical process such as Stimulated
Raman Scattering (SRS), but also through population inversion of rare earth ions in a host
medium [5]. High finesse microcavities are good candidate for low threshold microlasers.
Chang’s research group reported lasing from rhodamine doped ethanol [6]. Later Campillo
and his colleagues observed Stimulated Raman Scattering from CS, microdroplets [7-9].
However the liquid droplets are difficult to handle and suffer from their short lifetime due
to the evaporation in the air. More recently, Ilchenko first showed a surface-tension-
induced silica microsphere exhibiting relatively small mode volume with the highest
observed quality factor (Q) up to 10'% at 633 nm corresponding to photon storage times in
the order of microsecond [10]. Subsequently, an ultra-low-threshold microsphere Raman
laser was demonstrated due to high power build-up factor of these ultra-high-Q
microcavities [11]. Nd**-doped silica microsphere and Er*-doped phosphate sphere

microlasers have been reported by Sandoghdar and Cai [3, 12], who made the sphere by



2
heat-fusing the tip of a doped silica or phosphate wire. All the microspheres are made by

heat-fusing the tip of a glass wire. For the pure silica microsphere, a regular silica optical
fiber can be used, while for the doped microsphere, either the Nd**-doped silica wire was
obtained by HF etching the cladding of a fiber with a core of 20 um in diameter doped with
0.2 wt% Nd’*, or the Er*/Yb** codoped phosphate wire was pulled from a piece of melted
Er"/YD" bulk phosphate glass. However, it tends to form some crystallized spots during
the melting-and-pulling process to get the doped-phosphate wire and further heating can
not get rid of the crystallization defect, which makes the final microsphere inhomogencous

and degrade the quality factor of the microcavites.

On the other hand, sol-gel method has been used for preparation of oxide in a variety
forms [13]. This thesis centers on the fabrication of microlasers by surface gain
functionalization of existing high-Q microcavities with sol-gel films or directly processing
of sol-gel films into a microlasers. Throughout the thesis work, a CO; laser was used to
modify the sol-gel materials. The laser reflow process endows the sol-gel material very
high optical quality. This thesis also includes a detailed study of the microlasers. Before
turning to the outline of the thesis, a brief introduction of the sol-gel method in optics field

will be outlined.

1.1 Motivation

The sol-gel process actually offers unique opportunity for the synthesis of optical materials

with composition stoichiometrically controlled. The homogeneous mixture of several
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components in liquid state makes it possible to vary the optical materials over a wide

range of compositions at molecular level, therefore the optical properties of the materials
are tailored, such as Ge dopants to change the refractive index [14], P dopants to increase
nonlinear gain coefficient of silica and rare earth dopants to create gain in the host materials
[15-17]. In summary, the sol-gel method provides an efficient and cost-effective platform

for us to explore the effects of different dopants on the properties of the microcavities.

1.2 Organization of the Thesis

To provide a common footing for the chapters that follow, chapter 2 introduces the origin
of the Whispering Gallery Mode (WGM) cavities. Several terminologies, such as finesse
and optical quality factor, used in cavities are also introduced. The mode characterization
and field distribution of the microsphere is discussed. Tracing of the modes in microsphere
is visible by using up-conversion (540 nm transition) of Er" inside the sol-gel films coated

outside the microsphere.

Chapter 3 describes the fabrication process of fiber taper and gives a review of the fiber
taper coupling schemes used throughout this work. A simple theoretical model is presented
to study the coupling mechanism between the fiber taper and the microcavities. The
coupling efficiency adjusted by variation of the air gap between the microcavities and the

taper is discussed in details.
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Chapter 4 introduces the sol-gel method and its application in optics field. A detailed

procedure for preparation of sol-gel films by spin-on or dip-coating method is presented.
The effect of different annealing temperature on the properties of the thin films is
investigated by Fourier Transform Infrared (FTIR) Spectroscopy. An etching rate test of
the sol-gel films further reveals the change of microstructure of the sol-gel films annealed

under different temperature.

Chapter 5 investigates surface gain functionalization of microsphere cavities by coating
the microsphere with a thin layer of Er**-doped sol-gel films. The procedure for fabrication
of silica microsphere is presented followed by surface functionalization of the microsphere.
A fiber taper is used to both couple the pump power into and extract the laser power out of
the microsphere laser. A single frequency laser is obtained under certain pump wavelength
and coupling condition. It demonstrates that the laser dynamics can be changed by

variation the thickness of the doping films outside the microsphere.

Chapter 6 describes the surface functionalization of a microcavities on a single silicon
chip, the microtoroid. Although the ultra-high-Q microsphere is far more robust and stable
than the liquid microdroplets, it’s not wafer based device and is not suitable for integration
with other optical or electronic functions. In addition it’s difficult to prepare the
microspheres in large scale. In contrast, microlasers on a chip can be fabricated in parallel
using wafer-scale processing and have characteristic that are more easily controlled. A
numerical simulation of the microtoroid modes shows that the modes are compressed in

polar direction compared with the micropshere. The surface functionalization process for
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the microtoroid is very similar to that used for the microsphere, except that the

microtoroid can be selectively coated only at the periphery by making using of the variation
of etching rate (in buffered HF) of sol-gel films with different degree of densitication. The
laser performance of the gain functionalizaed microtoroids is investigated. With the
reduction of freedom in the azimuthal direction, a simpler mode spectra than that of the
microsphere 1s obtained, which makes it easier to get single laser line. A high finesse
Fabry-Perot etalon was used to compare the linewidth of the microlaser with that of a
single frequency external cavity laser with know linewidth of 300 kHz, which shows that

the high-Q microtoroid laser has a much narrower linewidth than 300 kHz.

Chapter 7 explores fabrication of microtoroid lasers directly from the sol-gel films
deposited on a single silicon wafer. It’s demonstrated that a Raman microlaser can be made
from pure silica sol-gel film, while an Er’"-doped microlaser can be achieved from Er’'-
doped silica sol-gel films. The single mode Raman lasing and single mode Er’" lasing are
presented. A fiber taper was used to couple the pump light into and laser light out of the
microtoroids. Analytical formulas were developed to study the change of pump threshold,
differential quantum efficiency and laser output power with the air gap between the fiber
taper coupler and the microcavities. The effect of Er'™ concentration on the minimum

absorbed threshold power is also investigated.

In chapter 8, a theoretical modal is developed to study the effect of Er’* concentration
due to ion-pair induced quenching on the laser dynamics. Thereafter, experimental data is

presented to compare with the simulation results.
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Chapter 9, the final chapter, draws upon the general conclusions of the previous

chapters to speculate on further study following this work.



Chapter 2

WHISPERING GALLERY TYPE MICRORESONATORS

2.1 Introduction

A wide range of resonator constructed for different applications have been fabricated and
investigated. Among them the surface-tension-induced microcavities, such as microsphere
and microdisk, attract great interests because unprecedented quality factor (Q) as high as a
several billion have been achieved in silica microphere, which are of great use for ultra-
narrow linewidth, cavity QED, ultra-low threshold microlasers, and other photonics
application. The microsphere, together with cavities with circular geometry, is called
Whispering Gallery Mode (WGM) resonators. The WGM is named after the sound effect
noted in some cathedrals, where one can whisper along the wall and hear all along the
inside perimeter of the dome. Light presents the same behavior when injected tangentially
into the WGM type cavities, where light is trapped in circular orbits just within the surface
by repeated total internal reflections. This low dissipation mechanism for confinement

leads to unusual high quality factor mentioned above.

In this chapter, the mode characterization and field distribution in the microsphere, a
typical Whispering Gallery type resonator, is studied. The most important figure of merit,
Cavity quality factor Q, is introduced. A typical mode spectrum from a microsphere cavity
is presented. In the end, an Er’'-doped microsphere is used to demonstration different

WGMs.



2.2 Microsphere resonators

To investigate the electromagnetic modes in the microsphere cavity, we study the
Maxwell’s equation in an isotropic medium with constant scalar permittivity and

permeability, and free of charge and current.

V-D=0 (2.1)

V-B=0 (2.2)
OB cH

VxE=——=-u—om 2.3
ot : ot @

VxH:—sta—E (2.4)
ot ot

First we take the curl of the Maxwell’s curl equation for electric field (2.3), and use the

vector identity

VxVxA=V(V-4)-V’4

N
NS}
U1

S—

to obtain

[\S]
(=)}
R

V(V-E)—V2E:—MV><(%—7)V (

Then using (2.1) and substituting (2.4) 1n (2.5), we find



O°E
VZE-pe=—==0 @7
ot?

1f we assume the field quantities to vary as E(7,t) = E(I_;)eiwl , we obtain:
VZE+k E=0 (2.8)

where k = 04/ ue

It’s been verified numerically that the polarization direction of the electromagnetic field of

a sphere can be approximated constant along the same spherical coordinate axes at all

points in space. Therefore the either £y or Hy component of the electromagnetic field is
separable, ie. Ey=y,.(r) - Wo(0) wy(d), or Ho=wy,(r) ye(0) wy(d).
Here we consider the transverse electric (TE) mode, where the electric field is parallel to
the surface with E = Eaé and E¢ = [, =0. Similar process can be used to study the

transverse magnetic (TM) mode. Consider the wave equation (2.8) in spherical coordinate

system:

2
ia 2 OF ! é(sin@—aé)Jr ! ok

— S +KE=0 (29
2or o 2sin000 a0 J2sinte 0 9

Equation (2.9) can be solved by separation of variables.



10

d*\
_*7( der ) —(Sm@dwe) Ji \l¢+k2r2:
W, dr or g sin® do do Wy sin’ 0 d

Thus there are three ordinary differential equation, one in r only, one in 6 only and one in

0.

(a). The radial dependence satisfy the equation

dZ\,U,, 2ady, 2 l(l+1)
+— +(k™ ————

2
dr” rodr re

W, =0 (2.10)

This is the spherical Bessel differential equation, and the solutions are called spherical

Bessel functions of order /. Within the sphere the general solutions of (2.10) is
W, =c;ji(kr)+con(kr) (2.11)

For the field inside the sphere, r < R(), we must consider the behavior of the field as

o . x! (20-1)!11
r— 0. While for x <</, j(x)—-——— and ny(x)—> == which
(2l +1)!! X!

means that 77;( x ) is divergent as » — 0. Since the field should be finite at 7 = 0, so the

fields inside the sphere (7 < R, where R, is the radius of the sphere) is

W, =c;j(kr) for r<R, (2.12)
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Outside the sphere, it’s an evanescent field which will decay exponentially in the radial

direction. To get the solution outside the sphere, we use substitution of variables by

assuming \J/ . = P and obtain:
v

2
d(P”+(k2—Z(l+]))(p 0 013

2 ¥
dr 2

Let 7 = Ry + Ar and equation (2.13) become:

2
d q)}‘_+_(k2_ Z(Z+I)

J)o, =0 (2.14)
dAr? (Ry +Ar )7

Because the amplitude of the fields decay rapidly outside the sphere, we are interested in

the region of space that is within several wavelength out from the sphere surface. We can

Ar
assume that —, so equation (2.14) is simplified to:
0

I(1+1)

dZ
CPr k2 - e, =0 (2.15)

dAr? R

Equation (2.15) describes an evanescent field in the radial direction outside the sphere. The

solution is an exponentially decay field:

I(1+1)

- —k? (2.16)
RO

¢, ~exp(—a.-Ar ), with oc:\/
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Figure 2.1. The field profile of a TE mode in the radial direction for a microsphere
with diameter of 70 um. The wavelength is at 1.5572 pm and the moede numbers are

n=1and ! =192

So the full radial dependence is:

A ji(kr) for r <R,
Y, = (2.17)
B exp(—a-(r—Ry)) forr >R,

with o = W([ + ])/ROZ e ,and A, B are constants, which will be determined by

boundary condition at surface and the normalization condition. The radial dependence of
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the fields are related to mode numbers [/ and ». Furthermore the number of field

maximum along the radial direction is determined by 7.

(b). The azimuthal dependence satisfy the equation

d?y
do

¢ +m2w¢ = (2.18)

The field in the azimuthal direction has a periodicity of 27, so the azimuthal dependence

of the field is:
Yy =Nyexp(imd) (2.19)
where mis an integer and NV 0 is the normalization constant to be chosen so that after one

2
revolution the integral of )\4] ¢‘ is unity

(¢). The polar dependence is

2

mze)}ye—o (2.20)

! i(sin@——d\ve
sinB do do

Sin

)+[NJ+]—

This is polar-dependent part of a spherical harmonic differential equation and the solution

is associated Legendre polynomials. So the polar solution of the field is:

VYo = Nogb (cos0) (2.21)
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Figure 2.2. The field profile of a TE mode in the azimuthal direction for a
microsphere with diameter of 70 pm. The wavelength is 1.557pum and mode

numbers are n=171,/=192 m=1[-4.

where m=-[,—([—1),..,0—1,1 and P"(cos®) is an associated Legendre

. . o . 2
polynomial. Ny is the normalization constant to be chosen so that the integral of \\]U 9‘

over O is unity. Figure 2.3 shows images of different WGM of an Er’"-doped microsphere,

where the up-conversion transition in 540 nm is used to trace the mode.

The characteristic equation:
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For the TE mode, the magnetic field can be solved from Maxwell’s equation:

— —

H=-i—VxEg
i

_ [—i m E9F+(Eﬁ+a—Eﬂjq3j (2.22)

i
O rsin®

The electromagnetic fields must satisfy the boundary condition that the tangential

components g and H ¢ should be continuous at 7 = R, . This leads to

. k R K
JZA( (;:SQ) + kolflsjl (konsRO)
0 =———-a

_ (2.23)
Ji (ko’”’sRo ) Ry

N

Similarly for TM mode

kgn R K
Jf(%”so) + kg ) (kgnyRy)

2
u = (i —a ]n—‘ (2.24)
JilkgngRy) Ry )

We now use the spherical Bessel function recursion relation

.7 [-] .
Jilx)= ];(x)—m(x) (2.25)

and (2.22) and (2.23) become
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[
TE modes: (R— + o jjl (kOrzSR())Z konSjH](kOnSRO) (2.26)
0
§ nf / nf ) .
™ modes: || [+1--% 5o, Jilkgn Ry )= kyng jy, (kgn Ry) (227)
g ) %0 My

These characteristic equation relates the wavevector k, and mode number [and » . For a
cavity with Ry >> A, the mode number [ >>1, (e.g. for n, =1.43, R,=50um,
A =1.55wm, the mode number / ~ 2n, R, /) = 290), the characteristic equation for

T™ mode can be simplified to

[ n’ . .
I'M modecs: — + %O(s Ji (kOI/ISRO ) = ko”s]/u(k()”sRo) (2.28)

0 Ay

2.3 Cavity quality factor (Q)

The quality factor Q is often used to characterize the resonators. It is defined in terms of

energy storage and power loss:

2n(stored energy)  oyU

(2.29)

Qror = energy loss percycle W

where @, is the cavity resonant frequency, U is the energy stored in the mode, and ¥ is

the energy loss rate of the mode. So a differential equation can be used to describe the



behavior of stored energy U inside the cavity

v _ oy (2.30)

a0

where ) is the resonant frequency of the cavity. The solution to the equation above is

Ult)=Uye ¢ (231)
So the optical field in the cavity is damped as follows:
E(t)= Eje'0e 0"/ 2¢ (2.32)

The Standard Fourier analysis yields the optical field in the frequency domain

2

J'jooo E(t)e™ " dt

2
:‘waoel((D() —(D)te—(o()t/Zth‘

E2
= 0 (2.33)

(- 000)2 + (0 /2Q)2
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The resonance has a Lorentzian shape with a Full Width at Half Maximum (FWHM) equal

to W,/ Q. Therefore the quality factor Q is related to the linewidth of the mode by

QO =,/ Ao . A high resolution Whispering Gallery mode spectrum of a microsphere is
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Figure 2.4. High resolution whispering gallery mode spectrum. The quality factor is
2x107 at 980 nm.

presented in figure 2.4, where the total quality factor is deduced from the linewidth of the

mode.

We recall the definition of the cavity quality factor given by (2.30), and the total quality
factor is decided by the total loss rate in the cavities. There are several loss mechanisms in

optical resonators, thus we can rewrite equation (2.30) as



/ _ I/Vtot _ 4 4 WS‘C + Wrad + WCO“P

mat S8

0., oU oU oU oU oU oU

1 1 1 ) 1
- + + + + S ' (2.34)
Qmat st Qsc Qrad Qcoup
Intrinsic Quality factor External Quality factor

where (J,,,, accounts for materials absorption loss, (J,, denotes the scattering loss from

surface inhomogeneities, Q. describe the loss caused by surface contamination, {J,,y
represents the tunneling loss due to the curvature of the boundaries in the propagation path

of the mode, and (O describes the coupling loss to a coupler. The quality factor

coup
describing the loss from materials absorption, scattering, surface contamination and

radiation are usually called “cold cavity quality factor” or “intrinsic quality factor”, while
Qw“p . which accounts for the coupling to a external coupler, is designated as ‘external
quality factor’. As studied by Haus and his colleague, (J, ., increase exponentially with
increasing size, and for air clad microspheres with radii larger than about 15 um,
O > 10" [18]. While the absorption of silica at the wavelength of 1.55 um can be as

low as 0.2 dB/km, which corresponds to an absorption limited quality factor of 10",
Therefore absorption and surface scattering are the predominant loss mechanism for silica

microspheres with radii larger than 15 pm.

Materials Loss:



The quality factor due to materials absorption can be determined by [10]:

27n

mat = (2.35)
O ro

where A is the wavelength, 721is the refractive index of ihe materials at A, and o is the

linear attenuation in the resonator caused by materials absorption.

Scattering Loss:

The quality factor due to scattering loss by the surface homogeneity can be estimated by

[10]

AR,

n2G2B

Oy =

where ¢ and B are the rms size the correlation length of surface homogeneities,

respectively.

Radiation Loss:

The Quality factor associated with the radiation loss is shown to be [18]:

=2

(=
[2 " (?JJ/ ((kanO )lerl (kns RO )
Ny !

klee )N np Ry Z, (

Qrad =

A
—TEJ]./_] (knsR() )j/ (kn‘ Ry )

Y2 i



2
JilknyR,) N (knyRy )2
Jii(knyRy) !

1

v, =1 L knyR, J.I.Jrl(k”loRo) + (kg Ry )’
J/(k”()Ro) !

where ¢ is the speed of light in the vacuum, €, is the permittivity of free space,

Z, =377 isthe free space impedance.
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Chapter 3

OPTICAL COUPLING BETWEEN FIBER TAPER AND WGM CAVITY

3.1 Introduction

In this chapter we will review various methods developed to excite microsphere modes.
The fiber taper is used as an efficient way to couple the light into and out of the
microcavities throughout this thesis work. The coupling between the fiber taper and

microsphere cavities is investigated in details.

3.2 General methods for coupling to microsphere and microcavities

The modes in the WGM type microcavities are highly confined and are not accessible by
free-space beam. Therefore employments of near-field couplers are highly required.
Numerous methods have been developed to excite the whispering gallery modes in
microsphere resonators. The evanescent coupling scheme in which an evanescent field
tunnels into the microsphere appears to be the most promising approaching without
disturbing the high Q property of the cavities. As depicted in figure 3.1, the prism can be
used to efficiently couple the light into and out of the microsphere [19], but it uses bulk
component and it is difficult to align it with microsphere. The polished half block coupler

provides is a robust way to couple the light into the microsphere but the coupling efficiency
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Figure 3.1. Different coupling schemes for microspheres: (a) Prism coupler; (b)

Angle polished fiber tip; (¢) Polished half block coupler; (d) fiber taper

is low because of the light coupled to the cladding radiation mode of the half block [20,
21]. The angle polished fiber is efficient to excite the microsphere modes, but it requires
delicate cutting of the angle and polishing the end of the fiber tip [22]. The fiber taper
coupler can not only to align with the microsphere but only efficiently couple the light into
and out of the microsphere cavities. In the following part, we will focus on the fiber taper

coupler.
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3.3 Fabrication of the fiber taper

Figure 3.2. Optical image of waist of the fiber taper. Inset: a standard 125 um single

mode optical fibers

‘The fiber taper is fabricated from a standard optical fiber. The fiber is first mounted on a
stage which can hold the fiber throughout all the experiment. Then the fiber is exposed to
the top zone of a hydrogen flame, where the temperature is high enough to melt the silica.
Right after the fiber become soft due to the heat absorption, two computer program
controlled motors begin to pull each end of the fiber to opposite direction. The pulling
process is stopped when the waist size of the fiber taper decreases to 1 to 2 um. Figure 3.2
shows an optical image of a tapered fiber with waist diameter around 1 um. The inset
presents an image of a standard SMF-28 optical fiber with diameter of 125 um for

comparison.
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3.4 Characterization of the fiber taper modes

Although the fiber taper is pulled from a fiber with core and cladding region, during the
pulling process the core vanishes and the fiber taper can be regarded as an air-clad cylinder

waveguides. The analytic solution for mode of propagaticn in cylinder waveguide is well

known. The characteristic equation which determines the propagation constant (B I ) of the

fiber mode is [18]:

J laky) K laky)

kf 7, (akf)—af K()(akf)

3.1)

. 2. 2 2

oy =B} ~ k0]

where a is the core radius of the fiber taper at the coupling zone, 7 ; is the refractive index

of the fiber taper, J, and J; are Bessel function of the zero and first order, while K, and

K ; are the modified Hankel functions of zero and first order.

3.5 Coupling between the fiber taper and the cavity

Let’s consider excitation of a high Q WGM by a traveling mode in the fiber taper coupler.

Assume F (l‘ ) is the field amplitude of the whispering gallery mode, £, and £ inthe
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Figure 3.3. Schematic of coupling between fiber taper and cavity

field amplitude of taper mode before and after the cavities, respectively. Let K describe the
coupling of the resonator mode with the fiber taper mode and 7 be the transmission
cocfficient of the field amplitude before and after the coupling region. The coupling of light

into and out of the resonator can be described by equations [23]:
E (t)=ixE,(t)+1t E(t -, )explio —al/2) (3.2)
E, (t)=1tE,(t)+ i< E (¢) (3.3)

where [ is the round trip distance traveled by the mode inside the resonator (for the sphere

case, L = 2nR,). K is the coupling coefficient, which can be calculated as the normalized



28
integral of the field of the cavity mode and the fiber taper coupler mode. T, =n,L/c

is the round trip time of the mode traveling inside the resonator, ¢ = 27nn L/ A is the

phase change of the mode after a round trip in the resonator, and o is the linear attenuation

in the resonator caused by absorption, scattering and radiation. Because of time reversal
. ! ! 2 2 .

symmetry and energy conservation, we have f =¢ ,K =K , and 't ' + ‘K‘ =/ . For high

Q cavity, the round trip loss is very small, in other words o << [ and [K’ << [. Assume

©, = 2mc/ hy is the resonant frequency of the cavity mode. By expanding £ (t -1 0)

at t and ignore the high order term, i.e. £ (t — TO)Z E, (l‘) - 1ydE| (t)/ dt , and replace

it in equation 3.2, we obtain

dE (t iK
) 5. 45, + m0)E, ()= 5, (1) 54
dt 1y
-t cal . .
where 0, =——, Oy =—— and Aw is the frequency shift to the resonant
Ity 20

frequency. According to definition of the quality factor, the equation for the field of the

mode in the resonator can also be written as

dE,(t) | 20+ 20 4 ine |E, ()= 1E, () (3.5)
dt 2Qex 2Q0

where (J, is the intrinsic quality factor originating from the loss mechanism in the cavity

including scattering from surface, materials absorption due to molecule resonances, or
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whispering gallery radiation loss, (J,  is the external quality factor determined by the

e€x

coupling between the resonator and the coupler and 7y is the coupling coefficient of input
ficld coupled into the resonator [18]. Compare equation 3.4 with 3.5, the parameter 0, and

J,. can be related to the quality factor:

8, =—" (3.6)

S, = (3.7)

At steady state, the time derivative of (t ) is equal to zero, which means that

I — ( ]Exz) a9

(5, +8, +iro) 1,

So the field amplitude can be changed by &, for a given input power in the fiber taper

coupler and it reaches its maximum value at 8, = & .. The cavity buildup factor (B) is

B = lES‘Z _ 1 K’ _ Ly Qér
- 2 - 2,22 L
\E (80 +60) t TO T[}/ZS Qex

in|

(3.9)

The output field amplitude can be deduced from equation 3.3 and 3.8:
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6(3 +60 + IA(D) fTO

E0=E0-— [ <50
i)

20 ,
) (8, +8, +iAw) ) :

And the normalized transmission of the cavitiy (T) is given by

iEO (t)12 ] 46066
E, (f)iz (3, + 60)2 + (AC‘))2

4Q()Qex
Oy +0.) +(0)0.. 00/ 0,)

=] (3.11)

Both the resonator buildup factor and transmission can be described as function of the
quality factors of the resonator, therefore the quality factors are very important parameter to
characterize the fiber taper coupled resonator. The intrinsic quality factor is a decided by
the resonator itself, while the external quality factor changes with the transmission
coefficient t, which changes with the geometry of the coupling (i.e. overlap between the
resonator mode and the fiber taper coupler mode). As noted in equation 3.11, the

transmission of the resonator is decided by the relation between the intrinsic quality factor

Q,,, and controllable external quality factor (J,.. The intrinsic quality factor Q;, is a

constant for a given cavity, but the external quality factor (J,, changes with the loading
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Figure 3.4. Different coupling regimes for a cavity with the intrinsic quality factor

Qo of 1x10%,

conditions. Figure 3.4 is a plot of the resonator transmission T against the phase shift for

different loading condition.

When the mode is on resonant in the cavities, the coupling between the waveguide and the

resonator can be divided into three regimes:
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(1) Under-coupled regime: Due to the loss mechanisms, the resonator has a limited

intrinsic quality factor (,,,. When the fiber taper is far away from the resonator, the
coupling between them is very weak and the overlap between the fiber taper mode

and resonator mode is close to zero, i.e. f — 7, and Q,, —> . When the fiber

taper get closer to the resonator, the overlap of the modes increase, (J,, decreases

but still larger than (J;,, then the transmission T decrease continuously from unity

in>

and approaches zero gradually.

(2) Critical-coupled regime: When the fiber taper get close to the resonator to a such
point (critical coupling point) that @, is equal to (J;,, the normalized

transmission is zero, which means that all the input power is coupled into the

cavity.

(3) Over-coupled regime: When the fiber taper approaches the cavity further after the
critical coupling point, the overlap of the modes become larger and the (O,

decrease further. The normalized transmission becomes smaller than 1 again and

it’s called over-coupled regime.

Figure 3.4 shows how the transmissions changed by the relation between the intrinsic
quality factor and the external quality factor. In addition, as can be seen from equation
3.11, the transmission of the mode is a function of the external quality factor, which
changes with the loading condition. Figure 3.5 shows the normalized transmission of the

mode as a function of the air gap between the fiber taper coupler and a microsphere with
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Figure 3.5. Normalized transmission of a fiber taper coupled microsphere versus the

air gap between the microsphere and the taper.

diameter of 60 pum. In the under-coupled regime, the transmission decreases gradually

when the air gap decreases, and become zero at critical coupling, then it increases if the air
gap decrease further.
3.6 Phase matching between the microcavities and the fiber-taper coupler

The amount of power coupled out of the fiber into the sphere is proportional to

exp(— Yo ~AB2), where 7, is constant decided by propagation constant [3 7 and the
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diameter of the microsphere and AP is the difference in the propagation constants

between the fiber mode and the sphere mode. The coupling efficiency is maximized at the

phase matching condition, where A is equal to zero.

3.7 Conclusion

Fiber taper is proved to be very efficient in coupling light into and out of the resonator
throughout this thesis work. The transmission of the microcavity depends on the
configuration, i.e. the air gap between the fiber taper coupler and the microcavity and the
phase matching condition between the coupler and microcavity modes. To optimized the
coupling efficiency between the fiber taper and the microcavities, phase matching

condition need to be satisfied.
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Chapter 4

OPTICAL MATERIALS BY SOL-GEL PROCESS

4.1 Introduction

The sol-gel method is a wet-chemical synthesis technique for preparation of oxide gels,
glasses, and ceramics at low temperature. It’s based on control of hydrolysis and
condensation of alkoxide precursors. As early as the mid-1800s, interest in the sol-gel
processing of inorganic ceramics and glass materials has begun with Ebelman and
Graham’s studies on silica gels [24]. The investigator recognized that the product of
hydrolysis of tetracthoxysilane (TEOS) under acidic conditions is SiO-. In the 1950s and
1960s Roy and co-workers used sol-gel method to synthesize a variety of novel ceramic
oxide compositions with very high levels of chemical homogeneity, involving Si, Al, Zr,
etc, which couldn’t be made using traditional ceramic powder methods [25-28]. It’s
possible to fabricate ceramic or glass materials in a variety of forms, such as ultra-fine
powers, fibers, thin films, porous aerogel materials or monolithic bulky glasses and
ceramics [29].  Since then powders, fibers, thin films and monolithic optical lens have

been made from the sol-gel glass.

4.2 An overview of sol-gel process steps
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The sol-gel process, as the name implies, involves transition from a liquid ‘sol” (colloidal

solution) into a “gel” phase [30]. Usually inorganic metal salts or metal organic compounds
such as metal alkoxide are used as precursors. A colloidal suspension, or a ‘sol’ 1s formed
after a series of hydrolysis and condensation reaction of the precursors. Then the sol
particles condense into a continuous liquid phase (gel). With further drying and heat
treatment, the ‘gel’ is converted into dense ceramic or glass materials. Generally three
reactions are used to describe the sol-gel process: hydrolysis, alcohol condensation and
water condensation. Because water and alkoxides are immiscible, alcohol is commonly
used as co-solvent. Due to the presence of the co-solvent, the sol-gel precursor, alkoxide,

mixes well with water to facilitate the hydrolysis.

! o |
_Si— OR+ H — OH —obsss o i OH + R -OH 4.1
|

Re esterification

During the hydrolysis reaction, the alkoxide groups (OR) are replaced with hydroxyl group
(OH) through the addition of water. Subsequent condensation reaction involving silanol
group (Si-OH) produces siloxane bonds (Si-O-Si) with by-product of water (water
condensation) or alcohol (alcohol condensation). As the number of siloxane group
increases, they bridged with each other and a silica network is formed. Upon drying, the
solvents that are trapped in the network are driven off. With further heat treatment at high
temperature, the organic residue in the structure is taken out, the interconnected pores

collapse and a densified glass or ceramics is formed.
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4.2.1 Hydrolysis and condensation

Although hydrolysis can occur without additional catalyst, it has been observed that with
the help of acid or base catalyst the speed and extent of the hydrolysis reaction can be
enhanced. Under acid conditions, the alkoxide group is protonated rapidly. As a result,
electron density is withdrawn from the silicon atom, making it more electrophilic with
partial positive charges. Therefore it’s more susceptible to be attacked by the nucleophile,
water molecule. Subsequently a penta-coordinated transition state is formed with SN2 type
characters, where there is simultancous attack of the nucleophile and displacement of the
leaving group. When the nucleophile attacks the center atom, Si, it’s on the opposite side to
the position of the leaving group, R-OH. Finally the transition state decays by breaking of
the Si-OHR bond and ends up with an inversion of silicon configuration as shown in

equation 4.2. The acid-catalyzed mechanism can be described as following:

i |+
~Si—-OR+H™—t%L »_Si—O-R 42)
| —

R H \

+
} —>—Si—-OH + R—-0OH
[AR———

i + o
—éi——O—R+H—0H—>|i
A 1

| \

\0 - Si- 0|
5 |

H H

Under basic conditions, the hydroxyl anion works as nucleophile and attacks the silicon

atom. Again, an SN-2 type mechanism has been proposed in which OH displaces OR
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group with inversion configuration of the silicon tetrahedron. The mechanism of the

base-catalyzed mechanism can be described as following:

‘ ®0 V2 - @V
—Si—0R+0H*—>[R—O—Si-O—H} ——>R-0-Si -0O-H
| A l — I
|
—>—Si—-OH + RO~ (4.3)

422 Gelation

In the gelation step, alkoxide gel precursor undergoes polymerization (condensation)
reaction with by-product of water or alcohol. Similar to hydrolysis, the condensation
reaction is also affected the acid/base catalyst. With the existence of acid catalyst, weakly-
crosslinked polymer is formed and can easily aggregate after drying yielding low-porosity
microporous structure. On the contrary, if base catalyst is used, discrete highly branched

clusters are formed and lead to a mesoporous structure after gelation.

Water

| | , | | |
— Si— OH +—Si— OH —Condensation_,_ Si O —Si—+H —OH  (44)
| | —_— |

Hydolysis

| | A]cohol . | [
~ Si— OH +—Si— R—S2dmation i Q- Si—+R-OH (45
\ | e | |

Alcoholysis
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423 Ageing

The continuing chemical and physical changes during ageing after gelation are very
important. During this process, further cross-links continuous, the gel shrinks as the
covalent links replace non-bonded contacts and the pore sizes and pore wall strengths

change with the evolution of the gel’s structure.

424 Drying

The gel has a high ratio of water and three dimensional inter-connected pores inside the
structure. Before the pore is closed during the densification process, drying is needed to
remove the liquid trapped in the interconnected pores. On the other hand removal of the
liquid from the tiny pores causes significant stress resulting from inhomogeneous
shrinkage. Therefore the main problem that had to be overcome is cracking due to the large
stress in the structure. For small cross sections, such as powder, coating, or fiber, the drying
stress is small and can be accommodated by the materials, so no special care is needed to
avoid cracking for those sol-gel structures. While for monolithic objects greater than 1 cm,
drying stress developed in ambient atmosphere can introduce catastrophic cracking, as a
result control of the chemistry of each processing step is essential to prevent cracking

during drying.

4.2.5 Densification
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Although there are many applications of sol-gel silica prepared and dried at or near room

temperature (especially those involving trapping functional organic or biological molecules
with the gel pores), heat treatment of the porous gel at high temperature is necessary for the
production of dense glass or ceramics from the gel silica. After the high temperature
annealing, the pores are eliminated and the density of the sol-gel materials ultimately
becomes equivalent to that of the fused glass. The densification temperature depends
considerably on the dimension of the pores, the degree of connection of the pores, and the

surface areas in the structure [24].

42.6 Advantages and limitations of sol-gel method

Sol-gel method is a very flexible way to fabricate glass/ceramics under mild condition.
From the introduction above, the advantages of the sol-gel method become apparent [17,

31-33]:

1. Sol-gel method involves wet chemical synthesis of materials, so the composition of
the materials can be tailored at molecular level. As a result, stoichiometrical

homogeneous control of the doping is easily achieved.

2. Since liquid precursors are used it’s possible to cast the glass and ceramics in a
range of shapes, such as thin film, fibers, and monoliths, etc, without the need of

machining or melting.

3. The precursors, such as metal alkoxides, with very high purity are commercially

available, which makes it easy to fabricate materials with high quality.
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4. It’s cost effective because the temperatures required in the process are low, close

to room temperature, and no delicate vacuum system is needed.
Despite all the advantages, sol-gel method still has some limitation. Solvents, such as
alcohol and water, are involved in the process, so it’s not appropriate for fabrication which
is very sensitive to solvents. Furthermore, stress induced cracks upon drying are not unusal
and can’t be healed after densification. Very careful attentions are needed to avoid
cracking. Despite of the disadvantages, sol-gel method is a very mild and flexible method
to fabrication materials that possess properties not attainable by other methods. It inspires
us to further investigate and modify the method to exploit its maximum value in

application.

4.3 Tabrication of sol-gel films for photonic application

@ (b) (©

Figure 4.1. Schematic of fabrication of sol-gel films on a substrate: (a)
organometallics and dopants in alcohol solvents (b) hydrolysis of organometallics in

water (c) sol-gel films on a substrate by dip-coating or spin-on methods.
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Figure 4.1 shows a schematic of the preparation procedure of sol-gel films on a glass or

silicon substrate. First, organometallics (such as metal alkoxides) and dopants are put in an
alcohol solvent, such as ethanol or isopropanol. Then the water is added to hydrolyze the
organometallics. After hydrolysis and condensation reaction for certain time (ranges from
several hours to several days under different condition), a viscous gel is formed. After
aging the sol solution at room temperature, a layer of sol-gel film is deposited on a
substrate by spin-on or dip-coating method. The thickness of the films is decided by the
viscosity of the sol solution, the spin speed for the spin-on method, or dipping time for the

dip-coating method.

4.4 Characterization of sol-gel silica film with Fourier Transform Infrared Spectrometer
(FTIR)
Infrared spectroscopy is the study of the interaction of infrared light with matter [34].
When infrared radiation interacts with matter it can be absorbed, causing the chemical
bonds in the materials to vibrate. Chemical structures within molecules, known as
functional groups, tend to absorb infrared radiation in the same wavenumber range
regardless of the structure of the rest of the molecules. The correlation between the
wavenumber and molecule structures makes it possible to identify the structure of unknown

molecules. For instance, the peaks around 3000 em™ are due to C-H stretching bond.

A series of thin films were annealed at different temperatures, ranging from 200° C to

1200° C. A Fourier Transform Infrared (FTIR) microspectroscope was used to compare the
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structure of sol-gel silica with that of thermally grown silica. Figure 4.2 shows the

evolution of the reflectance infrared spectra as a function of annealing temperature. The

characteristic
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Figure 4.2. FTIR spectra of thermal silica and sol-gel silica samples prepared with

different heat treatment.

vibrational bands of silica were found in the spectra of sol-gel silica. Compared with FTIR
spectrum of thermally grown silica film, the absorption band, which correspond to Si-O-Si

bending (near 460 cm-1), Si-O-Si symmetric stretching (near 810 cm-1), and Si-O-Si
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asymmetric stretching (near 1105 cm’!) are clearly shown in figure 4.2 [35]. When the

annealing temperature is 200° C, a weak absorption band at ~964 cm’' is observed, which
is attributed to stretching vibration of silanol Si-OH hydrogen bonded groups. The
excited Er’” can be quenched through non-radiative relaxation by coupling to a
quenching site, such as hydroxyl group OH". This absorption band disappears at
temperature of 600 °C. In addition, compare with the spectra of others, the spectra of the
sample heated at 1000° C and 1200° C have stronger, broader and blue-shifted Si-O-Si
bands. The changes in the spectra indicate the complete densification of silica films after
heat treatment [36]. Furthermore, as the temperature is increased, the absorption band due
to Si-O-Si bending becomes stronger. [t shows that the crosslink between silica chains are
improved gradually due to progressively enhancement of condensation reaction under
higher densification temperature. The spectra of the samples heated at 1000° C and 1200°

C are similar to that of the thermally grown silica.

4.5 Effect of anneal temperature on etching rate of sol-gel film in buffered Fluoride acid
(HF)

To further probe the change of the microstructure of the glass, hydrofluoric acid (HF)

etching was used to monitor the subtle change of the glass after different heat treatment.

The silicate structure with smaller Si-O-Si bond angles are more vulnerable to HF than

structure with larger bond angles [37]. During the etching rate test experiments, the

etching rate of films annealed at temperature lower than 600° C has etching rate of more

than 1000 A/s. When samples are annealed at 1000° C and 1200° C, the etching rate
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decreases to 15 A/s, which is almost the same as that of the thermally grown silica (13

A /s). This result is consistent with the blue shift of the Si-O-Si bond in FTIR which
indicates an increase of the average Si-O-Si bond angles [38]. The etching rate
experiment confirms that the microstructure of the sol-gel silica annealed at temperature

as high as 1000 °C is the very close to that of the thermally grown silica.

4.6 Conclusion

In this work, silica thin film has been prepared by the sol-gel method. A Fourier Transtorm
Intrared Spectroscopy (FTIR) is used to analyze the composition of the silica sol-gel
prepared in the lab. It shows that the sol-gel silica annealed at temperature at or above 1000
°C is very similar to thermal silica. Furthermore the etch rate in buffered HF solution of
thin films annealed at different temperature was investigated. The etch rate of the films has
been shown to change by almost two orders of magnitude for undensified and densified
sol-gel films. This result can later be used to selectively coat the surface of a microtoroid

cavity on a silicon chip which will be discussed in chapter 6.
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Chapter 5

SURFACE FUNCTIONALIZATION OF SILICA MICROSPHERE RESONATORS

5.1 Introduction

Microcavities formed by surface tension (droplets and solid spheres or spheroids) can
exhibit quality factors in excess of one billion and are of interest in cavity QED, nonlinear
optics, photonics and sensing. When silica microspheres are doped using any number of
rare earth ions, ultra-low threshold micro lasers are possible [3, 12, 39]. The preparation of
these devices requires acquisition of bulk samples of rare-earth doped glass that are
subsequently processed into a spherical cavity. Here, an alternative to this process is
presented in which ready-made microspheres of undoped silica serve as a base resonator
structure and gain functionalization of the surface is performed using an erbium-doped sol-
gel film. Sol-gel films are readily doped with a number of different rare earth ions [40-42],
as well as other materials [43, 44], thereby making this a more versatile method for
preparation of active microspheres. In addition, the sol-gel preparation process allows for
precise control of dopant concentration, making possible the study of a range of inversion
concentrations. Finally, it will be shown that the thin film nature of the gain layer has an

important effect on laser dynamics.

5.2 Erbium doped silica glass
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Figure 5.1. Schematic representation of the Er*" intra 4f Energy level.

Rare earth atoms are divided into two groups: the lanthanides with atomic number from 57

to 71, and the actinides with atomic number from 89 to 103. The vast majority of rare ecarth

doped amplifiers and lasers use lanthanides elements as gain medium. Among them erbium

(with atomic number 68) doped amplifiers and lasers are especially interesting due to the

erbium 4/ transition ‘7,;,,—"1,,, which falls in the 1.5 pum telecommunication window.

Erbium usually takes the ionic form, in particular the trivalent state, Er’". The atomic
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configuration of the Er' " is (Xe)4f'!, where (Xe) represents a Xenon core. The shielding

of 4f electron from the environments by the outmost 5s and 5p electrons is responsible for
erbium’s rich optical spectrum. Due to various atomic interactions between electrons, the 4f
electron spread in different energy level. A further splitting of the energy level arise when
erbium are doped in a glass host materials. The local electric field in the glass matrix
breaks the spherical symmetry of the rare earth ions. Thus the degeneracy of the 4f atomic
states will be lifted to some degree and the splitting is referred to as Stark splitting of the

energy level. As can be seen from the energy level diagram in fig. 5.1, the Erbium ion can

be excited by pump wavelength of 1.48 or 0.98 pum.

52.1 FEr’"-Er*" interactions

The intra-4f transitions are ‘forbidden electronic dipole’ in nature, so the Er'™ has very
small absorption/emission cross section, on the order of 10%' ¢cm?. It has been found that
when the Er’™ concentration is high in order to obtain adequate gain, undesirable effect
occurs. These effects can be related to certain Er’*-Er’” interactions. When the local
concentration of Er* becomes high enough, it’s not valid to assume that each ion is
isolated and independent of its neighbors. On the contrary, when two ions get close enough,
energy can migrate from one ion to another, which has a negative impact on the energy-
donor ions. There are several erbium ion interactions, among which two mechanisms

prevail.

Cooperative Upconversion
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When ions 1 and 2 are both in the upper laser level ‘/,,,, The radiative lifetime around

10 ms in a silica glass gives closely spaced neighbors enough time to interact. During the

upconversion process, ion 1 transfers energy to ion 2 and drops back non-radiatively to the

ground state. At the same time, ion 2 is promoted to higher energy level, usually ‘/,,,,

from where it rapidly relax non-radiatively back to the excited state ‘7, or relax

radiatively to the ground state with emission of one photon at 540 nm, which corresponds

to the green light observed throughout this work. In this case, the ions are independent

which means that if one ion in the excited state ‘7 ,,, does not prevent the neighboring ion
from being excited to the state*/,;,,. Up-conversion depends on whether both ions are

exited to the '/,,,, state.

Pair induced quenching

Similar to the cooperative up-conversion it involves energy transter between two excited
ions. The ions are so closely coupled that one ion will transfer its energy to the other one in
a time scale that is significantly faster than the pump rate. But in this case the ions are no
longer considered to be independent, and the ions should be treated as paired ions, instead

of single ions. This effect will be discussed in details in chapter 8.

5.3 Fabrication of silica microsphere
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(b)

(c)

(d)

Figure 5.2. llustration of fabrication of the microsphere for a silica fiber. (a) single
mode silica fiber (b) A fiber taper is formed (c) Use very strong CO; laser to
irradiate at A, at the same time pull the fiber quickly to break the fiber taper at spot
A. (d) Irradiate the fiber tip with CO, laser, and due to surface tension a

microsphere is formed with the left fiber as a supporting stem.
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Figure 5.3. Transmission spectrum of a fiber taper coupled microsphere with

diameter of 39 pm.

Silica has a very low loss in the 1550 nm band and is therefore an excellent material for
preparation of ultra-high-Q microspheres. In addition, because silica has a strong
absorption for CO; laser at 10.6 um, a SYNRAD 10W CO, laser is used a as a heat source
during the microsphere fabrication process. A CCD camera connected with a display
screen is used to monitor the microsphere fabrication process. Figure 5.2 shows an
illustration of the fabrication of the ultra-high-Q microspheres. First the plastic cladding of

a standard silica optical fiber is removed and the core region with a diameter of 125 pm is
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exposed to the air. Some volatile solvent, such as ethanol or isopropanol, is used to clean

the surface of the core. Then the CO, is used to heat certain region of the fiber,
simultaneously the fiber is pulled gradually until the waist diameter is about 5~20 pm.
Then the heating point moves to fiber region A which is a little shifted from the waist area
as show in fig. 5.2c. A very strong CO, laser is used to irradiation at A while the fiber is
pulled quickly, as a result the fiber can not sustain the quick pulling and breaks at the soft
point A. Afterwards, the fiber tip is heated and a microsphere is formed due to surface
tension. The left fiber works as a supporting stem for the microsphere. Figure 5.3 shows a

transmission spectrum of a fiber taper coupled microsphere.

5.4 Surface functionalization of microsphere

Figure 5.4 shows a schematic for surface functionalization of a silica microsphere. First the
sol gel starting solution was prepared by hydrolyzing tetraethoxysilane (TEOS) in water
under acid conditions (pH~1) with isopropanol as the co-solvent. Er ions were introduced
by adding ErNO3-5H,O with a weight ratio of ErNO3;-5H,O/TEOS~0.2wt% [45]. The
mixture was then stirred vigorously at 70°C for ten hours. After aging the sol solution at
room temperature for another ten hours we immersed silica microspheres in the solution.
The 1nitial pure-silica microspheres were formed by heating the end of a tapered fiber tip
with a CO, laser as described by Knight [46]. Multiple process cycles were used to build up

a desired layer thickness. Each process cycle consisted of dipping the sphere for 20 minutes
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Figure 5.4. Schematic of surface functionalization of silica microsphere.

in the sol gel solution followed by heating in an oven at 160°C for 10 minutes. The layer
thickness obtained in a processing cycle depended on the dipping time and solution
viscosity. In this experiment, the build-up rate was estimated to be about 0.3 um/cycle
(determined by observation of layer thickness after multiple cycles). Every two cycles, the
spheres were irradiated using the CO, laser for several seconds. The laser intensity was
sufficient to induce flow and densification of the sol gel layer. In addition, micro-cracking
that was present in the sol gel surface was annealed out by this process. By repeating this

process, the coating thickness was varied. Silica spheres ranged in diameter from 50 to 80
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um and the coating thickness was varied from 1 to tens of microns. The Er’* doping

concentration of the resulting doped shell was estimated to be around 10" em”.

5.5 Coupling between fiber taper and microsphere

Optical coupling to the spherical microcavities both for the purposes of pumping as well as
laser output extraction was performed using optical-fiber tapers. Taper coupling has been
used previously to demonstrate microsphere-lasers in the telecommunication band. It
makes possible the resonant excitation of specific whispering gallery modes and efficient
pumping of a small gain volume within the sphere. As shown in fig. 5.5, the pump power
was transmitted and coupled into the microsphere [rom one end of the fiber taper and the
laser output was extracted and transmitted to some optical receivers connected to the other
end. The typical waist diameter of the tapers used to couple pump power and collect laser

emission was around 1.6 pm.

Whispering gallery mode (WGM) resonances correspond to light trapped in circulating
orbits just within the surface of the spheroidal particle [47, 48]. The modal indices are
similar to those used to characterize simple atomic systems with radial (n), orbital (1),

azimuthal (m) and polarization (TE or TM) indices needed to completely specify a mode.
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Figure 5.5. Schematic of a thin film coated microsphere laser coupled with a fiber
taper. Red and green arrows represent input pump and output lasing waves,

respectively.

In particular, the angular distribution of the modes is given by the spherical harmonics
Yim(0,0) (see figure 5.6) and the WGM modes with best spatial overlap to the fiber taper
have their power concentrated near the equatorial plane (m~l) with a low radial coordinate
n=1. These same modes are also best able to pump the active medium surface layer over a
radial thickness given approximately by the material wavelength of the pump band. The
pumped region will overlap with the emission band modes enabling lasing action. For a
surface layer thickness somewhat less than the radial width of the pump mode, nearly
complete inversion is expected within annular shaped equatorial bands. Conversely, when

the thickness is substantially greater than the pump-mode radial width there will remain
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unpumped regions that can provide saturable absorption to the longer-wavelength lasing

modes. In addition to modifying the threshold characteristics, saturable absorption is

known to modify lasing dynamics such that pulsation behavior is possible. This distinction

between thick and thin shell behavior is investigated below.

Figure 5.6. Image of the WGMs in the taper-sphere coupling zone: (a) I-m=1. (b) I-
m=4. The green rings are up-converted photoluminescence. The inset shows

spherical harmonics YIm(0,p) for (a) I-m=1 and (b) I-m=4

5.6 Laser performance

The pump wave was in the 980nm wavelength band, and provided by a tunable single
frequency, narrow-linewidth (<300kHz), external-cavity laser. The pump wavelength was
scanned initially to survey pumping modes. These were observable by monitoring the
transmission versus tuning and also by using a camera to monitor green, excited-state

emission from the sphere as the pump laser tuned into resonance with various pump modes.
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Figure 5.6 shows representative lateral emission distributions observed for different

WGMs in the sphere-taper coupling zones. The pump power coupled to the sphere was
measured as the difference of the launch power into the taper and the transmitted power

after the taper.
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Figure 5.7. Emission spectrum of a microsphere laser

A typical laser spectrum for cw operation is presented in figure 5.7. This was measured
using an optical spectrum analyzer with resolution bandwidth setting of 0.5nm. Multi-line

operation was also observed and depended upon the pump wavelength selected. However,
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by tuning the pump wave it was always possible to achieve single line operation. This is

believed to result from strong spatial mode selection possible when the so-called
whispering gallery mode (equatorial ring orbit) is resonantly pumped. Figure 5.8 shows the

laser output versus the pump power absorbed by the microsphere for cw operation. The
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Figure 5.8. Laser output power versus absorbed pump power in the microsphere

laser.

threshold was estimated to be around 28uW and the laser reaches an output power of 61W.
Above threshold, the laser output power varied linearly with absorbed pump power, A laser

output power of up to 10uW was observed for single-mode pm operation. For convenience
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during the experiments, the sphere was in contact with the taper (i.e., zero air gap). This

greatly restricted control of coupling and potentially limited the optimization of laser output
power. In addition, optimal coupling of the pump requires balancing of taper loading with
round-trip loss (dominated by erbium absorption in the shell layer). Optimal coupling of
laser emission also requires optimization of loading, but not necessarily for the same
conditions as for the pump. Other factors affecting coupling are phase matching and field

overlap between the taper and sphere modes in both the pump band and the emission band.

5.7 Effect of doping thickness on the laser dynamics

Erbium-doped fiber lasers have shown pulsing operation. If a saturable absorber effect is
incorporated in the rate equations, a self-pulsing operation can be expected under certain
circumstance. There are two possible saturable absorber mechanisms for the Er’"-doped
microcavities. First, there may be a small amount of rare earth which has absorption line
close to the Er' laser but remain unpumped. The second possibility is a group of clusters
where the space between the neighboring Er'" is so close that they can exchange energy
nonradiatively, subsequently some Er'" originally pumped remain effectively unpumped
and serve as saturable absorbers. Both effects drain the upper laser level and may lead to

instability of the laser output.

Both continuous wave (cw) operation and pulsation mode (pm) operation were possible by
controlling the sol gel coating thickness. CW laser operation was observed with coating

thickness in the range of 1 micron, while pm laser operation was possible for coatings
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around or above 5 microns in thickness. The thickness of the doped layer was estimated

by observing the thickness of the sphere both before and after the coating process.
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Figure 5.9. Measured pulsation frequency versus the square root of the laser output

power P

Figure 5.9 shows the measured pulsation frequency versus the square root of the laser
output power for pm operation. The frequency was in a range from tens of kilohertz to

several hundred kilohertz. An electrical spectrum analyzer was employed for this
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measurement. The observed linear behavior is consistent with un-damped relaxation

oscillations [49]. The ability to induce pm operation by control of shell thickness is
attributed to unpumped inner regions of the shell that can provide saturable absorption to
the lasing mode. This conjecture is consistent with the observation of pm operation in prior
microsphere laser work using bulk-doped glass for sphere fabrication. Azimuthal surface
regions can also potentially provide saturable absorption. However, if present here, they

were alone insufficient to induce instability.

5.8 Conclusion

In conclusion, we have demonstrated the gain functionalization of silica microspheres
using doped sol gel films. This technique provides a way to achieve a range of possible
gain media in the microsphere system. Likewise, other possible surface layers that target
applications such as nonlinear optics in a micro-cavity may also benefit from this approach
[11]. An important feature of the sol gel gain layer is the ability to quench previously
observed pulsations in these devices, thereby achieving continuous wave laser operation.
For shell thickness in the range of 1 micron, continuous wave laser operation was observed.
This behavior as well as the onset of pulsations for thicker active shells is attributed to

unpumped and hence saturable absorbing regions that can be present in thick shells.
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Chapter 6

SURFACE FUNCTIONALIZATION OF SILICA MICROTOROID RESONATORS
ON A SI CHIP

6.1 Introduction

Whispering-gallery type microlasers in which the cavity boundary is defined by surface
tension (e.g., spheres and droplets) have attracted much attention because the combination
of their very small mode volume and high, cold-cavity Q-factor enables ultra-low-threshold
operation [3, 12, 50]. Recently, a new class of ultra-high-Q, surface-tension-induced
microcavities fabricated on a silicon chip have been demonstrated. These structures feature
a toroidal-shaped cavity and enable the integration of electronics and other functions with
ultra-high-Q devices. In this paper we demonstrate surface-functionalization of these
devices using erbium-doped sol-gel films. To the authors’ knowledge, this is the first
demonstration of a wafer-based rare-earth doped microlaser. In addition to being integrable
with other optical or electric components, they are directly coupled to optical fiber using

fiber tapers.

We have previously applied the surface functionalization method using silica microsphere
resonators. Erbium-doped microlasers are especially interesting because their emission
band falls in the important 1.5 um window used for optical communications. However,
microspheres, while useful as laboratory demonstration vehicles, are not suitable for

integration with other optical or electronic functions. Their properties are also difficult to
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Figure 6.1. Optical micrograph top view of a microtoroid showing principal and

minor diameters of the toroid.

control during fabrication. In contrast, microlasers on a chip can be fabricated in parallel
and have characteristics that are more easily controllable using wafer-scale processing

methods.

6.2 Characterization of Microtoroid cavities

Like all whispering-gallery type microresonators, microtoroids feature optical modes that
are confined near the resonator periphery. The thickness of the microtoroid is generally
much smaller than the microtoroid diameter. Thus, in contrast to microspheres, these
structures support fewer azimuthal modes. This facilitates single-mode operation in the

microtoroids. Figure 6.2 shows field intensity distribution of the modes for toroids with the
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(©

Figure 6.2. Simulation of fundamental TM modes for toroids with minor diameters

of (1) 4 um (b) 8 pm and (c) 16 pm. Their principal diameters are all 70 pm.
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Figure 6.3. Field intensity distributions along the polar direction for different

microtoroids.

same principal diameter, but different minor diameters. To further demonstrate the
compression effect, in fig. 6.3 we plot the normalized field intensity along the polar
direction at a radial location with maximum intensity. The compression of the modes in the
polar direction is stronger with decreasing minor diameters. As the minor diameter increase

gradually, the mode profile approaches that of the microsphere.
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Figure 6.4. Schematic of surface functionalization of a microtoroid on a silicon chip

6.3 Surface functionalization of microtoroid cavities on a Si chip

Figure 6.4 shows a schematic for surface functionalization of a silica microtoroid cavity on
a Si wafer. Silica toroid-shaped microresonators supported by a circular silicon pillar were
fabricated upon a silicon wafer containing a 2 um layer of thermal silica (SiO;) [51]. The
sol-gel starting solution was prepared as described in chapter 5. After aging the sol-gel
solution at room temperature for 10 hours, we immersed silica microtoroids in the solution
for 3-5 hours. Then the wafers were heated in an oven at 160°C for another 10 hours to
drive off surface water. Microtoroids were then irradiated with a CO, laser (10.6 pm

emission) in order to reflow and densify the sol-gel films. The CO;-laser emission is
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selectively absorbed by the silica layers. This and the relatively high thermal

conductivity of silicon (~100 times more thermally conductive than silica [52, 53],) leads to
selective reflow and densification of sol-gel at the all-important toroid periphery. Sol-gel
deposited elsewhere was unaffected by this process step. Because of the large difference
between the etching rate of densified and undensified silica films in buffered HF, sol-gel
deposited on all regions of the wafer other than the densified perimeter of the toroid could
subsequently be selectively removed. Microtoroids ranging in diameter from 60 to 85 um
were fabricated and the Er’” concentration in the sol-gel layer was estimated to be around

19 3
107 cem™.

6.4 Fiber taper coupled microtoroid lasers on a Si chip

An important feature of gain functionalization of the surface is that it puts optical gain only
where it is needed, i.e., where best overlap is possible with the fundamental whispering-
gallery modes. Figure 6.5 illustrates both a sol-gel functionalized microtoroid and the taper
coupling configuration used to both provide optical pumping and to extract laser optical
power. Figure 6.6 i1s a photomicrograph showing a taper-coupled microtoroid laser. The
pump wave was provided by a tunable, single-frequency, external-cavity laser operating in
the 980 nm band and having a short-term linewidth less than 300 kHz. The sample chip
was held in a rotator that was mounted upon a 3-axis translator for position control. Two

CCD cameras were used to monitor the microtoroid samples and the taper, providing both
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Figure 6.7. Emission spectrum of a microtoroid laser with approximate diameter of

80 pm.

horizontal and vertical views. The angle of the microtoroid relative to the taper was

adjusted using the rotator to align the taper with the equatorial plane of the toroid.

An optical spectrum analyzer (OSA) with resolution of 0.5 nm was used to measure the
laser emission. A typical laser spectrum is presented in fig. 6.7. Single line emission
(within the resolution of the OSA) was most often observed, however, at increased

pumping levels it was sometimes possible to induce oscillation in other longitudinal modes.
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Figure 6.8. (a) Laser emission spectrum from Er-doped sol-gel thin-film coated
microtoroid laser. (b) Reference laser emission spectrum from a 1550 nm single-
mode laser with short-term linewidth of 300 kHz. Both spectra were measured using

a high finesse scanning Fabry-Perot spectrometer.

To further resolve the single line observed in the OSA scan of fig. 6.7, a high finesse
(~5000) Fabry-Perot etalon having a resolution of a few megahertz was also used to
analyze the laser spectrum. A single-frequency, tunable, external-cavity laser emitting in
the 1500 nm band and with known short-term linewidth of 300 kHz was measured as a

reference. Both spectra are presented in fig 6.8.
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Figure 6.9. Measured laser output power plotted versus absorbed pump power for

a microtoroid laser with a diameter of 80 um.

The measured laser output power plotted versus the absorbed pump power is shown in
figure 6.9. The threshold pump power in this data is 34 pW by extrapolation of the linear
lasing region. The differential quantum efficiency was measured to be as high as 11% for
the single-mode, unidirectional operation. During measurements, the microtoroids were in
contact with the taper. While this creates a very stable coupling, it prevents optimization of

the pump and emission coupling efficiencies. As a result, it might be possible to further
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reduce the threshold in more optimally coupled structures. The effect of optimization of

coupling will be part of a future study employing an improved experimental setup.

6.5 Conclusions

In summary, we have demonstrated Erbium-doped microtoroid lasers on a chip by use of

a sol-gel surface-functionalization technique. Single-line laser emission and threshold
pump powers as low as 34 uW were observed. Future work will be directed towards

studies of optimal coupling and potential integration with other devices.
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Chapter 7

FABRICATION AND CHARACTERIZATION OF MICROTOROID LASERS ON A
SI CHIP

7.1 Introduction

Optical gain can be generated by a nonlinear optical process, Stimulated Raman Scattering
(SRS), or rare-earth ions as a gain medium. These effects are the basis for a variety of
devices, such as Raman amplifiers/lasers and rare-earth ions-doped amplifiers/lasers [11,
54-56]. In Raman laser, the gain appears at frequency shifted from the pump wave by an
amount corresponding to the frequency of materials molecular vibration. While in rare-
carth doped lasers, the operating wavelength are determined by the energy level of dopants,
instead of the host materials itself. Many different rare-earth ions, such as erbium,
neodymium, thulium, etc, can be used to realize amplifiers operating at different

wavelength covering from visible to infrared light.

Recently, a chip-based silica resonator structure in the form of a microtoroid has
demonstrated ultra-high-Q-factors in the range of 100 million [51]. By coating these high-
Q microcavities with erbium-doped solgel films or by beginning with erbium implanted
silica layers, low threshold rare-earth-doped microlasers on a chip have been demonstrated
[57. 58]. In another study, the realization of integrated Raman microlasers beginning with a
layer of thermally-grown silica has been achieved [59]. The fabrication of both low

threshold Raman microlasers and Rare-earth doped microlasers made from silica-on-silicon
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is especially interesting because they are integrable with other optical or electronic

components and make integrated photonics circuits possible [57-59]. A number of methods
have been used to fabricate SiO, films on silicon substrate, such as flame hydrolysis
deposition and chemical vapor deposition [60, 61]. An alternative route to fabricate silica
films is the sol-gel technique. Compared with other methods, the sol-gel method has
several advantages: First, it is a versatile technique that involves wet chemical synthesis,
therefore the chemical composition of the materials can be stoichiometrically controlled at
the molecular level, and the distributions of dopants are homogeneous. Second, it is cost
effective due to reaction at low temperature without expensive and delicate vacuum system.
This technique allows a wide variety of thin films to be deposited on various substrates.
Different optical devices, such as erbium doped waveguide amplifiers (EDWA), one-
dimensional photonics crystal devices, microlenses, external-cavity distributed Bragg
reflector and size-tunable silica nanocubes have been fabrication by sol-gel or mediated
sol-gel methods [62-64]. However, even after heat treatment at high temperature, the loss of
the sol-gel materials is still not satisfactory for high-quality optical devices. On the other
hand, Lasers have been used to treat the surface of ceramics by melting and re-
solidification to produce homogeneous and pore-free surfaces. Herein, we will demonstrate
a novel CO, laser assisted sol-gel method for fabrication of low loss and low threshold
microlasers on a Si chip from sol-gel silica thin films. The main advantages of the approach
are that it is adaptable to large-scale wafer based fabrication, the materials composition is
easily tailored using sol-gel method, and the materials optical loss is decreased dramatically
by using laser reflow process. In one series of experiments, Erbium-doped solgel films are

used to create low threshold microlasers. In a second set of experiments, pure silica solgel
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layers are processed into ultra-high-Q Raman microlasers. Both of these cases

demonstrate the ability to use spin coating of solgel films as a processing alternative to

deposition or oxidation methods for silica layer formation.

7.2 Fabrication and characterization of microdisk and microtoroid cavities from the sol-gel

films
7.2.1 Fabrication of sol-gel films on a silicon wafer

The starting solution was prepared by hydrolyzing tetracthoxysilane (TEOS) using water in
acid condition with the molar ration of water to TEOS around 1~2. The silica precursor,
tetraecthoxysilane(99.95%) and cosolvent, Isopropanol (99%) was purchased from Alfa
Aesar. The silica sol-gel catalyst, hydrochloric acid (36%), was a product from J. T. Baker.
Deionized water was used during the thin film fabrication process. Er'™ ions were
introduced by adding Er(NO); to achieve the desired Er’* concentration. First 10 g of
TEOS water was added to 12 g isopropanol, and 1.4 g of deionized water was added to
initiate the hydrolysis and condensation reactions, thereafter 1.2 g of HCI (36%) was added
as catalyst to accelerate the reaction. The hydrolysis and polycondensation reactions were
allowed to proceed for 3 hours at 70 °C. After the solution aged at room temperature for 24
hours, sol-gel silica thin film was deposited on one side polished silicon (111) substrate by
spin-coating method, with spin speed of 3000 rpm for 30 s. During the spin-on process,
most of the solvent evaporates rapidly and the sol cross-linked into a network with the form

of gel. Subsequently, the Si wafer was annealed at 1000 °C for 3 hours under ambient
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atmosphere to remove the residual solvent and residual organic groups inside the sol-gel

silica network. Different thicknesses of the solgel films were obtained by changing the
viscosity of the solgel solution and spin speed, with multiple coating steps employed to
build up the thin film to a desired thickness. The thickness of the solgel film in this work

was | um after three cycles of spin-coating.

722 Fabrication of microdisk microtoroid cavities from the sol-gel films

The silica microlasers on a Si chip was fabricated by the combination of sol-gel method,
optical photolithography, XeF, etching and finally CO, reflowing. Figure 7.1 depicts the
fabrication process flow of the microlasers beginning with the solgel layers on the Si wafer.
Corresponding optical micrographs, taken after each processing step, are also shown in fig.
7.1. First, thin layer of silica sol-gel films with thickness of 1.2 um were deposited on a
silicon (111) substrate. Then series of silica circular pad were created on the silicon wafer
through a combination of photolithography technique and buffered HF etching.
Subsequently, these pad served as etch masks for silicon etching using XeF, gas, leaving an
under-cut silica disks supported by Si pillars. Figure 7.2 shows a transmission spectrum of
a fiber taper couple sol-gel silica microdisk. The optical image of the microdisk is
presented in the inset of fig. 7.2. Finally, a CO, laser is used to selectively reflow the
microdisk into the microtoroid. The absorption depth of CO, radiation in silica was found
to vary from 4 to 34 um depending on the temperature of the materials [52]. This indicates

that complete reflow, instead of surface heating, is possible for silica films around 1 to 2
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Figure 7.1. Schematic process flow for creation of solgel microcavities on a Si wafer
(left) and photomicrograph plan view (right) after each processing step (a) Sol-gel
layer spun on a Si wafer; (b) circular pads are etched; (c) XeF; isotropic silicon

etch; (d) CO; laser reflow.
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Figure 7.2. Transmission spectrum of a fiber taper coupled microdisk with diameter

of 100 micron.

um. In addition, silica has a strong absorption for CO, laser while silicon has much weaker
absorption. As a result, during the laser irradiation process, only the periphery of the disk
melted, and collapse onto the silicon pillar to form a toroid shaped microcavity due to
surface tension. Meanwhile, the inner region of the silica disk which is directly on top of
the silicon pillar transfer the heat to silicon pillar, which is 100 times more thermal
conductive than silica and helps to dissipate the heat, therefore the inner region is not
reflowed. The exceptionally smooth surface of the reflowed toroid cavities endows these

structures with their high-Q properties.
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7.2.3  Characterization of microdisks and microtoroids with optical microscope and

Scanning Electron Microscope (SEM).
Optical microscope:

Figure 7.3 shows Photomicrograph plan view of the circular pads, microdisk, and
microtoroid fabricated from sol-gel silica compared with those made from thermal silica. It
demonstrates that there is not much difference between the structures prepared in different

ways.

(b)
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Figure 7.3. Optical photomicrograph of (a) circular pads on silicon wafer (b) under-
etched silica disk (¢) Microtoroid after CO; laser reflow, from 2 um thermal silica

(left) and 1.2 um solgel silica (right).

Scanning Electron Microscope (SEM)

The resolving power of optical microscope is limited by the wavelength of imaging light,
while SEM uses electron with energies of a few thousand electron volts (eV), which is a
thousand times greater than that of the visible light (2 to 3 V). Therefore, a SEM is used to
obtain a finer image of the microdisks and microtoroid. The scanning electron microscopy
(SEM) images of the microcavities are shown in Fig. 7.4. Figure 7.4a shows an array of
microdisk on the Si chip before CO, laser reflow. An enlarged image of the disk in Fig,
7.4b shows the thickness of the disk is about 1.4 microns. A series of microtoid after CO,
laser reflow was shown in fig. 7.4c. An enlarged image in Fig. 7.4d shows that the toroid

has a very smooth surface.



(a) (b

(c) (d)

Figure 7.4. a)SEM image of an array of microdisks; b) Enlarged SEM image of a
microdisk; ¢)SEM image of an array of microtoids; d)enlarged SEM image of an

individual microtoroid.

7.3 Raman Microlasers from sol-gel films on a Si chip

Because silica has a small Raman gain coefficient [65], most silica based Raman sources

need high pump power and are macroscale (i.c., table-top devices) [66]. Recently, however,
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sub-milliwatt (sub 100 microwatt in thermal silica) threshold Raman micro-lasers on a Si

chip have been reported [59]. These devices leverage the very high quality factors and
microscale mode volumes possible in the micro-toroid design. To investigate the possibility
of Raman oscillation in sol-gel microcavities, microtoroids were fabricated from an
undoped sol-gel layer. Specifically, as described above, the CO, laser reflow process
improves the surface smoothness of the microcavity. Additionally, it is also found to
improve sol-gel homogeneity, lowering optical losses substantially [67]. The quality factor
of the initial microdisk preform was 7.1><104, whereas after the CO, laser reflow the
microtoroid achieved quality factors as high as 2.5x10” at 1561 nm. This corresponds to a
waveguide loss of 0.009 dB/cm, which is the lowest loss reported to date for solgel silica-
on-silicon technology [68, 69]. These high quality factors allow the observation of Raman
emission with threshold pump powers below a milliwatt. In this case, a single-frequency
tunable external-cavity laser operating around 1550 nm band was used to pump the
microcavity. Figure 7.5 shows a typical Raman laser spectrum taken on a microtoroid with
a quality factor of 2.5x10” at 1561 nm. In the figure both pump wave at 1561nm and
Raman lasing at 1679 nm are visible. The Raman shift corresponds to the frequency of the
vibration mode of the silica at 460 cm™. The inset in figure 7.5 presents a measurement of
Raman laser output power as a function of absorbed pump power, and shows a sub-

milliwatt threshold at 640 uW.

7.4 Er’*-doped Microlasers from sol-gel films on a Si chip
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Figure 7.5. Raman emission spectrum of an undoped microtoroid with principal
diameter of 49 pm.The pump wavelength is at 1561 nm and Raman oscillation

occurs at 1679 nm. The inset shows the measured Raman laser output power versus

the absorbed pump power.

From Er-doped sol-gel films, a low threshold Er-doped microlasers was created on a Si
chip. The principal diameters of the microtoroids studied in this work ranged from 50 to 60

um. Tapered optical fibers were used to couple optical power both into and out of the
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resonator, with a fiber taper having a waist diameter of 1-2 pm used in order to couple to

the resonator with high efficiency. To vary the air gap between the microcavity and the
taper, the sample chips were mounted on a three-axis translator for position control. A
tunable, single-frequency, narrow linewidth (<300 kHz) external-cavity laser emitting in
the 1480 nm band was used to pump the erbium-doped microlaser. The fiber output was
connected to a 90/10 fused fiber coupler, with the 10% port connected to an optical
spectrum analyzer to monitor both the pump and signal spectra. The 90% port was
connected to an oscilloscope to observe the laser dynamics. The pump laser was scanned
repeatedly around a single whispering gallery mode. The absorbed pump power was
measured as the difference of launched power into the taper and the transmitted power after
the taper. Figure 7.6 shows photomicrograph of a fiber taper coupled microlaser. The green
ring around the toroid periphery is due to upconverted photoluminescence from Er'.
Figure 7.7 show a single line laser spectrum of an Er-doped microtoroid laser made from
Er-doped sol-gel films. The resolution of the optical spectrum analyzer is 0.5 nm. The
pump wavelength is at 1442 nm and the lasing wavelength is at 1553 nm. Single-mode
operation could be obtained by proper choice of the coupling condition. The laser output as
a function of absorbed pump power is shown in the inset of figure 7.7. Benefit from both
the high quality and small mode volume of the cavity, a threshold pump power of 3 uw
was achieved. A further optimization of the coupling condition can further decrease the

threshold to sub-microwatt regime, which will be discussed later.
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Figure 7.6. Photomicrograph view (horizontal and vertical) of an Er3+-doped solgel
silica microtoroid laser with principal diameter of 60 pm coupled by a fiber taper.

The green ring is due to upconverted photoluminescence from Er’'.
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Figure 7.7. Typical laser spectrum of an Er-doped solgel silica microtoroid laser.
The pump wavelength is at 1442 nm and the laser line appears at 1553 nm. The inset

shows the measured laser output power plotted versus the absorbed pump power.

By varying the erbium concentration in the starting solgel solution, we could adjust the
final doping concentration in the microcavities, which ultimately modifies the laser
dynamics as previously described for the case of microsphere lasers [16]. In particular, for
a heavily doped (Ery03~0.15 mol%) microcavity, pulsation behavior, as opposed to
continuous wave (cw) operation, is observed. The pulse repetition rate is 0.9 MHz at laser

output power of 3.8 uW and as described in [16] is attributed to the presence of saturable
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absorption in the cavity owing to unpumped or incompletely-pumped erbium regions and

ion-pair induced quenching. The self-pulsing operation will be discussed in details in

chapter 8.

7.5 Analysis of Er3+-doped microlasers

The energy levels of Er’* are composed of well separated multiplet, each of which is rnade
up of a number of broadened individual sub-levels. When 1480 nm is the source as pump
power, the pump level and upper laser level belong to the same multiplet. Therefore we can

use a two level system model to study the systems interaction with the pump and laser

ficlds. The population density in the upper and lower multiplets are N, and N,

respectively. And the total population density is givenby Ny = N; + N,.

The equation of motion for the pump and signal field can be written as [54, 70, 71]:

akzs [ 1 1 lg.j
= - + g la (7.1)

dt 212 217

da ]
_QTP: _2—0—2]ext+lgr a, +iK,s (7.2)
T T
p P

where a; and a, are internal signal and pump fields in the cavity; ’cg and ’EOP are the

p
decay time due to the intrinsic loss of the cavity for the laser and pump power, respectively;

ext ext
dr

Tg and T, are the decay time due to coupling to the fiber taper for the laser and pump
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power, respectively; K, is the field coupling coefficients between the resonator and the

p

waveguide modes at pump wavelength and is equal to /// ‘Ci,xr ; s denotes the input field

. . 2, . . .
in the Wavegulde(]s‘ is the input pump power); and g SE "and [ 1];) are the round-trip gain

and loss coefficient for the signal and pump wave, respectively. From the propagation

equation of pump and signal fields in the cavity [54], we derive the expression for the

intracavity gain and loss coefficients, gSEr and / 1]? :

gs = 5—;—[(0 + oy )Nz - G?NT] (7.3)

L, =i[(o§ + G?)NZ —G?NT] (7.4)

where c is the speed of the light, 7, and 7, are the refractive indices at the signal and

p

pump wavelength, respectively, 0?( ) and © ) are the emission and absorption cross

a
p s(p

section of erbium ions at signal(pump) wavelength, respectively.

At steady state, the time derivatives of the pump and laser field in the cavity are zero,

which lead to

s (G s (7.5)
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1
ext
a T
TP = P (7.6)
c e a a 1| 1 1
2;7[(GS +O'S )NZ _GSNT]+§ —0“+ g
s T Tp
7.5.1 Transmission spectrum of the pump
The transmission of the waveguide coupled cavities is [72]:
2
T=\l+ix, — (1.7)
Py

From equation (7.6) and (7.7), the transmission of the pump power of a fiber taper coupled

3+ . . .
Er’"-doped microcavity can be written as

ext

T =] - (7.8)

on, [(G +c )N “NT]+£ ri0+éx7

p Tp

Figure 7.8 shows the transmission of the pump power of a fiber taper coupled Er**-doped
microtoroids. Similar to that of a un-doped cavities, the coupling of the cavity to the
waveguide can be divided into three different regimes, which include over-

coupled(0<T<1), critical coupled(T=0), and under-coupled regimes(0<T<1).
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Figure 7.8. Normalized transmission of pump power as a function of air gap

between the fiber taper coupler and the microlaser. The diameter of the microlaser

is 60 pm. The intrinsic quality factor is 1x10’.

At zero coupling, no pump power is coupled into the cavity, so this is no laser output
power. On the other hand, if we keep increasing the coupling until the cavity is then in the
extremely over-coupled regime where no pump power is coupled into the cavity, as a result
the laser output power will be zero again. Between those two extreme cases there should
exist an optimum coupling condition at which the laser output power is at its maximum

This principal also works for the threshold power and the slope efficiency of the fiber taper

coupled cavities
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7.5.2  Laser output power of the fiber taper coupled microlasers

The atomic rate equations that describe the population density of levels 1 and 2 in the

present of a photon flux of ¢ are:

dN N S N
712——2—+(]\]20'6—N]O'a)(l)s+R2] (7.9)
t Top
d
Ny - No oot N et )0, + R, (7.10)
dt Top

where N and N, are the population density of level 1 and 2, respectively, Ry; and Ry, are
the pumping rates into these level, and tsp is the spontaneous lifetime of Er in level 2.
Because the lifetime of Er in level 3(~10u) is much shorter that that in level 2(~10ms), we
can assume most of the Erbium stay in level 1 and 2, so N;+N,=Nr, where Nr is the total

population density.

o dN, dN, ,
In a steady state situation, we have p = » = (), so we can solve (7.9) to obtain
t t
N,o'0, + R

N, = (7.11)
—+(0,+0,)0,
T

5p

where R=R,=-R;;. The linear gain coefficient g is:
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1
1,(0,+0,)

g=N,c —-Noc = - N,c, (7.12)

a

At steady state, the round trip gain is equal to the round trip loss:
efol1-L)=1 (7.13)

where [, is the round trip distance and L is the faction of round trip loss. In the case of very

small loss(L.<<1), so e 8 =] gl, and equation (7.13) can be written as
gly=L. (7.14)

So at steady state when the pump power exceed the threshold power, the actual gain g felt

by the laser oscillation is clamped at the threshold value g, .

In equation (7.14), replace g with equation (7.12) and the laser photon flux is

o, = i(RZO __Nol, j— ! (7.15)

L\t (ci+c,) 1,(0+0;)
where the pumping rate is
R=(N165—N2csf)¢p=(NTcg —N2(05+cf»cbp (7.16)

and the round trip loss L is
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Al L, ]

0 + ,cext

L (7.17)

C \7T

N N

with ¢ » denotes the photon flux at the pump wavelength and the population density N, at
steady state is given by equation (7.5) . The laser power in the cavity is

Po=dhyy =L g Niow | AV,
L 1,(c,+0,)) 1,(0,+0,)

where A is the cross section area of the laser mode, /4 is the Plank constant, and Vv, is the

optical frequency of the laser mode. Figure 7.9 shows the laser output power as a function
of the loading condition, i.e. the air gap between the fiber taper coupler and the microlaser,
for different intrinsic quality factor. When the intrinsic quality factor of the microlaser is
5x10°, the maximum laser output power point is in the under-coupled regime and the
power drops to zero before the critical coupling point for the pump power. As the intrinsic
quality factor increases to 1x107, the maximum laser output power point is still in the
under-coupled regime, but at the critical coupling point there is still some laser output. If
the intrinsic Q increases further, the maximum laser output power point almost overlap
with the critical coupling point. It shows that with the increasing intrinsic quality factor Q,

the maximum laser output point approaches the critical coupling point gradually.
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Figure 7.9. Laser output power as a function of air gap between the fiber taper
coupler and the microlasers with different intrinsic Q of (a ) 5x10° (b) 1x10’; and (c)

5x10". The red dashed line marks the critical coupling point of the pump power.

7.5.3 Threshold power of the microlasers

When pump is at its threshold value, the laser output power is zero. From equation (7.15),
the threshold pumping rate is obtained by setting the laser photon flux equal to zero

N
R, = NrGa L (7.19)

A) S S S
‘L'Sp(Ge + Ga) Tsp(Ge + ca)io

According the equation (7.16), the pump field in the cavity is
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hv, V (7.20)
)"

The input pump power in the fiber can be calculated from equation (7.6)

2

ex a ] I 1
s =5 [(0 +o )N NT]+“ ot e apl;, @21
2ng LA 3

And the absorbed pump power can be calculated from equation (7.8) for transmission of

the pump power
Bt =(1-T)s[;, (7.22)

Figure 7.10 shows the input and absorbed threshold pump power in the fiber as a
function of the air gap between the fiber taper coupler and the cavity. The critical coupling
point of the pump is marked by a red dotted line. In the under-coupled regime, when the
fiber taper approaches the cavity gradually, i.e. the air gap decreases gradually, the
threshold pump power in the fiber decrease gradually because for a given power in the fiber
more pump power can be coupled into the cavity. Before the critical coupling point, the
threshold pump power in the fiber reaches its minimum value and begins increase when the
air gap keeps decreasing. At the critical coupling point, the threshold pump power in the
fiber is already much larger than its minimum value. The reason can be that before

reaching the critical coupling point, although more input pump power can be coupled into



40 r 2 : r : Fa
absorbed pump power E
| . < pump power_in ﬁbe_r |
E 335 . critical coupling point ;
=2 30} .
(M) g :
5 25} .
o
£ 20} _
oo
o
o 15t |
Q
o
@ 10} :
<
— 5t -
O L L 1 1 1 1
300 400 500 600 700 800 900
nm
(a)
10 If T T T T
+  absorbed pump power
2 % . + pump power'in ﬁbe'r
= 8f . critical coupling point .
? |
3 6r - -
o ¢ "
S ¢
> T
O 2f , 1
g %
|_ .
0 L 2 1 L 1 1
300 400 500 600 700 800 900

nm

(b)

97



98

S, /

Zo08f: - i -

2 0.6 5 I

O

&

>

o 04' + absorbed pump power b

i) +  pump power in fiber

_8 critical coupling point

W

L 02 .

L .

— .

Ol ' - - -
300 400 500 600 700 800 900

nm
(©)

Figure 7.10. Threshold pump power as a function of air gap between the fiber taper
coupler and the microlasers with different intrinsic Q of (a)5x10°%; (b) 1x10” ; and

(¢) 5%10. The dashed red line marks the critical coupling point of the pump power.
P

the cavity when the air gap is smaller, but also more laser power can be coupled out of the
cavity which means that the coupling loss for the lasing mode increases, therefore after
certain point in the under-coupled region, the effect of increasing coupled pump power can
not compensate that of the increasing coupling loss of the lasing mode on the threshold; as
a result the threshold increase again. On the other hand, the absorbed threshold keeps
increasing when the air gap between the fiber taper and the cavity decreases. For the lasing

mode the coupling loss increases monotonically with the decreasing air gap, so the
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Figure 7.11. Threshold pump power as a function of erbium concentration in the
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minimum absorbed pump power, i.e. threshold, needed to get the laser output increases

gradually.

Equations (7.19), (7.20) and (7.21) show that the threshold power also changes with the
Er’" concentration in the cavity. Figure 7.11 illustrates the minimum absorbed threshold
power as a function the Er*" concentration. It shows that the threshold power is minimized

at a certain erbium ion concentration. This optimal erbium ion concentration depends, in
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turn, on the intrinsic quality factor of the pump mode. In the low concentration limit,

the threshold power increases sharply because Er’* ions are not able to give sufficient gain
required for loss compensation; while in high concentration limit, the threshold again
increases due to increases of concentration-dependent loss mechanism, such as up-

conversion and ion-pairs-induced quenching.

7.5.4 Differential Quantum Efficiency of the microlasers

The differential quantum efficiency of the laser is defined as

Plaser . vpump
Ein

n= (7.23)

P

pump Viaser

In sections (7.5.2) and (7.5.3), the laser output power and the input pump threshold have
been obtained as the functions of the air gap between the fiber taper and the cavity. Plug
those expressions in equation (7.23) and the differential quantum efficiency of the laser as a
function of the air gap is presented in figure 7.12. Similar to the case for the laser output
power, there is an optimum coupling point where the differential quantum efficiency
reaches its maximum value. Compared with the optimum laser output coupling point, the
optimum differential quantum efficiency coupling point is at a little more under-coupled
point, i.e. larger air gap. It means when the taper fiber approaches the cavity, in general the
maximum differential quantum efficiency point will be met first, then the maximum laser

output point.
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Figure 7.12. Differential quantum efficiency as a function of air gap between the
fiber taper coupler and the microlasers with different intrinsic Q of (a) 5108 (b)
1x107; and (c) 5x10’. The blue and red dotted line marks the maximum laser output

point and critical coupling point of the pump mode.

7.5.5 Experimental Results

Er**-doped microtoroids on a silicon chip were fabricated by the sol-gel method as
described in the beginning of this chapter. Different microtoroids were tested and the
maximum laser output power always appeared in the under-coupled regime. Figure 7.13
shows the laser output power as a function of the air gap from a microtoroid with diameter

of 65 pm and Er*" concentration of 10'° em™. The differential quantum efficiency versus
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the air gap is shown in fig. 7.14 with the critical coupling point and maximum laser output
power point marked. As the fiber taper get close to the cavity, the pump power coupled into
the cavity increases while the coupling loss of the lasing mode also increase, the maximum

differential quantum efficiency point is met. When the taper approaches the cavity further,
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the differential quantum efficiency begins to decrease while the laser output still

increases and reaches its maximum value when it’s about 70 nm away from the critical
coupling point. The experiment results are consistent with the model derived above.
Figure 7.11 shows that a toroid with a principal diameter of 60 um and intrinsic quality
factor (pump mode) between 5x10° and 1x10, thresholds in the range of 400~600nW can
be achieved with an Er’™ concentration of 2x10" ¢m™. The measured laser output power
plotted versus the absorbed pump power from a microtorid with properties as described
above is presented in figure 7.15. The threshold was estimated to be as low as 660 nW,
which is about three times lower than that of the most recently reported Er-implanted
microtoroid resonator [58]. This ultra-low threshold originates from the small mode
volume, high quality factor of the microcavity, and homogeneous distribution of the Er’*
inside the cavity, which enable the optimized overlap between the active region and the
pump modes. Above threshold, the laser output power increases linearly with the absorbed

pump power, as expected.

7.6 Conclusion

In conclusion, with the help of both tradition furnace annealing and CO; laser-assisted
reflow technique, high quality factor microcavities can be fabricated on a Si chip. After the
CO; laser reflow, a surface roughness within 3 nm can be achieved which enable the very
low round trip loss for the microcavities. Without doping inside the silica, a low threshold

Raman microlaser can also be achieved. Furthermore, Er-doped silica microlasers can be
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successfully fabricated from Er-doped sol-gel films and the small mode volume and

very low loss of the modes made record threshold in the sub-uW range possible for the
Er'"-doped lasers tested. The analytical model derived for Er**-doped lasers shows the
maximum laser output point is in the under-coupled regime and approaches the critical
coupling point of the pump mode as the intrinsic quality factor increases. The maximum
differential quantum efficiency point follows the same trend while it is at a more under-
coupled point. In addition, the minimum absorbed threshold power for different doping
concentration was also investigate to help optimize the doping level to obtain ultra-low
threshold microlasers. The results demonstrate the great potential of solgel technology in
fabrication of high optical quality materials for integrated optical components on silicon

chips.
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Chapter 8

PAIRED IONS INDUCED SELF-PUSLING IN ERBIUM-DOPED MICROTOROID
LASRES

8.1 Introduction

The dynamics of laser has been an interesting field for investigation since Maiman
observed a train of un-damped oscillations in the ruby laser in 1960 [73]. Self-pulsing in
laser is interpreted as an intrinsic instability of the laser itself. Different physical origins,
such as bidirectional propagation in ‘high loss cavity’, additional saturable absorber and
paired ions, have been observed in some self-pulsing systems [74, 75]. Among them the
paired ions induced quenching effect is appropriate for theoretical explanation of self-
pulsing operation in heavily Er’*-doped lasers. It has been reported that self-pulsing in
erbium-doped fiber lasers is attributed to the existence of ion pairs distributed within the
fiber, which is one type of the saturable absorber for the fiber laser system. As the doping

concentration increases, the average distance between the ions decrease, which enhance the

ion-ion interaction. When both of such ions are in the 4[ 13/ 2 State, one ion can transfer its
energy to the other one, producing one up-converted ion in i 9,2 and one in ground state.

Subsequently, the up-converted ion decay rapidly back to 7 13,2 state through non-

radiatively relaxation. The net effect is loss of one excited ion. For the low paired ion
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concentration (x<5%, x is the percentage of paired ions), the quenching effect is

negligible and Er’*-doped fiber lasers operate in cw(continuous wave) regime, whereas for

high paired ion concentration (x>5%), the lasing is in self-pulsation regime [76].

In this chapter, we develop a model to analysis the self-pulsing operation in Er’ *-doped
microlasers to understand the mechanism underlying the observed phenomena. In the
model, Er** ions are divided into two groups, single ions and paired ions. Five coupled
first-order differential equations are used to describe the dynamical behavior of the system,
with two for isolated ions, two for paired ions, and one for the lasing photon. In particular,
the pulsation oscillation frequency as a function of the pumping level is studied. The
experimental result is presented in the end, which shows consistence with the theoretical

prediction.

8.2 Model for ion pairs inducing self-pulsing

As described before, the energy level of Er’* ions are composed of different well-separated
levels, each of which is made up of number of individual sub-levels. The isolated ions can

be assumed as a three energy level system, which is composed of pumping level, upper
laser level and lower laser level. The energy level i 15/ and 7 13/ 2 are lower laser
(ground) and upper laser level, respectively. The pumping level depends on the pump
source we use. When the pump wavelength is in the 980 nm band, i 11,/ 2 1s the pumping

level. For the particular case when 1480 nm laser is used as the pump source, the pumping
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level and upper lasing level belong to the same energy level 7 13/ 2 Wwith the pumping

level (higher sub-level) closer to the top of the level than the upper lasing level (lower sub-
level). Nevertheless, for both cases we can assume that ions in pumping level decay rapidly

to the upper laser level through non-radiation relaxation.

Three energy level, ] 15/ 2> 7 73,2 and ] 9, 2, are involved in ion pair interaction [77].
As described in figure 8.1, when both of the neighboring ions are in the 7 13/ energy
level, ion 1 transfer its energy to ion 2, causing ion 2 up-converted to energy level i 9/2
with ion 1 itself relax non-radiatively to ground level 7 15/ 2+ The up-converted ion 2

quickly decays to the i 13/ > energy level through non-radiative relaxation. The net effect

of this process is loss of one excited ion, i.e. decrease of population inversion with no
contribution to the laser field. The decay time of the paired Er’* ranges from 1 to 100 ps
[78]. We use the atomic state of each ion to describe the state of the paired ions so that the
atomic state of the paired ions can be written as (OL, B), where o and B are the atomic

states of the two neighboring ions, respectively. Four states of paired ions contribute to the

paired ions interaction and can be written as (4]]5/2 ,4115/2), (4]]5/2 ,4]13/2),
(4113/2,4113/2) and (4]]5/2,419/2). The decay time of Er** in level 4[9/2 relaxes
to the lower level much faster than its decay time in level I 13/ 2 As aresult, ion in level
(4115/2 ,4]9/2) relaxes quickly to (4113/2 ,4113/2) and we can ignore the population

of paired ions in level (4[ 15/2> 7 9/ 2)- Similar to what we did for the single ions, we
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describe the paired ions using a three level system as shown in figure 8.2. The

(4] 15/2> 4[ 15, 2) is called the O-photon state, where both ions are in the ground state, the
(41 15/25 i 73,/ 2) is called the 1-photon state, where on ion is in the excited state, and the

‘1 13/ 2 I 73/ 2) is designated as the 2-photon state, where both ions are in the excited

state. The decay time of level 2-photon state to 1-photon state ranges from 1 to tens of ps.
While for the 1-photon state, one ion is in the ground state and doesn’t have cross-
relaxation with the other ion, therefore the decay time of 1-photon state to 0-photon state

can be assumed to be the same as that of the single ion.

For the single ions, when the ions in ground state are pumped to the pump level, which can

be level /1 11, > for the 980 nm pump source or a sublevel in 7 13/ 2» they relaxes non-

radiatively very fast to the meta-stable upper laser level, from where they relaxed to the
ground level with emission of one photon through spontaneous emission or stimulated
emission. The photons emitted through stimulated emission contribute to the lasing field,
while only a small portion of the photons emitted through spontaneous emission can fall

into the lasing mode.

According to the analysis of the energy level of the single ions and paired ions above, the
rate equations that can be used to describe the dynamical behavior of the Er**-doped lasers

including paired ions are
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dN 2
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For photon density:
das N
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dt Tsps T10ss

The equations above can be used to solve the dynamical behavior of the Er’"-doped lasers.
The steady state solution can be obtained by setting the time derivatives of the variables as
zero. In these equations, S and P are used to denote the photon density corresponding to the

pump and lasing frequency, respectively. The population densities of single ions in the

pump level, upper laser level, and lower laser level are labeled N;;, N, ,and Nj,
respectively. N;p, N,p,and N;p are the population densities of paired ions in 0-photon
state, 1-photon state and 2-photon state. T3, and Tgpg is the lifetime of single ions in
pump level and upper laser level, Tgpp is the non-radiative decay time of paired ions from

2-photon state to 1-photon state, and T, is the lasing photon decay time in the cavity.

Gap and G; are the absorption and emission cross sections in Er’* for the transition

corresponding to the pump frequency, and 0? and Gi are the absorption and emission

cross sections in Er'" corresponding to the lasing frequency. ¢ is the speed of light in

vacuum. ¥ is the ratio of spontaneous emission falling into the lasing mode. The
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spontaneous emission factor Y is very small and can be ignored for steady state solution.
However, for study of dynamical behavior of the Er**-doped laser, it’s very important to
include y in the system so that the lasing photon density can build up from zero.
Dynamical behavior of the Er**-doped laser is studied with this model. Figure 8.3 gives the
numerical simulation of the time evolution of the photon density at different pumping level
for the ratio of paired ions being around 10%. The ratio of the pump power to the threshold

power is denoted by 7y . It shows that self-pulsing oscillation frequency increases with the
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increased pumping level. A linear relation between the oscillation frequency and the square

root of 7y is presented in Figure 8.4. Table 8.1 list the value of the parameters used for the

simulation presented here.

8.3 Experimental results on self-pulsing operation
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Table 8.1. Values of parameters used in simulation

Er’* concentration 2.0x10"” em?
v: ratio of spontaneous emission captured in laser emssion | 1.0x10*
Absorption cross section of the lasing transition o, 6.67x10™" cm’
Emission cross section of the lasing transition o, 7.0x107" cm?
Absorption cross section of the pump transition o, 6.0x10?" cm?
Emission cross section of the pump transition o, 5.5x10% cm’
Upper laser level decay time for single ions tsps 6 ms

Pump level decay time for single ions 1, 10 ps
2-photo state decay time for paired ions  Tspp 10 ps
Photon decay time in cavity tloss 0.004 ps
Ratio of paired ions K 10%

The influence of the paired ions on the dynamics of the Er**-doped microtoroid laser has
been observed. A tunable single frequency external cavity laser in 1480 nm band is used as
the pump source to investigate the dynamical behavior of an Er**-doped microtoroid laser.
Figure 8.5 shows various self-pulsing operation obtained for increasing laser output power,
i.e. increasing pumping level. When the laser output is about 1.74 uW, the pulsation
frequency is about 578 kHz. When the laser output power increases gradually up to 2.89
uW, a train of pulses with higher frequency of 763 kHz appears. With further increase of
the laser output power to 3.71 uW, the self-pulsing frequency reaches 910 kHz. Figure 8.6
shows that the pulsing frequency increases linearly with the square root of the laser output
power, which is predicted by the simulation model using paired ions as saturable absorber.

As explained before, the lifetime of the paired ions in the 2-photon state is very short, a few



llllllllllllll

Output Intensity

0 10 20 30 40 50 60 70

Time (us)
(a)

||||||||||||||

MwUL

0 10 20 30 40 50 60 70

~ Output Intesnity

Time (us)

(b)

118



119

1.0
= 0.8
1]
o
£ 06
5
£ 04
po ]
@)
0.2
0ol L A i Ak
"0 10 20 30 40 50 60 70

Time (ps)

(c)

Figure 8.5. Self-pulsing operation of an Er3+-d0ped microtoroid laser with laser

output power of (a) 1.0 pW(b) 1.6 uW and (¢)2.1 pW.

1100}
1000}
900}
800}
700}
600}
500 |
400}
0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 4.5
sqrt(P .. /uW)

Oscillation Frequency (KHz)

Figure 8.6. Evolution of the self-pulsing frequency as a function of square root of the

laser output power. The pump is in 1460 nm band.




120
ps, so the paired ions may not be sufficiently pumped and act as additional absorber.

This saturable absorber make the laser system unstable and thus cause the self-pulsation

operation.

8.4 Conclusion

We have shown experimentally and theoretically that self-pulsation operation is possible
due to the quenching effect caused by the cross-relaxation between two neighboring
excited ions. The time evolution of the laser intensity changes with the pumping level.
Furthermore, both the theoretical model and experiments shows that the pulsation
frequency increases linearly with the pump power or laser output power. Therefore by
varying the doping concentration of erbium in the solgel layers, the laser dynamics can be

controlled.
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Chapter 9

CONCLUSION AND FUTURE WORK

The research in this thesis presents preparation and characterization of Er**-doped
microsphere lasers and microtoroid lasers on a silicon chip by the sol-gel method. Different
schemes are used to gain functionalize different microcavities. For the non-planar structure,
microsphere, Er’*-doped sol-gel silica films were deposited outside the microspheres to
create gain medium in the microcavities. The same method was also used to surface
functionalize the microtoroid cavities on a silicon chip, while in this case due to the unique
properties of the microtoroird, only the periphery of the toroids were selectively coated
with the sol-gel films. In another method, sol-gel silica is not used just a layer of film
outside a given base resonators. Instead, the sol-gel films were deposited on a single silicon
chip and toroidal shaped microcavities were fabricated from the sol-gel films directly. It is
demonstrated in this work that low threshold Raman microlasers and can be fabricated
from un-doped sol-gel silica films and very low threshold Er**-doped microlasers on a
silicon chip can be created from Er**-doped sol-gel silica films. A continuous lasing with a
threshold of 660 nW for Er’*-doped microlaser was also obtained. Furthermore, by varying
the Er’t concentration of the starting sol-gel materials, the laser dynamics of the

microlasers changes accordingly.
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Analytic formulas were derived to predict the laser performance, such as the laser

output power, the threshold power, and the differential quantum efficiency, under different
loading condition, i.e. the air gap between the fiber taper coupler and the cavities. In
addition, the minimum absorbed threshold power for different doping concentration was
also investigate to help optimize the doping level to obtain ultra-low threshold microlaser.
The experimental results together with the theoretical analysis give us a better

understanding of the laser performance.

By increasing the Er’* concentration in the microcavities, self-pulsing in the microlasers
was observed. It is well known that self-pulsing can be achieved with adequate saturable
absorber in the laser system. We presented a theoretical model in which we included paired
ions as the saturable absorber. It shows that self-pulsing operation can be expected with
paired ions induced quenching in the system. The pulsation oscillation frequency increases
linearly with the square root of the pumping level, which is consistent with the

experimental observation.

The sol-gel method provides a versatile way to fabricate different materials system for
various photonics application. It’s worthy to exploit their advantages to the maximum in
application where they can provide properties not attainable by other methods. There is still

a great deal of further work remains to be done.

e Co-doping system in sol-gel materials
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As described earlier, more than one dopants can be incorporated in the silica glass by

using the sol-gel method. Several co-doping systems can be studied and used to prepare

microlasers with better performance:

o Yb*/Er*codoping system

By adding Yb** and Er** together into the silica matrix, the pump efficiency of the laser can
be increased because the Yb®* has a larger absorption cross section than Er’* and can
transfer the energy non-irradiatively to the Er’* to help excite the Er’" to the upper laser

level.

o AP*/Er*codoping system

Since silica network is built on covalence bond, a certain number of non-bridging oxygen
groups must be present to allow for incorporation of Er'*. In pure silica glasses, a rigid
structure exists and therefore the amount of non-bridging Si-O” is very small. So the
solubility of Er’* in the silica network is very low. When the concentration is above certain
‘threshold concentration’, Er’* tends to aggregate together and form cluster in the silica
matrix, which leads to some detrimental effects such as paired ions induced quenching and
cooperative up-conversion, etc. When aluminum ions are incorporated into the silica
network, they attract the Er’* jons and at the same time increase the number of non-
bridging oxygen groups in the silica network. The solubility of Er** in the silica network is

therefore greatly increased.

e Enhanced nonlinear optics sol-gel materials
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As mentioned in this thesis work, a low threshold Raman microtoroid laser on a silicon

chip can be fabricated from pure silica sol-gel films. On the other hand, silica has a very
small Raman gain coefficient. By doping phosphate into the silica network, the Raman gain
coefficient can be increase and therefore can further enhance the nonlinear effects in the

cavities.

e Low-melting point sol-gel materials

Some applications may involve incorporation of functional organic or biological molecules
in the silica network. Densification and reflow at high temperature is avoided in those
cases. By using Si0O,/ZrO, materials system, the reflow temperature of the sol-gel materials
can be decreased as low as 190 °C [79]. This low reflow temperature materials enable
incorporation of components which can not sustain high temperature process, such as
semiconductor quantum dots, functional organic components or biological components.

More application on these materials can be investigated in the future.

e Sol-gel and organic hybrid materials

The introduction of organic components into the silica network permits further tailoring of
the chemical and physical properties of the silica glass, such as improved mechanics
properties, lower densification temperature, decreased shrinkage during drying and
densification etc. For example, by adding photo-sensitive organic components, which can
polymerize under exposure to UV light, into the silica network, different degree of

exposure to UV light can induce different change of the refractive index in polymerized



125
and non-polymerized region. A grating structure can be created in the sol-gel silica to

fabricate new optical devices.
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