
OPTICAL CHARACTERISATION OF RARE-EARTH

DOPED FLUORIDE AND PHOSPHATE GLASS

MICROSPHERE RESONATORS

By

Danny O'Shea

SUBMITTED IN PARTIAL FULFILLMENT OF THE

REQUIREMENTS FOR THE DEGREE OF

MASTER OF SCIENCE

AT

NATIONAL UNIVERSITY OF IRELAND,

UNIVERSITY COLLEGE CORK

IRELAND

AUGUST 2007

Department Head, Prof. John McInerney

Supervisor, Dr. S��le Nic Chormaic



To the O'Shea families and Martha.

ii



Table of Contents

Acknowledgements vi

List of Publications viii

Abstract ix

Glossary of Acronyms xi

Introduction 1

1 Optical Properties of Doped Microcavities 7

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2 Whispering Gallery Modes . . . . . . . . . . . . . . . . . . . . . . . . 8

1.3 Electromagnetic Description of Modes . . . . . . . . . . . . . . . . . 8

1.4 Resonance Positions . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.5 Cavity Quality Factor . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.6 Mode Volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.7 Spectroscopy of Rare Earth Ions . . . . . . . . . . . . . . . . . . . . . 22

1.8 Selection Rules for Er3+ . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.9 Radiative Emission Rates . . . . . . . . . . . . . . . . . . . . . . . . 24

1.10 Material Loss Mechanisms in Lasers . . . . . . . . . . . . . . . . . . . 26

2 Fabrication of and Coupling to Microspheres 28

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.2 Microsphere Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.3 Introduction to Coupling . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.3.1 Angle-Polished Fibres . . . . . . . . . . . . . . . . . . . . . . 32

2.3.2 Tapered Fibres . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.4 Mode Propagation Constants . . . . . . . . . . . . . . . . . . . . . . 34

iii



2.5 Tapered Fibre Fields . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.6 Fabrication and Characterisation of Tapered Fibres . . . . . . . . . . 38

2.6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.6.2 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.6.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 43

2.6.4 Micro-furnace Tapering . . . . . . . . . . . . . . . . . . . . . . 47

2.6.5 Fabrication of Prolate Microresonators . . . . . . . . . . . . . 47

2.6.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3 E�cient Upconversions in Heavy Metal Fluoride Glass: Er3+ doped

ZBLALiP 51

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.2 ZBLALiP Material Properties . . . . . . . . . . . . . . . . . . . . . . 54

3.3 Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.4 McCumber Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.5 Judd-Ofelt Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.6 Upconversion Fluorescence and 1.5 �m Lasing . . . . . . . . . . . . . 69

3.7 Radiative and Multi-phonon Decay . . . . . . . . . . . . . . . . . . . 72

3.8 Power-law Upconversions . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.9 Microsphere Characterisation . . . . . . . . . . . . . . . . . . . . . . 76

3.9.1 Eccentricity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.9.2 Quality Factor Measurement . . . . . . . . . . . . . . . . . . . 78

3.10 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4 Thermally Induced Optical Bistability in Er3+:Yb3+ Co-doped Phos-

phate Glass 82

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.2 Er3+:Yb3+ Co-doping of Phosphate Glass . . . . . . . . . . . . . . . . 83

4.3 Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.3.1 Lasing and Fluorescence in IOG-2 . . . . . . . . . . . . . . . . 85

4.3.2 Intensity Switching . . . . . . . . . . . . . . . . . . . . . . . . 91

4.3.3 Green Chromatic Switching . . . . . . . . . . . . . . . . . . . 95

4.3.4 IR Wavelength Switching . . . . . . . . . . . . . . . . . . . . . 97

4.4 Power-law Upconversions . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

4.6 Dispersive Optical Bistability . . . . . . . . . . . . . . . . . . . . . . 104

4.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

iv



5 Homemade External Cavity Diode Laser 111

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.2 Design and Construction . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.3 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

6 Conclusions 118

Appendices 122

A Spectral Characterisation of Erbium-Doped Microspherical Lasers 122

B A Heat-and-Pull Rig for Fiber Taper Fabrication 134

C Upconversion Channels in Er:ZBLALiP: a Multi-Color Microspher-

ical Light Source 140

D An All Fibre-Coupled Multicolor Microspherical Light Source 149

E Optical Bistability in Er-Yb co-doped phosphate glass microspheres

at room temperature 153

F External Cavity Diode Laser Design Files 161

Bibliography 171

v



Acknowledgements

The work in this thesis would not be possible without the great e�orts of Dr. S��le Nic

Chormaic, my supervisor, Jonathan Ward, my work colleague, and the other members

of the Quantum Optics Group - Dr. Brian Shortt, Michael Morrissey, Kieran Deasy,

and Thejesh Bandi. I am indebted to their suggestions, encouragement, and most

importantly, their humour. The warm atmosphere in our group over my two years in

the Tyndall National Institute, have made it a �ne environment in which to develop

and realise ideas. The relative freedom to choose our own course of research a�orded

to us by S��le, helped me develop a degree of independence. My level of scienti�c

education as well as personal knowledge of my abilities have truly bene�tted from

this experience. Despite having a busy schedule running the group, S��le was always

available, either in person or email, to answer any problems I needed help with.

She is also responsible for identifying my next work, which will be for my PhD, in

the Glass Fiber Quantum Optics Group in Mainz, Germany, with Prof. Dr. Arno

Rauschenbeutel.

There were a number of fruitful trips throughout my thesis work. During my time

in the Q&NLO summer school in Denmark, I met many very intelligent and friendly

students. Dr. Renzoni and his two students in University College London made me

feel very welcome when I visited his laboratory in 2006. The CLEO 2007 conference

in Baltimore, USA, led to friendship with Scott Lewis, who kindly visited Martha,

my partner, and I in June. We look forward to reciprocating the visit some time in

the near future.

Looking back at my �rst draft of our �rst paper, I am a little astounded by the

contrast in my writing style compared to later papers. I will forever be grateful to

S��le and Brian for teaching me the skill of technical writing. Martha kindly spent a

number of days reading over the manuscript and making corrections. S��le also spent

many long hours making corrections and improvements to the thesis; too numerous

vi



vii

to be counted. Any remaining errors are, of course, my own fault.

I wish to express my gratitude to a number of people around the various in-

stitutions in Cork. A special thanks must go to Dr. Anthony Grant in the Cork

Institute of Technology (CIT) for taking time out to teach me how to use their elec-

tron microscope. The Department Head of my previous department in CIT, Dr. Liam

McDonnell, showed an interest in my progress and o�ered useful advice for which I

thank him. This appreciation is extended to all the technicians and sta� of the depart-

ment. Halfway through my work, S��le and I transferred to the Physics Department in

University College Cork (UCC). Here I had the opportunity of co-supervising an un-

dergraduate physics laboratory; it can be more di�cult than it seems, but rewarding

nonetheless. During my time in UCC, several of us, under the guidance of S��le, set up

the Cork Chapter of the Optical Society of America; this also took some e�ort and

persistence. The sta� and students in CIT, UCC and the Tyndall National Institute,

the place where my work was undertaken, were always a pleasure to talk with, both

during and after work. Of course, I am grateful to my parents for their support and

for making every e�ort in ensuring my studies went as smoothly as possible. Our

collaborators in France, Patrice F�eron and Michel Mortier, provided us with the bulk

doped glass and absorption measurements, which are studied in this thesis. Last,

but not least, I thank Prof. Roger Whatmore, Tyndall CEO, for selecting me for the

Tyndall bursary in 2007.

I am also very happy to acknowledge the �nancial help of IRCSET through the

Embark Initiative who provided me with a scholarship over 2005-2007.

Kenmare, Ireland Danny O'Shea

2 August, 2007



viii

List of Publications

[1] J. Ward, D. G. O'Shea, B. J. Short, M. J. Morrissey, K. Deasy and S. G. Nic

Chormaic, \Heat-and-pull rig for �ber taper fabrication," Rev. Sci. Instrum.,

77, 083105, (2006).

[2] B. J. Shortt, J. Ward, D. O'Shea and S. Nic Chormaic, \Spectral characterisa-

tion of erbium-doped microspherical lasers," Proc. SPIE, 6187, 618708, (2006).

[3] J. Ward, D. O'Shea, B. Shortt, and S. Nic Chormaic, \Optical Bistability in

Er-Yb co-doped phosphate glass microspheres at room temperature," J. Appl.

Phys., 102, 023104, (2007).

[4] D. G. O'Shea, J. M. Ward, B. J. Shortt, M. Mortier, P. F�eron and S. Nic

Chormaic, \Upconversion channels in Er:ZBLALiP: a multi-color microspheri-

cal light source," Eur. Phys. J. Appl. Phys., 40, 181, (2007).

[5] D. G. O'Shea, J. M. Ward, B. J. Shortt, and S. Nic Chormaic, \An All-

Fiber Coupled Multicolor Microspherical Light Source," IEEE Photon. Technol.

Lett., 19, 1720 (2007).



ix

Abstract

The unique ability of microresonators to con�ne tens of Watts of power in micron-sized

structures for long periods of time has prompted applications ranging from optical

processing of data to more fundamental studies, such as cavity quantum electrody-

namics. Rare-earth ions embedded in glasses serve as solid state laser sources for

applications in telecommunications, nuclear fusion, environmental sensors, and even

quantum information. This combination of active medium and resonant cavity has

opened new areas of research focusing on the characterisation of doped microspheres.

The aim of this research was the investigation of the emission characteristics of a

singly-doped 
uorozirconate glass microsphere, made from ZBLALiP, and a co-doped

phosphate glass microsphere, made from IOG-2.

The technique used for microsphere and taper fabrication is outlined. A rig for

fabricating adiabatic tapered optical �bres is also described and the pro�le of the re-

sulting �bres is characterised. Light is coupled from these �bres into the microspheres,

whereupon it propagates in cavity modes and excites the active medium. Bulk sam-

ples normally operate with excitation densities of only a few tens of kW/cm2. Exci-

tation densities as high as 200 MW/cm2 circulate in the doped microspheres, thereby

making it possible to investigate interesting new behaviour in the glasses under study.

In ZBLALiP we observe a total of thirteen discrete 
uorescence emissions from 320

nm to 850 nm and a lasing emission at 1.5 �m. Results from the literature normally

show a limited number of emissions at green, red and - possibly - blue wavelengths.

A spectroscopic study of the absorption and 
uorescence properties is given, and the

processes responsible for the generation of the observed wavelengths are outlined.



x

To the best of our knowledge, this thesis presents the �rst systematic study of

optical bistability in any doped microspherical laser glass. In comparison to other

bistable glasses and crystals, IOG-2 microspheres have large contrast between the two

bistable states and require very low switching powers. In addition, their small size

and room temperature operation, in contrast to other glasses that require cryogenic

cooling, make them interesting for miniature devices.

Finally, details of the construction and performance of a homemade, �bre-coupled,

external cavity diode laser are given.
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Introduction

Optical glasses are a huge driving force behind technological progress in our society.

One of mankind's most challenging programmes to control nuclear fusion, through a

process known as inertial con�nement fusion, relies on neodymium doped glass lasers

to heat and compress deuterium/tritium fuel pellets. Such lasers use either silicate or

phosphate glasses to deliver TeraWatts of power. In the other extreme, clinical den-

tistry has found more prosaic applications for erbium doped YAG lasers in the prepa-

ration of tooth enamel, delivering sub-mW powers [1]. One of the great successes of

solid-state and semiconductor technology has been the development of miniature, i.e.

micron-sized, light structures for use in integrated circuits and telecommunications.

Such light structures have reached a high degree of sophistication, e.g. operating at

GHz and o�ering ultra-narrow linewidths - with many relying on nonlinear processes

- and come in numerous designs, e.g. microcavities [2], VCSELs (Vertical Cavity

Surface Emitting Lasers), and photonic crystal �bres [3].

Microcavities have a particularly unique combination of properties which have

been the subject of intensive research and rapid developments in the last decade.

Braginsky and Ilchenko [4] realised at an early stage that the strong temporal (up

to 10�6 s) and spatial con�nement (10�11 cm�3) of the cavity mode, and the small
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device size (typically < 200 �m diameter), could meet the technical needs of all-

optical computers. Earlier work by Garret et al. [5] in the 60's had shown stimulated

emission from CaF2 doped Sm2+ millimetre sized spheres when pumped with a xenon


ashtube. Subsequent work began to exploit the combined advantages of using a high

quality microcavity and di�erent rare earth dopants in a wide variety of glasses.

1987 was a fortuitous year for these whispering gallery mode (WGM) resonators.

Braginsky and Ilchenko [4] provided the �rst demonstration of an ultra-high quality

(Q) factor (> 107) in a passive, micron-sized silica resonator, and Baer [6] demon-

strated the �rst laser action in a solid-state resonator by using Nd:YAG spheres with

a diameter of 5 mm and a lasing threshold of 100 mW.1 Today, some twenty years

later, the Q factor of silica resonators has risen from 106 up to 1010. The Q factor

determines the ability of a cavity to build up very high circulating �elds. In fact,

Savchenkov and co-workers have recently described [7] how they achieved exceptional

Q factors (> 1011) in a CaF2 crystal microtoroid, using an annealing and polishing

technique. This is far in excess of so-called super Fabry-P�erot cavities which can have

Q factors of up to 1.9�106 [2] at optical wavelengths.2 Current day resonators are

a factor of ten smaller in both diameter (�50 �m) and threshold power (6100 �W)

and, hence, we term these resonators "microcavities". More speci�cally, in the case

of the work presented in this thesis, microspheres are the resonator of choice.

The strong con�nement of the cavity mode ensures immense enhancements of the

light �eld - an important requirement for the observation of nonlinear processes. For

1In a general sense, the quality factor is de�ned as the energy stored in the cavity at a particular
wavelength divided by the loss rate at this wavelength.

2A record high �nesse of 4:6� 109 was demonstrated in a Fabry-P�rot cavity but operated in the
microwave region, while the work in this thesis focusses on optical wavelengths. Due to its operation
at this wavelength, the quality factor (4:2� 1010) is still less than Ilchenko's microtoroid.
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example, in the case of a typical doped microsphere with a Q factor of 106, for 1 mW

light coupled in, the cavity mode power can be ampli�ed by a factor of 104 to 10

W. In passive cavities, with much higher Q factors, the mode can reach up to kW's

of power. Early work on nonlinear processes in liquid microdroplets by Lin et. al

[8] demonstrated stimulated Raman scattering. Stimulated Brilluoin scattering was

shown by Zhang and Chang [9]. Others had also shown very low threshold pow-

ers for dispersive bistability in microspheres, which had the e�ect of overwhelming

any observable Kerr nonlinearity at room temperature. Later, Treussart et al. [10]

produced measurements for Kerr nonlinearity in a silica microsphere at 2 K. Fol-

lowing the development of ultra-high Q resonators, along with �bre taper coupling

techniques, several studies realised low threshold, high e�ciency stimulated Raman

emission [11], parametric oscillations [12], and cascaded Raman lasing [13] in silica

microspheres and microtoroids, as well as a measurement of the Kerr nonlinearity at

room temperature [14].

Optical bistability (OB) in a sodium vapour was �rst reported by Gibbs in 1976

[15] and, since then, numerous other materials exhibiting the phenomenon have been

studied, including Yb3+ doped glasses and crystals, and semiconductors [16]-[22]. A

device with this attribute must have a nonlinear process and a feedback mechanism

that causes the output signal to operate in either of two stable output states that

are dependent on the history of the input signal. The mechanisms responsible for

nonlinearity in doped glasses and crystals are varied, with many requiring cryogenic

temperatures (typically < 40 K) to maintain the necessary low atomic decay rates

in Yb3+ dimer and monomer systems [17]. Alternative and more easily achievable

mechanisms include photon avalanche and thermal avalanche [16, 19], suggesting that
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a wider range of materials can exhibit OB at room temperature and above. How-

ever, no evidence of OB through these mechanisms in this temperature range has yet

been observed. Bistable sensitised luminescence in Er3+:Yb3+:CsCdBr3 was shown by

Redmond and Rand [17], and, subsequently, by R�odenas et al. [18] in a Nd3+:Yb3+

co-doped crystal. They also described chromatic or wavelength switching in addition

to the more traditional intensity switching, though both mechanisms required tem-

peratures well below room temperature. To date, OB has also been predicted and

observed in Yb3+ doped oxide crystals, Cr-doped LiSrGaF6 and LiSrAlF6 crystals

[19], Sm3+ doped glass microspheres [20], and Tm3+:Yb3+ co-doped glass [21]. The

latter system exhibited multiple hysteresis loops in the 
uorescence intensity at room

temperature. The experimental realisation of a doped glass/crystal microsphere ex-

hibiting bistability has been limited to a single paper on the e�ect in a Sm3+ doped

glass [20].

This work is focused on the development and analysis of bistable 
uorescent and

lasing emissions from Er3+:Yb3+-doped phosphate glass microspheres. Dispersive

bistability is often seen as a hindrance for many applications involving passive cavities,

such as �ltering, as it causes microcavity line broadening and bistable wavelength

response [11]. These e�ects are generally well understood. It is, however, not known

how bistable microspheres behave when doped. This aspect of doped microspheres

is shown to have bene�cial qualities for applications such as optical switching and

temperature sensing devices. In particular, cavity temperatures as high as 742 K,

just below the glass transition temperature, can arise without any structural damage.

Heavy metal 
uoride glasses, such as the commonly used ZBLAN glass, were

developed by the Poulain brothers in 1974 as an ultra-low-loss material transmitting
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from the UV (� 250 nm) to the mid-IR (8 �m) with 0.001 dB/km loss at 2.6 �m.

The name ZBLAN arises from its constituent elements: ZrF4 BaF2 LaF3 AlF3 NaF.

When dealing with wavelengths in the mid and near IR, applications such as dentistry,

remote IR spectroscopy, and industrial quality control can bene�t from this large,

high-transmission window. In contrast, silica �bres can only transmit from the UV

(� 250 nm) to the near IR (� 2 �m). Unfortunately, ZBLAN glass has su�ered from

di�culties in glass �bre manufacturing due to crystallisation (see [23] for an overview

of 
uorozirconate glasses). An alternative material, ZBLALiP, was mooted as possibly

having better shaping properties for fabricating �bres and microspheres [24]. In this

work, we build on this argument and show additional bene�ts of ZBLALiP in terms

of very e�cient upconversion 
uorescence emissions in the 320-850 nm range. We

have performed a comprehensive Judd-Ofelt analysis in order to understand the glass

behaviour when doped with erbium.

The layout of this thesis is as follows:

A general introduction to the optical properties of microspheres is presented in

Chapter 1. This provides a groundwork for the rest of the thesis. Parameters such

as resonance positions, quality factor limitations, mode volume, and electric �eld

pro�les are summarised. The fabrication of the doped microspheres used in this work

is also discussed. There is a brief introduction to the topic of optical spectroscopy

of laser glasses, which is later used in Chapters 3 and 4. Several topics are covered:

the di�erence between glasses and crystals, selection rules for radiative transitions,

Einstein A and B coe�cients, excitation mechanisms in ions with multi-phonon decay,

and �nally thermal issues.

The two di�erent microsphere-coupling schemes that we considered are discussed
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in Chapter 2: angle-polished �bres and tapered �bres. The latter scheme was chosen

as the most appealing on the basis of its reported ability to provide the most e�cient

excitation of resonant modes in microspheres [25]. The spatial extent of the evanescent

�eld in the �bre is outlined, after which �bre taper fabrication with a CO2 laser and

the characterisation of such �bres is discussed.

In Chapter 3 the methods outlined in Chapter 1 are used to analyse the 
uores-

cence emissions and absorption data from Er3+:ZBLALiP. The glass is shown to have

high upconversion rates yielding strong upconversion 
uorescence.

Experimental results of optical bistability in Er3+:Yb3+ phosphate glass microspheres

are given in Chapter 4. The results are explained in terms of dispersive bistability.

Thermal issues related to phosphate glass are shown to give rise to nonlinear be-

haviour in the intensity and wavelength output. Full con�rmation of the dispersive

bistability e�ect requires using a narrow linewidth 980 nm laser to probe the individ-

ual cavity resonances. For this purpose, an external cavity diode laser has been built,

the details of which are given in Chapter 5.

Finally, the main achievements of the research work are summarised in Chapter

6. Thermally induced bistability can potentially display add-drop �ltering capability.

ZBLALiP microspheres may serve as laser sources at visible wavelengths, 1.5 �m, and

possibly at 2.6 �m, if ultra low-loss 
uorozirconate glass technology can be further

exploited.
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Chapter 1

Optical Properties of Doped

Microcavities

1.1 Introduction

Some insight into electromagnetic resonances in a microsphere is presented in this

Chapter. In this chapter I provide some insight into electromagnetic resonances ex-

isting in a microsphere. E�cient coupling to a microsphere requires that the propa-

gation modes of light in the coupling element match the WGMs within the sphere.

Several factors can a�ect the quality factor including material losses and coupling

losses. The total unloaded quality factor, i.e. without any coupling device, and the

modal con�nement are calculated under realistic experimental conditions. Finally,

the concepts and di�erent types of analyses of laser glass spectroscopy that will be

used later in the work are introduced. I conclude the chapter by introducing concepts

and di�erent types of analyses in laser glass spectroscopy that will be used later in

the thesis.
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1.2 Whispering Gallery Modes

Whispering gallery modes can occur in a symmetrical structure when a wave under-

goes total internal re
ection (TIR). In the geometrical-optic model, if a ray strikes

the glass-air interface of a spherical cavity such that the angle of incidence is greater

than the critical angle, TIR will occur (c.f. Fig. 1.1(a)). The ray is re
ected and, due

to the symmetry of the cavity, strikes the glass-air interface again at the same angle.

In the case of large microspheres, i.e. radius � wavelength of trapped light (a �
�), the light ray will be trapped by this mechanism and can propagate continuously

around the inside wall giving rise to a standing wave, hence the concept of resonant

modes. The integer number of these wavelengths around a single revolution can be

denoted by the equatorial mode number, l.

The momentum, p, of a photon is p = ~k = 2�~=�, where ~ is Planck's constant

divided by 2�, and k is the wavenumber inside the sphere. The angular momentum,

~l, of the photon when it strikes the surface with near glancing incidence is ~l =

2�ans~=�, where ns is the refractive index of the sphere. The integer l is the angular

momentum of the photon of unit ~ and is pointing into the page with reference to

Fig. 1.1(a). An important variable describing the resonance condition is the size

parameter, xnl = 2�a=�. Figure 1.1(b) shows the spherical coordinate system which

is used to model the WGMs in the next section.

1.3 Electromagnetic Description of Modes

A mathematically realistic description of the electromagnetic �eld patterns in a mi-

crosphere begins with the solution of the Helmholtz equation in spherical coordinates
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Figure 1.1: WGM in a microsphere. (a) Ray propagation around the sphere by TIR; (b)
Spherical coordinate system.

(see [26] for example). The solution is obtainable from the scalar wave equation

r2	(r) + n2sk
2	(r) = 0; (1.1)

by assuming a constant polarisation. There are four solutions to Eqn. 1.1 correspond-

ing to the transverse electric (TE) and transverse magnetic (TM) components of the

sphere's electric and magnetic �elds. Spherical Bessel (Hankel) functions describe the

radial �elds inside (outside) the sphere, and these are given by

�!
E TE(r; �; �) =

(
jl(nskr)

�!
X lm(�; �) r � a

jl(nskr)h
(1)
l (kr)=h

(1)
l (ka)

�!
X lm(�; �) r > a

�!
B TE(r; �; �) =� 1

k
r��!E (r; �; �)

�!
B TM(r; �; �) =

(
jl(nskr)

�!
X lm(�; �) r � a

jl(nskr)h
1
(l)(kr)=h

(1)
(l) (ka)

�!
X lm(�; �) r > a

�!
E TM(r; �; �) =� 1

"(�!r )kr�
�!
B (r; �; �);

(1.2)
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where jl(h
(1)
l ) are spherical Bessel functions (Hankel functions of the �rst kind) of

order l and
�!
X lm = [l(l+1)]�1=2

�!
LYlm and Ylm are vector spherical harmonic functions

with
�!
L = �!r �(�ir). These functions (Xlm and Ylm) describe the sinusoidal nature

of the �eld corresponding to re
ections of the ray o� the sphere surface.

The three mode numbers, n, l, and m, are used to characterise the radial, the

equatorial, and the polar components of the electromagnetic �eld. Mode number

n (n = 1; 2; 3; : : :) gives the number of maxima in the radial electromagnetic �eld

distribution. The fundamental (n = 1) TM radial mode is depicted in Fig. 1.2(a)

and two radial modes are depicted in Fig. 1.2(b). The second mode number, m

(m = �l;�l+1; : : : ; 0; : : : ; l�1; l), describes the number of maxima in the sinusoidal

variation in �eld intensity in the equatorial or latitudinal direction. Finally, the

mode number l describes the �eld intensity distribution in the polar or longitudinal

direction, and can take values l = 0; 1; 2; : : : with the number of maxima present in

the polar �eld distribution given by l � jmj+ 1.

For a perfect sphere (zero ellipticity), modes with the same l but di�erentm values

have a 2l + 1 degeneracy, and, therefore, the mode numbers n and l are su�cient to

describe the WGM. In reality, some ellipticity exists in the sphere and this removes

the degeneracy. For minimal mode volumes one wants n to be small and m � l,

as shown in Fig. 1.3. The spheres used in the present studies have a diameter in

the range 50 - 200 �m with < 5% ellipticity. Figure 1.3 shows a cross-section of

the �eld for di�erent values of m and l. We see that the mode volume is lowest for

the fundamental mode and increases for more complicated mode structures. In the

ray optics picture, the fundamental mode represents a ray with the smallest re
ection

angle, the lowest di�raction losses, the lowest mode volume, and the highest Q factor.
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The fundamental mode in Fig. 1.3(a) is located on the equatorial plane of the

sphere. Although modes with l�jmj > 0 travel with greater inclinations with respect

to the equator, they still have the same resonant wavelength as the fundamental mode,

since the curvature of the sphere precisely compensates the greater incline. The path

length for l � jmj > 0 modes in Fig. 1.3(a) to Fig. 1.3(d) are all equal, i.e. they

are degenerate. Therefore, the equatorial mode number, m, is super
uous when

describing the resonance wavelength.

1.4 Resonance Positions

The continuity of the tangential components of the electric and magnetic �elds at the

sphere surface (see Eqn. 1.2) must satisfy a characteristic equation,

n�2bs

[nskajl(nska)]
0

jl(nska)
=

h
nskah

(1)
l (ka)

i
0

h
(1)
l (ka)

; (1.3)

where b is the polarisation (equal to 1 for TM modes and 0 for TE modes). The

prime denotes di�erentiation with respect to the argument. The position and width

of the resonances are obtained by numerically solving this characteristic equation.

The solution yields discrete values of frequency at which resonances are possible. In

practice, the locations of these resonances are found by scanning a tuneable diode

laser over the free spectral range of the sphere.

The solution to Eqn. 1.3 requires a signi�cant amount of computational time as

the resonances have sharp Lorentzian line-shapes. Schiller [27] has used an asymptotic

formula to yield an approximation for the resonance frequency in terms of the size
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(a)

(b)

Figure 1.2: Calculated intensity distribution of the TM mode in the equatorial plane (a)

for n = 1 and l = 30 with x = 24.623 (b) and for n = 2 and l = 30 with x = 27.978. The

wavelength is 1.55 �m, and the sphere radius and intensity are normalised to unity in both

cases.
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(a) (b)

(c) (d)

Figure 1.3: Azimuthal intensity distribution for TM modes with (a) n = 1; l� jmj = 1, (b)

n = 2; l� jmj = 1, (c) n = 1; l� jmj = 2, (d) n = 2; l� jmj = 1. The wavelength is 980 �m,

and the sphere radius is normalised to unity.
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parameter, xnl, up to order � = 8 such that

xnl =
�

m
� �t
m

��
2

�1=3
+

8X
�=0

d�(m; �t)

��=3(m2 � 1)�=2
; (1.4)

where � = l+1=2, m = ns=na, na is the refractive index of the surrounding medium,

and t is the tth zero of the Airy function, �. The coe�cients of the expansion are

given by the polarisation dependent term d�(m; �t).

Identi�cation of these resonances is achieved by measuring the separations of the

resonance frequencies xnl � xnl�1. The widths of the resonances, �
(n)
l , are given at

FWHM as [28]:

�nl = 2
�
Nx2nl(x)

2
�
�1
; (1.5)

where nl is the spherical Neumann function, and

N =

(
n2s � 1; for TE modes

(n2s � 1)[�2 + (�2=n2s � 1)]; for TM modes;
(1.6)

where � = �=x with x evaluated at xnl.

1.5 Cavity Quality Factor

Microcavities have exhibited the highest quality factors among all types of resonators.

A value of > 1011 was reported for a microtoroid at 1559 nm in 2007 [7]. The quality

factor is the primary performance characteristic measure of microspheres and is de-

�ned in terms of the resonators ability to store energy. In its most simple expression,

the Q factor of a resonant system is given as:

Q = 2�(Energy Stored)=(Power Dissipated per cycle): (1.7)



15

The Q factor is dictated by the length of time for which a photon can be stored within

the cavity and is limited by several other factors apart from the WGM losses. In fact,

WGM losses have an appreciable e�ect only for radii less than about 7 �m [29].

The losses within a microsphere resonator arise due to both internal and external

mechanisms. The internal losses result from WGM losses and material losses from

the cavity such as surface scattering, water absorption and bulk absorption of the

material.

Coupling losses, Qcoupling, depend on the coupling technique and on the ability to

achieve good phase matching between the coupler and the microsphere. We typically

use 1-2 �m diameter taper �bres for coupling due to their near ideal performance

[25]. These �bres are fabricated by heating and stretching a strand of single mode

�bre down to a diameter of 1 �m. An evanescent �eld forms in this region which

is then coupled into an adjacent microsphere. The coupling Q factor is governed by

the overlap of the evanescent �elds of the �bre taper and the sphere (c.f. page 28 for

more details) [30]. The interaction strength between the cavity mode and �bre mode

govern Qcoupling.
1

It has been found [31] that the Q factor shows an initial rapid decay within the

�rst two to three minutes of fabrication of microspheres. This is due to one or two

monolayers of water forming on the surface. Ideally, fabrication should be performed

in a vacuum environment. The formula for losses due to water absorption [32] is

Qw �
s

2a�

8�n3s

1

��w
; (1.8)

where � � 0.2 nm is the thickness of the monolayers of water, and �w is the absorption

1Qcoupling is maximised when the mode matching is optimised in terms of the spatial modes and
the propagation constants of the microsphere and �bre taper.



16

coe�cient of water. There is an a1=2 dependency, but the wavelength has an inverse

square root dependency.

Bulk losses do not exhibit a sphere size dependency. The absorption coe�cient

of silica, �s, has a minimum at 1550 nm corresponding to a peak in Q at this value,

while for 
uorozirconate glass this minimum is at 2.6 �m. We use the form of the

equation given in [33], for bulk losses:

Qbulk =
2�ns
�s�

(1.9)

where �s � (0.7 �m4=�4)+1:1�10�3 exp(4:6 �m=�)+4�1012 exp(�56 �m=�))dB/km.

Bulk losses are dominant for large spheres at 633 nm. (NB The Q arising from other

loss mechanisms are much higher than Qbulk).

Surface scattering is due to surface roughness and absorption arising from im-

purities within the cavity. Our passive silica microspheres are produced by melting

the tip of a silica �bre and our doped microspheres are fabricated from a powder

glass sample (c.f. Section 2.2). While production of the microspheres results in near

atomic smoothness owing to surface tension during melting, it has been shown that

these minute irregularities not only degrade the Q factor for small spheres, but also

cause light to be backscattered into degenerate counter-propagating modes [34]. For

silica spheres, it is imperative that the �bre be cleaned with acetone and, sometimes,

with other chemicals before production. An accurate model describing the surface

scattering Q factor, Qss, has yet to be found, but observations have found a (a�)1=2

relationship [33]. This model is of the form

Qss =
KTE

1 +KTE

3�3a

8ns�2B2�2
; (1.10)

where KTE is the suppression coe�cient de�ned as the ratio of complete scattered
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power to the power scattered into a TE mode scattering angle de�ned in [33], B

is the statistical correlation length, and � is the average standard deviation of the

surface roughness. The TE and TM mode suppression coe�cients are 2.8 and 9.6

respectively. The parameters B and � have been measured [32] to be 5 nm and 1.7

nm respectively.

The size dependence ofQss for a wavelength of 980 nm is plotted in Fig. 1.4. Apart

from sphere size, the choice of pump wavelength will dictate the observed Q. For

example, at a wavelength of 633 nm, surface scattering becomes dominant for radii of

less than about 20 �m until whispering gallery losses begin to dominate at about 7 �m

(not shown). Longer wavelengths do not share this dependence on surface scattering,

which is due to the role of the absorption coe�cient of water, �w. This coe�cient

is only 0.363 m�1 at 633 nm and rapidly increases to 799 m�1 at 1550 nm. This

plays a crucial role in selecting a suitable wavelength and sphere diameter in order

to achieve large Qs. The Er3+ and Yb3+ ions in the glasses under study here have a

large absorption coe�cient at 980 nm compared to other wavelengths (except C-band

wavelengths), thus making ion absorption a dominating factor when choosing the

optimal pump wavelength. Unlike the passive microspheres, our doped microspheres

are transported from France to our lab in a petri dish, which undoubtedly increases

the surface roughness. The importance of the surface roughness for our spheres is

shown in Fig. 1.4(b) where we have reasonably assumed degraded surface parameters

compared to silica microspheres. The B value is taken as 7 nm and � is taken as 15

nm. We �nd a loaded Q factor of 1� 107 at 780 nm for our ZBLALiP microspheres

which corresponds reasonably with the unloaded Q factor in Fig. 1.4(b). We can

assume surface scattering losses are the largest loss mechanism.
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(a) Silica glass

(b) ZBLALiP glass

Figure 1.4: Total quality factor and individual quality factors as a function of sphere diame-

ter at a wavelength of 980 nm. Water absorption limits the Q in silica. In (b), the statistical

correlation length, B, and the average standard deviation of the surface roughness, �, are

increased by a factor of about three to simulate the estimated poorer surface quality in our

doped microspheres (B = 7 nm and � = 15 nm). Coupling losses with a tapered �bre have

been neglected.



19

An issue closely related to Q factor is �nesse, F , de�ned as the free spectral range

(FSR) divided by the bandwidth of the resonances, or equivalently,

F =
�Q

2�nsa
: (1.11)

To date, the highest reported �nesse is 107 at an optical wavelength, recorded by

Savchenkov et al. in 2007 in a CaF2 microtoroid [7]. As a comparison, the highest

reported �nesse in a super Fabry-P�erot cavity is 105 at optical wavelengths [2].

Each of these individual contributions to the cavity loss can be combined together

to give a system Q factor as

Q�1
total = Q�1

wgm +Q�1
material +Q�1

coupling

Q�1
material = Q�1

ss +Q�1
water +Q�1

bulk;
(1.12)

where Qwgm is the whispering gallery Q, and Qmaterial is the material Q.

1.6 Mode Volume

The degree of modal con�nement in a sphere can be determined by integrating the

volume as shown in Fig. 1.3, and, optionally, choosing a 1=e2 boundary for the

intensity distribution. It is a non-trivial exercise to determine the volume based on

the set of formulae in Eqn. 1.2. Despite that, it can be shown that mode volumes

can be as small as 1000-4000 �m3, depending on microsphere size and wavelength.

Such tightly propagating modes around the microsphere can easily develop very high

excitation densities (� 103 Vm�1) as mentioned earlier. This is very important for

studying nonlinear processes and microlaser operation.

The e�ective mode volume, Veff , is de�ned as the integral of the square of the
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�eld (Eqn. 1.2) over a quantisation volume, VQ, and is given by [35]

Veff =

Z
VQ

�(r; �;  )E(r; �;  )2dV; (1.13)

where the quantisation volume includes both real internal microsphere �elds and the

imaginary evanescent �elds, and

� =

(
n2s; r � a

1; r > a:
(1.14)

It can be shown that both TE modes and TM modes have di�erent mode volumes

due to slight di�erences in the con�guration of the �elds in the cavity (c.f. Fig. 1.5).

TE modes are found deeper inside the sphere and, therefore, occupy a smaller volume

(and an associated higher Q factor), as given by [36]

VTE � 1:02(2a)11=6(�=ns)
7=6

VTM � 1:08(2a)11=6(�=ns)
7=6:

(1.15)

There is also an alternative de�nition of mode volume for nonlinear processes [37]

Veff �

�R
VQ
E(r; �;  )2dV

�2
R
VQ
E(r; �;  )4dV

(1.16)

� 3:4�3=2(�=2�ns)
3l11=6

p
l �m+ 1 ; (1.17)

where l � 2�ans=�. In the case of both Eqns. 1.15 and 1.17, the volume scales

as a11=6. However, as can be seen from Fig. 1.5, which presents the quantum and

nonlinear mode volumes, there are some di�erences in the de�nitions.

Another issue to note is the di�erence in mode volume between the pump wave-

length for Er3+ (980 nm) and the lasing wavelength (1.5 �m): the volume scales

almost linearly with wavelength. Therefore, the gain region in the 1.5 �m mode is

some 1.7 times larger than the excitation region.
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Figure 1.5: Mode volume for a doped microsphere with ns = 1:5 for � = 1550 nm (squares)

and 980 nm (diamonds). The TE modes have a slightly smaller mode volume. In contrast,

the nonlinear mode volume (green markers) is at variance with the quantum mode volumes

(red and blue markers).
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1.7 Spectroscopy of Rare Earth Ions

The lanthanides, or rare earths as they are referred to in this thesis, have unique spec-

troscopic properties arising from their electronic con�guration. The material sciences

have an intense interest in the properties of glasses, crystals, and ceramics doped

with these ions (e.g. Ce3+, Nd3+, Sm3+, Ho3+, Er3+, Tm3+, and Yb3+). All transi-

tions occur with 4f electrons deep within the ion, shielded by optically passive outer

electrons in the �lled 5s and 5d shells. This shielding \protects" the transitions from

interactions with �elds in the lattice environment. Evaluation of the glass behaviour

must include aspects of the spectroscopic properties, such as Judd-Ofelt parameters,

McCumber analysis, and cavity e�ects.

This work is concerned with Er3+ doped 
uoride and phosphate glasses, which

exhibit large homogeneous and inhomogeneous broadening of the levels compared to

doped crystals. The inhomogeneous broadening arises from an overlap of Stark levels

arising from the location of individual lattice sites for the rare earth ions, despite

the aforementioned shielding. The homogeneous broadening arises because phonons

a�ect all ions by smearing out the transitions and energies of emitted photons with

approximately the same magnitude as inhomogeneous broadening.

1.8 Selection Rules for Er3+

In principle, there should be no emissions from Er3+ due to the selection rules; all

transitions have the same parity and are, therefore, not allowed. Judd-Ofelt theory

reveals, however, that certain transitions are in fact weakly allowed when the 4f

electrons are mixed with the 5d electrons. These 5d electrons have opposite parity



23

to the 4f electrons. If transitions in the 4f levels were allowed by selection rules,

the lifetimes would typically be less than a few nanoseconds. Since the transitions

in the 4f levels are only weakly allowed, the lifetimes can range from hundreds of

microseconds to milliseconds for metastable levels.

The parameters describing the strength of these transitions are the electric dipole

oscillator strength and, to a lesser extent, the magnetic dipole oscillator strength. It

is important to note that higher order interactions are also possible. The selection

rules for electric dipole transitions in their most rigorous form are in Table 1.1 [38].

The notation in the table is used to designate energy levels in the form 2S+1LJ , e.g.,

4I15=2 for the ground level in Er3+ has S = 3=2, L = 6, and J = 15=2. The symbol J

is taken to mean the total angular momentum unless stated otherwise.

Table 1.1: Rigorous selection rules for electric dipole transitions.

Spin quantum number �S = 0

Orbital angular momentum �L = �1

Total Angular Momentum �J = 0;�1; J = 09 0

Absorption measurements over a wide spectral range - from UV to near IR - form

the basis for theoretical calculations. The McCumber theory is a powerful, and yet

simple, tool that equates the absorption cross-section to the emission cross-section

based on absorption measurements. Conceptually, the absorption cross-section is the

area of the ion that will absorb a photon passing through it. In a similar vein, the

emission cross-section is the area of the ion that will emit a photon. Therefore, the

cross-section can be interpreted as a probability of absorbing or emitting a photon.
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1.9 Radiative Emission Rates

In the previous section we mentioned a number of techniques for studying laser behav-

iour, i.e. Judd-Ofelt theory and McCumber theory. Before proceeding, we describe

three processes by which light can interact with matter: absorption, spontaneous

emission, and stimulated emission. These interactions are ascribed with three Ein-

stein Coe�cients: BJ 0;J , BJ;J 0 , and AJ;J 0 respectively. For the two level system in Fig.

1.6, these interactions are related through the equation

NJ 0BJ 0;J = NJ(BJ;J 0g(�) + AJ;J 0); (1.18)

where N is the population of the upper (J) or lower (J 0) levels, and g(�) is a lineshape

function describing the emission probability of a photon with wavelength �. This

lineshape function is given by Planck's Law.

In reality, levels J and J 0 are composed of Stark-split levels, populated according

to Boltzmann's equation. Figure 1.7 shows the population distribution for the lasing

transition in Er3+. The upper Stark-split level in 4I13=2 is only 32% of the lower

Stark-split level. This means that the Einstein coe�cients need to be taken as the

sum of each coe�cient over all the transitions from each Stark level M [38]. For the

spontaneous emission rate AJ;J 0 , this becomes

AJ;J 0 =
1

2D0 + 1

X
MJ ;MJ0

A0

J;J 0(MJ ;MJ 0); (1.19)

where D0 is the degeneracy of level J 0. Later in this thesis we will apply this theory

to Er3+ doped ZBLALiP.
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Figure 1.6: Fundamental light-matter interactions in a two level system. The notation J

and J 0 designate the upper and lower energy levels respectively.

Figure 1.7: Population of each of the Stark levels for the 1.5 �m lasing transition (4I13=2 !
4

I15=2) in Er3+.
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1.10 Material Loss Mechanisms in Lasers

In Section 1.5 several cavity loss mechanisms that degrade the Q factor were men-

tioned. In this section we consider a number of material loss mechanisms inside the

laser cavity that a�ect the lasing quantum e�ciency. The e�ciency in a downcon-

version laser, � = dPout=dPin, is governed by the energy conservation rule Esignal <

Epump, assuming that all the incident photons are absorbed.2

For most doped glasses, there will be some combination of interionic processes,

such as excited state absorption (ESA), energy transfer upconversion (ETU), and

co-operative upconversion competing with the 1.5 �m lasing emission. Upconversion

is where an electron in an ion can be excited to successively higher energy levels

either by (i) repeated excitation by pump photons or photons emitted from other

ions (i.e. radiation trapping), or by (ii) dipole-dipole interactions with one or more

excited ions a few �A apart. Case (i) usually dominates over case (ii) when the dopant

concentration is not excessive and clustering/nucleation is absent. A good overview

of upconversion processes is given in reference [39].

Phonon energies are signi�cantly large compared to the energy gap between levels

such that multi-phonon decay to lower levels cannot be ignored. This e�ect causes

heating of the glass, and is especially prominent in Er3+:Yb3+ co-doped phosphate

glasses due to the high phonon energy up to 1300 cm�1. Fluoride glass has much

lower phonon energies of 600 cm�1 maximum. The thermo-optic e�ect and thermal

expansion of the cavity can cause thermal lensing which can seriously degrade the

cavity power build-up and cause the lasing wavelength to shift. The lensing e�ect,

2The quantum e�ciency is the fraction of incident photons contributing to lasing. The quantum
defect is the ratio of the energies between the pump and lasing photons.
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which is negative for both 
uoride and phosphate glasses, results from an unequal

refractive index variation across the pump beam's Gaussian pro�le. Mode propagation

becomes distorted in the presence of this lensing. These issues have varying degrees

of importance in the two glasses of study and will be elucidated in later chapters.
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Chapter 2

Fabrication of and Coupling to

Microspheres

2.1 Introduction

In this chapter we expand on the brief introduction to tapered �bre coupling to mi-

crospheres in Chapter 1. After giving a description of the microsphere fabrication

and coupling details, the procedure for fabricating and characterising tapered �bres

- our coupling element of choice - is outlined. In terms of coupling, the taper mode

must be overlapped both spatially and spectrally with the microsphere mode. The

evanescent wave component of the light �eld is used for this purpose, and we present

how one can ensure that the coupling technique satis�es the mode-matching require-

ments when a taper �bre is used as the coupling component. Spatial mode matching

requires good taper-microsphere alignment, and spectral mode matching is achieved

by matching the propagation constant of the taper with that of the microsphere.
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2.2 Microsphere Fabrication

All the doped microspheres used for this thesis work are made in the Laboratoire

d'Optronique of ENSSAT, Lannion using a microwave plasma torch. The torch is

shown schematically in Fig. 2.1 and uses a mixture of argon and oxygen or nitrogen.

The plasma is generated using a microwave supply with an oscillator frequency of

2.4 GHz and a maximum power of 2 kW [40]. Fluoride or phosphate glass is �rst

crushed into a powder and is then slowly fed into the 
ame by hand. The glass is

melted on passing through the plasma 
ame and surface tension gives the spheres

their spherical form. After passing through, the free spheres solidify and are collected

in a dish several tens of cm beneath the torch. The diameter of the spheres produced

varies between 10 �m and 200 �m and is largely dependent on powder size. The

system can be optimised for di�erent glass materials by changing the ratio of the

gases feeding the plasma discharge.

The quality of the resulting microspheres is reliant on the black-art of carefully

selecting a suitable gas 
ow rate for the melting point of the glasses. Evidently, the

most important factor in determining the Q factor is the surface roughness, which

must be somewhat higher than that for silica microspheres fabricated from the end of

a tapered �bre using a CO2 laser, as outlined below. We have assumed that nucleation

of the dopant ions is not a problem.

Silica microspheres were fabricated by placing the end of a tapered �bre into the

beam of a 20 W Synard CO2 laser. Silica is highly absorbing at the lasing wavelength

of 10.2 �m and melts into a spherical shape under surface tension. The scanning

electron microscope image in Fig. 2.2 shows the internal \fetal-like" structure ob-

tained with clearly de�ned core and cladding regions. As glass is a poor re
ector
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Figure 2.1: Microsphere fabrication with a microwave plasma chamber. A bulk sample

is �rst ground into a powder and then injected through a quartz tube to a 
ame, where

microspheres form under surface tension. The microsphere can later be mounted on the

end of an optical �bre for manipulation (see bottom right image).

of secondary electrons, they penetrate deep into the glass while very few electrons

originate from the glass surface. The structure reveals that a WGM will propagate in

the cladding material which forms the microsphere surface. This a�ects the Q factor

in so much as absorption losses in this cladding material are higher than in the silica

core. In future work it may be possible to exploit the low absorption loss of silica

by �rst removing the cladding through etching with HF acid and then fabricating a

microsphere with the CO2 laser.
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Figure 2.2: Scanning Electron Microscope image of a silica microsphere fabricated by melt-

ing the end of a tapered optical �bre. The electrons penetrate into the microsphere, reveal-

ing the �bre core in the centre and cladding in the outer region, where the WGM should

propagate.

2.3 Introduction to Coupling

Techniques for evanescent coupling of light into microspherical cavities include prism

couplers [41], optical �bre half-block couplers [42], angle-polished �bres [43], and �bre

tapers [40]. Fibre tapers have proven to be the most attractive device for achieving

near loss-less coupling of light into microspherical cavities and exciting the funda-

mental resonant mode [25, 40]. The overlap of the taper and microsphere evanescent

�elds de�nes the strength of this coupling [30]. The attainment of small taper di-

ameters, typically in the range of 1 to 4 �m, is critical to maximise this coupling.

Recent discussions on the form of the evanescent �eld have shown the spatial extent

of the radial component of the �eld to greatly increase for diameters less than 2 �m

[44, 45]. It has also been reported that e�cient coupling of light into sub-millimetre

sized silica microspheres is possible for taper diameters up to 4.5 �m [46].
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Figure 2.3: Schematic of (a) tapered �bre-microsphere and (b) angle-polished �bre-

microsphere coupling schemes.

We start by brie
y summarising two of the most commonly used coupling schemes

nowadays: angle-polished �bres and tapered �bres. The advantages and disadvan-

tages of both schemes are discussed with reference to phase matching constraints and

maximal coupling e�ciencies. The schematic in Fig. 2.3 explains the basic concept

behind the two techniques.

2.3.1 Angle-Polished Fibres

We initially investigated these couplers as a robust method of coupling. The device

is a hybrid of the more traditional prism and taper couplers [43]. The fabrication

consists of polishing the end of a single mode �bre to an angle su�cient to obtain

e�cient coupling into the sphere. By placing the sphere at the polished surface, TIR

conditions will be met. Likewise, this is the case with prism coupling. Therefore, the

phase matching condition is controlled by the polish angle, � = arcsin(nsphere=nfibre).
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The e�ective index of the resonant mode in the sphere is found from nsphere = lns=x
(n)
l

where ns is the refractive index of the sphere material, for example silica, as deter-

mined from the Sellmeier dispersion formula, and l is the polar mode number. The

e�ective index of the �bre is assumed to be �=k, where � is the propagation constant

for the sphere material and k is the free space propagation constant, and is evaluated

from Eqn. 2.1 for the fundamental HE11 mode. Figure 2.4 shows the required polish

angle as a function of sphere radius for n = 1 and n = 2 modes at a wavelength

of 980 nm. For decreasing sphere sizes the phase matching condition becomes more

selective with almost a 1� angle to 1 �m diameter correspondence.

Among the advantages of angle-polished �bres are their robustness and small

package size. Further advantages of angle-polished �bres are the ease of alignment of

the sphere and �bre as the interaction region is larger, and good coupling e�ciencies

of up to 60% [43]. One disadvantage of using �bre tapers is the competing requirement

of small diameter to maximise the evanescent �eld, against a suitably large diameter

for good phase matching. For example, a silica �bre diameter of 6 �m is required to

phase match an Er3+:ZBLAN sphere with a diameter of 100 �m [40]. The fraction of

the �eld in the core of the �bre is 100% for this diameter taper.

2.3.2 Tapered Fibres

In order to e�ectively couple light into a microsphere, the angular momentum and

propagation constant of the pump beam must match that of the WGMs within the

sphere, in such a way that there is phase matching at the point of closest contact.

We decided on tapered �bres as opposed to angle-polished �bres to achieve this.

Light is coupled between the microsphere and �bre via evanescent wave coupling.
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Figure 2.4: Calculated polish angle as a function of sphere radius for a wavelength of 980

nm for the fundamental n = 1 mode, and the n = 2 mode.

The technique involves overlapping the sphere with the evanescent �eld of the �bre

while maintaining good phase matching. In contrast to angle-polished �bres, tapered

�bres can achieve greater than 99% coupling e�ciency when operating at their critical

coupling position [25].

2.4 Mode Propagation Constants

The transcendental equation for the propagation constant of a �bre is given by [47]

�
J 0

n(ha)

haJn(ha)
+

K 0

n(qa)

qaKn(qa)

� �
n2coreJ

0

n(ha)

haJn(ha)

�
=

�
n�

k

�2 �
(qa)�2 + (ha)�2

�2
; (2.1)

for HEnm and EHnm modes, where Jn(Kn) is a Bessel function (modi�ed Hankel

function of the second kind) of order n, k is the free space propagation constant, ncore

is the index of the core, nclad is the index of the cladding, h
2 = n2corek

2��2 is the radial
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propagation constant in the core, q2 = n2cladk
2��2 is the radial propagation constant

in the cladding, and the prime denotes di�erentiation with respect to the argument.

Eqn. 2.1 is solved numerically for the fundamental HE11 �bre mode for speci�c taper

diameters. The propagation constant of the sphere is � = kl=xnlm, where xnlm is the

microsphere size parameter determined from Eqn. 1.4.1 Similar equations for TE

and TM modes can be obtained [47], and are plotted in Fig. 2.5(a). A summary

of waveguiding properties of tapered �bres is given in [44] and [47]. The taper and

sphere are phase matched when the di�erence between propagation constants is zero.

This is represented in Fig. 2.5(b) for a silica microsphere at 980 nm.

2.5 Tapered Fibre Fields

If e�cient coupling is to be achieved using tapers or half-tapers, it is imperative that

the taper be only a few microns in diameter. Taper coupling provides a simple and

potentially compact method of exciting the sphere. We fabricate low-loss 3-4 �m

diameter tapers using a 25 W CO2 Synrad laser, and 1-2 �m diameter tapers using

either a ceramic �bre heater or a 
ame. Fibre taper coupling e�ciencies of more than

99% have been reported [25], indicating excellent phase matching between the taper

and microsphere.

As with the microsphere, the �eld inside the �bre is described by a Bessel function,

and the �eld outside the �bre is described by a Hankel function. For �elds inside the

1All calculations, both with the microsphere and tapered �bre, should be done with the e�ective
index, neff and not simply nsphere or ncore. However, it is sometimes acceptable to approximate
neff for convenience.
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�bre, the exact electric �eld equations in cylindrical coordinates are [44]

er = �a1J0(2ahR) + a2J2(2ahR)

J1(2ah)
f1(�)

e� = �a1J0(2ahR)� a2J2(2ahR)

J1(2ah)
g1(�)

ez = �i2ah
a�

J1(2ahR)

J1(2ah)
f1(�):

(2.2)

The �elds outside the �bre are given by:

er = �2ah

2aq

a1K0(2aqR)� a2K2(2aqR)

K1(2aq)
f1(�)

e� = �2ah

W

a1K0(2aqR) + a2K2(2aqR)

K1(2aq)
g1(�)

ez = �i2ah
a�

K1(2aqR)

K1(2aq)
f1(�):

(2.3)

The linear polarisation is given by f1(�) and g1(�), which are sine and cosine func-

tions around the �bre respectively. The other variables are not de�ned here, but the

interested reader can refer to [44] for details.

Another representation of these equations that has much importance for taper-

microsphere coupling, as well as atom-light interactions, is the Poynting vector. The

Poynting vector gives the power density across the �bre and outside the �bre in the

evanescent region, i.e. the mode pattern. In the limit of a weakly guiding approxi-

mation, the Poynting vector is given by
�!
S (r) = 1

2

�!
E ��!H , and is proportional to the

square of the Bessel or Hankel function [44]. Figure 2.6 shows this calculation for a

�bre of radius 0.6 �m and light of wavelength 1.5 �m. An important feature in this

plot is the sharp discontinuity at the �bre surface, which only becomes appreciable

for diameters below roughly 2 �m. At this radius of 0.6 �m, about 18% of the power

is in the evanescent region, while for a radius of 1.5 �m there is only about 1% of the

power in the evanescent region.
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(a) Propagation constant at 980 nm.

(b) Phase matching condition at 980 nm for a silica microsphere.

Figure 2.5: (a) Propagation constant for the fundamental HE11 mode at 980 nm, and (b)

phase matching condition at 980 nm in a silica microsphere.
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Figure 2.6: Poynting vector for a 0.5 �m radius �bre taper for light with a wavelength of

1.5 �m. The boundary of the �bre wall shows a discontinuity in the vector �eld causing a

large power density. The evanescent �eld is quasi linearly polarised.

2.6 Fabrication and Characterisation of Tapered

Fibres2

This section describes how we designed a reproducible method of fabricating adiabatic

tapers with 3-4 �m diameter. The method is based on a heat-and-pull rig, whereby

a CO2 laser is continuously scanned across a length of �bre that is being pulled

synchronously. Our system relies on a CO2-compatible mirror mounted on a geared

stepper motor in order to scan the laser beam across the taper region. We show

that this system o�ers a reliable alternative to more traditional rigs incorporating

galvanometer scanners. Transmission losses are routinely between 0.1 and 0.3 dB,

2The following sections have appeared in \Heat-and-pull rig for �ber taper fabrica-
tion," Rev. Sci. Instrum., 77, 083105, (2006).



39

indicating the satisfactory production of adiabatic tapers. The operation of the rig is

described in detail, and an analysis on the produced tapers is provided. The 
exibility

of the rig is demonstrated by fabricating prolate dielectric microresonators (so-called

"bottle" resonators) using a micro-tapering technique. Such a rig is of interest to

a range of �elds that require tapered �bre fabrication, such as microcavity-taper

coupling, optical �bre sensing, and the fabrication of fused biconical tapered couplers.

It should be noted at the outset that �bre tapers fabricated using this rig were only

used in early experiments. The experiments in Chapters 3 and 4 relied on 1 �m

diameter �bre tapers fabricated using either a butane torch or ceramic heaters.

2.6.1 Introduction

The four most widely exploited means of achieving micron-sized tapers are by 
ame

[25, 48, 49], CO2 laser heating [50], micro-furnace [51, 52], and, to a lesser extent,

fusion splicer [40]. While subwavelength diameters have been shown to be achievable

with the 
ame method, it presents signi�cant technical challenges [49]. Firstly, the

gas 
ow rate must be precisely regulated in order to maintain a suitable temperature.

Secondly, the purity of the gas supply becomes increasingly important for smaller

taper diameters due to contamination concerns. Air currents in the vicinity of the


ame also pose a problem by causing areas of uneven heating, thereby limiting the

option of scanning the 
ame across a length of �bre.3 Despite being able to produce

sub-micron tapers with the micro-furnace method, the �bres cannot be controllably

structured to produce di�erent taper pro�les. We have also found that such tapers

are not adiabatic, and the micro-furnace itself degrades substantially after fabricating

3The alternative is to scan the taper over the stationary 
ame. This has the added advantage of
producing long taper waists.
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a few dozen tapered �bres.

As an alternative, CO2 lasers present a largely stable and easily controllable

method of heating a �bre. Air currents or other deleterious environmental e�ects

bear no consequence on the power output or the ability to scan the beam across the

�bre with a mirror scanner. It is possible to precisely control the length of �bre to be

heated (i.e. the hot-zone), thereby yielding any desired taper pro�le [53]. The physi-

cal process of heating a �bre with a laser beam involves the �bre absorbing radiation

and heating from the inside, whereas for a 
ame the process involves heating the sur-

face of the �bre. There is an inverse square relationship between radius and heating

for a CO2 laser heat source, while for a 
ame heat source there is simply an inverse

relationship between heating and radius. This ultimately places a stricter limit on the

minimum taper diameter attainable for a given CO2 laser power as compared with a


ame heat source [54]. Previous reported attempts of producing tapers using the CO2

laser technique have achieved a diameter of 4.6 �m with a CO2 laser power of 13 W,

and FWHM spot size of 820 �m using a galvanometer mirror scanner [50]. Here, we

describe a reliable method of fabricating low-loss 3-4 �m diameter tapers as well as

the possibility of fabricating bottle-resonators using a micro-tapering technique with

a 25 W CO2 laser.

Our fabrication method relies on the use of a geared stepper motor to scan the

laser beam rather than the more traditional galvanometer. Implementation of our

rig is trivial, requiring only interconnection of the stepper motor with the controller

circuit. In contrast, Galvanometer scanners require PD (proportional-derivative) or

PID (proportional-integral-derivative) control, which can be awkward to tune cor-

rectly. From a mechanical perspective, the stepper motor has a more robust design
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and better torque, which negates any e�ects induced by the inertia of the mirror

attached to the shaft of the motor. Additionally, the stepper motor represents a

signi�cant cost saving since the cost of a scanning galvanometer system is typically

in excess of US $1990 [55], while the cost of a Radionics hybrid stepper motor, gear

box, and controller circuit is approximately US $210 [56]. The following subsections

describe the procedure and requirements for pulling adiabatic �bre tapers [53, 57]

with typical losses in the range of 0.1 to 0.3 dB at 980 nm, and prolate resonators.

2.6.2 Experiment

A schematic of the laser-scanning rig for taper fabrication is shown in Fig. 2.7.

Custom designed software automates all the instrument control and data acquisition

through serial and USB interfaces, thereby ensuring ease of parameter adjustment

and reproducibility. A 12.5 cm focal length ZnSe lens focuses the laser beam onto

the �bre with a FWHM spot size of approximately 500 �m, 5.5 cm in front of the

scanning mirror. The stepper motor used in conjunction with a 500:1 gear box in half-

step mode has a resolution of 1:8�10�3 degrees per half-step, which corresponds to a

hot-spot translation of around 1.7 �m per half-step on the �bre. The hot-spot refers

to the point on the �bre which is being heated by the laser beam at any instant. A 100

gold mirror and holder are vertically mounted on the shaft of the gear box. The CO2

laser beam is incident on the centre of the mirror at an angle of 45� and is directed

onto the �bre. A Thurlby Thander TG250 function generator, connected to the

stepper motor controller circuit, cyclically scans the mirror through a sweep angle of

approximately 10�, thereby scanning the laser beam across the �bre. Alternatively, we

can use customised limit switches to control the sweep angle of the mirror. Another
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Figure 2.7: Schematic of the taper fabrication rig. Dashed lines indicate control lines or

data transfer.

function generator, connected to the stepper motor controller circuit, provides the

clocking pulses, which dictate the speed at which the mirror scans the laser beam.

The discrete nature of the stepper motor step-size is smeared out by the size of the

beam at the focus. Two motorised translation stages (Standa Ltd., Lithuania) pull

the ends of the �bre taper (SM980 single mode �bre from Fibercore) with a resolution

of 1 �m. As the taper is being drawn, the transmission loss of a 980 nm diode laser

through the �bre is monitored with a Thorlabs Si-photodiode (DET-series) connected

to a digital storage oscilloscope. The computer provides an analog voltage signal to

the UC-2000 laser controller.

Since the taper pro�le closely follows an exponential pro�le, we use this relation-

ship to predict suitable scan lengths, L, and pull lengths, z, for any desired taper

waist radius, r(z),

r(z) = ro exp(�z=L); (2.4)
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where ro is the initial �bre radius before tapering [53]. There is some 
exibility in

choosing z and L. Scan lengths ranging from 5 to 15 mm and pull lengths ranging

from 12 to 40 mm were examined, and all yielded low transmission losses and taper

diameters of 3-4 �m. We found that Eqn. 2.4 always gives an accurate prediction

of the waist diameter. The pull speed is less 
exible, and a value of 80-110 �m per

second provided the best results. Several preparatory steps are essential in ensuring

�nished taper quality. Firstly, the �bre is liberally cleaned with acetone to remove

inorganic substances. It is imperative that the laser beam and �bre be horizontal to

within a few tens of microns so that the focus of the beam covers the �bre precisely

throughout the scan. The �bre must also be slightly taut before attempting this

alignment. Failure to optimise the alignment before starting fabrication results in

sagging and possible vibrations of the �bre, which tends to distort taper pro�les,

leading to high transmission losses. The polarisation of the laser beam is set vertical

to the �bre so that the absorption coe�cient is maximised [54].

The taper pro�le was measured under a Nikon MM-66 microscope with a reso-

lution of 2-4 �m and is shown in Fig. 2.8. Surface roughness on the taper is not

noticeable as evidenced by the inset SEM image.

2.6.3 Results and Discussion

As a rule, tapers can only be produced with low losses if their pro�le follows the adi-

abaticity criterion [57]. This criterion requires the taper pro�le to be such that the

change in taper angle is small enough to prevent light propagation being either coupled

from the fundamental mode, HE11, to higher order parasitic modes in the �bre or be-

ing lost as radiation. The criterion can be stated as jdr=dzj � �(z)[�1(z)��2(z)]=2�,
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Figure 2.8: Taper pro�le for a 3 �m diameter taper. The pull length is 40 mm, the scan

length is 7 mm, and the initial taper diameter is 125 �m. The inset shows an SEM image

of a section of the taper with a diameter of 5.9 �m. The inset bar in the lower right is 1.0

�m.

where jdr=dzj de�nes the local taper angle, 
(z), by the trigonometric expression


(z) = arctan jdr=dzj. The other variables are �(z), the local core radius, �1(z) and
�2(z), the local propagation constants of the fundamental mode and the next closest

mode respectively, and z is along the �bre axis [53, 57]. The transcendental equation

for the propagation constants has been solved numerically as a function of local taper

diameter. Figure 2.9 shows a plot of this criterion and of the core taper angle of a

typical adiabatic taper as produced by the above described method. The taper curve

is based on an optimum exponential �t of the measurements in Fig. 2.8 and has the

form as described by Eqn. 2.4.

When the angle of the delineation curve is less than approximately ten times the
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Figure 2.9: Approximated length-scale delineation curves for three taper fabrication tech-

niques - direct CO2 heating, indirect micro-furnace heating, and a 2-step process employing

both techniques. The green trace represents the delineation between guidance and non-

guidance of light.
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taper angle, the light in the propagating mode will be lost to parasitic modes. While

the �bre has only a single propagating mode in the untapered region, the taper itself

contains multiple modes since the light is cladding-air guided. For a taper waist ra-

dius, ra, of 1.5 �m, the core guidance parameter V = kra
p
n2core � n2clad � 9:669 >

2:405 at a wavelength of 980 nm, indicating the taper is multimoded [45]. The refrac-

tive index of the core, ncore, is actually the e�ective index of the fundamental mode

determined from �1(z)=k, where k is the free space wavenumber, and the refractive

index of the air cladding, nclad, is 1. Once the taper is adiabatic, and below a diameter

of about 0.8 �m at a wavelength of 980 nm, light only propagates in the fundamental

mode.

The delineation curve in Fig. 2.9 is read from right to left when considering a de-

creasing taper diameter. Starting from the untapered region on the right, the initial

taper transition consists of a core, where the light propagates, and a cladding, where

the refractive index di�erence is � = (ncore � nclad)=nclad = 7:8 � 10�3. An approx-

imation for the core guidance curve is given in [57], and is based on the assumption

of an in�nite cladding diameter. Gradually, the diameter and core guidance parame-

ter decrease until the core e�ectively disappears and the propagating light becomes

cladding-air guided. At the taper waist, there is a large index di�erence of about 0.42

between the cladding and surrounding air causing the core guidance parameter to

gradually increase; this is shown as an increase in the angle of the delineation curve.

Similarly, for the cladding guidance curve an approximation is given in [57], and is

based on the assumption that the core diameter is vanishing. Figure 2.8 shows a typi-

cal taper angle decreasing when approaching the taper waist. Both core and cladding

contribute to distinct regions in the delineation curve. The taper clearly meets the
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adiabaticity criterion since the angle of the taper transitions is su�ciently below the

delineation curve. Using a shorter wavelength diode laser would proportionately shift

the delineation curve to the left and this would increase the taper-delineation curve

separation, consequently giving lower losses.

2.6.4 Micro-furnace Tapering

Subwavelength diameters of below 100 nm have been achieved with the micro-furnace

method [58]. A 20 W CO2 laser heats a small Sapphire tube (8-10 mm long, 2 mm

outer diameter, and 0.8 mm inner diameter) that surrounds the �bre rather than

directly heating the �bre with the laser. Alignment of the beam focus with the taper

is not as stringent as compared to the direct laser heating method. A limitation of

this method is that microstructuring of the �bre pro�le cannot be achieved. Di�erent

taper shapes may not be easily produced since the hot-zone cannot be precisely varied

and is typically several millimetres in length, and a very short hot-zone is vital for

the micro-tapering step when producing bottle resonators. Furthermore, high losses

of several dB have thus far been observed with the micro-furnace method because

the taper transitions are non-adiabatic as shown in the delineation curve in Fig. 2.9.

This is detrimental when coupling to the fundamental mode of a microresonator.

2.6.5 Fabrication of Prolate Microresonators

In recent years, interest in the use of microspherical resonators in cavity QED ex-

periments has increased [10]. The use of such microcavities in these experiments

requires the possibility of tuning the resonance frequency of the microcavity to an

atomic line. In principle, there are two main methods of achieving this: strain tuning
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Figure 2.10: Optical micrograph of a bottle resonator with a diameter of 12 �m and a

length of 300 �m. The bar is 10 �m.

and temperature tuning. Strain tuning can be used to sweep the resonant frequency

through the cavity FSR, whereas temperature tuning is limited to a fraction of the

FSR [59]. Temperature tuning is unsuitable as a stand-alone method, and the fab-

rication of microspheres suitable for the strain tuning apparatus is di�cult. A new

type of prolate microcavity that o�ers potentially greater 
exibility in tuning the

microcavity resonance frequency has recently been described theoretically in the lit-

erature [60, 52]. Strain tuning of these bottle resonators may tune the frequency over

several FSR, while temperature tuning over a single FSR may only require a few tens

of Kelvin. Another appealing feature compared with typical spherical microcavities

is the stronger evanescent �eld at the bottle resonator surface due to the smaller

resonator dimensions.

The bottle resonator in Fig. 2.10 is produced with similar dimensions to the

one described in the theoretical work of Louyer et al. [60] and Sumetsky [52]. The

resonator has a midsection diameter of 12 �m and a length of approximately 300

�m. Shorter bottle resonators are limited by the size of the hot-spot. Kakarantzas

et al. [61] describe a bottle resonator 160 �m long with a diameter of 16 �m. The
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fabrication begins with tapering of the �bre down to a waist diameter of 10-20 �m

as described already. Each micro-tapered section on either side of the resonator is

produced by pulling the taper at a speed of 10 �m per second for a length of about

0.2 mm while keeping the hot-spot stationary. The discrete rotation of the stepper

motor shaft allows the scanning mirror to direct the beam onto exact locations, where

micro-tapering is to take place.

2.6.6 Conclusions

In this chapter, we have described the fabrication methods used for our passive and

active microspheres. Most work in this thesis deals with active spheres fabricated

from Er doped 
uoride or phosphate glasses. In addition, we have devised a simple

procedure for producing �bre tapers as coupling elements into the microspheres. This

method routinely produces 3-4 �m diameter tapers using commercial single-mode

SM980 �bre. A stepper motor and gear box can be used to scan the laser beam

across the �bre with su�cient precision as an inexpensive alternative to the more

traditional galvanometer scanners reported for 
ame systems. Transmission losses of

0.3 � 0.2 dB at a wavelength of 980 nm are within acceptable limits of other tapering

rigs described in the literature [62]. We verify our optical microscope measurements

of the taper diameter with SEM imaging. This rig is of interest for applications

involving microresonator coupling. The rig can also be used to produce long period

gratings [61] and fused biconical taper couplers [62]. Apart from the cost savings of

such a laser-scanning rig, we have shown its 
exibility for producing bottle resonators.

This technique involves micro-tapering a �bre over a distance of about 0.2 mm and

at a very slow speed. The dimensions of this new type of resonator can be precisely
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controlled. The discrete step-size of the stepper motor can be used to control the

length of the resonator with a resolution of approximately 1.7 �m per half-step given

the current rig con�guration. The diameter of the bottle resonators can be as small

as 3-4 �m. Installation and operation of our laser-scanning rig requires a minimum

amount of skill compared with most other tapering methods. Smaller diameter tapers

and shorter bottle resonators would, no doubt, be possible by �rst expanding the CO2

beam before focusing it through the 12.5 cm lens, thereby yielding a higher power

density by virtue of the smaller size of the laser beam at the focus. Even though

the micro-furnace tapering method can achieve any reasonable diameter required for

microcavity coupling, the tapers are not adiabatic and the CO2 technique is still

required for bottle resonator fabrication.
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Chapter 3

E�cient Upconversions in Heavy

Metal Fluoride Glass: Er3+ doped

ZBLALiP

3.1 Introduction1

Results on the realisation of a multicolour microspherical glass light source fabricated

from the erbium doped 
uoride glass ZBLALiP are presented in this chapter. Whis-

pering gallery mode lasing and upconversion processes give rise to laser and 
uorescent

emissions at multiple wavelengths from the ultraviolet to the infrared. Thirteen dis-

crete emissions ranging from 320 in the ultraviolet to 850 nm in the infrared have been

observed in the upconversion spectrum. The absorption and 
uorescence properties,

and infrared lasing are studied, and the processes responsible for the generation of

the observed wavelengths are outlined. We report, to the best of our knowledge, the

�rst observation of 320 nm upconversion emission following 980 nm pumping of Er3+.

1This chapter has appeared in \Upconversion channels in Er:ZBLALiP: a multi-color
microspherical light source," Eur. Phys. J. Appl. Phys., 40, 181, (2007).
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In recent years, much e�ort has been devoted to the exploitation of upconver-

sion mechanisms in rare-earth ion doped materials to yield a range of wavelengths

from near infrared to ultraviolet. The spectral properties of the resulting 
uores-

cence and/or lasing emissions depends on the choice of dopant and the host matrix

in which it is embedded. In particular, microspheres fabricated from rare-earth ion

doped materials have been shown to operate as miniature laser devices [40, 24]. The

close proximity of numerous energy levels in triply-ionised rare earth ions is advan-

tageous for obtaining 
uorescent and lasing emissions through various upconversion

mechanisms, such as excited state absorption (ESA), energy transfer upconversion

(ETU), and photon avalanche (PA) [63]. This combination of active medium and res-

onant cavity has resulted in much research focusing on the characterisation of doped

microspheres.

The interest in heavy metal 
uoride glasses (HMFG) is due to the ultra-low ab-

sorption losses compared to the more traditional silica glass shown in Fig. 3.1. Fluo-

rozirconate glasses are ideal for producing upconversion emissions due to their lower

phonon energy (600 cm�1 max.) compared with silica (1190 cm�1 max.), for exam-

ple. The �gure shows losses of around 0.001 dB/km at 2.6 �m, whereas for silica,

the losses are an order of magnitude greater. Unfortunately, ZBLAN usually su�ers

from recrystallisation problems when drawn into long �bres suitable for telecommu-

nications.

The vast majority of work on activated glasses found in the literature deal with

bulk samples, waveguides, and to a lesser extent, microcavities. The suitability of


uoride glasses as rare-earth host materials has long been known [64], as their low
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Figure 3.1: The theoretical absorption loss of ZBLAN is compared to that of experimentally

realised �bres from the visible to the near infra-red [23]. The attenuation in silica is higher

by a factor of about 10 or more.

phonon energies determine multiphonon relaxation rates, and, ultimately, the e�-

ciency of upconversion processes. Preliminary work on the material and IR lasing

properties of Er3+:ZBLALiP was presented in [24]. Here, this work is extended to a

more systematic study of the upconversion processes involved in 980 nm pumping of

Er3+:ZBLALiP microspheres.
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3.2 ZBLALiP Material Properties

We start by brie
y introducing the material properties of ZBLALiP. A detailed study

of some fundamental material properties of Er3+ doped ZBLALiP (ZrF4-BaF2-LaF3-

AlF3-LiF-PbF2) glass has been presented in an earlier paper [24]. That work described

the improved stability of ZBLALiP with respect to similar 
uorozirconate glasses

and its suitability as a host for rare-earth ions. Additional material properties are

presented here, including the absorption spectrum for a 5.8 mm thick bulk sample of

0.2 mol% Er3+:ZBLALiP (c.f. Fig. 3.2). Twelve absorption bands are indicated in

Fig. 3.2(a) and represent the transitions from the ground state 4I15=2 �! AN with

A1 =
2G9=2 +

2 K15=2 +
2 G7=2, A2 =

4G11=2, A3 =
2H9=2, A4 =

4F3=2, A5 =
4F5=2, A6

= 4F7=2, A7 =
2H11=2, A8 =

4S3=2, A9 =
4F9=2, A10 =

4I9=2, A11 =
4I11=2, and A12 =

4I13=2. We use the same glass sample as described in [24]. Figure 3.2(b) shows the

absorption in the C-band. The measured energy levels for Er3+ is shown in Fig. 3.3

and are discussed further in Section 3.5.

An important parameter, especially in relation to phase matching, is the spectral

variation of the refractive index in the material. We will assume that ZBLALiP has

a similar behaviour to ZBLAN and use a Cauchy formula to estimate the wavelength

dependence such that the refractive index is [38]

ns(�) = A��4 +B��2 + C +D�2 + E�4; (3.1)

where the coe�cients are A = 1:35123 � 10�5�m4; B = 2:94780 � 10�3�m2; C =

1:48965D = �1:30933� 10�3�m�2; and E = �3:23335� 10�6�m�4.

When lead is added to ZBLAN - as is the case with the P component in ZBLALiP

- the refractive index is linearly increased across the whole spectrum. Figure 3.4 was
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(a) UV to visible absorption spectrum of ZBLALiP bulk glass.

(b) C-band absorption spectrum of ZBLALiP bulk glass.

Figure 3.2: Absorption spectra for 0.2 mol% Er3+ doped ZBLALiP bulk glass at optical

and IR wavelengths.
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Figure 3.3: Er3+ energy level diagram with radiative (solid lines) and non-radiative tran-

sitions for a 976 nm pump. The thick, black line at 1540 nm indicates the C-band lasing

transition.

generated from Eqn. 3.1 and the measurement of the refractive index for ZBLALiP at

1.5 �m, 1.49, was used as an o�set from the pure ZBLAN graph. It can be seen that

the UV and violet parts of the spectrum have a rapidly increasing refractive index,

which complicates phase matching at multiple wavelengths. This complication is in

addition to the spectral variation of phase matching when the simpli�ed assumption

of a constant refractive index is taken.
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Figure 3.4: Theoretical refractive index variation as a function of wavelength in ZBLALiP.

3.3 Experimental Details

The Er3+:ZBLALiP microspheres studied for this work contain erbium at a concen-

tration of 0.2 mol%, which equates to 4�1019 Er3+ ions/cm3. It should be noted that,

at this concentration, energy transfer (ET) is not expected to play a major role, and,

as such, excited state absorption (ESA) is the dominant mechanism in the upconver-

sion process [65]. Nevertheless, due to the non-trivial problem of distinguishing the

two mechanisms, some authors have suggested that ET may play a role even when

the dopant concentration is below the critical value of about 1 mol% [66]-[68]. This

may be true if ion clustering is present.

In our work, the C-band lasing characteristics and upconversion spectrum are

investigated at room temperature using a single mode 980 nm diode laser pump
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(Avanex, 1998 PLM) with a spectral width of about 1 nm under CW pumping condi-

tions. Figure 3.5 is a schematic of the experimental setup. Up to 15 mW of power from

the diode laser (DL) is coupled into a tapered �bre. A �bre coupled isolator (Agiltron,

980 nm), with 1 dB insertion loss, is placed after the DL to prevent back-re
ection

from other optical components down the line. We monitor the DL power during

the microsphere-taper alignment using the 10% line on a 10:90% coupler (Fibercom,

EFAG0306207) connected to a power meter (Thorlabs). Typically, 10-15% of the

pump light is coupled into the microsphere.2 A �bred variable attenuator (VA - OZ

optics, BB-100-11-980-61-125-S-40-3S3S-1-1) controls the power. The emissions are

collected in two ways: the scattered 
uorescence emissions are collected using a free-

space probe connected to a CCD spectrometer (Ocean Optics, CCD 2000) located

about 1 mm from the microsphere: and the C-band lasing is collected from the output

port of the tapered �bre connected to an optical spectrum analyser (OSA - Anritsu,

MS9710B). Some residual power from the pump is measurable in the C-band, even

though the pump wavelength is about 550 nm away from the lasing wavelength at 1.5

�m. A 980/1550 nm WDM is used to provide further isolation, thereby ensuring that

the detected pump power in the C-band remains below around 100 pW, depending

on the bandwidth setting on the OSA.

The tapered �bre is fabricated in order to e�ciently couple the pump into the

microsphere and e�ciently collect the infrared lasing spectrum. A 1550 nm SMF-28

�bre was adiabatically tapered to a diameter of 1 �m using a butane 
ame following

a similar technique as described in Section 2.6. The transmission loss of these tapers

2This measurement is rather crude as it excludes any estimation of the light scattered from the
taper-sphere coupling junction. A more accurate method would involve measuring the nonresonant
transmitted light before and after contact with the microsphere using a narrow linewidth laser.
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Figure 3.5: The experimental setup schematically represents how the microsphere is excited

with a 980 nm diode laser (DL) and the emissions are collected. The 
uorescence is collected

on a CCD spectrometer, and the lasing emission is collected in an optical spectrum analyser

(OSA). Legend: OI - optical isolator, VA - variable attenuator, WDM - wavelength division

multiplexer.

is typically less than 0.1 dB/cm. Optimum mechanical alignment of the taper and

microsphere is achieved by moving the microsphere to di�erent locations along the

taper until the microsphere emission spectrum about 1.5 �m is maximised on the

OSA. This coupling e�ciency is, in part, due to the broad spectral nature of the

pump laser relative to the whispering gallery mode resonances of the microsphere, and

can be improved by the use of a narrow linewidth pump source [46]. Only when the

taper and microsphere are critically coupled is � 100% coupling expected. A typical

emission spectrum is presented in Fig. 3.6 and the inset shows the characteristic

WGM bands about the sphere equator.

The taper-microsphere coupling is performed under a Zeiss Stemi 2000-C micro-

scope using either a CCD camera (JAI, CV-S3200) or the eyepieces. Due to vibrations

in the microscope support arm, it is di�cult to use a �50 magni�cation objective.
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Figure 3.6: 66 �m diameter microsphere lasing spectrum about 1.5 �m showing whispering

gallery mode structure. Inset: microsphere and �bre taper with a green WGM. The FSR

is 7.8 nm.

Alternatively, we can mount the taper-microsphere coupling rig on a Nikon MM-66

microscope, which o�ers greater mechanical stability and �ne control over x-y move-

ments of the microscope table. This setup allows us to use a �100 magni�cation

objective, if needed, without any noticeable vibrations.

3.4 McCumber Analysis

The emission cross-section, �ems, for Er
3+:ZBLALiP around 1.5 �m can be determined

from the absorption spectrum in Fig. 3.2. Before proceeding with the analysis, the

absorption cross-section, �abs, for each of the levels must be evaluated using the

following expression [67]

�abs(�) =
� ln(A)

lNEr
; (3.2)
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whereA is the absorbance, l is the sample thickness, andNEr is the Er
3+ concentration

of 3:76 � 1019 cm�3 (c.f. Fig. 3.3 for the energy level diagram). Using McCumber

theory, under the assumption of a strongly phonon coupled system [69], the emission

cross-section is given by

�ems(�) = �abs(�)
ZL

ZU
exp

�
� hc

�kBT

�
; (3.3)

where ZL (ZU) is the partition function of the lower (upper) state given by a summa-

tion of continuous levels
P

exp�Ei=kBT , where �Ei is the energy di�erence between

the Stark split sublevels and the lowest energy level in the lower (upper) manifold, h

is Planck's constant, c is the speed of light, kB is Boltzmann's constant, and T is the

temperature in Kelvin. From Eqn. 3.3, the bulk sample of Er3+:ZBLALiP has a peak

emission cross-section of 4:6 � 10�21 cm2 in the C-band, which compares well with

4:9� 10�21 cm2 measured for 
uoroindate glasses [70] and 4:6� 10�21 cm2 measured

in ZBLAN [71].

Figure 3.7 presents the absorption and emission cross-section measurement for 0.2

mol% Er3+:ZBLALiP in the C-band and pump band. The cross-sections e�ectively

give the probability that an ion will absorb or emit a photon over a particular spectral

region. By a simple extension of this de�nition, the spectral gain coe�cient, G(�), can

be determined in terms of the fraction of the ion population, pEr, in the metastable

level, 4I13=2, using the formula

G(�) = NEr [pEr�ems(�)� (1� pEr)�abs(�)] : (3.4)

Figure 3.8 shows that emissions from 4I13=2 at shorter wavelengths become possible

as the population inversion increases. For example, an emission at 1560 nm becomes
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(a) C-band

(b) Pump band

Figure 3.7: Absorption and emission cross-sections for 0.2 mol% Er3+ doped bulk ZBLALiP.
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favourable only when the gain coe�cient is positive at that wavelength, which corre-

sponds to a fraction pEr � 40%. This does not mean, however, that lasing will occur

because the lasing threshold at a particular wavelength is dependent on the Q factor

of the cavity mode. Note also, the degree of population inversion is governed by the

pump power.

Figure 3.8: Gain coe�cient for di�erent population inversions between the metastable 4I13=2

and the ground level 4I15=2. The percentages correspond to di�erent amounts of population

inversion.

3.5 Judd-Ofelt Analysis

The absorption cross-sections can reveal several important material properties. The

process of analysing this data has been described in numerous papers, and is known
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as Judd-Ofelt (JO) analysis [72]-[74]. The JO intensity parameters, 
t, (t = 2, 4, 6),

are derived from the electric-dipole contributions of the measured line strengths by a

least-squares-�tting approach to minimise the rms deviation with the calculated line

strength. Throughout this work we use the JO intensity parameters, 
 = 3:12�0:15�
10�20 cm2, 
 = 1:49�0:07�10�20 cm2, and 
 = 1:15�0:03�10�20 cm2, as previously

calculated in [24], since we use the same glass sample to fabricate our microspheres.

These three parameters dictate all the material properties determined in this section.

A spectroscopic quality factor can be de�ned as 
4=
6, yielding a value of 1.30 for

the quoted intensity parameters. A higher number makes miniaturisation of devices

easier while improving their performance. Table 3.5 compares Er3+:ZBLALiP to

other erbium-doped glasses. The three parameters in ZBLALiP are quite similar to

the other 
uorozirconate glasses, as expected. In contrast, the 
2 value is appreciably

smaller than in most other glasses, such as silicate, phosphate, and tellurite.

Table 3.1: Comparison of Judd-Ofelt parameters for 
uoride and other glasses doped with

Er3+.


2�10
�20cm2 
4�10

�20cm2 
6�10
�20cm2 Ref.

ZBLALiP 3.12�0.15 1.49�0.07 1.15�0.03 [24]

ZBLAN 2.37�0.15 1.24�0.23 0.73�0.16 [72]

ZBLAN 2.912 1.464 1.184 [38]

Al/Silicate 5.59 1.42 0.87 [75]

Phosphate 4.67 1.37 0.77 [75]

Tellurite 5.34 1.75 0.94 [75]

A larger 
2 indicates greater asymmetry of the host glass, while a larger 
6 has
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a dominant in
uence on the electric dipole line strength, Sed, of the lasing transition

4I13=2 !4 I15=2, as shown in the expression

Sed
�
4I13=2 !4 I15=2

�
= 0:0195
2 + 0:1173
4 + 1:4316
6: (3.5)

Equation 3.5 can be expressed more generally as

Sed =
X

t=2;4;6


tjh(S; L)J jjU tjj(S 0; L0J 0ij2; (3.6)

where jh(S; L)J jjU tjj(S 0; L0J 0ij2 are the double reduced matrix elements of the unit

tensor operator, U , and are assumed to be independent of the host material [73].

Therefore, we have taken the matrix elements from references [73, 74, 70] for our

calculations, and these are reproduced in Table 3.5 for convenience.3 The magnetic

dipole line strengths are calculated from

Smd =
1

4m2c2
jh(S; L)J jjL+ 2Sjj(S 0; L0)J 0ij2; (3.7)

where jh(S; L)J jjL + 2Sjj(S 0; L0)J 0ij2 are the double reduced matrix elements of the

L + 2S operator, where L is the total orbital angular momentum and S is the total

spin.

The data yielded from Eqns. 3.2, 3.6, and 3.7 combined with the JO intensity

parameters, are used to calculate important radiative properties, such as the sponta-

neous radiative transition rates, electric dipole line strengths, branching ratios, and

radiative lifetimes.

3There are few complete tables of reduced matrix elements in the literature for transitions up to
35�103 cm�1 because researchers normally only observe emissions from transitions below 28�103

cm�1. In addition, it is di�cult and time-consuming to perform these calculations for U . Just prior
to completing my thesis, I became aware of a thesis by Casprary [38] that gives a full table of matrix
elements for transitions up to 97�103 cm�1 with Er3+ and other dopants in ZBLAN.
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The total spontaneous radiative transition rate between level J and a lower level

J 0 is given by

AJJ 0 = Aed
JJ 0 + Amd

JJ 0 =
64�4

3h�3(2J + 1)

�
�edS

ed + �mdS
md
�
; (3.8)

where � is the mean wavelength of the absorption, �ed = p(p2 + 2)2=9 is the local

�eld correction factor for electric dipole transitions, and �md = p3 is the local �eld

correction factor for magnetic dipole transitions. In this work, AJJ 0 is calculated using

the values given by Carnall et al. [74] for LaF3 (A
0

JJ 0) corrected for the refractive index

di�erence using the relation AJJ 0 = (p=p0)3A0

JJ 0 , where p0(p) is the refractive index of

LaF3 (ZBLALiP). The refractive index for ZBLALiP is 1.49 at 1.5 �m, while that for

LaF3 is 1.57. Using the relation given in Eqn. 3.1, we can approximate the refractive

index at other wavelengths also.

The radiative lifetime, �R, of transitions between levels J and J 0 is related to the

inverse of AJJ 0 by

�R =
1P

J 0 AJJ 0

; (3.9)

and the branching ratio, �, between J and J 0 is simply the ratio of AJJ 0 for the initial

level to the sum of AJJ 0 for all the lower levels given by

� = AJJ 0�R: (3.10)

Table 3.5 shows the radiative probabilities, electric dipole line strengths, branching

ratios, and radiative lifetimes for the transitions. Several levels have high branching

ratios for transitions to the ground level and intermediate levels, many of which have

been observed in the emission spectrum shown in Fig. 3.9.
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Table 3.2: Predicted radiative transition probabilities, AJJ 0 , electric dipole line strengths, Aed
JJ 0 ,

branching ratios, �, and radiative lifetimes, �R, of Er
3+:ZBLALiP. The wavelength �calc is the

baricenter of the absorption bands.

Table 3.2

Transition Label �calc

(nm)

�
U (2)

�2 �
U (4)

�2 �
U (6)

�2
Aed
JJ 0

(s�1)

Amd
JJ 0

(s�1)

Sed (�10�20

cm3)

� �R(ms)

4I13=2 !
4 I15=2 1519 0.0195 0.1173 1.4316 78 32 18.8 1.00 9.10

4I11=2 !
4 I15=2 975 0.0282 0.0003 0.3953 98 5.4 0.84 8.57

!
4 I13=2 2727 0.0210 0.1100 1.0400 12 7 1.43 0.16

4I9=2 !
4 I15=2 T12 799 0.0000 0.1733 0.0099 106 2.7 0.77 7.18

!
4 I13=2 1668 0.0003 0.0081 0.6400 32 7.5 0.22

!
4 I11=2 4663 0.0030 0.0674 0.1271 1 1 2.6 0.01

4F9=2 !
4 I15=2 T10 656 0.0000 0.5354 0.4618 928 13.3 0.89 0.96

!
4 I13=2 1025 0.0096 0.1576 0.0870 67 3.6 0.06

!
4 I11=2 1966 0.0671 0.0088 1.2611 44 5 16.7 0.05

!
4 I9=2 3623 0.0960 0.0061 0.0120 1 2 3.2 0.00

4S3=2 !
4 I15=2 T8 540 0.0000 0.0000 0.2211 700 2.5 0.66 0.95

!
4 I13=2 T13 849 0.0000 0.0000 0.3481 294 4.0 0.28

!
4 I11=2 1212 0.0000 0.0037 0.0789 24 1.0 0.02

!
4 I9=2 1688 0.0000 0.0729 0.2560 36 4.0 0.04

2H11=2 !
4 I15=2 T7 520 0.7056 0.4109 0.0870 3453 29.1 0.96 0.27

!
4 I13=2 792 0.0230 0.0611 0.0527 75 54 2.2 0.02

!
4 I11=2 1115 0.0357 0.1382 0.0371 43 81 3.6 0.02

!
4 I9=2 1507 0.2077 0.0662 0.2858 53 0 10.8 0.00

!
4 F9=2 2579 0.3629 0.0224 0.0022 11 0 11.7 0.00

4F7=2 !
4 I15=2 T6 487 0.0000 0.1467 0.6273 1964 9.4 0.78 0.40

!
4 I13=2 727 0.0000 0.3371 0.0001 316 5.0 0.13

!
4 I11=2 983 0.0035 0.2648 0.1515 147 5.8 0.06

!
4 I9=2 1245 0.0163 0.0954 0.4277 86 6.8 0.03

!
4 F9=2 1947 0.0121 0.0342 0.0151 4 1.1 0.00

Continued on next page
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Table 3.2: Predicted radiative transition probabilities, AJJ 0 , electric dipole line strengths, Aed
JJ 0 ,

branching ratios, �, and radiative lifetimes, �R, of Er
3+:ZBLALiP. The wavelength �calc is the

baricenter of the absorption bands.

Table 3.2

Transition Label �calc

(nm)

�
U (2)

�2 �
U (4)

�2 �
U (6)

�2
Aed
JJ 0

(s�1)

Amd
JJ 0

(s�1)

Sed (�10�20

cm3)

� �R(ms)

Continued from previous page

4F5=2 !
4 I15=2 450 0.0000 0.0000 0.2237 873 2.6 1.00 1.15

4F3=2 !
4 I15=2 443 0.0000 0.0000 0.1204 690 1.4 1.00 1.44

2H9=2 !
4 I15=2 T3 406 0.0000 0.0190 0.2255 850 2.9 0.34 0.40

!
4 I13=2 556 0.0780 0.1194 0.3535 953 8.3 0.38

!
4 I11=2 T11 697 0.0428 0.0824 0.1128 226 31 3.9 0.10

!
4 I9=2 823 0.0147 0.0062 0.0043 21 1 0.6 0.01

!
4 F9=2 1079 0.0055 0.0314 0.0369 184 36 1.1 0.09

!
2 H11=2 1854 0.0308 0.1828 0.0671 152 1 4.5 0.06

!
4 F7=2 2485 0.1058 0.0488 0.0240 61 1 4.3 0.02

4G11=2 !
4 I15=2 T2 378 0.9178 0.5271 0.1197 11752 37.9 0.83 0.07

!
4 I13=2 505 0.1011 0.2642 0.2550 1300 38 10.0 0.10

!
4 I11=2 618 0.0002 0.4930 0.0144 527 0 7.5 0.04

!
4 I9=2 724 0.0645 0.0117 0.0467 120 1 2.7 0.01

!
4 F9=2 905 0.4436 0.0388 0.0104 328 3 14.5 0.02

!
2 H11=2 1394 0.0006 0.1600 0.1100 10 3.7 0.00

2G9=2 !
4 I15=2 365 0.0000 0.2416 0.1235 2034 5.0 1.00 0.49

2G7=2 !
4 I15=2 358 0.0000 0.0174 0.1163 839 1.6 1.00 1.13

2P3=2 !
4 I15=2 T1 320 0.0000 0.0000 0.0260 403 0.3 0.12 0.31

!
4 I13=2 T4 397 0.0000 0.0000 0.1600 1242 1.8 0.38

!
4 I11=2 T5 470 0.0000 0.1300 0.0250 936 2.2 0.29

!
4 I9=2 524 0.0000 0.0440 0.0092 230 0.8 0.07

!
4 F9=2 T9 616 0.0000 0.0560 0.0045 164 0.9 0.05

!
4 S3=2 763 0.0847 0.0000 0.0000 259 2.6 0.09

2K13=2 !
4 I15=2 302 0.0032 0.0029 0.0152 167 0.3 1.00 5.99
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3.6 Upconversion Fluorescence and 1.5 �m Lasing

Figure 3.3 shows an energy level diagram for Er3+ indicating the radiative and non-

radiative transitions that are responsible for the thirteen emissions observed in Fig.

3.9. The upconversion spectrum is recorded coincidentally to the C-band lasing spec-

trum (c.f. Fig. 3.6). Thirteen discrete peaks have been noted in the scattering

spectrum and are numbered from T1-T13 along with their centre wavelengths. Ap-

proximately 700 �W of 980 nm pump light was coupled into the microsphere. The

total power of the scattered light outcoupled to the spectrometer is a few nW for the

green transitions (T7 and T8).

The limited resolution of the spectrometer used to study the upconversion, com-

bined with the smaller microsphere FSR at shorter wavelengths, means that the whis-

pering gallery mode structure is only visible for emissions at wavelengths longer than

about 800 nm. The mode structure for the 849 nm (T13) emission is distinguishable

in the inset of Fig. 3.9.

Our results demonstrate a broad range of emission from 320 nm to 849 nm in ad-

dition to the C-band lasing. We suggest that the combination of high cavity quality

factor - typically 1 � 107, measured at 780 nm - and low whispering gallery mode

volume - approximately 1,000-2,000 �m3 - serves to signi�cantly enhance the proba-

bility of excited state absorption by enhancing the pump �eld strength (� 103 V/m

per photon) within the microsphere. This is re
ected in the fact that a large number

of the observed transitions are likely the result of 3-photon and 4-photon absorp-

tion events for what is a relatively modest pump power (sub mW) coupled into the

microsphere.

Even though it is energetically possible for several emissions to originate from the
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Figure 3.9: Observed Er3+:ZBLALiP microsphere upconversion spectrum for 976 nm pump-

ing. Inset: whispering gallery mode structure about T13 with a FSR of 2.3 nm.

same level, the branching ratios predicted in the JO theory can help determine the

most likely emissions from a particular level. For example, it is energetically possible

for both the 383 nm and 616 nm emissions to originate from radiative decay from the

4G11=2 level to lower levels. However, the ratio of the measured emission intensities,

1:3, disagrees substantially from the calculated ratios, 1:22, thereby indicating that

both emissions cannot arise from the 4G11=2 level.

In fact, the 618 nm emission is due to the 2P3=2 !4 F9=2 decay. In this way, we can



71

use a combination of the energy gaps between the energy levels and the calculated

branching ratios to determine what levels are involved in the radiative emissions.

Four emissions in Fig. 3.9 (618 nm, 470 nm, 403 nm and 320 nm) are attributed to

the transitions 2P3=2 !4 F9=2 (�= 0.05), 2P3=2 !4 I11=2 (�= 0.29), 2P3=2 !4 I13=2 (�=

0.39), and 2P3=2 !4 I15=2 (� = 0.12) respectively. The branching ratio calculations

predict the ratio of emission intensities for each of the levels to be 1 (616 nm):5.8

(470 nm):7.8 (403 nm), which is in reasonable agreement with the measured ratios of

1:5.3:6.6. We have excluded the emission intensity of the 320 nm emission from this

comparison, because 
uorozirconate glasses have very substantial absorption losses in

the UV region [76].

The 4F3;5=2 levels in Er3+:ZBLALiP have unusually long radiative lifetimes of 1.45

ms and 1.15 ms compared to other glasses, such as Er3+ doped 
uoroindate glass,

which has a lifetime of 0.50 ms [77]. As can be seen from the energy level diagram, this

is critically important for the UV and violet emissions from the 2P3=2 level because it

facilitates the third ESA, 4F3;5=2 !2 K13=2, by maintaining a large 4F3;5=2 population.

This is in sharp contrast to Er3+ doped 
uoroindate glass, where nonradiative decay

rapidly depletes the 4F3;5=2 population, e�ectively preventing any further ESA.

The emission line centred at 320 nm (T1) is most likely a 4-photon process pop-

ulating the 2P3=2 state, which in turn radiatively relaxes to the 4I15=2 ground state.

Three pump photons populate the 2G7=2 state. The
2G7=2-

2P3=2 energy gap of � 3600

cm�1, combined with a phonon energy of 600 cm�1, is such that the 2P3=2 state is un-

likely to be populated by thermalisation, and, as such, we suggest that the absorption

of a fourth pump photon is necessary to explain T1. This transition has previously

been reported in Er-doped glass, but was identi�ed as a 3-photon process following
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pumping at 637 nm [77]. The same authors also reported emissions corresponding

to the transitions T4, T5, and T8. Transition T1 has also been reported [78] in a

Er3+:Yb3+ co-doped material, although, in that case, the excitation process involved

successive energy transfers from Yb3+. It should be noted that this is very di�erent

from our work, which involves a single dopant, does not rely on a sensitiser ion, and

ETU probably does not play a major role due to the low dopant concentration.

The transitions 2P3=2 !4 I13=2 (T4) and 2P3=2 !4 I11=2 (T5) are also thought

to involve 4-photon excitations. Transitions T1, T4, and T5 have previously been

observed following pumping at 545 nm [79]. Transitions T7, T8, T10, and T13 have

been reported following 980 nm pumping [80]. The ultraviolet line at 383 nm (T2)

and the 492 nm emission (T6) have been reported under 973 nm excitation [81].

The Er3+ emission at 700 nm has been attributed to the transition 4F7=2 !4 I13=2

following absorption of three pump photons at 1480 nm in reference [82]. We presume

this assignment was on the basis of the 3-photon resonance 4F7=2 !4 I15=2. We have

also observed emission about 700 nm (T11) but propose it to follow the transition

2H9=2 !4 I11=2, based on the observed intensity ratio compared with the branching

ratios calculated from JO theory. Finally, we have observed emissions centred at

618 nm (T8) and 667 nm (T10). We are currently unaware of other reports on such

emissions from Er3+.

3.7 Radiative and Multi-phonon Decay

Fluorozirconate glass, with its low phonon energies, has a comparatively high proba-

bility of radiative decay to lower levels. This probability is dependent on the energy

gap, �E, between levels J and the lower level J 0. For most energy levels, multi-phonon
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decay is dominant, except for the case of the nine radiating levels identi�ed in the

energy level diagram. The rate of multi-phonon decay, Amp, scales exponentially with

the number of phonons, P , required to bridge the energy gap, �E. In general, this

rate is an increasing function of temperature, governed by Bose-Einstein statistics,

and is given by [38]

Amp(T ) = C exp(�� [�E � 2:6~!max]) [1� exp(�~!max=kBT )]
�P ; (3.11)

where P = �E=~!max, ~!max is the maximum phonon energy, which is assumed

to be the same as in ZBLAN, i.e. 600 cm�1, and C and � are material dependent

constants.4 Using Eqn. 3.11 and the radiative transition rates calculated in Table

3.5, the fraction of the ion population undergoing radiative decay can be determined.

Figure 3.10 shows the estimated fraction for each of the 13 observed emissions plus

two weaker emissions at 556 nm and 520 nm.

The �gure bears considerable resemblance to the 
uorescence spectrum in terms

of the relative amplitude of the emissions resulting from each ESA. The two other

emissions at 556 nm (2H9=2 !4 I13=2) and 520 nm (2P3=2 !4 I9=2) predicted by the

JO theory, are overwhelmed by the strong green emissions in Fig. 3.10 and are not

observed as a result; consider, for example, the missing transition between 4F9=2 and

4I11=2 in the energy level diagram corresponding to a weak 520 nm emission.

The dominance of the IR lasing transition is con�rmed in Fig. 3.10. Even though

the fraction of ions contributing to radiative upconversion emissions is at least a factor

of ten smaller than the metastable 4I13=2 level, the calculation predicts they should still

be observable for energies up to 32�103 cm�1, in support of the measurements in Fig.

4The model can only serve as an approximation as it excludes any mention of the spectral nature
of the phonons and the Stark energy levels.
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Figure 3.10: Calculated fraction of radiative decay, A=
P

A, for the observed emissions.

The parameters C and � are 1:99 � 105 s�1 and 2:11 � 10�3 cm respectively, taken for

ZBLAN at 300 K [38]. The fraction for 4I13=2 !
4 I15=2 at 1.5 �m is 0.93 (not shown).

3.9. The low value for 2H11=2 at 520 nm is counter-balanced by rapid thermalisation

of the level by 4S3=2 at 540 nm.

3.8 Power-law Upconversions

Further understanding of the upconversion (and downconversion) dynamics can be

obtained by studying the intensity dependence of the 
uorescence at a particular

wavelength. The intensity of an upconversion 
uorescence is related to the sequential

absorption of q pump photons. Two possible outcomes can arise: (i) In the vast

majority of glasses, the relationship between the pumping and emission intensities, I,

tends to show a Isignal / Iqpump relationship where upconversion rates are insigni�cant,

and (ii) in some cases, the presence of strong upconversion modi�es the power law so
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that 
uorescence slopes less than q are observed. Measurements of this dependence

for the case of six upconversion emissions are presented in Fig. 3.11, where the

signal intensity was determined for increasing powers as an LL (light in - light out)

logarithmic plot.

Case (ii) is sometimes regarded as undesirable as it hinders the identi�cation of

the levels from which emissions originate. The rate equation analysis performed in

[83] describes how to relate the slope of the 
uorescence emission LL plot from arbi-

trary energy levels to the possible upconversion mechanisms. Given the low dopant

concentration of 0.2 mol% Er3+ in our glass sample, ETU can be assumed to be

negligible, and the dominant mechanism is ESA.5

Figure 3.11 shows linear slopes on a log-log scale with values ranging from 0.78 to

1.10. Strong upconversion rates explain the departure from the power law prediction

[83]. For slopes close to 1, which is due to the I i=q dependence of level i, the in
uence

of upconversion is large, with ESA being the dominant upconversion mechanism. The

predominant decay route is to the next lowest level, and the fraction of pump power

absorbed is large. The data for T2 at 383 nm is comparable with the background

noise, which results in a large error in the slope of 0:78� 0:15.

The proceeding sections have shown qualitatively that Er3+:ZBLALiP has a high

upconversion rate, which indicates that the power law relationship relaxes to Isignal /
I1pump and less, for levels that are populated through multi-phonon relaxations. Fur-

thermore, this power dependence relies on whether ETU or ESA is dominant [83].

5ETU processes cannot be strictly rejected because of the possibility of clustering of ions. Such
e�ects have a sixth power dependence on the inter-ion separation (c.f. Section 4.3.1 for a more
thorough discussion of ETU in IOG-2 glass). In the case where only ETU is present, the 
uorescence
slope changes from Iqpump to I

1
pump for lower pump powers. For isolated ions, the 
uorescence slope

will be linear for all pump powers.
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Figure 3.11: Light in-Light out logarithmic graph for the 
uorescence emissions. All emis-

sions show a slope of approximately 1. Note the lines are an aid for the eye.

The issue governing the observed 
uorescence is an interplay between the linear de-

cay and upconversion; for increasing pump power, the upconversion rate changes from

Iqpump to I
1
pump, while the GSA rate changes from I1pump to < I1pump.

3.9 Microsphere Characterisation

3.9.1 Eccentricity

Successful excitation of the 4I13=2 !4 I15=2 transition results in whispering gallery

mode lasing resonances within the microsphere, as shown in Fig. 3.6. The �gure

shows a typical lasing spectrum, in addition to four other modes, obtained for a 70

�m diameter sphere. As already outlined in Section 1.3, the number n gives the

number of radial modes, and modes with increasing value of n have lower l and
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longer resonance wavelength. In a perfect sphere, with l = jmj, these polar modes are

degenerate. For practical microspheres this degeneracy is lifted because there will be

some small degree of eccentricity; the microsphere will be either slightly prolate or

oblate. The wavelength separation between the modes is proportional to the degree of

deformation, and is given by �� � (��2=2�)(�a)=(a2). The microsphere eccentricity

is determined from

" =

�
�!ecc
�!nml

��
l2

jmj �
1

2

�
; (3.12)

where l and m are the angular mode numbers, and !nml is the angular frequency of

the mode. This is calculated to be � 2:1% for the corresponding azimuthal mode

splitting, �!ecc, of � 11 GHz. Analysis of the lasing peaks enables us to measure

the free spectral range, �FSR, between successive mode groups with a di�erence in

angular mode number l of 1, to be � 7:8 nm (0.97 THz). Theoretically, we can

determine the diameter of the sphere from D = c=�ns�FSR, where c is the speed of

light in a vacuum, and ns is the refractive index of the material. Using ns = 1.49 at

1.5 �m, we �nd that the FSR = 7.8 nm indicates a microsphere diameter of 66 �m,

which is reasonably close to the (70� 2) �m determined using an optical microscope.

The peak power of the lasing peaks presented here is � 30 nW, although we have

also observed lasing in a single mode with a peak value of � 500 nW. The spacing

between TE and TM modes (�TETM) of 6.8 nm agrees well with the calculated value

of 6.4 nm.

A rough estimate of the quality factor at the signal wavelength, Qsignal, can be

obtained by determining the ratio of resonance wavelength at 1.5 �m to peak FWHM,

yielding a value typically higher than 5 � 104, limited by the spectral resolution of

the OSA. Even with an accurate measurement of Qsignal this cannot be regarded as
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representing the Q of the cavity. This is obvious when you consider that the de�nition

of Q relies on the energy stored in the mode, which, in the case of a doped cavity, is

proportional to the dopant concentration. At the lasing threshold, the Qsignal value

approaches in�nity! The next section describes how to measure the cavity Q value at

a pump wavelength of 780 nm.

3.9.2 Quality Factor Measurement

The Q factor was measured using a commercial, tuneable narrow linewidth (Sacher

Lasertechnik, Tiger TEC-300-0780-0750, � 100 kHz linewidth with 750 mW power)

laser at 780 nm and saturable absorption spectroscopy of Rb atoms. Figure 3.12 shows

the experimental setup. Several hundred mW is passed through the polarising beam

splitter to the Rb cell, and the remainder (� 100 mW) is sent to a GRIN lens �bre

coupler (OZ Optics, LPC-03-780-5/125-S-0.72-2.6GR-25-X-3-1.5). The light coupled

into the �bre is evanescently coupled into a microsphere and the light transmitted

past the taper-microsphere coupling junction is detected on a photodiode (PD2). The

light sent through the Rb cell only saturates the Rb atoms on the re
ected pass after

which another photodiode (PD1) detects the absorption peaks for both 85Rb and 87Rb

isotopes. A function generator scans the laser frequency via the piezo element in the

external cavity of the laser. It is important to ensure the optical table is vibrationally

isolated because the microsphere cavity resonance becomes very unstable otherwise.

The isotope 87Rb has crossover peaks for F = 2 ! F = 30 and F = 1 ! F = 30,

separated by 78.5 MHz. One can also measure the crossover peaks for 85Rb which are

F = 2! F 0 = 4 and F = 3! F 0 = 4, separated by 31.5 MHz. These peaks provide

the frequency scale on the x-axis of the oscilloscope. A single cavity resonance dip
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Figure 3.12: Experimental setup to perform Q factor measurement. Legend - PBS: po-

larising beam splitter, QWP: quarter wave plate, PD: photodiode. The black dotted line

indicates electronic data/control signals.

is shown in the upper trace of Fig. 3.13 with a linewidth of 39 MHz at FWHM,

corresponding to a Q factor of 1� 107 at 780 nm. Up to 17% of the light is coupled

into the microsphere when in the on-resonance position.

3.10 Conclusions

In conclusion, a multiwavelength microsphere light source is demonstrated with pos-

sible microphotonic applications. The Er3+ transitions involved in the thirteen up-

conversion emissions have been identi�ed with the aid of JO analysis. This device

could �nd many uses as a miniature multicolour light source with, for example, appli-

cation to evanescent wave sensing based on excitation of transitions in target mole-

cules adsorbed on to the microsphere surface. Our results for the violet emissions
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Figure 3.13: Quality factor measurement. The upper trace represents the transmission

past the taper-sphere coupling junction. The lower trace is the Rb saturation absorption

measurement used to calibrate the x-axis in terms of frequency.
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in Er3+:ZBLALiP indicate an attractive alternative to Er3+:ZBLAN for information-

storage applications, where even very small powers are su�cient for data retrieval

operations [77]. Future work will need to focus on improving the outcoupling e�-

ciency of the device using waveguide technology for integrated optics [84].
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Chapter 4

Thermally Induced Optical

Bistability in Er3+:Yb3+ Co-doped

Phosphate Glass

4.1 Introduction1

The presence of optical bistability in doped glasses and crystals holds promise for

telecommunications and optical computing applications. A miniature bistable laser

source would be ideal for microchip integration, especially if it can be mounted with

a waveguide such as a stripline pedestal anti-resonant re
ecting optical waveguide

(SPARROW) [85].

We experimentally demonstrate optical bistability in Er3+:Yb3+ phosphate glass

microspheres at 295 K. Bistability is associated with both Er3+ 
uorescence and lasing

behaviour, and wavelength/chromatic behaviour. The chromatic switching results

from an intrinsic mechanism exploiting the thermal coupling of closely-spaced energy

levels, and occurs simultaneously with the intensity switching. A contrast ratio, as

1This chapter has appeared in \Optical Bistability in Er-Yb co-doped phosphate
glass microspheres at room temperature," J. Appl. Phys., 102, 023104, (2007).
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measured as the ratio between upper and lower switching positions, of 2.8 has been

obtained for chromatic switching. The intensity switching shows ratios of 2.9 and 4.6

for the two green 
uorescence emissions at 520 nm and 550 nm respectively, 3.1 for

the red 
uorescence emission at 660 nm, and 4.7 for the IR lasing at 1.5 �m. The

in
uences of the host matrix on lasing and 
uorescence mechanisms are highlighted.

A system is said to exhibit bistability when there are two possible output states

for the same input state and the choice of output state depends on the history of the

input.

4.2 Er3+:Yb3+ Co-doping of Phosphate Glass

In our work, an Er3+:Yb3+ co-doped phosphate glass (Schott IOG-2) was used to

demonstrate chromatic and intensity optical bistability (OB) simultaneously. The

glass is doped with 2 wt% Er2O3 (1:7 � 1020 ions/cm3) and co-doped with 3 wt%

Yb2O3 (2:5 � 1020 ions/cm3). The concept of an Er3+:Yb3+ co-doped glass laser

was demonstrated [86] in 1965 as a means of optimising the Er3+ emission cross-

section, while simultaneously ensuring an optimum Yb3+ absorption cross-section.

This overlap alleviates the di�culty of trying to directly pump the narrow Er3+

absorption band [87]. Phosphate glass has been investigated as a host matrix for rare-

earth ions due to its favourable properties, such as: (i) the possibility of obtaining

large dopant concentrations (up to 1:8�1021 ions/cm3 for Yb3+, and � 1019 ions/cm3

for Er3+) compared to silicate, borate, and 
uoride glasses, (ii) its large absorption

band in the near-infrared region, (iii) its large emission cross-section at 1.5 �m, and

(iv) the low back energy transfer from Er3+ ions to Yb3+ ions [88]-[90].

The energy level diagram is shown in Fig. 4.1. The spectral characteristics are also
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especially bene�cial for C-band lasing; the intermediate lasing level, 4I11=2, has a high

non-radiative relaxation rate (< 1 �s lifetime, maximum phonon energy of 1300 cm�1)

to the 4I13=2 level compared with silica (maximum phonon energy of 1190 cm�1), and

the long lifetime of the 4I13=2 level of about 8.45 ms facilitates population inversion

and high gain [91]. The larger phonon energy of phosphate glass has a negative e�ect

on the upconversion e�ciency compared to 
uoride glass (with a maximum phonon

energy of 600 cm�1). This, however, is partially counter-balanced by the large dopant

concentrations and wide absorption cross-section of the Yb3+ sensitiser. In addition,

phosphate glass has better optomechanical properties compared to other glasses used

for OB, such as CsCdBr3.
2

Here, we present experimental OB results on lasing around 1.5 �m and propose

suitable upconversion mechanisms for the observed three colour emission bands.

4.3 Experimental Details

We study lasing and upconversion 
uorescent emissions following CW pumping with

a tunable 980 nm laser diode (spectral width � 1 nm) identical to the one described

in Section 3.3. IOG-2 glass, with a low glass transition temperature of around 648 K

[92], is ideal for producing microspheres with diameters of between 30-70 �m using a

microwave plasma torch [93] as described in Chapter 1. A detailed description of the

experimental setup is identical to that in Chapter 3, except for the fact that a di�erent

active material is used for the microspheres. Microsphere coupling is again done with

a 1 �m diameter, 1550 nm SMF-28 �bre. The lasing emissions around 1.5 �m are

2It must be noted here that CsCdBr3, and other materials, are of interest for their ability to show
intrinsic bistability, in contrast to the extrinsic, self-induced bistability described in the present work.
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Figure 4.1: Energy level diagram and 
uorescence mechanisms with radiative (solid lines)

and non-radiative transitions (wiggly lines).

monitored by connecting one end of the �bre taper to an OSA. All upconversion


uorescence spectra were acquired by free space coupling into an Ocean Optics 2000

CCD spectrometer.

4.3.1 Lasing and Fluorescence in IOG-2

In our �rst experiments, the 980 nm pump power was set to a constant value of

about 10 mW. There is a clear di�erence in the visible emission spectra (c.f. Fig.

4.2) obtained for the two sphere depending on the presence of 1.5 �m lasing. We
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note three distinct emission bands corresponding to erbium transitions at 520 nm

(2H11=2 !4 I15=2), 550 nm (4S3=2 !4 I15=2), and 660 nm (4F9=2 !4 I15=2). The

red emission is stronger than red emissions produced in other singly doped glasses

investigated in our laboratory, such as Er3+:ZBLALiP and Er3+:ZBNA, due to the

much larger Yb3+ absorption cross-section compared to Er3+.

Note that, on occasion, we have also observed a very weak, but distinct fourth

emission band in the UV corresponding to an erbium transition at 405 nm (2H9=2 !4

I15=2). Figure 4.2(b) shows a 
uorescence spectrum representing the violet to red

upconversions for a �xed pump power of 8 mW and a 35 �m sphere. Such violet

emissions are only observed in spheres that do not lase around 1.5 �m due to a

competition between processes involved .

The ESA from 4I13=2 feeding the 4F9=2 level depletes the intermediate 4I11=2 level

and the metastable 4I13=2 level, thereby placing the 1.5 �m emission in competition

with the red emission and the other upconversion processes. This process is shown

in the energy level diagram in Fig. 4.1. We �nd that the power of the red emission

is, typically, twice as high in microspheres that exhibit no lasing (due to excessive

inhomogeneities in the cavity) compared to those that do exhibit lasing.

For ions excited to the 2F5=2 level in Yb3+, IOG-2 has a quantum defect, �defect =

�pump=�signal, of about 60%, resulting in the remaining 40% being dissipated in the

host matrix as heat. This statement can be taken further by noting that energy

transfer from Yb3+ to Er3+ depends on three parameters: the energy migration rate

among the Yb3+ ions (which depends on the inter-ion separation as discussed later

in this section), the back transfer rate from Er3+ to Yb3+, and the multiphonon

relaxation rate from 4I11=2 to 4I13=2 in Er3+. The overall laser e�ciency, �laser, is
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Figure 4.2: Upconversion 
uorescence spectrum for two di�erent IOG-2 microspheres.

Strong red 
uorescence is dependent on whether lasing is present in the microsphere. The

�gure in (a) shows that a larger proportion of the population is involved in the C-band

lasing compared to (b), where upconversion is strong and lasing is absent. An additional

weak violet emission from a 35 �m diameter microsphere is shown, for a pump power of 8

mW. The violet emission has been scaled up by a factor of �ve for clarity.
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therefore a combination of the intrinsic quantum e�ciency, �quantum = �=�R (the

ratio between the calculated and measured radiative rates), and the e�ciency of the

energy transfer, �ET , [94]

�laser = �quantum�ET ; (4.1)

where �ET = (�Y b � �f )=�Y b, �Y b is the lifetime of the 2F5=2 excited state when there

is no ET (� 1:3 ms), and �f is the lifetime of the same level with ET. In practical

systems with high dopant concentrations, the laser slope e�ciency can approach the

quantum e�ciency.

The 2H11=2 level and the 4S3=2 level can be considered to be in quasi-thermal

equilibrium since the energy gap is � 740 cm�1 and is comparable to the maximum

phonon energy of 1300 cm�1 for phosphate glass [91]. As such, only one phonon

is required to bridge the energy di�erence between the two green levels, thereby

populating the 2H11=2 level at room temperature. The thermalisation of the 2H11=2

level by the 4S3=2 level has a temperature dependent e�ect on the ratio of the radiative

emissions from these two levels as well as on the excited state lifetimes [95]. The

multi-phonon emission rate between these levels at a temperature, T , is

Kmp(T ) = Kmp(0)

�
1� exp

�
� ~!

kBT

��
�'

; (4.2)

where kB is Boltzmann's constant, ! is the phonon frequency, and ' is the number

of phonons required to bridge the energy gap, �E, between the levels and is given by

�E=~!, where ~! is the phonon energy [96]. For phosphate glass, this multiphonon

emission rate is Kmp(295K) � 1011 s�1, which is signi�cantly higher than the value

of 103 s�1 for radiative emissions [96]. The energy di�erence between the 4S3=2 level

and the next lowest level, 4F9=2, requires three phonons, therefore making this level

far less likely to be populated from the 4S3=2 level.
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The emissions detected from the IOG-2 microsphere, as shown in Fig. 4.2, are

due to upconversion processes involving multiple pump laser photons and/or lattice

phonons. There are two upconversion mechanisms which must be considered when

trying to understand the origin of the 
uorescence results; excited state absorption

and energy transfer. These are shown in the energy level diagram in Fig. 4.1, in

which we identify a number of di�erent groups of transition processes that play a role

in the generation of the emission spectra.

Transition groups 1
 and 2
 in Fig. 4.1 are associated with the ground state (GSA)

and excited state absorptions respectively. As mentioned, there is a resonant energy

transfer (ET) from the Yb3+ sensitiser (2F5=2 !2 F7=2) to the Er3+ ion (4I15=2 !4

I11=2) followed by 980 nm ESA from the 4I11=2 level to the
4F7=2 level indicated in group

1
. Transition group 2
 deals with the radiative and non-radiative decay processes

for the erbium ion. For example, rapid, non-radiative relaxation from 4I11=2 !4 I13=2

is possible and falls within this group. In spite of a large energy mismatch of about

1450 cm�1 for the 4I13=2 !4 F9=2 transition, the long lifetime of the 4I13=2 state and

associated large population ensures that the ESA mechanism is adequately e�cient

[97, 98]. Due to the close spacing of the 4F7=2 and
4S3=2 levels, the population of 4F7=2

readily decays non-radiatively to the 4S3=2 level, whereby the thermal mechanism

described previously populates the 2H11=2 level. Finally, a second ESA from the 4S3=2

level up to the 2G7=2 level is followed by non-radiative relaxation down to the 2H9=2

level, and the subsequent radiative decay to the ground state generates a photon at

410 nm (violet).

At the high concentrations of Er3+ and Yb3+ in this work the inter-ion separation

reaches a critically small radius of � 3 nm for Er3+ ions and � 2 nm for Yb3+ ions.
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This is close to the value of 2.12 nm for Yb3+-Yb3+ ET's and an estimated 1.5 to

2.0 nm for Yb3+-Er3+ ET's as determined from F�orster-Dexter theory [99], thereby

dramatically enhancing the probability of Yb3+-Yb3+, Yb3+-Er3+ and, possibly, Er3+-

Er3+ energy transfers. The critical radius, Rsx, is determined by the overlap of the

emission and absorption cross-sections and is given by

R6
sx =

3c�s
8�4n2s

Z
�sems(�)�

x
abs(�)d�; (4.3)

where �s = 1.4 ms is the 
uorescence decay time of the unperturbed sensitiser, ns

is the refractive index, the script s stands for the sensitiser, i.e. the Yb3+ ions,

the script x stands for either the sensitiser or the Er3+ acceptor ions, �ems is the

emission cross-section, and �abs is the absorption cross-section. The emission and

absorption cross-sections for this material are shown in Fig. 4.3, and are determined

from absorption measurements with a bulk sample of IOG-2 (c.f. Section 3.4 for

details of the calculation).3 For non-radiative dipole-dipole interactions the energy

transfer rate rapidly increases according to the inverse of the ion separation to the

sixth power.

Figure 4.4 shows the observed IR lasing spectrum around 1.5 �m in a 50 �m

diameter microsphere pumped with 10 mW of launched pump power at 980 nm.

Two lasing peaks are excited, presumably due to excitation of polar modes. The

inset shows 
uorescing whispering gallery modes in a di�erent 50 �m diameter mi-

crosphere. The more intense lasing line has a peak power of 45 �W which, when

taken into account with the approximately 1 mW of absorbed power, translates to

a quantum e�ciency (QE) of 4.5%. This value is far greater than for singly doped

glasses where the QE is normally < 0:1%. Analysis of the whispering gallery modes

3The absorption measurements were provided by P. F�eron in ENSSAT, Lanion, France.
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Figure 4.3: Absorption and emission cross-sections for Er3+:Yb3+ co-doped IOG-2 bulk

glass.

in the 
uorescence spectrum enables us to measure the FSR of the sphere modes

to be 1.32 THz (� 10:4 nm), indicating a microsphere diameter, D = c=(�ns�FSR),

of 48 �m, where �FSR is the FSR from the data. This agrees reasonably well with

an optical microscope measurement of 50 � 2�m. The refractive index of IOG-2 at

room temperature is 1.508 at 1540 nm. The measured spacing between TE and TM

modes of 9.0 nm around 1550 nm agrees well with the calculated value of 8.50 nm.

Eccentricity in the microsphere results in splitting of the azimuthal modes by about

15 GHz, corresponding to an eccentricity of around 2.7%.

4.3.2 Intensity Switching

The usual power law dependence, Isignal / Iqpump, as described in Section 3.8, fails in

the presence of OB. In order to study the bistability of the microspheres, we measured
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Figure 4.4: Lasing spectrum for a 50 �m diameter IOG-2 microsphere for 10 mW pump

power. The inset shows whispering gallery mode structure for a di�erent 50 �m diameter

microsphere.

the emission intensity as a function of launched pump power for the same sphere as in

section 4.3.1 at the lasing wavelength of 1.5 �m. Similarly, we studied the intensity of


uorescence emissions for a di�erent sphere at three emission wavelengths: 520 nm,

567 nm, and 660 nm. (Note: we used a di�erent sphere simply because the �rst sphere

fell o� the mount and was lost). The launched pump power was increased from 0 mW

to about 22 mW and back to 0 mW while recording the spectra. The results for 1.5

�m are shown in Fig. 4.5. As the pump power was increased, the emission intensities

remained almost constant until a critical power (17 mW for the IR lasing in Fig.

4.5) was reached, beyond which a sudden and dramatic rise in emission intensity was

observed. Increasing the pump power beyond the critical point caused the emission

to level out once more. A subsequent reduction in pump power clearly demonstrates
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hysteretic behaviour and a wide bistable region, where the emission can have two

intensity values depending on the history of the input power. The sudden jumps (or

intensity switching) between the higher and lower branches of the hysteresis loops

are characteristic of the optical bistability of the spheres. A bistable response was

also observed in the 
uorescence emissions shown in Fig. 4.6. The critical switching

power depends on the taper-sphere coupling e�ciency and sphere size, and di�ers for

the two di�erent spheres in Figs. 4.5 and 4.6. Possible reasons for the presence of

the large peak at about 9 mW for the IR �gure and its absence in the 
uorescence

�gures will be discussed in Section 4.6.

Figure 4.5: Intensity bistability for the C-band in a 50 �m diameter sphere.

A very promising feature of these microcavity resonators is the high contrast

intensity switching observed; the ratio of the relative change in emission powers before

and after the bistable region is 2.9 for the 4S3=2 green, 4.6 for the
2H11=2 green, 3.14 for
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Figure 4.6: Intensity bistability for the two green states 2H11=2 and
4S3=2, and the red

4F9=2

state, for a 60 �m diameter, non-lasing sphere. The launched pump power is varied from

0 to about 10 mW. The switching positions for the green and red emissions in this �gure

di�er from the 1.5 �m lasing emission in Fig. 4.5 due to spheres of di�erent sizes being

used. The corresponding spectra for the visible 
uorescence are shown in Fig. 4.2(a).
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the 4F9=2 red, and 4.7 for the
4I13=2 IR. These contrast ratios could be further increased

by selecting higher quality microspheres and improving the coupling e�ciency.

4.3.3 Green Chromatic Switching

As referred to earlier, the strong temperature dependence in IOG-2 is due to the loss

of about 40% of the laser power as heat in the glass, in conjunction with its low ther-

mal conductivity. There is a sudden increased pump absorption in the microsphere

associated with the sudden increase in heat generation, and visa versa. The increased

absorption occurs simultaneously with the sudden rise in the 520 nm (2H11=2) emis-

sion intensity as compared to the 550 nm (4S3=2) intensity that was observed when

the pump power was increased above the upper switching position of 7.8, as shown

in Figs. 4.6 and 4.7. As the pump power was reduced below the lower switching

position of 5.3 units, there was a sudden decrease in intensity ratio due to the drop in

pump absorption (and heat generation). One of the fortunate properties of erbium is

the very close spacing between the 2H11=2 and
4S3=2 levels. This, combined with the

e�cient population of the 4S3=2 level by 976 nm pumping, and the subsequent popula-

tion of the 2H11=2 level by thermal coupling with 4S3=2, provides an indirect measure

of the internal temperature of the microsphere. Figure 4.7 reveals this connection

between intensity ratio and internal microsphere temperature.

Using the methods outlined by Qiao et al. [100], Boltzmann statistics can be used

to describe the strong thermal coupling and the population redistribution between the

two green levels. The intensity ratio is a function of the internal cavity temperature

and is described by

I(2H11=2)

I(4S3=2)
=
rHgH~!H
rSgS~!S

exp

�
�E

kBT

�
; (4.4)
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Figure 4.7: Chromatic switching for the green 
uorescence emissions at 2H11=2 (520 nm)

and 4S3=2 (550 nm). The inversion ratio is proportional to the temperature of the mode

volume. The jump in intensity ratio from 1.1 to 2.3 indicates a temperature increase of 178

K. The corresponding spectra for the visible 
uorescence are shown in Fig. 4.2(a).
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where I is the integrated emission intensity for a particular level, r is the total spon-

taneous emission rate, g is the (2J +1) multiplicity (or degeneracy) of each manifold,

~!H (~!S) is the energy of level 2H11=2 (
4S3=2), and �E is the energy separation be-

tween the levels. According to Eqn. 4.4, as the temperature is increased, the 2H11=2

level is more e�ciently populated, and an increasingly larger fraction of the 4S3=2

population is rapidly promoted to this upper level, and, consequently, the ratio of the

emissions from the two states inverts so that the 520 nm emission becomes stronger.

For a ratio of 2.3 on the y-axis in Fig. 4.7, the corresponding temperature is 575

K. The chromatic switching can yield intensity ratios of up to 2.8 (data not shown).

From Eqn. 4.4, this indicates a temperature of 642 K, just below the glass transi-

tion value of 648 K [92]. This temperature seems exceptionally high, although there

was no evidence of thermal stresses, fracturing of the glass or other defects in the

microsphere. However, it is important to emphasise that the temperature calculated

using this method does not represent the temperature of the entire sphere, but rather

just the temperature of the mode volume. Heat dissipation from this region through

the remainder of the material would account for no thermal stress on the sphere itself,

which is likely to be at a much lower temperature.

4.3.4 IR Wavelength Switching

In a cold cavity, with no heating, the resonance at a wavelength � obeys the stationary

wave condition l� = 2ns(2�a), where l de�nes the equatorial mode number, ns is the

refractive index of the glass, and a is the microsphere radius. This resonance condition

must change when there is pump-induced heating. Both the cavity dimensions and

refractive index are temperature dependent and must be included in the modi�ed
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equation, given by

l� = 2nsd

�
1 +

1

ns

@ns
@T

��
1 +

1

d

@d

@T

�
; (4.5)

where we de�ne d = 2�a [93]. The �rst term in the brackets gives the fraction by

which the refractive index must change, and the term in the second brackets gives the

fraction by which the cavity length must change. From this de�nition we can write

the wavelength shift as a function of temperature as

��

�T
= �

�
1

ns

@ns
@T

+
1

d

@d

@T

�
: (4.6)

Figure 4.8: Wavelength switching in the C-band lasing at 1.5 �m. The �gure corresponds

with the intensity bistability measurements in Fig. 4.5. The switching positions are the

same for both.

From this discussion we can reach the conclusion that the temperature and size

of the mode volume are also bistable. By extension, the wavelength of the lasing
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emission has a bistable response. Figure 4.8 shows a di�erence of 1.2 nm between

upper and lower wavelength values, measured in the middle of the bistable region,

corresponding to a temperature di�erence of 94 K. Here, we have taken the cavity

expansion coe�cient to be 145� 10�7/K from the manufacturer's speci�cations [92]

and the thermo-optic variation coe�cient is taken to be �63�10�7/K from a similar

glass, QE-7S [101]. A more accurate model of the wavelength shift would have to

include the complex behaviour of stress-induced refractive index changes (photoelastic

e�ect), especially since the mode volume of the 980 nm pump is more than 1.5 times

smaller than in the 1.5 �m lasing mode as shown in Fig. 1.5.

4.4 Power-law Upconversions

Our microspheres tend to exhibit bistability only when the current to the pump laser,

and, hence, the pump frequency, are adjusted to a precise setting for each sphere. We

have plotted the emission power for three wavelengths as a function of pump power

in Fig. 4.9. Unlike the previous data, Fig. 4.9(a) shows linear slopes for a 30 �m

diameter, nonlasing microsphere. Lasing action is always absent for microspheres

of this size, presumably due to the expected lower Q factor (c.f. the microsphere

size dependence of Q in Fig. 1.4(b)). The slopes of the three plots indicate that

two pump photons produce each 
uorescence photon emitted, as predicted by the

power law dependence. A notable feature in the spectrum in Fig. 4.9(b) is the poorer

thermalisation of the 2H11=2 level compared to other, larger, microspheres discussed in

this chapter. This implies there is a relatively low amount of heating in this particular

microsphere.

We expect the reason for the quadratic response to be a combination of poorer
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Figure 4.9: Fluorescence slopes and spectrum for the two green levels and the red level

for a 30 �m diameter nonlasing sphere. The slopes in (a) follow a power law dependence

and indicate two pump photons produce a photon at either of the three wavelengths. The

spectrum in (b) corresponds to the last data point in (a).
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phase matching between the 1 �m diameter taper coupler and the 30 �m diameter

microsphere, greater cavity losses due to a lower Q value, greater heat dissipation rate

due to the smaller cavity size compared to the size of the supporting post holding the

microsphere, and a larger FSR. The culmination of these factors impacts dramatically

on the microsphere's ability to demonstrate self-induced thermal bistability. This

observation may set a lower limit on the range of microsphere diameters that can

exhibit bistability, if the wavelength of the pump laser is not adjusted appropriately.

It is expected that phase matching with a �bre taper will set an upper limit of roughly

100 �m on the microsphere diameter for a useful device.

4.5 Discussion

Optical bistability previously demonstrated in passive silica [10, 102] was attributed

to nonlinearities arising from the Kerr e�ect of the resonance line, together with

high Q factors (Q > 108) and a tunable, narrow linewidth laser. OB, due to the large

thermo-optic e�ect in Silicon (a factor of 30 bigger in magnitude than in IOG-2 glass),

was also observed in a 5 �m diameter ring resonator with a Q factor of only 104 [22].

The results presented here clearly show that IOG-2 microspheres exhibit bistable

switching behaviour under vastly di�erent conditions; we use co-doped phosphate

glass microspheres, and the pump laser has a linewidth of 1 nm and is not locked to

a speci�c cavity resonance.

In principle, a number of processes may be responsible for the observation of op-

tical bistability, depending on whether the observed e�ect is temperature dependent

or independent. Experiments performed in our lab have shown that the switching

positions depend on the ambient temperature, thereby excluding photon avalanche
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and the Kerr e�ect immediately, both of which are temperature independent. Tem-

perature dependent mechanisms that may be responsible include material e�ects like

(i) strong Yb3+-Yb3+ coupling, i.e. non-linear energy transfer [103], (ii) nonlinear

upconversion rates [104], and (iii) thermal avalanche [16], and cavity e�ects, such as

(iv) dispersive bistability mediated by the thermo-optic e�ect and cavity expansion

[22, 105].

Guillot-N�oel et al. [103] have described a mechanism that could be responsible

for bistability in the regime of strong Yb3+-Yb3+ coupling, in which case cooperative

luminescence would be expected. In order to be appreciable, the distance between

the ions would need to be of the order of several �A, i.e. signi�cantly smaller than for

IOG-2 (21 �A) assuming there is no clustering, and, therefore, this e�ect is unlikely to

play a key role. However, if it is present, the luminescence would likely be very weak

compared to the single ion Er3+ transitions. It is reasonable to assume that the back

transfer rate is negligible due to the high phonon energy of the host lattice, and is,

therefore, unlikely to be the source of nonlinearity in our measurements.

Another possible explanation includes a nonlinear upconversion rate either for

Yb3+-Yb3+, Yb3+-Er3+ or Er3+-Er3+ energy transfers [104]. This has been observed

in high concentration Er3+ doped �bres, where the nonlinearity is dependent on pop-

ulation inversion of the lasing levels, and the signal and emission rates. Temperature

dependent e�ects in the upconversion 
uorescence in Er3+:Yb3+ Ga2S3:La2O3 chalco-

genide glass and germanosilicate optical �bres have been attributed to an exponential

increase in the Yb3+ absorption cross-section elsewhere [106]. However, there have

been no reports of bistability relying on these mechanisms.

Thermal avalanche was used to explain bistability in Yb3+-doped bromide lattices
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by Gamelin et al. [16] at cryogenic temperatures. This theory relies on nonlinear

absorption in the Yb3+ ions with increasing temperature and predicts bistable power

absorbance in the microsphere as a function of pump power in the taper. As phonons

are released into the lattice from Yb3+ excited and ground states, the temperature

increases, thereby increasing absorbance and leading to a further increase in tempera-

ture. This cyclic process causes a thermal avalanche for high enough pump power. In

order to determine whether thermal avalanche is truly responsible, it would be neces-

sary to perform measurements of the dependence of the Yb3+ absorption coe�cient

and to ascertain whether it is a nonlinear function of internal microsphere temper-

ature above 295 K. However, the results presented in Lei et al. [107] for di�erent

Yb3+-doped phosphate glasses do not show a suitable nonlinear absorption coe�-

cient necessary for thermal avalanche. This suggests that thermal avalanche theory

is also unsuitable to describe the behaviour of IOG-2.

We suggest that dispersive bistability [105] - a mechanism commonly used to

explain bistability in Fabry-P�erot etalons - can predict our results. The general

theory states that as the pump laser frequency is scanned across a high-Q cavity

resonance the cavity intensity rapidly rises, and when the pump frequency moves

away from the cavity resonance the cavity intensity rapidly falls. In addition, this

description is complicated by the fact that the frequency of the cavity resonance scales

approximately linearly with the cavity intensity, leading to a bistable response. In

our case, the cavity resonance could be shifted by a temperature-dependent refractive

index - the thermo-optic e�ect - and thermal expansion of the cavity [93]. As already

mentioned in the previous section, we �nd that in order to observe bistability the

current to the pump laser, and, hence, the pump frequency, need to be adjusted to



104

a precise setting for each sphere. The corollary of this adjustment is the positioning

of the laser frequency near a cavity resonance. For the experimental conditions here,

a threshold power of about 100 �W in the cavity mode is enough to cause switching

- a value which is well below our estimated 10-15% of pump power coupled into the

sphere (< 1mW). Firm evidence of this e�ect would be possible by probing individual

cavity resonances with a narrow linewidth, 980 nm external cavity diode laser, while

recording the power transmitted past the taper-sphere coupling junction as described

by Rokhsari et al. [102].

4.6 Dispersive Optical Bistability

Thermal nonlinearities will a�ect the resonance condition in a high-Q cavity. In

phosphate glass, the combined e�ect of the thermo-optic e�ect and cavity expansion

red-shifts the resonance frequency. The direction in which the resonance frequency

scans across the pump laser frequency, or visa versa, produces two distinct responses

governed by the thermal properties of the cavity.

Two time constants describe the cavity dynamics: the fast mode volume response

and the slow microsphere response. The mode volume quickly dissipates heat into the

microsphere volume with a time constant �Mode = (2b)2=�, where b is the half-width

of the mode volume given by b = 0:84al�2=3, and � = 0:57 W/mK is the thermal

conductivity [92]. This time constant for the mode volume is about 2 �s for our

microspheres, while the time constant for the whole sphere volume is on the order of

a few milliseconds [108]. A picture of the heat generation and loss mechanisms in a

microsphere is shown in Fig. 4.10. Conduction is viewed as the primary mechanism

a�ecting the thermal di�usion [109].
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Figure 4.10: Schematic of the heat conduction from the mode volume to the rest of the mi-

crosphere and the tapered �bre (not shown). The microsphere dissipates its heat primarily

through the supporting stem/post.

It was shown in [109] and [110] that cavities with thermal nonlinearity are de-

scribed by a nonlinear di�erential equation for the internal �eld amplitude, e,

_e+ e [�x+ i(! + �)] = Iinc(t)

_� + �� = ��jej2;
(4.7)

where �x is the linewidth of the mode, ! is the resonance frequency of the mode, �

is the shift in resonance frequency giving the amount of detuning, Iinc(t) is the pump

�eld, � is the relaxation rate, and � is the thermal nonlinearity coe�cient which

comes from the part in the brackets in Eqn. 4.6. Fig. 4.11 describes how the cavity

resonance is scanned across the laser frequency from two di�erent perspectives; (a)

frequency detuning, and (b,c) input pump power.

The plot in Fig. 4.11(a) is the internal cavity �eld given by the Lorentzian [105],

jc� j2 = jc0� j2

1 + 4
�
x�x0�
�x

�2 ; (4.8)

where jc� j2 is the shifted cavity �eld coe�cient, jc0� j2 is the unshifted cavity �eld,

and x0� is the unshifted resonance position. Since our bistability is self-induced, the
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Figure 4.11: Graphical description of dispersive optical bistability due to thermal nonlin-

earities in a cavity. The green circles mark out corresponding points on each of the three

plots. Figure (a) shows the Lorentzian of the 980 nm pump, Fig. (b) shows the cavity

coe�cient, i.e. the region over which the cavity resonance scans over the pump Lorentzian,

as a function of input power, and Fig. (c) shows the internal cavity �eld as a function of

input power.
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detuning can be written as a function of the input pump intensity,�
x� x0�
�x

�2

= � +KIincjc� j2; (4.9)

whereK is a constant de�ning the amount of spatial overlap between the perturbation

and the energy distribution of the mode. This equation produces the black line in

the �gure which scans across jc� j2 with increasing values of incident pump Iinc. The

intersection points between the line and jc� j2 are solutions to the cubic equation in

Eqn. 4.7. The cubic equation in Eqn. 4.7 produces a response similar to that shown

in Fig. 4.11(b). In reality, these intersections describe the positioning of the cavity

resonance relative to the pump frequency (c.f. the movie linked in Fig. 4.11). In cases

where the line intersects at three points for increasing Iinc, the most stable position

is that with minimum detuning. Alternatively, for decreasing Iinc, the most stable

position is that with maximum detuning. There are no stable solutions where the line

intersects two points. The internal microsphere intensity amplitude is jc� j2E2
o where

Iinc / E2
o . A theoretical bistable plot of the internal sphere �eld is plotted in Fig.

4.11(c) and clearly mimics the results in Fig. 4.6.

Comparison of the bistability plots for IR lasing in Fig. 4.5 and 
uorescence in Fig.

4.6 indicates somewhat unusual behaviour around the switch-low position. The IR

lasing suddenly peaks at 10 mW launched power before switching to the lower state.

All spheres have demonstrated this behaviour to a greater or lesser degree. Despite

this, the 
uorescence never shows a sudden jump before switching to the lower state.

In particular, a sudden increase in absorption (as determined from the ratio of the

two green emissions discussed in Section 4.3.3) in the sphere at this point, is never

observed. There seems to be no similar e�ect observed in Fabry-P�erot cavities and

other resonators, which might have shed some insight onto the problem. A possible
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explanation for the peak in the IR lasing bistability plots, and its notable absence in


uorescence plots, may be related to thermal lensing (c.f. Section 1.10) and the two

di�erent methods used to detect the light, i.e. a tapered �bre is used for the lasing

emissions and a high NA �bre is used to collect scattered 
uorescence. In order to

fully understand this behaviour it needs to be investigated further by analysing the

e�ect of thermal lensing in microspheres, and by imaging the mode propagation path

in the microsphere.

4.7 Conclusions

In conclusion, a multi-wavelength, microsphere light source with optical bistability has

been demonstrated in an Er3+:Yb3+ co-doped IOG-2 sphere, and the Er3+ transitions

and 
uorescence mechanisms involved have been identi�ed. Factors a�ecting the

dynamics of visible 
uorescence and C-band lasing emission have been examined

and show that the thermal properties of IOG-2 glass play an important role in the

microsphere performance. In particular, the high loss of pump power to the glass

as heat, in conjunction with the low thermal conductivity have a pronounced e�ect

on the green emissions from levels 2H11=2 and
4S3=2. Our calculations show that the

close proximity of the ions in our glass greatly enhances the probability of sensitiser-

sensitiser and sensitiser-acceptor energy transfers.

We have also reported on the simultaneous observation of chromatic and intensity

OB in IOG-2 glass at room temperature. These results show that there are two

possible temperatures in the bistable region and that it is also possible to have two

emission intensities for the same excitation power. Chromatic bistability is dependent

on the presence of intensity bistability due to the energy coupling between the green
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emitting levels 2H11=2 and
4S3=2. Therefore, the switching positions are the same for

both types of bistability. The OB shows high contrast switching ratios. The intensity

switching shows ratios of 2.9 and 4.6 for the two green emissions, 3.1 for the red


uorescence emissions, and 4.7 for the IR lasing, while the chromatic switching ratios

are as high as 2.8.

Our observations may be tentatively explained in terms of dispersive bistability,

where the temperature dependent refractive index and thermal expansion of phos-

phate glass causes the resonant cavity mode and the laser mode to behave nonlinearly,

yielding a bistable response. Several other possible mechanisms (strong Yb3+-Yb3+

coupling, nonlinear upconversion rates, and thermal avalanche) were examined; how-

ever, all are considered unfavourable under our experimental conditions or else require

further measurements to study their in
uence on the observed behaviour.

Microcavity resonators o�er substantial miniaturisation, greatly reduced power

for switching, and allow for all emissions to be easily �bre coupled [111]. In addition,

the improved optomechanical properties of IOG-2 compared to other glasses used for

OB, such as CsCdBr3, makes this glass appealing for all-optical logic elements in

optical engineering applications. The expected low operating speed of a few hundred

Hz is likely to make this type of bistability unfavourable for all-optical computing

applications.

There are, however, numerous engineering situations where this device will have

superior performance. The advantage of using a non-electrical, �bred device for indus-

trial applications is promising. Such applications might include a miniature tempera-

ture limit switch and/or a pressure limit switch where electrical noise limits traditional

electrical devices. For example, it may not be possible to use a piezo-strain gauge -
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and the associated wheatstone bridge - near large, noisy switch gears or generators. A

similar limitation exists with electrical resistance thermometers, which also require a

wheatstone bridge, when placed in noisy environments. In addition to electrical noise

immunity, the switching thresholds can be controlled to give the desired performance.

The upper temperature operating limit is only limited by the glass transition temper-

ature of 649 K. Nanometre variations in the cavity radius are enough to exploit the

switching mechanism in the microsphere. Furthermore, recent work in our laboratory

has demonstrated the mechanical robustness of such a system by thermally fusing

the �bre taper to the microsphere at a speci�c point, thereby minimising drift in the

switching positions arising from changes in the coupling e�ciency [112], and, as a

result, the pump intensity.

The functionality o�ered by the wavelength switching could be exploited for 1�2

ADD-DROP �ltering. Details of a similar passive device have already been proposed

in [113]. In our case, the 980 nm pump would serve as a control beam for either adding

and/or dropping a wavelength by causing the cavity resonance frequency to shift. The

device would be largely independent of wavelength, except for those frequencies falling

within the material absorption bands.
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Chapter 5

Homemade External Cavity Diode

Laser

5.1 Introduction

The work in this thesis has focussed primarily on the exploitation of the material

properties of di�erent glasses and their dopants. Chapter 4 revealed the profound

importance of the cavity modes in gain media. Future work in the group will depart

from the material science emphasis and will study novel cavity e�ects, such as coupled

resonator induced transparency using Fano resonances in passive microspheres, and

the e�ect of mutually coupled resonators on the lasing threshold or Q factor in either

active or passive microspheres respectively. The study of such phenomena requires

a narrow linewidth laser in order to controllably probe individual cavity resonances.

For this purpose an external cavity diode laser (ECDL) with a Littrow con�guration

grating was constructed using the Sussex and Melbourne designs [114, 115]. This

chapter describes the design, construction, and testing of the ECDL.

Homemade ECDLs have been a mainstay of atomic physics and microcavity

physics for a number of decades [4, 116]. Their low cost and yet long term, high
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performance have made them an indispensable tool for studying speci�c resonances.

The basic principle of the ECDL relies on the frequency selective feedback of part of

the optical signal into the diode laser. This is achieved using a di�raction grating to

create an external cavity and can yield linewidths of a couple hundred kHz [115].

5.2 Design and Construction

In our design we use a Littrow con�guration for the grating that re
ects about 40%

of the �rst order di�racted beam back into the laser diode cavity as shown in Fig.

5.1. The Littrow con�guration is shown in the zoomed image. The output beam

from the ECDL is the zeroth order re
ection from the di�raction grating. The angle

of re
ection from the grating, �, is wavelength dependent according to the grating

formula m� = 2d sin(�), where m is the order of di�raction and d is the groove

spacing on the grating. This formula dictates the necessary grating to purchase for

the chosen wavelength range. It also shows that one can selectively feedback a speci�c

wavelength by simply adjusting the angle of the grating, �. Unlike other ECDL designs

[114, 116], the Melbourne design has an added mirror that exactly counteracts any

transverse displacements of the beam over the full range of � adjustments. This is

vitally important for �bre coupling into a single mode �bre.

The construction follows the designs by Hawthorn et al. [115] and the associated

website [117], where technical drawings and a parts list are available. The laser diode

is a 50 mW 980 nm Fabry-P�erot cavity with no anti-re
ection (AR) coating, supplied

by Roithner Lasertechnik Gmbh (S9850MG). These diodes were found to operate

very well and are reasonably priced at 12 euro each. The lens in the collimation tube

has an AR coating. A small, replicated holographic grating with 1200 lines/mm from
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Figure 5.1: Schematic of the external cavity diode laser and the supporting hardware. The

angle � in the zoomed imaged is de�ned as the angle between the normal to the grating and

the optical axis of the beam from the laser diode. DSO: Digital storage oscilloscope, PZT:

piezo-electric element, SMF28: single mode �bre, angular displacements, ��, are done with

the upper adjustment screw in the main �gure.

PTR Optics is the main feature of the ECDL. A PZT stack scans the grating angle at

50-100 Hz, and a 1 mm thick PZT disk beneath the grating provides ultra-�ne scans.

All other design details, and electrical wiring are described in Appendix F.

Alignment of the laser cavity is a two-step process. First, the beam is collimated

over a distance of about 3 m by adjusting the collimation lens. The second step is to

precisely align the �rst order beam sent back into the Fabry-P�erot cavity by noting

the threshold current for every adjustment of (i) the grating angle and (ii) the colli-

mation lens. A reduction in threshold corresponds to improved alignment. Reference

[114] suggests that the current to the laser should be set just below the threshold

while making the adjustments, however, it can be more convenient to operate the
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laser slightly above threshold. The advantage is that any degradation or improve-

ment can be immediately noticed in the output power measurement. Figure 5.2(a)

shows a spectrum with a single 1.65 mW lasing peak after �bre-coupling to an OSA.

Figure 5.2(b) shows a plot of the lasing threshold, as the alignment is improved. The

collimation lens should only be adjusted a few degrees of rotation in the threaded

mount until the threshold is minimised. Very slight movements in the lens persist for

about one minute after each adjustment and this tends to a�ect the alignment and

must be taken into consideration also.

Figure 5.2: (a) Fibre coupled lasing peak as measured on the OSA, and (b) threshold

currents. The threshold currents were recorded at di�erent stages of the collimation tube

alignment.
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The ECDL is mounted on a heavy 5 kg steel block to provide vibration isolation

and a large thermal sink. A layer of Sorbothane beneath the block damps the trans-

mission of vibrations from the optical table through to the ECDL. Thermal paste is

applied to each of the joints between the laser cavity and block to improve conduc-

tivity. In addition, an aluminium enclosure surrounds the ECDL, combined with a

further clear plastic enclosure, adding two layers of thermal bu�ering from air currents

as well as acoustic noise, thereby improving the stability of the laser (c.f. Appendix

A).

5.3 Performance

The ECDL must meet several requirements; �xed direction output of the laser beam

for �bre coupling compatibility, wide tunability over a range of one FSR for a typical

microsphere, i.e. about 10 nm, and narrow linewidth.

As stated, the design is inherently optimised for �xed direction output. The ability

to tune the laser over 30 nm, using the angular adjustment screw shown in Fig. 5.1,

while maintaining at least 60 % laser power shows the advantage of the design. Such

a wide tuning range, from 965 - 995 nm, is of great bene�t when scanning across a

microsphere's FSR.

As the angular adjustment screw is turned, the lasing mode is shifted from one

spectral mode to the adjacent spectral mode, typically 0.5 nm apart, while always

maintaining single mode output over the 30 nm range. Unfortunately, this wavelength

tuning requires the two enclosures to be removed and direct manual adjustment of

the screw. The wavelength of the lasing peak can be shifted over this 0.5 nm range

by varying the laser diode current from 15 - 75 mA. A LL curve for the full current
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range is shown in Fig. 5.3(a). Several mode hops start appearing for currents greater

than 45 mA. Juxtaposed with these mode hops are those appearing when the piezo

stack is scanned. The piezo stack provides �ne scans over a range of around 6 GHz,

which is wider than a typical resonance width, i.e. < 1 GHz, and is shown in Fig.

5.3(b). Ultra-�ne scans over a range of around 0.4 GHz are possible by scanning the

piezo disk beneath the di�raction grating. AR coated LDs, while considerably more

expensive, can improve the continuous tuning range to several hundred GHz up to a

few THz. These measurements were performed by connecting the �bre-coupled laser

output into a wavemeter (Burleigh Instruments, WA 1100), which has a resolution of

0.001 nm.

Homemade ECDLs compare favourably with commercial counterparts, and typi-

cally have linewidths ranging from 100 kHz to around 5 MHz. Hawthorn et al. [115]

quote a linewidth of 370 kHz over 100 s for their 780 nm ECDL, measured by looking

at the beat signal of two identical lasers locked to atomic resonances in rubidium

using a fast photodiode. Initial attempts to �nd a resonance in an Er3+:ZBLALiP

microsphere with the ECDL built here have been unsuccessful. This may be because

the linewidth is several tens of MHz, i.e. greater than the width of a microsphere

resonance. The identi�cation of resonances is compounded by the appearance of

many narrow mode hops over piezo-stack tuning range. These mode hops are often

misleading due to their narrow width, giving the false impression of a microsphere

resonance. Nevertheless, these misleading mode hops can be eliminated from the

identi�cation process with some experience. An actual linewidth measurement using

the self-homodyne technique may be necessary to con�rm the laser performance in

future work.
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(a) Light-in light-out curve for the ECDL.

(b) ECDL wavelength as a function of PZT scanning of the grating angle.

Figure 5.3: Mode hopping with both (a) laser diode current tuning and (b) PZT scanning.

The wavelength in (a) is 990 nm and the laser diode temperature is 23 �C. The solid green

line in (b) represents increasing voltage across the piezo stack and the dashed blue line

represents decreasing voltage.
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Chapter 6

Conclusions

This project has investigated the emission characteristics of an Er3+ doped 
uorozir-

conate glass and an Er3+:Yb3+ co-doped phosphate glass microspheres resonators. A

method for fabricating and characterising adiabatic �bre tapers as coupling devices

into microsphere resonators was presented. The tapers used for this thesis normally

excite more than one cavity mode, resulting in multimode lasing at 1.5 �m, how-

ever, single mode lasing is sometimes observed when the taper and microsphere are

optimally aligned.

Our results on the erbium-doped 
uorozirconate glass, ZBLALiP, build on earlier

work by Mortier et al. [24] and show very e�cient upconversions over a broad range.

Thirteen discrete emissions ranging from 320 to 850 nm have been observed in the

upconversion spectrum. The absorption and 
uorescence properties are studied, and

the processes responsible for the generation of the observed wavelengths are outlined.

To the best of our knowledge, no other singly doped glass has been shown to generate

such a range of emissions from the UV to the near-IR, including Er3+ doped ZBLAN

microspheres [118].
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Scorching or blackening of the microspheres during fabrication in the plasma cham-

ber is a problem. In order to exploit ZBLALiP's very low absorption in the mid-IR,

the fabrication process would need to be improved so as not to degrade the material

quality. Mid-IR lasing has been observed at 2.7 �m from the 4I11=2 !4 I13=2 tran-

sition in bulk samples of ZBLALiP by Mortier [119]. Mid-IR lasing in a ZBLALiP

microsphere would be a very exciting development since other glass hosts, such as

silica, typically do not transmit at this wavelength. Unfortunately, we do not have a

spectrum analyser for these wavelengths in our laboratory. A profound implication

of the attenuation graph presented in Fig. 3.1, is the suggestion that if 
uorozir-

conate glasses can become an a�ordable, practical, and ultra-low-loss alternative to

silica optical �bres, there will be a race to develop lasers at 2.6 �m. An erbium

doped ZBLALiP microsphere would serve as a laser source around this wavelength.

Furthermore, it has been suggested [24] that optical �bre fabrication issues such as

re-crystallisation defects may be partially remedied by using ZBLALiP rather than

the more conventional glass, ZBLAN.

Fluorozirconate glasses such as ZBLALiP are ideal for upconversion lasing due to

their lower phonon energy (600 cm�1 max.) compared with silica (1190 cm�1 max.),

for example. Green upconversion lasing with a very low threshold of 30 �W absorbed

power at 801 nm pumping was observed in Er3+ doped ZBLAN microspheres [118].

Green lasing was also observed in an Er3+ doped ZBLAN microsphere following three

ESAs when pumped at 800 nm [120]. All these experiments were performed with the

outdated techniques of free beam coupling and prism coupling using microspheres of

unstated Q values. Upconversion lasing in ZBLALiP microspheres, when pumped at

800 nm, seems very probable given the high upconversion rates observed in the present
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work. The reason for choosing 800 nm rather than 980 nm is that the metastable

4I13=2 level can be readily depopulated via an ESA to the green level at 4S3=2. A

further ESA from this long-lived level could then populate the 2P3=2 level, and the

resulting violet and UV emissions would follow.

To the best of our knowledge, the work in this thesis presented the �rst system-

atic study of optical bistability in a glass microspherical laser. Dispersive optical

bistability in an Er3+:Yb3+ co-doped IOG-2 microspherical cavity has been studied.

The thermal properties of IOG-2 glass play an important role in the microsphere

performance. In particular, the high loss of pump power to the glass as heat, in con-

junction with the low thermal conductivity, have a pronounced e�ect on the cavity

resonance. As such, we have seen self-induced switching in the intensity at C-band

lasing and visible 
uorescence wavelengths, and chromatic/wavelength switching at

green and C-band lasing wavelengths. The dispersive bistability model seems to cor-

rectly predict our results. It cannot, however, explain the spike observed in the lasing

bistable plots while decreasing the pump power; thermal lensing was suggested as a

contributing factor a�ecting the mode propagation path and, thus, causing variable

light collection e�ciency. Lifetime measurements of the excited states are needed to

con�rm or reject the in
uence of ETU. Switching speeds are expected to be limited

by the energy level lifetimes in the Er3+ ions; however, measurements are needed to

con�rm this.

In comparison to other bistable glasses and crystals, IOG-2 microspheres have

large contrasts between the two bistable states and require very low switching pow-

ers. In addition, their size and room temperature operation make them interesting

for miniature devices. These results are of immediate importance for applications
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requiring co-doped laser glasses and crystals, such as all-optical processing. A com-

pact laser source would be ideal for microchip integration, especially if it can be

mounted with a waveguide such as a stripline pedestal anti-resonant re
ecting optical

waveguide (SPARROW) [85]. A microdisk or microtoroid geometry would be even

more appealing due to their smaller dimensions and tighter mode con�nement. It is,

perhaps, industrial applications that may bene�t most from the unique properties of

a bistable microsphere. Non-electrical solutions are often sought for noisy applica-

tions. An all-optical, miniature, high sensitivity temperature limit switch and/or a

pressure limit switch, such as a co-doped microcavity, has particular advantages over

other commercial systems. There is also the option of choosing from either intensity

or wavelength switching, both of which occur simultaneously.

All in all, the two glasses investigated in this thesis work o�er new and interesting

avenues of research for a wide variety of applications. Our group will, no doubt,

continue to study these glasses in the future.
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ABSTRACT 
 

We present continuing theoretical and experimental investigations into the characterisation of fibre taper coupled 
microspherical lasers.  We investigate the spectral emissions of these micro resonators as a function of the wavelength 
and power of the pump radiation.  We also consider various means of efficiently coupling radiation into and out of these 
devices.  We are particularly interested in studying emissions about 1.55 µm with the aim of exploiting potential 
telecommunications applications of these devices.  We study microspheres with diameters in the range 40-150 µm.  
Pump light about 980 nm or 1480 nm is coupled into the microsphere through evanescent wave coupling between 
microsphere and optical fibre.  The resulting spatial and spectral distribution of radiation within the spheres is described 
by whispering gallery modes.  Half and full-taper optical fibres are used to both couple the pump light into the sphere 
and to out couple the resulting infra red lasing.  The physics of whispering gallery modes and the challenges of coupling 
to such modes is discussed.  Experimental techniques and results will be presented and future directions indicated.  
 
Keywords: Lasers, microspheres, erbium doped glass, whispering gallery modes, evanescent coupling, fibre taper 

 
1. INTRODUCTION 

 
The first demonstration of a spherically symmetric rare earth doped solid microcavity undergoing laser action was 
presented over forty years ago.1  Samarium doped CaF2 glass spheres with diameters of a few millimetres were pumped 
by xenon flashtube.  Upon exceeding a threshold pump power the output power grew quickly indicating the presence of 
stimulated emission.  Interest in the study and application of these microcavities as potential laser sources developed 
from this point.  The first continuous wave laser oscillation in a solid state medium was demonstrated in Nd:YAG 
spheres with a diameter of 5 mm and lasing threshold of 100 mW.2  Current lasing thresholds stand at the microwatt 
level, while, simultaneously, the size of the spheres has decreased dramatically.  A more complete introduction to 
microcavity laser devices has been presented in an earlier paper and the interested reader is directed to it and the 
references contained therein.3 
 
The capture and propagation of radiation in circular microlasers is based on multiple total internal reflections (TIR) of 
light within the resonant cavity structure.  The resulting spatial and spectral electromagnetic field distributions have been 
termed whispering gallery modes (WGMs) or morphology dependent resonances (MDRs). WGMs in micro resonators 
have attracted much attention in recent years due to the intrinsic high Q-factors and the very low mode volumes of 
typically a few hundred µm3 that can be achieved.4  Q-factors as high as 1011 have been reported.5  This coupling of low 
mode volume with high Q-factor can lead to sufficiently high light intensities within the sphere such that non linear 
effects come into play.6  The development of such microresonators is of interest for both fundamental (e.g. cavity 
quantum electrodynamics7,8) and applied studies (e.g. the development of optical networks5).  Recent work9 has reported 
on the coupling between quantum dots and microspheres with the result being lasing at wavelengths between 1240 and 
1780 nm at sub microwatt threshold.  Applications have also been identified in chemical and biological sensing whereby 
the evanescent portion of the electromagnetic field interacting with target species on or near the microsphere surface 
gives rise to a shift in the resonant wavelength of a sphere mode.10,11  This shift can be calibrated to yield the 
concentration of the target analyte.  The high Q-factor of the passive microspheres used in these studies leads to a cavity 
enhancement effect equating to effective interaction path lengths of up to tens of metres.   
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In this paper we will give an overview of the whispering gallery mode depiction of the electromagnetic field within a 
dielectric microsphere. Particular attention will be drawn to the description of the spatial distribution of the 
electromagnetic energy including the evanescent portion of the field.  We will describe how we use a suitably sized silica 
fibre taper to efficiently couple light into and out of the microsphere via evanescent wave coupling and the potential of 
using angle polished fibres to achieve similar coupling results.  The fabrication of the spheres used in this work will be 
briefly discussed.  We are working with microspheres fabricated from two different erbium doped glasses.  The first 
material is a novel heavy metal fluoride glass, ZBNA, optimised for its ability to act as a host for erbium.  The second 
material is a commercial Schott glass IOG-2, a potassium-barium-alumino phosphate glass with doping levels of 2 % 
Er2O3 and 3 % Yb2O3 by weight.  We have constructed a fibre taper production rig based on a scanning mirror and a CO2 
laser heat source.  Practical considerations and techniques involved in the production of low loss adiabatic fibre tapers by 
this method will be discussed.  Finally results from our investigations into microspherical lasers fabricated from the two 
doped glass materials will be presented and future avenues of investigation discussed. 

 
2. THEORETICAL CONSIDERATIONS 

 
In this paper we will provide some insight into electromagnetic resonances existing in a microsphere.  Efficient coupling 
to a microsphere requires that the propagation modes of light in the coupling element match the WGMs within the 
sphere.  The use of quantum tunnelling via an evanescent wave component of the light field is used for this purpose and 
we present how one can ensure that the coupling technique satisfies the mode-matching requirements when a half-taper 
fibre is used as the coupling component. Finally, we examine a second coupling technique based on angle-polished 
fibres. 
 
2.1 Whispering gallery modes 
In the geometrical-optic model, if a ray strikes the microsphere glass-air interface at an angle of incidence greater than 
the critical angle, TIR will occur.  The ray is reflected and due to the symmetry of the cavity strikes the glass-air 
interface again at the same angle.  In the case of large microspheres i.e. radius >> wavelength of trapped light (a >> λ), 
the light ray will be trapped by this mechanism and can propagate continuously around the inside wall giving rise to a 
standing wave, hence the concept of resonant modes.  The integer number of these wavelengths around a single 
revolution can be denoted by the equatorial mode number, l. 
   
 
 
 
 
 
 
 
 
 
 
 (a) (b) 
Fig. 1. WGM in a microsphere. (a) Ray propagation around the sphere by TIR; (b) Spherical coordinate system. 
 
The momentum p of a photon is p = ħk = 2πħ/λ where ħ is Planck’s constant divided by 2π and k is the wavenumber 
inside the sphere.  The angular momentum, ħl, of the photon when it strikes the surface with near glancing incidence is ħl 
= 2πrħn/ λ where n is the refractive index of the sphere.  We see that the integer l is the angular momentum of the photon 
of unit ħ and is going into the page in Fig. 1 (a).  An important variable describing the resonance condition is the size 
parameter, xl

(n) = 2πa/ λ. 

A realistic mathematical description of the electromagnetic field patterns in a microsphere begins with the solution of the 
Helmholtz equation in spherical coordinates.12  The solution is obtainable from the scalar wave equation  
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by assuming the polarization is constant.  There are four solutions to Eqn. (1) corresponding to the transverse electric 
(TE) and transverse magnetic (TM) components of the sphere electric and magnetic fields.  Spherical Bessel (Hankel) 
functions describe the radial field inside (outside) the sphere which are given by 
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where jl (hl
(1)) are spherical Bessel functions (Hankel functions of the first kind) of order l and Xlm and Ylm are vector 

spherical harmonic functions.  These latter two functions describe the sinusoidal nature of the field corresponding to 
reflections of the ray off the sphere surface.  
 
Three mode numbers n, l, and m are used to characterise the radial, equatorial and polar components of the 
electromagnetic field.  Mode number n (n = 1, 2, 3,…) gives the number of maxima in the radial electromagnetic field 
distribution.  The fundamental (n = 1) TM radial mode is depicted in Fig. 2 (a).  The second mode number, m (m = −l, −l 
+ 1,…, 0,…, l − 1, l), describes the number of maxima in the sinusoidal variation in field intensity in the equatorial or 
latitudinal direction.  Finally the mode number, l, describes the field intensity distribution in the polar or longitudinal 
direction and can take values l = 0, 1, 2,… with the number of maxima present in the polar field distribution been given 
by l − |m| + 1.  

 
 (a) (b) 
Fig. 2. Calculated intensity distribution of the TM mode in the equatorial plane (a) for n = 1 and l = 30 with x =24.623 (b) and for n = 
2 and l = 30 with x = 27.978. The wavelength is 1.55 µm and the sphere radius is normalized to unity in both cases. 
 
For a  perfect sphere (zero ellipticity), modes with the same l but different m values have a 2l+1 degeneracy and so the 
mode numbers n and l are sufficient to describe the WGM.  In reality some ellipticity exists in the sphere which removes 
this degeneracy.  For minimal mode volumes one wants n to be small and m ≈ l as seen in Fig. 3.  The spheres used in the 
present studies have radii in the range 50-250 µm with <5 % ellipticity.  Fig. 3 shows a cross-section of the field for 
different values of m and l.  We can see that the mode volume is lowest for the fundamental mode and increases for more 
complicated mode structures.  In the ray optics picture, the fundamental mode represents a ray with the smallest 
reflection angle, the lowest diffraction losses, the lowest mode volume and the highest Q-factor.   
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 (a) (b) 

    
 (c) (d) 
Fig. 3. Azimuthal intensity distribution for TM modes with (a) n = 2, l-|m| = 1, (b)  n = 1, l-|m| = 1, (c) n = 1, l - |m| = 2, 
(d) n = 1, l - |m| = 0.  The wavelength is 980 µm and the sphere radius is normalized to unity. 
 
The fundamental mode in Fig. 3 (d) is located on the equatorial plane of the sphere. Although modes with l - |m| > 0 
travel with greater inclinations with respect to the equator, they still have the same resonant wavelength as the 
fundamental mode since the curvature of the sphere precisely compensates.  The path length for l - |m| > 0 modes in (a) 
to (d) are all equal i.e. they are degenerate.  Therefore the equatorial mode number, m, is superfluous when describing the 
resonance wavelength 
 
The quantum mechanical analogy of morphology dependent resonances13 is shown in Fig. 4 (a).  An effective radial 
potential, comprising of the well potential and centrifugal potential at the surface, ensures that the propagating photons 
remain confined to the well near the sphere surface.  Classically, as long as the energy of the bound state photon is below 
the level of the potential barrier the photon cannot leak out of the potential well and into the forbidden regions.  
However, the wave function has a non-zero probability outside the potential well, thus giving rise to whispering gallery 
mode losses.  The radial Schrödinger equation is of the form 
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where V(r) is the total effective potential, l is the equatorial mode number and E is the total energy (equal to k2).  The 
effective potential is a function of the radial position and is governed by the local refractive index and the wavelength.  
The effective potential in Fig. 4 (a) is given by  
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 (a) (b) 
Fig. 4. (a) Effective potential for a silica microsphere with l = 24.  The wavefunction (dashed) is only representative.  (b) Overlap of 
the microsphere TM mode and fibre taper evanescent fields (fibre diameter, 2a = 1.6 µm, l = 100). 
 
Turning points are defined where the difference between the total energy and effective potential is zero.  These are 
defined as 

 knlR /)2/1(1 +=  (5) 

 klR /)2/1(2 +=  (6) 
Photons between R1 and the sphere-air interface are the classically predicted bound photons, while those photons outside 
the sphere, between R2 and the sphere-air interface, are evanescent.  
 
The continuity of the tangential components of the electric and magnetic fields at the sphere surface (see Eqn. (2)) must 
satisfy a characteristic equation.14  The position and width of the resonances are obtained by numerically solving this 
characteristic equation. 
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where b is the polarization (equal to 1 for TM modes and 0 for TE modes).  The prime denotes differentiation with 
respect to the argument.  The solution yields discrete values of frequency at which resonances are possible.  In practice, 
the locations of these resonances are found by scanning a tuneable diode laser over the free spectral range of the sphere. 
 
The solution to Eqn. (7) requires a significant amount of computational time as the resonances have sharp Lorentzian 
line-shapes.  Schiller15 has used asymptotic formulas to yield an approximation for the resonance frequency in terms of 
the size parameter, xl

(n), up to order α = 8 
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where ν = l + ½, m = ns/na, where ns is the refractive index of the sphere and na is the refractive index of the surrounding 
medium, ζn is the nth zero of the Airy function.  The coefficients of the expansion are given by the polarization 
dependant term dα(m, ζn).  Identification of these resonances is achieved by measuring the separations of the resonance 
frequencies xl

(n) - xl-1
(n).  The widths of the resonances, Γl 

(n), are given at FWHM by Lam16 as 
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where nl is the spherical Neumann function, and 
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where µ = ν/x with x evaluated at xl
(n).  
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2.2 Mode matching between a microsphere and fibre taper 
In order to effectively couple light into a microsphere, the angular momentum and propagation constant of the pump 
beam must match that of the WGMs within the sphere such that there is phase matching at the point of closest contact.  
We achieve this by using a suitably sized silica fibre taper to couple light into and out of the microsphere via evanescent 
wave coupling.   
 
The eigenvalue equations of the Helmholtz equation for the fibre are17 
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for HEnm and EHnm modes where Jn (Kn) is a Bessel function (modified Hankel function of the second kind) of order n, β 
is the propagation constant, ncore is the index of the core, nclad is the index of the cladding, h2=n2

corek
2-β2 is the radial 

propagation constant in the core, q2=n2
cladk

2-β2 is the radial propagation constant in the cladding, and the prime denotes 
differentiation with respect to the argument.  We use the Sellmeier dispersion formula to determine refractive indices at 
room temperature.  The transcendental equation in Eqn. (11) is solved numerically for the fundamental HE11 fibre mode 
for specific taper diameters. The propagation constant of the sphere is β=kl/xnlm where xnlm is the size parameter 
determined from Eqn. (6).  The taper and sphere are phase matched when the difference between propagation constants 
is zero. 
 
If efficient coupling is to be achieved using tapers or half-tapers, it is imperative that the taper be only a few microns in 
diameter.  Taper coupling provides a simple and potentially compact method of exciting the sphere.  We fabricate low-
loss 3 to 4 µm diameter tapers using a 25 W CO2 Synrad laser.  Fibre taper coupling efficiencies of more than 99 % have 
been reported18 which depends on the refractive index of the sphere, sphere dimensions, taper fibre dimensions and the 
relative position of the components.   

2.3 End-polished fibres 
We have recently begun investigating how end-polished fibres can be used to excite resonant modes in microspheres.  
This device is a hybrid of the more traditional prism and taper couplers.19  The fabrication consists of polishing the end 
of a single mode fibre to an angle sufficient to obtain efficient coupling into the sphere.  By placing the sphere at the 
polished surface TIR conditions will be met, just as in the case of prism coupling.  Therefore the phase matching 
condition is controlled by the polish angle, θ=sin-1(nsphere/nfibre).  The effective index of the resonant mode in the sphere is 
found from nsphere=lns/ xl

(n) where ns is the refractive index of the sphere material, for example silica, as determined from 
the Sellmeier dispersion formula.  The effective index of the fibre is assumed to be β/k where β is evaluated from Eqn. 
(11) for the fundamental HE11 mode.  Fig. 5 shows the required polish angle as a function of sphere radius for n = 1 and 
n = 2 modes at wavelengths of 980 nm and 1480 nm. 

   
 (a) (b) 
Fig. 5. Calculated polish angle for wavelengths of (a) 980 nm, and (b) 1480 nm in silica. 
 
Among the advantages of end-polished fibres are their robustness and small package size.  One disadvantage of using 
fibre tapers is the competing requirement of small diameter to maximise the evanescent field against a suitably large 
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diameter for good phase matching.  For example, a silica fibre diameter of 6 µm is required to phase match an 
Er:ZBLAN sphere of diameter 100 µm.20  The fraction of the field in the core of the fibre is almost 100 % for this 
diameter taper.  Further advantages of end-polished fibres are in ease of alignment of the sphere and fibre as the 
interaction region is larger and good coupling efficiencies of up to 60 %.19  
 

3. EXPERIMENT 
 
3.1 Experimental setup 
 
We are working towards the characterisation of microspherical lasers fabricated from two different erbium doped 
glasses.  The first material is a novel heavy metal fluoride glass, ZBNA21 with 0.1% Er3+ doping.  The second material is 
a commercial Schott glass IOG-2, a potassium-barium-alumino phosphate glass22 with doping levels of 2 % Er2O3 and 3 
% Yb2O3 by weight.  Microspheres with diameters between 10 µm and 200 µm are formed using a 2 kW microwave 
plasma torch.23  The system can be optimised for different glass materials by changing the plasma gas feed ratio and 
discharge power. 
 
The experimental arrangement is presented schematically in Fig. 6.  Excitation of the erbium active medium within the 
microspheres is achieved using tuneable diode lasers operating at 980 and 1480 nm.  The pump light is sent through an 
optical isolator to prevent back reflections into the laser.  It then passes through a manual variable attenuator, which 
enables us to study the lasing characteristics of the microsphere as a function of the pump beam power.   

 
Fig. 6. Experimental set-up. Full line indicates 980/1480 nm. Dashed line indicates 1.55 µm. DL: Diode laser, WDM: Wavelength 
division multiplexer, OSA: Optical spectrum analyser, GS: Grating spectrometer, FPD: Fast photo diode, DSO: Digital storage 
oscilloscope. 
 
An IDIL 10:90 coupler is used to split the light into a 10% channel for monitoring the pump power and a 90% channel 
which is used as the source of WGM excitation in the microsphere. This is coupled into the fibre taper via a wavelength 
division multiplexer (WDM).  Efficient coupling between sphere and taper is achieved by aligning the microsphere 
equator precisely with the taper via the use of piezo controlled precision translation stages.  Cooperative upconversion in 
the microsphere is evident from visible green light strong enough to be observed with the naked eye.  A Zeiss 
microscope connected to a monitor via a CCD camera is used for general imaging in the experiment and also for 
monitoring the alignment position of the taper and microsphere.  Experiments as a function of sphere-taper gap are 
underway but the results presented in this paper are for the case of sphere and taper in physical contact.   
 
The 1.55 µm radiation within the microsphere is evanescently coupled out into the exciting fibre or a separate second 
taper aligned at the sphere equator but on the opposite side of the sphere.  The light passes through the WDM, which 
separates out the reflected pump component at 980/1480 nm from the lasing component at 1.55 µm.  The 1.55 µm laser 
signal is sent to an Anritsu optical spectrum analyser (OSA) for analysis of its spectral properties.  A grating 
spectrometer (Horiba Jobin Yvon Triax 190, resolution 0.3 nm or Ocean Optics USB 4000, resolution 0.5 nm) with 
either free space or fibre coupling is used to measure the microsphere visible emission spectrum. 
 
3.2 Low cost fibre taper production 
 
The three most widely exploited means of achieving micron-sized tapers are by flame,18,24 CO2 laser,25 and to a lesser 
extent by fusion splicer.20  CO2 lasers present a largely stable and easily controllable method of heating a fibre.  Air 
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currents or other deleterious environmental effects bear no consequence on the power output or the ability to scan the 
beam across the fibre with a galvanometer mirror.  The benefit of precise control of the hot-zone on a fibre yields the 
option of producing any desired taper profile.26  The physical process of heating a fibre with a laser beam involves the 
fibre absorbing the radiation and heating from the inside, while for a flame, the process involves heating the surface of 
the fibre.  This ultimately places a stricter limit on the minimum taper diameter attainable for a given CO2 laser power as 
compared with a flame.27  Previous attempts of producing tapers using the CO2 technique have achieved a diameter of 4.6 
µm with a CO2 laser power of 13 W and FWHM spot size of 820 µm using a galvanometer-scanning mirror.25  
  
3.2.1 Method 
 
We have developed a low cost method for fabricating fibre tapers which offers good reproducibility.  This method relies 
on a geared stepper motor rather than a galvanometer to scan the laser beam across the fibre taper with a mirror.  A 
future publication28 will describe in detail the procedure and requirements for pulling adiabatic tapers17,26 with losses 
typically in the range of 0.1 to 0.3 dB.  A 12.5 cm focal length Zn-Se lens focuses the laser beam onto the fibre with a 
spot size (1/e2) of approximately 500 µm that is 5.5 cm in front of the scanning mirror. The stepper motor has a 
resolution of 1.8×10-3 degrees/step, which corresponds to a length of ~1.7 µm/step on the fibre. The discrete nature of the 
step size is smeared-out by the size of the beam at the focus.  Two motorised translation stages pull the fibre with a 
resolution of 1 µm.  As the taper is being drawn, the transmission loss through the fibre is monitored with a photodiode 
and oscilloscope.  In tandem with the taper pull, the laser power is ramped in a manner which follows a fourth-order 
polynomial optimised to produce 3 and 4 µm diameter tapers. 
 
3.2.2 Results 
 
Fig. 7 shows the power transmission through a length of fibre as a taper is drawn.  In Fig. 7(a) there are oscillations 
during the middle section of the pull.  These oscillations are thought to be mode coupling between the core and cladding 
modes.  Fig. 7(b) shows that is it possible to eliminate this modal coupling with a sight decrease in laser power during 
the pull.  There is no significant difference in the final transmission loss with values of 0.15 dB and 0.21 dB for Fig. 7(a) 
and (b) respectively.  Examination of these tapers reveals that the taper angle is well below that required to meet the 
adiabatic criteria as depicted by the delineation curve.17  A typical measured taper profile is shown in Fig 7(c) with final 
diameter of 3 µm.  
 

 
Fig. 7. Transmission loss measurements: (a) with and (b) without multi-mode coupling during the middle portion of the pull.  (c) 
typical taper profile, 3µm diameter, pull length 40mm, scan length 7mm and initial taper diameter 125 µm. 
 
3.3 ZBNA microsphere results 
 
This section presents results obtained through the pumping of a 0.1% erbium doped ZBNA microsphere of diameter 60 
µm.  Pump light about 980 nm was coupled in to the sphere via a half tapered optical fibre of diameter ~ 2 µm at the 
point of contact.  The sphere and taper were in physical contact.  The same taper was used to probe for 1.55 µm radiation 
by evanescent outcoupling, through a WDM and into an optical spectrum analyser.  Despite the study of several different 
sphere-taper combinations we failed to observe any infra-red emissions from this heavy metal fluoride glass sample.   
 

(a) (b) (c) 
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During all experiments the microsphere was observed to fluoresce in the green with sufficient intensity as to be visible to 
the naked eye.  This is the well known two-photon process of cooperative upconversion4,29  Absorption of a laser photon 
at 980 nm pumps the erbium atom from the ground state 4I15/2 to the 4I11/2 excited state (lifetime < 1 µs).  From this 
excited state the atom can either a) undergo non-radiative relaxation to the metastable 4I13/2 state (lifetime ~10 ms) or b) 
absorb a second pump laser photon to enter the 4F7/2 excited state – excited state absorption. In the case of a) the atom 
can return to the ground state after ~10 ms via the spontaneous emission of an infra-red photon at 1.55 µm.  Alternatively 
the atom can relax to the ground state via stimulated emission and this forms the basis for 1.55 µm lasing in the 
microsphere.  The multiphoton process described in b) is a source of possible quenching of the lasing at 1.55 µm.  If the 
980 nm pump intensity is too high the two photon absorption rate will lead to efficient population of the 4F7/2 state.  This 
state can relax to either the 2H11/2 or 4S3/2 states and these states further decay to the ground state with photon emission at 
520 and 540 nm respectively.   
 
Evidence of the efficient population of these two states is provided in Fig. 8.  Fig. 8(a) presents wavelength scans of the 
microsphere fluorescence from 475 to 625 nm as a function of pump power launched in to the taper.  As a half taper was 
used, no measure of the coupling efficiency between taper and sphere was possible.  The peak at 520 nm is attributed to 
erbium relaxations to the ground state from the 2H11/2 excited state and the peak at 540 nm corresponds to the 4S3/2 state.  
Confirmation of the multiphoton nature of the cooperative upconversion process in found in Fig. 8(b) where the 
integrated green intensity for the 2H11/2 state as a function of launched pump power is presented.  The linear fit has slope 
of two as expected from the power law dependence of n-photon processes.  
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Fig. 8. (a) Upconversion green fluorescence spectrum as a function of power launched into half-taper fibre. (b) Integrated green 
fluorescence intensity as a function of launched pump power. 
 
3.4 IOG-2 microsphere results 
 
A second commercial phosphate glass (Schott IOG-2) with doping levels of 2 % Er2O3 and 3 % Yb2O3 by weight was 
also studied.  A previous report30 has shown this material to be suitable for sustaining continuous-wave oscillation in a 
microsphere laser.  Again half-taper coupling was employed to couple pump light about 980 nm into a 130 µm diameter 
IOG-2 microsphere.  Fig. 9 shows a laser emission spectrum from the microsphere as detected by the exciting taper.  

(a) (b) 
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Fig. 9. IOG-2 spectrum showing infra-red laser emission about 1.56 µm.  
 
Three distinctive lasing modes can be seen in Fig. 9.  Similar multimode lasing has been reported previously.20  Work is 
continuing to determine the lasing threshold power for a microspherical laser fabricated from IOG-2 glass.  These 
measurements require adiabatic full tapers and a single mode narrow linewidth pump source which are currently been 
integrated in to our experimental setup. 

 
4. CONCLUSIONS 

 
Some subtleties of evanescent wave coupling between optical fibre components and microcavities have been presented.  
A low cost CO2 laser based fibre taper production method which we believe will be of interest to other researchers has 
been described.  We have observed infrared radiation in IOG-2 phosphate glass microspheres pumped at 980 nm.  The 
competition between cooperative upconversion leading to green emissions and infrared generation in a ZBNA 
microsphere has been discussed.  Future plans include the study of the interaction of a microspherical laser array and the 
interaction between the evanescent field of a microsphere with a cloud of cold atoms.  In studying a laser array, we 
intend to study coupled oscillators including synchronisation and coherence31 and enforced chaotic behaviour.32  
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We describe a reproducible method of fabricating adiabatic tapers with 3–4 �m diameter. The
method is based on a heat-and-pull rig, whereby a CO2 laser is continuously scanned across a length
of fiber that is being pulled synchronously. Our system relies on a CO2 mirror mounted on a geared
stepper motor in order to scan the laser beam across the taper region. We show that this system
offers a reliable alternative to more traditional rigs incorporating galvanometer scanners. We have
routinely obtained transmission losses between 0.1 and 0.3 dB indicating the satisfactory production
of adiabatic tapers. The operation of the rig is described in detail and an analysis on the produced
tapers is provided. The flexibility of the rig is demonstrated by fabricating prolate dielectric
microresonators using a microtapering technique. Such a rig is of interest to a range of fields that
require tapered fiber fabrication such as microcavity-taper coupling, atom guiding along a tapered
fiber, optical fiber sensing, and the fabrication of fused biconical tapered couplers. © 2006
American Institute of Physics. �DOI: 10.1063/1.2239033�

I. INTRODUCTION

Techniques for evanescent coupling of light into micro-
spherical cavities include prism couplers,1 optical fiber half-
block couplers,2 end-polished fibers,3 and fiber tapers.4 Fiber
tapers have proven to be the most attractive device for
achieving near lossless coupling of light into microspherical
cavities and exciting the fundamental resonant mode.4,5 The
overlap of the taper and microsphere evanescent fields de-
fines the strength of this coupling.6 The attainment of taper
diameters typically in the range of 1–4 �m is critical to
maximize this coupling. For a 2 �m diameter taper at a
wavelength of 1550 nm, the fraction of power in the core is
nearly 96%.7 Recent discussions on the form of the evanes-
cent field have shown the spatial extent of the radial compo-
nent of the field to greatly increase for diameters less than
3 �m.7,8 It has also been reported that efficient coupling of
light into submillimeter sized silica microspheres is possible
for taper diameters up to 4.5 �m.9

The four most widely exploited means of achieving
micron-sized tapers are by flame,5,10,11 CO2 laser heating,12

microfurnace,13,14 and, to a lesser extent, fusion splicer.4

While subwavelength diameters have been shown to be
achievable with the flame method, it presents significant
technical challenges.11 Firstly, the gas flow rate must be pre-
cisely regulated in order to maintain a suitable temperature.
The purity of the gas supply becomes increasingly important
for smaller taper diameters due to contamination concerns.
Air currents in the vicinity of the flame also pose a problem,
thereby limiting the option of scanning the flame across a
length of fiber and causing areas of uneven heating. Despite
being able to produce submicron tapers with the microfur-
nace method, the fibers cannot be controllably structured to
produce different taper profiles.

As an alternative, CO2 lasers present a largely stable and

easily controllable method of heating a fiber. Air currents or
other deleterious environmental effects bear no consequence
on the power output or the ability to scan the beam across the
fiber with a mirror scanner. It is possible to precisely control
the length of fiber to be heated �i.e., the hot zone�, thereby
yielding any desired taper profile.15 The physical process of
heating a fiber with a laser beam involves the fiber absorbing
radiation and heating from the inside, whereas for a flame the
process involves heating the surface of the fiber. There is an
inverse square relationship between radius and heating for a
CO2 laser heat source, while for a flame heat source there is
simply an inverse relationship between heating and radius.
This ultimately places a stricter limit on the minimum taper
diameter attainable for a given CO2 laser power as compared
with a flame heat source.16 Previous reported attempts of
producing tapers using the CO2 laser technique have
achieved a diameter of 4.6 �m with a CO2 laser power of
13 W and full width at half maximum �FWHM� spot size of
820 �m using a galvanometer mirror scanner.12 In this ar-
ticle we describe a reliable method of fabricating low loss
3–4 �m diameter tapers as well as the possibility of fabri-
cating bottle resonators using a 25 W CO2 laser.

In recent years, interest in the use of microspherical
resonators in cavity QED experiments has increased.17 The
use of such microcavities in these experiments requires the
possibility of tuning the resonance frequency of the micro-
cavity to an atomic line. In principle, there are two main
methods of achieving this: strain tuning and temperature tun-
ing. Strain tuning can be used to sweep the resonant fre-
quency through the cavity free spectral range �FSR�, whereas
temperature tuning is limited to a fraction of the FSR.18 Tem-
perature tuning is unsuitable as a stand-alone method and the
fabrication of microspheres suitable for the strain tuning ap-
paratus is difficult. A new type of prolate microcavity that

REVIEW OF SCIENTIFIC INSTRUMENTS 77, 083105 �2006�

0034-6748/2006/77�8�/083105/5/$23.00 © 2006 American Institute of Physics77, 083105-1

Downloaded 13 Nov 2007 to 134.93.129.164. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



offers potentially greater flexibility in tuning the microcavity
resonance frequency has recently been described theoreti-
cally in the literature.19,20 Such cavities are termed bottle
resonators. Strain tuning of these devices may tune the fre-
quency over several FSR, while temperature tuning over a
single FSR may only require a few tens of Kelvin. Another
appealing feature compared with typical spherical microcavi-
ties is the stronger evanescent field at the bottle resonator
surface due to the smaller resonator dimensions.

Our fabrication method relies on the use of a geared
stepper motor to scan the laser beam rather than the more
traditional galvanometer. Implementation of our rig is trivial,
requiring only interconnection of the stepper motor with the
controller circuit. In contrast, galvanometer scanners require
proportional-derivative �PD� or proportional-integral-
derivative �PID� control, which can be tedious to tune cor-
rectly. From a mechanical perspective, the stepper motor has
a more robust design and better torque which negates any
effects induced by the inertia of the mirror attached to the
shaft of the motor and the overall scanning angle achievable
is larger than that for a galvanometer scanner �typically lim-
ited to ±40°�. Additionally, the stepper motor represents a
significant cost saving since the cost of a scanning galva-
nometer system is typically in excess of US$1990,21 while
the cost of a Radionics hybrid stepper motor, gear box, and
controller circuit is approximately US$210.22 By choosing
the stepper motor scanner rather than a galvanometer scanner
we saved 15% on the total laser rig cost.

The technique described is not only of interest for appli-
cations involving microresonator coupling; areas requiring
the fabrication of fused biconical tapered couplers will also
find this inexpensive apparatus of use. This article describes
the procedure and requirements for pulling adiabatic fiber
tapers15,23 with typical losses in the range of 0.1–0.3 dB at
980 nm. We also report on successful attempts at fabricating
bottle resonators to suitable dimensions using a microtaper-
ing technique.

II. EXPERIMENT

A schematic of the laser scanning rig is shown in Fig. 1.
Custom designed software automates the instrument control
and data acquisition through serial and universal serial bus

�USB� interfaces, thereby ensuring ease of parameter adjust-
ment and reproducibility. A 12.5 cm focal length ZnSe lens
focuses the laser beam onto the fiber with a FWHM spot size
of approximately 500 �m, 5.5 cm in front of the scanning
mirror. The stepper motor used in conjunction with a 500:1
gear box in half-step mode has a resolution of 1.8
�10−3 deg”half-step, which corresponds to a hot-spot trans-
lation of around 1.7 �m” half-step on the fiber. The hot spot
refers to the point on the fiber which is being heated by the
laser beam at any instant. A 1 in. gold mirror and holder are
vertically mounted on the shaft of the gear box. The CO2

laser beam is incident on the center of the mirror at an angle
of 45° and is directed onto the fiber. A Thurlby Thander
TG250 function generator connected to the stepper motor
controller circuit cyclically scans the mirror through a sweep
angle of approximately 10°, thereby scanning the laser beam
across the fiber. Alternatively, we can use customized limit
switches to control the sweep angle of the mirror. Another
function generator connected to the stepper motor controller
circuit provides the clocking pulses, which dictate the speed
at which the mirror scans the laser beam. The discrete nature
of the stepper motor step size is smeared out by the size of
the beam at the focus. Two motorized translation stages
�Standa Ltd., Lithuania� pull the ends of the fiber taper
�SM980 single mode fiber from Fibercore� with a resolution
of 1 �m. As the taper is being drawn, the transmission loss
of a 980 nm diode laser through the fiber is monitored with a
Thorlabs Si photodiode �DET series� connected to a digital
storage oscilloscope.

The computer provides an analog voltage signal to the
UC-2000 laser controller based on the power curve shown in
Fig. 2. Although the power curve is an oversimplification,16

we find that it serves the application quite well. To determine
the initial settings for our software, we manually increased
the power of the laser while observing the incandescent light
produced at the hot spot. The laser power was recorded as a
function of pull length. A fourth-order polynomial fit to these
data provides the laser power curve. An exponential fit was
also attempted but the slope of the curve increased too rap-
idly towards the end of the taper pull causing premature
breaking of the fiber and limiting the minimum taper diam-

FIG. 1. Schematic of the taper fabrication rig. The dashed lines indicate
control lines or data transfer.

FIG. 2. Power curve for the CO2 laser for a pull length of 22 mm.
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eter to 4 �m. On the other hand, the polynomial power curve
readily produced 3 and 4 �m diameter tapers.

Since the taper profile closely follows an exponential
profile, we use this relationship to predict suitable scan
lengths, L, and pull lengths, z, for any desired taper waist
radius r�z�,

r�z� = r0e−z/L, �1�

where r0 is the initial fiber radius before tapering.15 There is
some flexibility in choosing z and L. Scan lengths ranging
from 5 to 15 mm and pull lengths ranging from
12 to 40 mm were examined and all yielded low transmis-
sion losses and taper diameters of 3–4 �m. We found that
Eq. �1� always gives an accurate prediction of the waist di-
ameter. The pull speed is less flexible and a value of
80–110 �m ”s provided the best results.

Several preparatory steps are essential in ensuring that
the finished taper is of satisfactory quality. Firstly, the fiber is
liberally cleaned with acetone to remove inorganic sub-
stances. It is imperative that the laser beam and fiber be
horizontal to within a few tens of microns so that the focus
of the beam covers the fiber precisely throughout the scan.
The fiber must also be slightly taut before attempting this
alignment. Failure to optimize the alignment before starting
fabrication results in sagging and possible vibrations of the
fiber, which tends to distort taper profiles leading to high
transmission losses. The polarization of the laser beam is set
vertical to the fiber so that the absorption coefficient is
maximized.16

III. RESULTS AND DISCUSSION

As a rule, tapers can only be produced with low losses if
their profile follows the adiabaticity criterion.23 This criterion
requires the taper profile to be such that the change in taper
angle is small enough to prevent light propagation being ei-
ther coupled from the fundamental mode, HE11, to higher
order parasitic modes in the fiber or being lost as radiation.
The criterion can be stated as �dr /dz����z���1�z�
−�2�z�� /2�, where dr /dz defines the local taper angle, ��z�,
by the trigonometric expression ��z�=tan−1�dr /dz�, ��z� is
the local core radius, �1�z� and �2�z� are the local propaga-
tion constants of the fundamental mode and the next closest
mode, respectively, and z is along the fiber axis.15,23 The
transcendental equation for the propagation constants has
been solved numerically as a function of local taper diam-
eter. Figure 3 shows a plot of this criterion and the core taper
angle of a typical adiabatic taper as produced by the above-
described method. The taper curve is based on an optimum
exponential fit of the measurements in Fig. 4 and has the
form as described by Eq. �1�.

When the angle of the delineation curve is less than ap-
proximately ten times the taper angle, the light in the propa-
gating mode will be lost to parasitic modes. While the fiber
has only a single propagating mode in the untapered region,
the taper itself contains multiple modes since the light is
cladding-air guided. For a taper waist radius, a, of 1.5 �m,
the core guidance parameter V�ka�ncore

2 −nclad
2 �9.669

�2.405 at a wavelength of 980 nm, indicating the taper is

multimoded.8 The refractive index of the core, ncore, is actu-
ally the effective index of the fundamental mode determined
from �1�z� /k where k is the free space wave number and the
refractive index of the air cladding, nclad, is 1. However, once
the taper is adiabatic, light only propagates in the fundamen-
tal mode. A single-mode tapered fiber is only possible when
the diameter is less than about 1 �m.

The delineation curve in Fig. 3 is read from right to left
when considering a decreasing taper diameter. Starting from
the untapered region on the right, the initial taper transition
consists of a core where the light propagates and a cladding
where the refractive index difference is
	= �ncore−nclad� /nclad�7.8�10−3. An approximation for the
core guidance curve is given in Ref. 23 and is based on the
assumption of an infinite cladding diameter. Gradually, the
diameter and core guidance parameter decrease until the core
effectively disappears and the propagating light becomes
cladding-air guided. At the taper waist, there is a large index
difference of about 0.42 between the cladding and surround-
ing air causing the core guidance parameter to gradually in-
crease; this is shown as an increase in the angle of the delin-

FIG. 3. Approximated length-scale delineation curve.

FIG. 4. Taper profile for a 3 �m diameter taper. The pull length is 40 mm,
scan length is 7 mm, and the initial taper diameter is 125 �m. The inset
shows a SEM image of a section of the taper with a diameter of 5.9 �m. The
bar is 1.0 �m.
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eation curve. For the cladding guidance curve, an
approximation is also given in Ref. 23 and is based on the
assumption that the core diameter is vanishing. Figure 4
shows a typical taper angle decreasing when approaching the
taper waist. Both core and cladding contribute to distinct
regions in the delineation curve. The taper clearly meets the
adiabaticity criterion since the angle of the taper transitions
is sufficiently below the delineation curve.

Figure 5 shows power transmission loss for a taper with
a 3 �m diameter as a function of pull length. The power
remains constant except for minute oscillations that do not
influence the final taper transmission. A final transmission
loss of 0.20 dB was measured and is quite acceptable for
applications involving microsphere coupling. For a set of 11
taper pulls, the loss was 0.3±0.2 dB with some of the tapers
having losses as low as 0.04 dB. Losses lower than 0.04 dB
were not routinely observed, which is thought to be primarily
due to the fact that the taper curve is not strictly a factor of
10 below the delineation curve for the whole taper profile.
Using a shorter wavelength diode laser would proportion-
ately shift the delineation curve to the left and this would
increase the taper-delineation curve separation in Fig. 3, con-
sequently giving lower losses.23 Surface roughness on the
taper is negligible as evidenced by the scanning electron mi-
croscopy �SEM� image in the inset of Fig. 4.

The bottle resonator in Fig. 6 is produced with similar
dimensions to that described in the theoretical work of
Louyer et al.19 and Sumetsky.20 The resonator has a midsec-
tion diameter of 12 �m and length of approximately
300 �m. Shorter bottle resonators are limited by the size of
the hot spot. Kakarantzas et al.24 describe a bottle resonator
160 �m long with a diameter of 16 �m. The fabrication be-
gins with tapering of the fiber down to a waist diameter of
10–20 �m, as described already. Each microtapered section
on either side of the resonator is produced by pulling the
taper at a speed of 10 �m ”s for a length of about 0.2 mm

while keeping the hot spot stationary. The discrete rotation of
the stepper motor shaft allows the scanning mirror to direct
the beam onto exact locations where microtapering is to take
place.

Subwavelength diameters of below 100 nm have been
achieved with the microfurnace method.14 A 20 W CO2 laser
heats a small sapphire tube that surrounds the fiber rather
than directly heating the fiber with the laser. Alignment of
the beam focus with the taper is not as stringent as compared
to the direct laser heating method. A limitation of this
method is that microstructuring of the fiber profile cannot be
achieved. Different taper shapes15 may not be easily pro-
duced since the hot zone cannot be precisely varied and is
typically several millimeters in length. A very short hot zone
is vital for the microtapering step when producing bottle
resonators. Furthermore, high losses of several decibels have,
until now, been observed with the microfurnace method be-
cause the taper transitions are nonadiabatic.13 This is likely
to be detrimental when coupling to the fundamental mode of
a microresonator.

We have described a simple and reproducible method of
fabricating 3–4 �m diameter tapers using commercial
single-mode SM980 fiber. A stepper motor and gear box can
be used to scan the laser beam across the fiber with sufficient
precision as a simpler and inexpensive alternative to the
more traditional galvanometer scanners reported for flame
systems. Transmission losses of 0.3±0.2 dB at a wavelength
of 980 nm are within acceptable limits of other tapering rigs
described in the literature.25 We verify our optical micro-
scope measurements of the taper diameter with SEM imag-
ing. This rig is of interest for applications involving mi-
croresonator coupling and it can also be used to produce long
period gratings24 and fused biconical taper couplers.25

Apart from the simplicity and cost savings of such a
laser scanning rig, we have shown its flexibility for produc-
ing bottle resonators. This technique involves microtapering
a fiber over a distance of about 0.2 mm and at a very slow
speed. The dimensions of this new type of resonator can be
precisely controlled. The discrete step size of the stepper
motor can be used to control the length of the resonator with
a resolution of approximately 1.7 �m half-step given the
current rig configuration. The diameter of the bottle resona-
tors can be as small as 3–4 �m. Installation and operation of
our laser scanning rig require a minimum amount of skill
compared with most other tapering methods.

Smaller diameter tapers and shorter bottle resonators
would, no doubt, be possible by first expanding the CO2

beam before focusing it through the 12.5 cm lens, thereby
yielding a higher power density by virtue of the smaller size
of the laser beam at the focus. This will be the subject of
future investigations. Even though the microfurnace tapering
method can achieve any reasonable diameter required for
microcavity coupling, the technique we have described is
still required for bottle resonator fabrication. We intend to
use these tapers to couple light into active microspheres
made from doped phosphate and ZBNA glass.26 We are also
interested in studying the interactions between cold, ru-
bidium atoms and the evanescent field at the taper region for
atom manipulation and guiding purposes.27

FIG. 5. Transmission loss measurements for a 3 �m diameter taper with
0.20 dB loss.

FIG. 6. Optical micrograph of a bottle resonator with a diameter of 12 �m
and length of 300 �m. The bar is 10 �m.
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Abstract. We present results on the realization of a multicolour microspherical glass light source fabricated
from the erbium doped fluoride glass ZBLALiP. Whispering gallery mode lasing and upconversion processes
give rise to laser and fluorescent emissions at multiple wavelengths from the ultraviolet to the infrared.
Thirteen discrete emissions ranging from 320 to 849 nm have been observed in the upconversion spectrum.
A Judd-Ofelt analysis was performed to calculate the radiative properties of Er3+:ZBLALiP microspheres,
including the radiative transition probabilities, the electric dipole strengths, the branching ratios and the
radiative lifetimes of the transitions involved. We have also identified the primary processes responsible
for the generation of the observed wavelengths and have shown that this material has an improved range
of emissions over other erbium doped fluoride glasses.

PACS. 42.55.Sa Microcavity and microdisk lasers – 42.70.Hj Laser materials – 42.70.Ce Glasses, quartz

1 Introduction

Microspherical resonators have attracted significant atten-
tion in recent years due to their interesting optical prop-
erties and the range of applications for which they can be
used including quantum optics [1–3] and optical communi-
cations [4,5]. In particular, microspheres fabricated from
rare-earth ion doped materials have been shown to oper-
ate as miniature laser devices [6,7]. Recently, there have
been significant breakthroughs in the exploitation of up-
conversion mechanisms in rare-earth ion doped materials
to yield wavelengths from the near infrared to the near ul-
traviolet. The spectral properties of the emissions from the
materials depend on (i) the choice of dopant (e.g. Er3+,
Yb3+) and (ii) the host matrix (e.g. fluoride or phosphate
glass) in which the dopant is embedded. The close proxim-
ity of numerous energy levels in triply-ionized rare earth
ions is advantageous for obtaining fluorescent and lasing
emissions through various upconversion mechanisms such
as excited state absorption (ESA), energy transfer upcon-
version (ETU) and photon avalanche (PA) [8].

Three-photon upconversion lasing yielding red and
blue emissions about 480 nm and 800 nm in thulium-
doped fluorozirconate (ZBLAN) glass microspheres has
been reported [9]. The same authors also observed red and

a e-mail: s.nicchormaic@ucc.ie

green upconversion lasing in erbium doped ZBLAN glass
microspheres [10]. In both cases, 1064 nm free-space laser
pulses focused on the microsphere surface acted as the
pump source. The first microspherical laser pumped us-
ing a fibre taper was demonstrated when an Yb:Er-doped
phosphate glass microsphere was pumped at 980 nm [11].
The microsphere lased in the infrared about 1550 nm with
a threshold power of 60 μW, and emitted green fluores-
cence attributed to a two-photon ESA process. Several
groups [6,7,12,13] have also made considerable progress in
the development of microspherical lasers operating in the
infrared region, in particular with emission wavelengths
falling in the C- and L-bands.

The suitability of fluoride glasses as rare-earth host
materials has been known for some time [14] due to their
low phonon energies which determine multiphonon relax-
ation rates and, subsequently, the efficiency of any upcon-
version processes present. In this paper, we report on a
number of upconversion processes identified in an erbium-
doped fluoride glass (Er3+:ZBLALiP) microsphere, using
a 980 nm pump laser coupled via a fibre taper. Prelimi-
nary work on Er3+:ZBLALiP was presented in [7], includ-
ing evidence of 1550 nm lasing in 1480 nm pumped mi-
crospheres. In this paper, we provide a more systematic
study of the upconversion processes involved in 980 nm
pumping of Er3+:ZBLALiP microspheres. We identify the
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Fig. 1. Absorption spectrum of 0.2 mol% Er3+:ZBLALiP bulk
glass.

transitions involved and analyse the dominant processes
that give rise to the observed emissions. In addition, we
calculate associated material properties through McCum-
ber and Judd-Ofelt theories. We have observed upconver-
sion emissions from the ultraviolet to the infrared and we
identify several new emissions including the first observa-
tion of a 320 nm upconversion following 980 nm pumping
of Er3+. This arises due to the exceptionally long life-
times of the 4F3,5/2 levels within Er3+:ZBLALiP com-
pared to other glasses [15]. The identification and anal-
ysis of the numerous upconversions enable us to attribute
the emissions to particular erbium transitions and sug-
gest the processes responsible. In addition, the efficiency
of the ultraviolet upconversion processes and the stability
of erbium doped ZBLALiP microspheres (permitting high
optical quality to be achieved during fabrication) make
this material suitable for information storage applications
where short wavelengths are desirable [16].

2 Experiment

An initial study of some fundamental material properties
of Er3+ doped ZBLALiP (ZrF4-BaF2-LaF3-AlF3-LiF-
PbF2) glass was reported earlier [7], where the improved
stability of ZBLALiP with respect to similar fluorozir-
conate glasses and its suitability as a host for rare-earth
ions was discussed. Here, we present additional mate-
rial properties and extend the range of functionality of
Er3+:ZBLALiP as a material suitable for optical commu-
nications and optical sensing. Figure 1 shows the measured
absorption spectrum for a 5.8 mm thick bulk sample
of 0.2 mol% Er3+:ZBLALiP in which twelve absorption
bands can be identified. These represent the transitions
from the ground state 4I15/2 → AN with A1 = 2G9/2 +
2K15/2 +2 G7/2, A2 = 4G11/2, A3 = 2H9/2, A4 = 4F3/2,
A5 = 4F5/2, A6 = 4F7/2, A7 = 2H11/2, A8 = 4S3/2,
A9 = 4F9/2, A10 = 4I9/2, A11 = 4I11/2 and A12 = 4I13/2.

Fig. 2. Experimental setup. OSA – optical spectrum analyser.

The absorption spectra were recorded using a double-
beam Cary 17 spectrometer (Varian) with a resolution
better than 0.1 nm.

The fabrication techniques for the Er3+:ZBLALiP mi-
crospheres was described elsewhere [17]. We use glass with
an erbium concentration of 0.2 mol%, which equates to
4× 1019 Er3+ ions/cm3. Note that, at this concentration,
energy transfer (ET) should not play a major role in the
upconversion processes and, therefore, excited state ab-
sorption (ESA) is the dominant mechanism [18]. Never-
theless, due to the non-trivial problem of distinguishing
the two mechanisms, some authors have suggested that
ET may play a role even when the dopant concentration
is below the critical value of about 1 mol% [19–21].

In our work, the C-band lasing characteristics and up-
conversion spectra are investigated at room temperature
using a single mode, 980 nm laser diode pump with a
spectral width of about 1 nm and under CW pumping
conditions. The experimental setup is depicted in Fig-
ure 2. A fibre-optical isolator is placed immediately after
the 980 nm pump laser in order to avoid optical feed-
back. The pump light then passes through a 10:90 cou-
pler, whereby 10% is monitored using a power meter and
the larger fraction is sent through a fibre taper and cou-
pled into the microsphere via evanescent wave coupling.
The 980 nm light transmitted through the fibre taper is
separated from the C-band emissions using a WDM and
an optical spectrum analyser is used to detect the lasing
around 1550 nm. The UV to IR emissions are detected
by free-space coupling of the scattered radiation from the
microsphere into an optical spectrometer. To achieve effi-
cient coupling of the pump into the microsphere and effi-
cient collection of the infrared lasing spectrum, the fibre
taper is manufactured using 1550 nm SMF-28 fibre that
is adiabatically tapered to 1 μm diameter using a direct
heating technique [22]. The transmission loss of these ta-
pers is typically less than 0.1 dB/cm. Optimum mechani-
cal alignment of the taper and microsphere is achieved by
translating the microsphere to different locations along the
taper until the lasing about 1550 nm is maximized. The
transmission through the pump fibre is also monitored
during the alignment and around 10–15% of the pump
light is coupled into the microsphere. This relatively low
coupling efficiency is, in part, due to the broad spectral
nature of the pump laser relative to the whispering gallery
mode resonances of the microsphere and can be improved
by the use of a narrow linewidth pump source [23].
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Fig. 3. 70 μm diameter microsphere lasing spectrum (intense
peaks) about 1550 nm showing whispering gallery mode struc-
ture.

3 Results

Figure 3 shows a typical lasing spectrum obtained for a
70 μm sphere pumped under the aforementioned condi-
tions. Characteristic whispering gallery mode bands about
the sphere equator are also observed. The intense peaks
represent multimode lasing and the smaller signals indi-
cate fluorescence emissions. The microsphere eccentric-
ity is determined from ε = (Δωecc/ωnml)

(
l2

/|m| − 1/2
)
,

where l and m are the angular mode numbers, ωnml is
the angular frequency of the mode and Δωecc is the az-
imuthal mode splitting. The eccentricity is calculated to
be ∼2.1% for l = |m| with corresponding azimuthal mode
splitting, Δωecc, of ∼11 GHz. Analysis of the lasing peaks
enables us to measure the free spectral range, νFSR, be-
tween successive mode groups with a difference in angular
mode number l of 1, to be ∼7.8 nm (0.97 THz). Theoret-
ically, we can determine the diameter of the sphere from
D = c/πpνV SR, where c is the speed of light and p is
the refractive index of the material. Using p = 1.49 at
1550 nm, we find that νFSR = 7.8 nm indicates a micro-
sphere diameter of 66 μm, which is reasonably close to the
(70 ± 2) μm determined using an optical microscope.

It can be seen from Figure 3 that each group of modes
contains four distinct lasing peaks due to the excitation
of multiple modes in the sphere. The peak power of the
lasing peaks presented here is ∼30 nW, although we have
also observed lasing in a single mode with a peak value
of ∼500 nW. The spacing between TE and TM modes
(νTETM ) of 6.8 nm in Figure 3 agrees well with the cal-
culated value of 6.4 nm. An estimate of the loaded cavity
Q for this system yields a value in the region of 1 × 107.

The Er3+:ZBLALiP upconversion spectrum recorded
coincidently to the C-band lasing spectrum (cf. Fig. 3)
is shown in Figure 4. Approximately 700 μW of 980 nm
pump light was coupled into the microsphere. The spec-
trum is detected by monitoring the free-space scattering

from the microsphere into a high numerical aperture fibre
coupled spectrometer (Ocean Optics USB2000). Due to
the limited dynamic linear range of the spectrometer the
fluorescence spectrum is produced by splicing two sepa-
rate spectra together. This also enables us to maximize the
signal-to-noise ratio of the lower intensity transitions. The
spectra about the green were recorded for a detector inte-
gration time reduced by a factor of 40. Thirteen discrete
peaks have been noted in the spectrum and are numbered
from T1–T13. The spectra have also been corrected for the
responsivity of the spectrometer detector as a function of
wavelength. The total power outcoupled and detected is
0.5 nW for the green transitions (T6 and T7) and 0.1 nW
for T13. The limited resolution of the spectrometer used,
combined with the smaller microsphere free spectral range
at shorter wavelengths, means that the whispering gallery
mode structure is only visible for emissions at wavelengths
above 800 nm. The mode structure for the 849 nm (T13)
emission is distinguishable in the inset of Figure 4.

3.1 Emission and absorption cross-sections of
Er3+:ZBLALiP

The emission cross-section, σems, for Er3+:ZBLALiP
around 1550 nm can be determined from the absorption
spectrum (Fig. 1). Using McCumber theory, under the as-
sumption of a strongly phonon coupled system [24], the
emission cross-section is given by

σems(λ) = σabs(λ)
ZL

ZU
exp

(
EUL

kBT

)
exp

(
− hc

λkBT

)
, (1)

where ZL (ZU ) is the partition function of the lower
(upper) state given by a summation of continuous lev-
els

∑
i exp (ΔEi/kBT ), where ΔEi is the energy differ-

ence between the Stark split sublevels and the lowest
energy level in the lower (upper) manifold, EUL is the
energy difference between the lowest sublevels in the up-
per and lower manifolds, h is Planck’s constant, c is the
speed of light, kB is Boltzmann’s constant, and T is tem-
perature in Kelvin. From equation (1), the bulk sam-
ple of Er3+:ZBLALiP has a peak emission cross-section
of 4.6 × 10−21 cm2 in the C-band, which compares well
with values of 4.9 × 10−21 cm2 measured for fluoroindate
glasses [15] and 4.6 × 10−21 cm2 measured in other fluo-
rozirconate glass bulk samples [25].

Using the absorption data presented in Figure 1, it
is also possible to determine the absorption cross-section
using the expression [20]

σabs =
− log A

l N ′ (2)

where A is the absorbance, l is the sample thickness, and
N ′ is the Er3+ concentration of 3.76×1019 cm−3. Figure 5
presents the absorption and emission cross-sections for
0.2 mol% Er3+:ZBLALiP in the C-band. Emission spectra
for both bulk and powder ZBLALiP samples are shown.
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Fig. 4. Er3+:ZBLALiP microsphere upconversion spectrum. The spectrometer integration time was reduced by a factor of forty
about the green transitions T6 and T7. Inset: whispering gallery mode structure about T13.

Fig. 5. Absorption (bulk) and emission (bulk and powder)
cross-section measurements for 0.2 mol% Er3+:ZBLALiP.

3.2 Radiative properties of Er3+:ZBLALiP

In order to gain a thorough understanding of the emis-
sion processes within Er3+:ZBLALiP its radiative prop-
erties can be determined through Judd-Ofelt (JO) anal-
ysis of the absorption data presented in Figure 1. The
JO intensity parameters Ωt (t = 2, 4, 6) are derived
from the electric-dipole contributions of the measured
line strengths by a least-squares-fitting approach to min-
imize the root mean square deviation with the calcu-
lated line strength. Values of Ω2= 3.12× 10−20 cm2, Ω4=
1.49 × 10−20 cm2, and Ω6= 1.15 × 10−20 cm2 [7] are
used throughout our calculations. A spectroscopic qual-
ity factor can be defined as Ω4/Ω6, which gives 1.30
for the quoted intensity parameters. Note that the JO
parameters for Er3+:ZBLALiP are slightly higher than
those for Er3+:ZBLAN (Ω2 = 2.37 × 10−20 cm2, Ω4 =
1.24 × 10−20 cm2, and Ω6 = 0.73 × 10−20 cm2) [26]. A
higher Ω2 indicates greater asymmetry of the host glass,
while a higher Ω6 has a dominant influence on the elec-
tric dipole line strength, Sed, of the lasing transition
4I13/2 → 4I15/2 [27].

Determination of the electric dipole line strength, Sed,
and the magnetic dipole line strength, Smd, combined
with the JO intensity parameters for our material, can
be used to predict significant radiative properties for
Er3+:ZBLALiP such as the spontaneous radiative transi-
tion rates, electric dipole line strengths, branching ratios
and radiative lifetimes. Sed depends on the double reduced
matrix elements of the unit tensor operator, U , and these
are assumed to be independent of the host material [27].
Following this argument we have taken average published
matrix elements [27,28] for our calculations and these are
reproduced in Table 1 for convenience. Smd depends on
the double reduced matrix elements of the L + 2S opera-
tor, where L is the total orbital angular momentum and
S is the total spin.

The total spontaneous radiative transition rate be-
tween two levels J and J ′, is given by

AJJ′ = Aed
JJ′+Amd

JJ′ =
64π4

3hλ3(2J + 1)
(
χedS

ed + χmdS
md

)
,

(3)
where λ is the mean wavelength of the absorption, χed =
p(p2 + 2)2/9 is the local field correction factor for elec-
tric dipole transitions, and χmd = p3 is the local field
correction factor for magnetic dipole transitions. We cal-
culate the magnetic dipole emission probabalities, Amd

JJ′ ,
using published values [27] for LaF3 (A′md

JJ′) and cor-
rected for the refractive index difference using the relation
Amd

JJ′ = (p/p′)3 Amd
JJ′ , where p′ (p) is the refractive index

of LaF3 (ZBLALiP). The refractive index for ZBLALiP
is 1.49 at 1550 nm, while that for LaF3 is 1.57, hence
Amd

JJ′ = 0.86A′md
JJ′ .

The radiative lifetime, τR, of transitions between levels
J and J ′ is related to the inverse of AJJ′ by

τR =
1∑

J′
AJJ′

, (4)

and the branching ratio, β, between J and J ′ is simply
the ratio of AJJ′ for the initial level to the sum of AJJ′

for all the lower levels given by

β = AJJ′τR. (5)
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Table 1 shows our values for the radiative probabilities,
electric dipole line strengths, branching ratios, and ra-
diative lifetimes for the transitions involved in 980 nm
pumped Er3+:ZBLALiP. Several levels have high branch-
ing ratios for transitions to the ground level and inter-
mediate levels, many of which have been observed in the
emission spectrum in Figure 4. Where possible we have
identified the transition associated with the emissions ob-
served in Figure 3 and have indicated this correspondence
in the average wavelength column. Note that the radiative
properties for the observed 667 nm emission (T10) have
not been calculated due to limited data availability and,
therefore, it does not appear in Table 1.

4 Discussions

In Figure 6 we present an energy level diagram for erbium
indicating the radiative and non-radiative transitions that
are responsible for the thirteen emissions identified in Fig-
ure 4. Even though it is energetically possible for several
emissions to originate from the same level, the branching
ratios, β, predicted in the JO theory can help determine
the most likely emissions from a particular level. For ex-
ample, it is energetically possible for both the 383 nm (T2)
and 618 nm (T8) emissions to originate from the radiative
decay of 4G11/2 to lower levels. However, the ratio of the
measured emission intensities (1:3) disagrees substantially
from the calculated ratios (1:21), thereby indicating that
both emissions cannot arise from the 4G11/2 level. In fact,
only the 383 nm emission is from 4G11/2 and the 618 nm
emission is due to the 2P3/2 →4 F9/2 decay. In this way,
we can use a combination of the energy gaps between the
energy levels and the calculated branching ratios to deter-
mine the energy levels involved in the radiative emissions.

Four emissions in Figure 4 are attributed to the de-
cay of the 2P3/2 level. These are the 618 nm (T8) decay
to 4F9/2 (β = 0.05), the 479 nm (T4) decay to 4I11/2

(β = 0.29), the 403 nm (T3) decay to 4I13/2 (β = 0.39),
and the 320 nm (T1) decay to 4I15/2 (β = 0.12). The
branching ratio calculations predict the ratio of emission
intensities for each of the levels to be 1 (618 nm):5.8
(470 nm):7.8 (403 nm), which is in reasonable agreement
with the measured ratios of 1:5.3:6.6. We have excluded
the intensity of the 320 nm emission from this compari-
son because fluorozirconate glasses have very substantial
absorption losses in the UV region [29].

Further understanding of the transition(s) responsible
for a particular wavelength can be obtained by the inten-
sity dependence behaviour of the fluorescence at a partic-
ular wavelength. The centre wavelength associated with
each transition is also shown in Figure 6. In the case of
ESA, the dependence of the fluorescence intensity upon
pump power often exhibits a simple power law depen-
dence with a slope, n, equal to the number of photons
absorbed. Measurements of this dependence for the case
of the observed green transitions 2H11/2 → 4I15/2 (T6)
and 4S3/2 → 4I15/2 (T7) are presented in Figure 7, where
we plot the intensity as a function of the absorbed pump

power in the fibre taper. From the energy diagram (cf.
Fig. 6) both T6 and T7 are attributed to 2-photon ab-
sorption. Slopes corresponding to n = 1.58 for T6 and
n = 1.66 for T7 have been recorded, whereas a slope of
two would be expected. This discrepancy from the ex-
pected result can be understood as depletion of the 4I15/2

ground state [9].
Based on our analysis we predict that the 4F3,5/2 levels

of Er3+:ZBLALiP have unusually long radiative lifetimes
of 1.44 ms and 1.15 ms compared to other glasses, such
as Er3+-doped fluoroindate glass which has a lifetime of
0.50 ms [15]. As can be seen from the energy level diagram
(cf. Fig. 6), this is critically important for the generation
and observation of UV and violet emissions from the 2P3/2

level since it facilitates the third ESA, 4F3,5/2 → 2K13/2,
by maintaining a large 4F3,5/2 population. In Er3+-doped
fluoroindate glass, nonradiative decay rapidly depletes the
4F3,5/2 population, effectively preventing any further ESA
and prohibiting UV emissions.

Our measurements demonstrate a broad range of emis-
sion from 320 nm to 849 nm in Er3+:ZBLALiP, in addition
to the IR lasing around 1550 nm. We suggest that the com-
bination of high cavity quality factor and low whispering
gallery mode volume (approximately 2000 μm3) signifi-
cantly enhances the probability of excited state absorption
by enhancing the pump field strength (∼103 V/m per pho-
ton) within the microsphere. This is reflected in the fact
that a significant number of the observed transitions are
attributed to 3-photon and 4-photon absorption events for
what is a relatively modest pump power (sub mW) cou-
pled into the microsphere.

The emission line centred at 320 nm (T1) is, most
likely, due to a 4-photon process populating the 2P3/2

state, which in turn radiatively relaxes to the 4I15/2

ground state. Three pump photons populate the 2G7/2

state. The 2G7/2–2P3/2 energy gap of ∼3600 cm−1 com-
bined with a phonon energy of 650 cm−1 is such that
the 2P3/2 state is unlikely to be populated by thermal-
isation and, as such, we suggest that the absorption of
a fourth pump photon is necessary to explain T1. This
320 nm transition has previously been reported in Er3+-
doped glass, but was identified as a 3-photon process fol-
lowing pumping at 637 nm [16]. The same authors also
reported emissions corresponding to the transitions T3,
T4, T7 and T9. Transition T1 has been reported [30] in
an Yb3+:Er3+ co-doped material although in that case
the excitation process involved successive energy transfers
from Yb3+. It should be noted that this is very different
from our work which involves a single dopant i.e. erbium
and, therefore, does not rely on a sensitizer ion. Addition-
ally, ETU does not play a major role in our experiments
due to the low dopant concentration.

We believe that the transitions 2P3/2 → 4I13/2 (T3),
2P3/2 → 4I11/2 (T4) and 2P3/2 → 4F9/2 (T8) also arise
due to 4-photon excitation. Transitions T1, T3 and T4
have been observed following pumping at 545 nm [31].
Transitions T6, T7, T12 and T13 have been reported
following 980 nm pumping [32]. The ultraviolet line



6 The European Physical Journal Applied Physics

Table 1. Predicted radiative transition probabilities electric dipole line strengths (Sed) (Aed
JJ′andAmd

JJ′), branching ratios (β),
and radiative lifetimes (τR) for Er3+:ZBLALiP. Note that the number in brackets (T1, T2, . . . ) listed under the average
wavelength corresponds to the observed transitions in Figure 3.

Transition Average wave-
length (nm)

[
U (2)

]2 [
U (4)

]2 [
U (6)

]2
Sed

(×10−20cm3)
Aed

JJ′
(s−1)

Amd
JJ′

(s−1)
β τR

(ms)
4I13/2 → 4I15/2 1542 0.0195 0.1173 1.4316 1.88 78 32.2 1.00 9.10

4I11/2 → 4I15/2

→ 4I13/2

975
2727

0.0282
0.0210

0.0003
0.1100

0.3953
1.0400

0.54
1.43

98
12

7.2 0.84
0.16

8.53

4I9/2 → 4I15/2

→ 4I13/2

→ 4I11/2

793 (T12)
1668
4663

0.0000
0.0003
0.0030

0.1733
0.0081
0.0674

0.0099
0.6400
0.1271

0.27
0.75
0.26

106
32
1

1.0 0.76
0.23
0.01

7.14

4F9/2 → 4I15/2

→ 4I13/2

→ 4I11/2

→ 4I9/2

656 (T9)
1025
1966
3623

0.0000
0.0096
0.0671
0.0960

0.5354
0.1576
0.0088
0.0061

0.4618
0.0870
1.2611
0.0120

1.33
0.36
1.67
0.32

947
67
44
1

5.1
2.2

0.89
0.06
0.05
0.00

0.938

4S3/2 → 4I15/2

→ 4I13/2

→ 4I11/2

→ 4I9/2

540 (T7)
849 (T13)
1212
1688

0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0037
0.0729

0.2211
0.3481
0.0789
0.2560

0.25
0.40
0.10
0.40

700
294
24
36

0.66
0.28
0.02
0.03

0.949

2H11/2 → 4I15/2

→ 4I13/2

→ 4I11/2

→ 4I9/2

→ 4F9/2

520 (T6)
792
1115
1507
2579

0.7056
0.0230
0.0357
0.2077
0.3629

0.4109
0.0611
0.1382
0.0662
0.0224

0.0870
0.0527
0.0371
0.2858
0.0022

2.91
0.22
0.36
1.08
1.17

3453
75
43
53
11

54.5
81.5
0
0.2

0.92
0.03
0.03
0.01
0.00

0.265

4F7/2 → 4I15/2

→ 4I13/2

→ 4I11/2

→ 4I9/2

→ 4F9/2

492 (T5)
727
983
1245
1947

0.0000
0.0000
0.0035
0.0163
0.0121

0.1467
0.3371
0.2648
0.0954
0.0342

0.6273
0.0001
0.1515
0.4277
0.0151

0.94
0.50
0.58
0.68
0.11

1964
316
147
86
4

0.78
0.13
0.06
0.03
0.00

0.397

4F5/2 → 4I15/2 450 0.0000 0.0000 0.2237 0.26 873 1.00 1.15

4F3/2 → 4I15/2 443 0.0000 0.0000 0.1204 0.14 690 1.00 1.44

2H9/2 → 4I15/2

→ 4I13/2

→ 4I11/2

→ 4I9/2

→ 4F9/2

→ 2H11/2

→ 4F7/2

409
556
697 (T11)
823
1079
1854
2485

0.0000
0.0780
0.0428
0.0147
0.0055
0.0308
0.1058

0.0190
0.1194
0.0824
0.0062
0.0314
0.1828
0.0488

0.2255
0.3535
0.1128
0.0043
0.0369
0.0671
0.0240

0.29
0.83
0.39
0.06
0.11
0.45
0.43

831
953
226
21
184
152
61

31.1
0.9
36.5
0.9
0.7

0.33
0.38
0.10
0.01
0.09
0.06
0.02

0.400

4G11/2 → 4I15/2

→ 4I13/2

→ 4I11/2

→ 4I9/2

→ 4F9/2

→ 2H11/2

383 (T2)
505
618
724
905
1394

0.9178
0.1011
0.0002
0.0645
0.4436
0.0006

0.5271
0.2642
0.4930
0.0117
0.0388
0.1600

0.1197
0.2550
0.0144
0.0467
0.0104
0.1100

3.79
1.00
0.75
0.27
1.45
0.37

11620
1300
527
120
328

37.9
0.1
0.6
2.6
10.2

0.84
0.10
0.04
0.01
0.02
0.00

0.072

4G9/2 → 4I15/2 365 0.0000 0.2416 0.1235 0.50 2034 1.00 0.492

2G7/2 → 4I15/2 358 0.0000 0.0174 0.1163 0.16 839 1.00 1.192

2P3/2 → 4I15/2

→ 4I13/2

→ 4I11/2

→ 4I9/2

→ 4F9/2

→ 4S3/2

320 (T1)
403 (T3)
470 (T4)
524
618 (T8)
763

0.0000
0.0000
0.0000
0.0000
0.0000
0.0847

0.0000
0.0000
0.1300
0.0440
0.0560
0.0000

0.0260
0.1600
0.0250
0.0092
0.0045
0.0000

0.03
0.18
0.22
0.08
0.09
0.26

403
1242
936
230
164
259

19.5 0.12
0.39
0.29
0.07
0.05
0.09

0.310

2K13/2 → 4I15/2 302 0.0032 0.0029 0.0152 0.03 167 1.00 5.99
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Fig. 6. Erbium energy level diagram with radiative (solid
lines) and non-radiative transitions. The thick, red line at
1540 nm indicates the C-band lasing transition.

Fig. 7. Intensity dependence of 70 μm diameter
Er3+:ZBLALiP microsphere green emissions T6 and T7.

at 383 nm (T2) and the 492 nm emission (T5) have been
reported under 973 nm excitation [33].

Notably, we have also observed emissions about 700 nm
(T11). Previous Er3+ emission at 700 nm has been at-
tributed to the transition 4F7/2 → 4I13/2 following ab-
sorption of three pump photons at 1480 nm [34]. This
seems unlikely in our case, since the JO theory sug-
gests that a 492 nm emission would be more probable
than a 700 nm emission from 4F7/2. We presume this
assignment was on the basis of the 3-photon resonance
4F7/2 → 4I15/2. As an alternative, we propose this emis-
sion follows the transition 2H9/2 → 4I11/2, which is in
better agreement with the energy gap between the levels
and the JO theory. Finally, we have observed emissions

centred at 618 nm (T8) and 667 nm (T10) that have not
been observed elsewhere for 980 nm pumping of Er.

5 Conclusions

In conclusion, we have demonstrated a multiwave-
length microsphere light source for microphotonic appli-
cations [35] fabricated using Er3+:ZBLALiP and we have
identified the Er3+ transitions involved in the material
through a combination of Judd-Ofelt analysis, the er-
bium energy level diagram and the published centre wave-
lengths. Upconversion emissions from 320 nm to 849 nm
and 1550 nm lasing have been observed. We propose that a
number of the upconversion transitions are attributable to
3- and 4-photon processes, in contrast to previous obser-
vations for erbium-doped glasses. This is due to the long
erbium lifetimes within Er3+:ZBLALiP that favour higher
order photon absorptions and, consequently, emissions in
the UV at 320 nm have been observed. These results in-
dicate that Er3+:ZBLALiP is an attractive alternative to
Er3+:ZBLAN for information-storage applications where
even very small powers are sufficient for data retrieval op-
erations [16] and its improved stability [7] promises eas-
ier fabrication of devices using ZBLALiP such as erbium
doped fibres, microspheres and optical switches. Future
work will focus on using integrated optics for the device
based on waveguide technology [36] that will enable us
to improve the detection efficiency for the upconversion
spectrum.

This work is funded by Science Foundation Ireland under grant
02/IN1/128. D. O’Shea acknowledges generous support from
IRCSET through the Embark Initiative.
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We experimentally demonstrate optical bistability in Er3+-Yb3+ phosphate glass microspheres at 295
K. Bistability is associated with both Er3+ fluorescence and lasing behavior, and chromatic
switching. The chromatic switching results from an intrinsic mechanism exploiting the thermal
coupling of closely spaced energy levels, and occurs simultaneously with the intensity switching. A
contrast ratio of 2.8 has been obtained for chromatic switching. The intensity switching shows ratios
of 21 for 520 nm and 11 for 660 nm fluorescence emissions, and 11 for IR lasing at 1.5 �m.
Concurrent with these observations, we investigate a temperature-dependent absorption of pump
power, which exhibits bistable behavior. The influences of the host matrix on lasing and
fluorescence mechanisms are highlighted. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2753591�

I. INTRODUCTION

Optical bistability �OB� in a sodium vapor was reported
by Gibbs in 19761 and, since then, numerous other materials
exhibiting the phenomenon have been studied, including
Yb3+ doped glasses and crystals, and semiconductors.2–8 The
mechanisms responsible for nonlinearity in glasses and crys-
tals are varied, with many requiring cryogenic temperatures
�typically �40 K� to maintain the necessary low atomic de-
cay rates in Yb3+ dimer and monomer systems.3 Alternative
and more easily achievable mechanisms include photon ava-
lanche and thermal avalanche,2,5 suggesting that a wider
range of materials can exhibit OB at room temperature and
above. However, no evidence of OB through these mecha-
nisms in this temperature range has yet been observed.
Bistable sensitized luminescence in Er-Yb:CsCdBr3 was
shown by Redmond and Rand,3 and, subsequently, by
Ródenas et al.4 in a Nd-Yb codoped crystal. They also de-
scribed chromatic switching in addition to the more tradi-
tional intensity switching, though both mechanisms required
temperatures well below room temperature. In chromatic
switching, the wavelengths of light emitted from an optically
pumped sample change abruptly as a function of pump
power. In contrast, for intensity switching, the output inten-
sity at any particular wavelength changes abruptly as a func-

tion of pump power. To date, OB has also been predicted and
observed in Yb3+ doped oxide crystals, Cr-doped LiSrGaF6

and LiSrAlF6 crystals,5 Sm3+ doped glass microspheres,6 and
Tm3+-Yb3+ codoped glass.7 The later system exhibited mul-
tiple hysteresis loops in the fluorescence intensity at room
temperature.

The interest in studying micron-sized spherical cavities
stems from the potential they offer as components for experi-
ments ranging from the very applied realization of all-optical
networks to fundamental quantum optics experiments,
whereby the microspheres can be used as ultrahigh Q cavi-
ties for measurements based on the principles of cavity quan-
tum electrodynamics.9 Such microcavities can be either ac-
tive or passive depending on the material used. For example,
a sphere doped with the triply ionized rare-earth ions Er3+

can yield fluorescence emissions ranging from UV to IR
through various upconversion mechanisms,10,11 due to the
close proximity of the numerous energy levels in the ion.
Microcavities that exhibit optical bistability are interesting
for generating optical switches for all-optical computing, and
miniature C-band laser sources are important for telecommu-
nications applications.12 These factors have resulted in sig-
nificant research focusing on the characterization of micro-
cavities in recent years.

The concept of an Er3+-Yb3+ codoped glass laser was
demonstrated13 in 1965 as a means of optimizing the Er3+a�Electronic mail: Jonathan.ward@cit.ie
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emission cross section while simultaneously ensuring an op-
timum Yb3+ absorption cross section.14 This overlap allevi-
ates the difficulty of trying to directly pump the narrow Er3+

absorption band. Phosphate glass has been investigated as a
host matrix for rare-earth ions due to its favorable properties,
such as �i� the possibility of obtaining large dopant concen-
trations �up to 1.8�1021 ions/cm3 for Yb3+, and
�1019 ions/cm3 for Er3+� compared to silicate, borate, and
fluoride glasses, �ii� its large absorption band in the near-
infrared region, �iii� its large emission cross section at
1.5 �m, and �iv� the low back energy transfer from Er3+ ions
to Yb3+ ions.15–17 The spectral characteristics are also espe-
cially beneficial for C-band lasing; the intermediate lasing
level 4I11/2 has a high nonradiative relaxation rate ��1 �s
lifetime, maximum phonon energy of 1300 cm−1� to the
4I13/2 level compared with silica �maximum phonon energy
of 1190 cm−1�, and the long lifetime of the 4I13/2 level of
about 8.45 ms facilitates population inversion and high
gain.12 The larger phonon energy of phosphate glass has a
negative effect on the upconversion efficiency compared to
fluoride glass �with a maximum phonon energy of
600 cm−1�. This, however, is counterbalanced by the large
dopant concentrations and wide absorption cross section of
the Yb3+ sensitizer. In addition, phosphate glass has better
optomechanical properties compared to other glasses used
for OB, such as CsCdBr3.

Here, we report on the simultaneous observation of chro-
matic and intensity OB in phosphate glass �Schott IOG-2� at
room temperature. We present experimental results on lasing
around 1550 nm and propose suitable upconversion mecha-
nisms for the observed three color emission bands. Optical
bistability previously demonstrated in passive silica9,18 and
silicon8 resonators was attributed to nonlinearities arising
from the Kerr effect or thermo-optic effect of the resonance
line, together with high Q factors �Q�108� and a tunable,
narrow linewidth laser. The results presented here clearly
show that IOG-2 microspheres exhibit bistable switching be-
havior under vastly different conditions; we use micro-
spheres with relatively high loaded cavity Q’s typically 1
�107, and the pump laser has a linewidth of 1 nm and is not
locked to individual cavity resonances. For clarity, our re-
sults are organized in two sections: fluorescence and lasing
emissions are discussed in Sec. III, and the results of the OB
measurements are discussed in Sec. IV.

II. EXPERIMENT

The IOG-2 glass used is doped with 2 wt % Er2O3

�1.7�1020 ions/cm3� and codoped with 3 wt % Yb2O3

�2.5�1020 ions/cm3�. We study lasing and upconversion
fluorescent emissions following CW pumping with a tunable
980 nm laser diode �spectral width �1 nm�. IOG-2 glass,
with a low glass transition temperature of around 648 K,19 is
ideal for producing microspheres with diameters of between
30 and 70–�m using a microwave plasma torch.20 A detailed
description of our experimental approach has been published
elsewhere.21 Efficient coupling of the pump into the micro-
sphere is attained by using adiabatically tapered fibers fabri-
cated using a direct heating technique.22 We use a 1-�m-
diam, 1550 nm SMF-28 fiber with a typical transmission loss
of 0.1 dB/cm. The alignment of taper and microsphere is
optimized by adjusting the relative positions of the two,
while maximizing the 1550 nm emissions. These lasing
emissions are monitored by connecting one end of the fiber
taper to an optical spectrum analyzer. During alignment we
also monitor the transmission through the fiber and, typically,
10%−15% of the pump light is coupled into the micro-
sphere. All upconversion fluorescence spectra were acquired
by free space coupling into an Ocean Optics 2000 spectrom-
eter.

III. LASING AND FLUORESCENCE IN IOG- 2

In our first experiments, we changed the 980 nm pump
power from 0 to 10 mW and observed a clear change in the
visible emission spectra obtained, as shown in Fig. 1�a� for
powers of 2.6 mW, 8.5 mW, and 9.2 mW. These results were
obtained for a 50-�m-diam sphere and the chromatic switch-
ing behavior is clearly evident at room temperature, by the
change in the ratio of the emissions at different wavelengths
for the different pump powers. We note three distinct emis-
sion bands corresponding to erbium transitions at 520 nm
�2H11/2→ 4I15/2�, 550 nm �4S3/2→ 4I15/2�, and 660 nm �4F9/2

→ 4I15/2�. The red emission is stronger than red emissions
produced in other singly doped glasses investigated in our
laboratory, such as Er:ZBLALiP and Er:ZBNA, due to the
much larger Yb3+ absorption cross section compared to Er3+.
One would expect the slope of the fluorescence to exhibit a
simple power law dependence, Iemission� Iexcitation

a , where a is
the number of pump photons required to produce each emit-

FIG. 1. �Color online� �a� Upconversion fluorescence
spectrum for three different pump powers in a
50-�m-diam IOG-2 microsphere. The inset shows an
additional weak violet emission from a 35-�m-diam
microsphere, observable when no lasing emission at
1.5 �m is present and for a pump power of 8 mW. The
violet emission has been scaled up by a factor of 5 for
clarity. The ratio of the emission powers from the 2H11/2

to 4S3/2 levels for a pump power of 9.2 mW is 1.34. �b�
Transmitted power past the taper-sphere junction for the
50 �m sphere as shown in �a�. The three spectra in �a�
correspond with the three highlighted data points ��� in
�b�.
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ted photon, thus reflecting the multiphoton nature of the up-
conversion process. However, this law fails in the presence
of OB, as will be shown in Sec. IV. Note that, on occasion,
we have also observed a very weak, but distinct, fourth emis-
sion band in the UV corresponding to an erbium transition at
405 nm �2H9/2→ 4I15/2�. The inset in Fig. 1�a� shows a fluo-
rescence spectrum representing the UV to IR upconversions
for a fixed pump power of 8 mW and a 35 �m sphere. Such
UV emissions are only observed in spheres that do not lase
around 1550 nm, due to a competition between processes
involved. We have also monitored the power transmitted past
the taper-sphere junction as a function of launched pump
power into the fiber taper. This dependency is presented in
Fig. 1�b� as the pump power is varied from 0 to 10 mW and
back to 0. These measurements allow us to estimate the cou-
pling efficiency of light into the sphere as a function of pump
power.

Figure 2 shows the observed IR lasing spectrum around
1550 nm, for the same 50-�m-diam IOG-2 sphere as in Fig.
1, and 10 mW of pump power launched into the fiber taper. A
single lasing peak and fluorescing whispering gallery modes
are evident. Analysis of the whispering gallery modes in the
fluorescence spectrum enables us to measure the free spectral
range �FSR of the sphere modes to be 1.40 THz
��11.1 nm�. Hence, we can calculate the microsphere diam-
eter using D=c / ��N�FSR�, where c is the speed of light in
vacuum and N is the refractive index of the material. The
refractive index of IOG-2 at room temperature is 1.508 at
1540 nm, yielding a sphere diameter of 45 �m. This agrees
reasonably well with an optical microscope measurement of
50±2 �m. The measured spacing between TE and TM
modes of 8.05 nm around 1540 nm agrees well with the
calculated value of 8.40 nm. This microsphere has a peak
lasing emission of 700 nW for a launched pump power of
�10 mW and, in general, we record lasing thresholds of less
than 1 mW.

For ions excited to the 2F5/2 level in Yb3+, IOG-2 has a
quantum efficiency, �=	pump/	laser, of about 60%−80%, re-
sulting in the remaining 20%−40% being dissipated in the
host matrix as heat. The 2H11/2 level and the 4S3/2 level can
be considered to be in quasithermal equilibrium since the
energy gap is �740 cm−1,23 comparable to the maximum
phonon energy of 1300 cm−1 for phosphate glass.12 As such,

only one phonon is required to bridge the energy difference
between the two green levels, thereby populating the 2H11/2

level at room temperature. The thermalization of the 2H11/2

level by the 4S3/2 level has a temperature-dependent effect on
the ratio of the radiative emissions from these two levels as
well as the excited state lifetimes.23 The multiphonon stimu-
lated emission rate between these levels at a temperature T
is24

Kmp�T� = Kmp�0��1 − exp�−

�

kBT
	
−p

, �1�

where kB is Boltzmann’s constant, � is the phonon fre-
quency, and p is the number of phonons required to bridge
the energy gap �E between the levels and is given by
�E /
�, where 
� is the phonon energy. For Er-Yb codoped
glasses, Kmp�295 K� is typically of the order of 1011 s−1,
which is significantly higher than the value of 103 s−1 re-
ported for radiative emissions,24 indicating that the mul-
tiphonon decay is dominant. The energy difference between
the 4S3/2 level and the next lowest level 4F9/2, requires three
phonons, therefore making this level far less likely to be
populated from the 4S3/2 level.

The emissions detected from the IOG-2 microsphere, as
shown in Figs. 1 and 2, are due to upconversion processes
involving multiple pump laser photons and/or lattice
phonons. Two upconversion mechanisms which must be con-
sidered when trying to understand the origin of the fluores-
cence results are excited state absorption �ESA� and energy
transfer upconversion �ETU�.23,25 These are shown in the en-
ergy level diagram in Fig. 3, in which we identify a number
of different groups of transition processes, ¬−°, that play a

FIG. 2. �Color online� Lasing spectrum and whispering gallery mode struc-
ture for a 50-�m-diam IOG-2 microsphere �same as for Fig. 1�.

FIG. 3. �Color online� Energy level diagram and fluorescence mechanisms
with radiative �solid lines� and nonradiative transitions �wiggly lines�. �¬�
Upconversion based on GSA and ESA in ion A only; �−� radiative and
nonradiative decays; �® and ¯� energy transfer processes from ion A to ion
B populating the 4F9/2 level in ion A; �°� GSA and ESA in ion B; �CR�
cross relaxation; �ET� energy Transfer; �GSA� ground state absorption;
�ESA� excited state absorption.
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role in the generation of the emission spectra. The combina-
tion of relatively high cavity quality factor �typically 1
�107� and strongly localized electromagnetic field in the
form of a whispering gallery mode �mode volume
�3000 �m3� serves to significantly enhance the probability
that an excited ion will absorb further pump photons.

Transition groups ¬ and ° in Fig. 3 are associated with
the ground state �GSA� and excited state absorptions in a
single erbium ion. As mentioned, there is a resonant energy
transfer �ET� from the Yb3+ sensitizer �2F5/2→ 2F7/2� to the
Er3+ ion �4I15/2→ 4I11/2� followed by 980 nm ESA from the
4I11/2 level to the 4F7/2 level indicated in group ¬. Transition
group − deals with the radiative and nonradiative decay pro-
cesses for a single erbium ion. For example, rapid, nonradi-
ative relaxation from 4I11/2 to 4I13/2 is possible and falls
within this group. In spite of a large energy mismatch of
about 1450 cm−1 for the 4I13/2→ 4F9/2 transition, the long
lifetime of the 4I13/2 state and associated large population
ensures that the ETU mechanism is adequately efficient.23,26

Due to the close spacing of the 4F7/2 and 4S3/2 levels, the
population of 4F7/2 readily decays nonradiatively to the 4S3/2

level, whereby the thermal mechanism described previously
populates the 2H11/2 level. Finally, a second ESA from the
4S3/2 level up to the 2G7/2 level is followed by nonradiative
relaxation down to the 2H9/2 level and the subsequent radia-
tive decay to the ground state generates a photon at 410 nm
�violet�.

At the high concentrations of Er3+ and Yb3+ in this work
the inter ion separation reaches a critically small radius of
�3 nm for Er3+ ions and �2 nm for Yb3+ ions. This is
close to the value of 2.12 nm for Yb3+-Yb3+ ET’s and an
estimated 1.5–2.0 nm for Yb3+-Er3+ ET’s as determined from
the Förster-Dexter theory,27,28 dramatically enhancing the
probability of Yb3+-Yb3+, Yb3+-Er3+ and, presumably,
Er3+-Er3+ energy transfers. The critical radius Rsx is deter-
mined by the overlap of the emission and absorption cross
sections and is given by

Rsx
6 =

3c
s

8�4n2� �ems
s �	��abs

x �	�d	 , �2�

where c is the velocity of the photons, 
s=1.4 ms is the
fluorescence decay time of the unperturbed sensitizer, n is
the refractive index, �ems is the emission cross section, and
�abs is the absorption cross section. The emission and ab-
sorption cross sections are shown in Fig. 4, and are deter-
mined from measurements with a bulk sample of IOG-2. The
ion s stands for the sensitizer, i.e., the Yb3+ ions, and the ion
x stands for either the sensitizer or the Er3+ acceptor ions.
For nonradiative dipole-dipole interactions the energy trans-
fer rate rapidly increases according to the inverse of the ion
separation to the sixth power.

A further group − transition deals with red emissions
from a single erbium ion. However, the strength of the ob-
served red emission cannot be wholly explained by mul-
tiphonon relaxation from the 4S3/2 level to the 4F9/2 level,
due to the low relaxation rate. Notwithstanding the ESA pro-
cess already mentioned, two ETU cross-relaxation channels
can explain the strength of the red emission relative to the
green emissions and the associated processes are indicated

by transition groups ® and ¯ in Fig. 3. The first ETU is via
4I11/2�B�+ 4I13/2�A�→ 4I15/2�B�+ 4F9/2�A� and the second
channel is via 2H11/2�B�+ 4I11/2�A�→ 4F9/2�B�+ 4F9/2�A�,
where A and B denote the two erbium ions involved. There-
fore, ions are removed from the green levels and transferred
to the red 4F9/2 level. The two possible cross-relaxation pro-
cesses feeding the 4F9/2 level deplete the intermediate 4I11/2

level and the metastable 4I13/2 level, thereby placing the
1.5 �m emission in competition with the red emission and
the other upconversion processes. We find that the power of
the red emission is, typically, twice as high in microspheres
that exhibit no lasing �due to excessive inhomogeneities in
the cavity� compared to those that exhibit lasing.

IV. RESULTS AND DISCUSSION

A. Intensity switching

In order to study the optical bistability of the micro-
spheres we measured the emission intensity as a function of
launched pump power for a single sphere at three different
emission wavelengths: 520 nm �green�, 660 nm �red�, and
1550 nm �IR�. The pump power was increased from 0 to 10
mW and back to 0, while recording the fluorescence emis-
sion intensities �Fig. 5�a��. These measurements were taken
simultaneously to the transmitted pump power shown in Fig.
1�b�. As the launched pump power was increased the emis-
sion intensities remained almost constant until a critical
power of 8.5 mW was reached �cf. Fig. 5�a��, beyond which
a sudden and dramatic rise in emission intensity was ob-
served. Increasing the pump power beyond the critical point
caused the emission to level out once more. A subsequent
reduction in pump power clearly demonstrates hysteretic be-
havior and a wide bistable region, where the emission can
have two intensity values depending on the history of the
input power. The sudden jumps �or intensity switching� be-
tween the higher and lower branches of the hysteresis loops
are characteristic of the optical bistability of the spheres. A
bistable response was also observed for the lasing emission
in Fig. 5�b� for the same sphere, but in a slightly different

FIG. 4. �Color online� Absorption and emission cross sections for Er3+-Yb3+

codoped IOG-2 bulk glass.
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experimental setup with the sphere positioned on a different
position of the taper. The critical power depends on the taper-
sphere coupling efficiency and, hence, differs for the two
experiments presented in Fig. 5.

A very promising feature of these microcavity resonators
is the high contrast intensity switching observed; the ratio of
the relative change in emission powers �defined as the differ-
ence between the maximum and minimum powers, divided
by the minimum power� is 21 for the green, 11 for the red,
and 11 for the IR as determined from Fig. 5. The violet
emission is too weak to be considered in these measure-
ments.

B. Chromatic switching

As referred to earlier, the strong temperature dependence
in IOG-2 is due to the loss of 20%−40% of the laser power
as heat in the glass, in conjunction with its low thermal con-
ductivity. With reference to Fig. 1�b�, the sudden dip in trans-
mitted power implies increased pump absorption with an as-
sociated increase in the heat generation. In contrast, the
sudden increase in transmitted power results in a decrease in
heat generation. The increased absorption occurs simulta-
neously with the sudden rise in the 520 nm �2H11/2� emission
intensity as compared to the 550 nm �4S3/2� intensity that was
observed when the pump power was increased above the
upper switching position of 8.9 mW, as shown in Fig. 1�b�.
As the pump power was reduced below the lower switching
position of 3.3 mW, there was a sudden decrease in intensity
ratio due to the drop in pump absorption. Using the methods
outlined by Qiao et al.,29 Boltzmann statistics can be used to
describe the strong thermal coupling and the population re-
distribution between the two green levels. The intensity ratio
is a function of the internal cavity temperature and is de-
scribed as29

I�2H11/2�
I�4S3/2�

=
rHgH
�H

rSgS
�S
exp��E

kbT
	 , �3�

where I is the integrated emission intensity for a particular
level, r is the total spontaneous emission rate, g is the �2J

+1� multiplicity �or degeneracy� of each manifold,

�H�
�S� is the energy of level 4H11/2�4S3/2�, and �E is the
energy separation between the levels. According to Eq. �3�,
as the temperature is increased the 2H11/2 level is more effi-
ciently populated and an increasingly larger fraction of the
4S3/2 population is rapidly promoted to this upper level and,
consequently, the ratio of the emissions from the two states
inverts so that the 2H11/2 emission becomes stronger. This
chromatic switching can yield intensity ratios of up to 2.8 for
the integrated power from the 520 nm �2H11/2� and 550 nm
�4S3/2� emissions �data not shown�. From Eq. �3� this indi-
cates a temperature of 642 K, just below the glass transition
value of 648 K.19 This temperature seems exceptionally high,
although there was no evidence of thermal stresses, fractur-
ing of the glass or other defects in the microsphere during
these measurements. However, it is important to emphasize
that the temperature calculated using this method does not
represent the temperature of the entire sphere, but rather the
temperature of the mode volume. Heat dissipation from this
region through the remainder of the material would account
for no evident thermal stress on the sphere itself, which is
likely to be at a much lower temperature.

C. Temperature dependence of optical bistability

Previously reported mechanisms for OB in Tm-Yb-
doped BaY2F8 crystals have suggested that photon avalanche
may be a possible mediator, while for silica microspheres the
Kerr effect led to OB at 2 K.30,31 Both these mechanisms are
temperature independent. However, other mechanisms such
as the thermo-optic effect,8,18 nonlinear upconversion and en-
ergy transfer rates,32,33 and thermal avalanche2 are tempera-
ture dependent. In order to gain a further understanding on
the mechanisms involved, the temperature dependence of the
OB was examined by placing a platinum heater and thermo-
couple close to the microsphere and heating it to around 345
K. The pump power transmitted past the taper-sphere junc-
tion was recorded at the same time as the microsphere emis-
sions, while cycling the pump power from low to high and
back again as shown in Fig. 6. Comparison of the plots taken
at room temperature and at 345 K shows that an increase in
external temperature causes the upper knee at 17 mW input
power to shift down to 13 mW, while the lower knee at 7
mW only shifts slightly to the right, thereby shortening the
bistable region. The pump power was cycled at a slow rate of
�1 mW/min due to the thermal response time of the micro-
sphere. The bistable microsphere emissions are essentially
the same as those shown in Fig. 5 except for the different
switching positions, and the results shown in Fig. 6 imply
that the bistable behavior is a function of temperature.

D. Possible optical bistability mechanisms

In principle, a number of processes may be responsible
for the observation of optical bistability, depending on
whether the observed effect is temperature dependent or in-
dependent. The measurements shown in Fig. 6 indicate
clearly that the bistable behavior exhibited by our micro-
spheres is temperature dependent, thereby permitting us to
exclude temperature independent processes. Temperature-

FIG. 5. �Color online� Intensity bistability for green 2H11/2 state, red 4F9/2

state, and 1.5 �m lasing from the 4I13/2 state for a 50-�m-diam sphere. The
switching positions for the green and red emissions in �a� differ from the
1.5 �m lasing emission in �b� due to a different setup with a poorer taper-
sphere coupling. The corresponding spectra for the visible fluorescence are
shown in Fig. 1�a�.
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dependent mechanisms that may be responsible include ma-
terial effects such as �i� strong Yb3+-Yb3+ coupling, i.e., non-
linear energy transfer,32 �ii� nonlinear upconversion rates,33

and �iii� thermal avalanche,2 in addition to cavity effects such
as �iv� dispersive bistability mediated by the thermo-optic
effect.8,34

Guillot-Nöel et al.32 have described a mechanism that
could be responsible for bistability in the regime of strong
Yb3+-Yb3+ coupling, in which case cooperative lumines-
cence would be expected. In order to be appreciable, the
distance between the ions would need to be of the order of
several Å, i.e., significantly smaller than for IOG-2 �21 Å�
and, therefore, this effect is unlikely to play a key role. How-
ever, if it is present, the luminescence would likely be very
weak compared to the single ion Er3+ transitions. It is rea-
sonable to assume the back transfer rate is negligible due to
the high phonon energy of the host lattice, and is, therefore,
unlikely to be the source of nonlinearity in our measure-
ments.

Another possible explanation includes a nonlinear up-
conversion rate either for Yb3+-Yb3+, Yb3+-Er3+, or Er3+-Er3+

energy transfers.33 This has been observed in high concen-
tration Er3+ doped fibers, where the nonlinearity is dependent
on population inversion of the lasing levels, and the signal
and emission rates. Temperature-dependent effects in the up-
conversion fluorescence in Er-YbGa2S3:La2O3 chalcogenide
glass and germanosilicate optical fibers have been attributed
to an exponential increase in the Yb3+ absorption cross sec-
tion elsewhere.35 However, there have been no reports of
bistability relying on these mechanisms.

Thermal avalanche was used to explain bistability in
Yb3+-doped bromide lattices by Gamelin et al.2 at cryogenic
temperatures. This theory relies on nonlinear absorption in
the Yb3+ ions with increasing temperature and predicts
bistable power absorbance in the microsphere as a function
of pump power in the taper, similar to that shown in Fig. 6.
As phonons are released into the lattice from Yb3+ excited
and ground states the temperature increases, thereby increas-
ing absorbance and leading to a further increase in tempera-

ture. This cyclic process causes a thermal avalanche for high
enough pump power. In order to determine whether thermal
avalanche is truly responsible, it would be necessary to per-
form measurements of the dependence of the Yb3+ absorp-
tion coefficient and to ascertain whether it is a nonlinear
function of internal microsphere temperature above 295 K.
However, the results presented in Lei et al.36 for different
Yb3+-doped phosphate glasses do not show a suitable non-
linear absorption coefficient necessary for thermal avalanche.
This suggests that thermal avalanche theory is also unsuit-
able to describe the behavior of IOG-2.

We suggest that dispersive bistability34—a mechanism
commonly used to explain bistability in Fabry-Pérot
etalons—can predict our results. The general theory states
that as the pump laser frequency is scanned across a high-Q
cavity resonance, the cavity intensity rapidly rises, and when
the pump frequency moves away from the cavity resonance
the cavity intensity rapidly falls. In addition, this description
is complicated by the fact that the frequency of the cavity
resonance scales approximately linearly with the cavity in-
tensity, leading to a bistable response. In our case, the cavity
resonance could be shifted by a temperature-dependent re-
fractive index—the thermo-optic effect—which has a value
of �10−6 /K in phosphate glass.20 We find that in order to
observe bistability the current to the pump laser, and, hence,
the pump frequency, need to be adjusted to a precise setting
for each sphere. The corollary of this adjustment is the posi-
tioning of the laser frequency near a cavity resonance. For
the experimental conditions here, a threshold power of about
100 �W in the cavity mode is enough to cause switching—a
value which is well below our estimated 10%−15% of pump
power coupled into the sphere. Firm evidence of this effect
would be possible by probing individual cavity resonances
with a narrow linewidth, 980 nm external cavity diode laser,
while recording the power transmitted past the taper-sphere
coupling junction as described by Rokhsari et al.18

V. CONCLUSIONS

In conclusion, we have demonstrated a multiwavelength,
upconversion, microsphere light source exhibiting optical bi-
stability and we have identified the Er3+ transitions and fluo-
rescence mechanisms involved. Factors affecting the dynam-
ics of visible fluorescence and C-band lasing emission have
been examined and show that the thermal properties of
IOG-2 glass play an important role in the microsphere per-
formance. In particular, the high loss of pump power to the
glass as heat, in conjunction with the low thermal conductiv-
ity, has a pronounced effect on the green emission from lev-
els 2H11/2 and 4S3/2. Our calculations show that the close
proximity of the ions in our glass greatly enhances the prob-
ability of sensitizer-sensitizer and sensitizer-acceptor energy
transfers.

We have also reported on the simultaneous observation
of chromatic and intensity OB in phosphate glass �Schott
IOG-2� at room temperature. These results show that there
are two possible temperatures in the bistable region and it is
also possible to have two emission intensities for the same
excitation power. Chromatic bistability is dependent on the

FIG. 6. �Color online� Bistable absorption of pump power at 295 and 345 K
for a 50-�m-diam sphere. The data at 345 K has been offset for clarity. As
the sphere temperature was increased from 295 K to 345 K, the knee at 17
mW input power shifted to the left, while the lower knee at 7 mW only
shifted slightly to the right, thereby shortening the bistable region.
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presence of intensity bistability due to the energy coupling
between the green emitting levels 2H11/2 and 4S3/2. Therefore
the switching positions are the same for both types of bista-
bility. The OB shows high contrast switching ratios. The in-
tensity switching shows ratios of 21 for the green, 11 for the
red fluorescence emissions, and 11 for the IR lasing, while
the chromatic switching ratios I�2H11/2� / I�4S3/2� are as high
as 2.8.

We have found that the switching position is dependent
on the microsphere temperature, thereby eliminating
intensity-dependent mechanisms such as photon avalanche
and the Kerr effect. Our observations may be tentatively ex-
plained in terms of dispersive bistability, where the
temperature-dependent refractive index of phosphate glass
causes the resonant cavity mode and the laser mode to be-
have nonlinearly, yielding a bistable response. Several other
possible mechanisms �strong Yb3+-Yb3+ coupling, nonlinear
upconversion rates, and thermal avalanche� were examined;
however, all are considered unfavorable under our experi-
mental conditions.

Microcavity resonators offer substantial miniaturization,
greatly reduced power for switching, and allow for all emis-
sions to be easily fiber coupled. In addition, the improved
optomechanical properties of IOG-2 compared to other
glasses used for OB, such as CsCdBr3, makes this glass ap-
pealing for all-optical logic elements in optical engineering
applications.
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Figure F.1: Electrical wiring diagram for the ECDL and laser diode controller.
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