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Abstract

This thesis addresses modeling and fabrication issues related to
erbium/ytterbium-doped glass waveguide amplifiers. Compact optical waveguides which
amplify light in the 1.55 um wavelength window will play an important role in
complementing other integrated optic devices such as modulators and switches. In
designing waveguide amplifiers, two features are of utmost importance : 1) high signal
gain over short distances. 2) compatibility for integration with other devices. The
requirernent for gain over a short distance necessitates the use of rare-earth dopant levels
two orders of magnitude higher than currently employed in fiber amplifiers.

A numerical model to simulate the gain and noise characteristics of
waveguide amplifiers doped heavily with rare-earth ions is described. Deleterious effects
associated with high doping, such as ion-ion interaction, are included in the model. The
model is validated by comparing simulation results with experimental and numerical results
found in the literature. Based on modeling results, an attempt was made to fabricate
compact ridge waveguides from thin films of sputter-deposited erbium-doped glass. In
response to various spectroscopic and micromachining impediments encountered with this
process, alternative waveguide configurations were explored. The design and fabrication
of strip-loaded waveguides using two dielectric glass films in conjunction is discussed. In
this configuration, micromachining impediments inherent to the active glass film can be
circumvented. Experimental and simulation results for this device are shown to be in close
agreement. Improvements are forecast by the model.

Optical waveguides were also formed directly on rare-earth-doped bulk
glasses. In one approach, a passive polymer waveguide was dispensed on top of a bulk
glass. The evanescent field of light propagating in the polymer layer was seen to penetrate
the bulk substrate and interact with rare-earth ions. Experimental and simulation results
associated with this novel approach are discussed. Finally, an Er/Yb-doped optical
waveguide amplifier yielding 3.5 dB of net signal gain over 4.2 cm with 120 mW of pump
power is demonstrated. This singlemode device was formed on a bulk glass using a field-

assisted, silver-sodium ion-exchange process.



Acknowledgements

[ would like to express my deepest gratitude and appreciation to Dr. James
N. McMullin for supervising my tenure as graduate student and for maintaining a pleasant
working atmosphere. I am also indebted to Dr. Barrie Keyworth and Dr. R. Ian
MacDonald for their valuable suggestions and guidance during this research.

[ would like to thank all of my fellow researchers at TRLabs and the
University of Alberta for their support and encouragement. In particular, I would like to
acknowledge Rajkumar Nagarajan, Dino Corraza, David Boertjes, Sing Cheng,
Rajashree Narendra, David Olsen, Reza Paiam, and Alan Hnatiw. I would like to thank
David Clegg and Jason Lamont for a variety of technical assistance over the years.

My sincere thanks to the staff at The Alberta Microelectronic Centre, in
particular Dr. James Broughton and Yan Loke for their contributions to this project. I
would also like to thank the efforts of Graham McKinnon, Dr. Kevin Komelson, Glen
Fitzpatrick, Tran Tran and countless others who have shared their expertise with me.

[ thank other professors at the Department of Electrical Engineering,
University of Alberta, particularly Dr. V. Gourishankar, Dr. M. Brett, Dr. S. Dew, Dr.
R. Lawson and Dr. R. Fedosejevs for academic and personal guidance. Many thanks to
Dr. J. Hayden of Schott Glass Technologies for providing rare-earth-doped glasses. A tip
of the hat to George Braybrook at the Department of Geology for some superb SEM
photographs, five of which are featured in this thesis. I am grateful for the opportunity
provided by Seastar Optics and Dr. Brian Ventrudo to conduct experiments at their research
facility in Victoria, B.C in January of 1995. I am also appreciative of services rendered by
the Westaim Corporation in Fort Saskatchewan and the National Research Council in
Ottawa.

[ would like to thank TRLabs and Dr. J. McMullin for their generous
financial support over the years. Finally, I will forever be grateful to my parents and

brothers, who have been an unwavering source of support and inspiration.



Table of Contents

Chapter

1. Introduction
2. Review of Fundamental Concepts Relevant to the Study of

Optical Waveguide Amplifiers
2.1 Light Propagation in Dielectric Waveguides
2.1.1 Ray Optics
2.1.2 Electromagnetic Optics
2.1.2.1 Electromagnetic Analysis of a Planar Slab Waveguide

2.1.2.2 Electromagnetic Analysis of Two-Dimensional Waveguides

2.1.2.3 Intensity and Optical Power
2.1.3 Photon Optics
2.2 Energy Levels of Atoms
2.3 Photon-Atom Interaction
2.3.1 Absorption, Stimulated Emission and Spontaneous Emission:
2.3.2 Pumping and Population Inversion
2.3.3 Signal and Pump Propagation in an Amplifier

3. Numerical Model for Rare-Earth-Doped Waveguide Amplifiers

3.1 Energy Levels for Er** and Yb* in Glass Hosts

3.2 Pair-Induced and Co-operative Upconversion

3.3 Ytterbium Sensitization

3.4 Amplified Spontaneous Emission (ASE) Spectrum

3.5 Model Algorithm

3.6 Validation of Model for Er-doped Waveguide Amplifier

3.7 Validation of Model for Er/Yb co-doped Waveguide Amplifier
3 8 Material Parameters

3.9 Closer Examination of Model Equations

. Fabricating Optical Waveguides from Thin Films of Sputtered/
PECVD Glass

4.1 Introduction

4.2 Thin-film Deposition and Micromachining:
4.2.1 Sputtering:
4.2.2 Plasma-Enhanced Chemical Vapour Deposition (PECVD):
4.2.3 Photolithography

48
48
48
48
50
51



4.2.4 Wet-Etching 52

4.2.5 Reactive-lon-Etching (RIE) 52
4.3 Sputtering Er-doped Glass Films 53
4.4 Wet-Etching Sputtered Er-doped Glass Films 54
4.5 Reactive-Ion-Etching Sputtered Er-doped Glass Films 57
4.6 Reactive-Ion-Etching SiON Films 59
4.7 Fabricating Composite Multiple-Layer Ridge Waveguides 60
5. Micromachining Circular Hollow Channels from Planar
Rectangular Glass Films 63
5.1 Introduction 63
5.2 Formation of Hollow Microchannel - Run #1 63
5.3 Formation of Hollow Microchannel - Run #2 67
5.3.1 Testing 72
5.4 Formation of Hollow Microchannel - Run #3 73
5.5 Potential Applications of Hollow Microchannels 76
6. Rare-Earth-Doped Waveguides in Strip-Loaded Configurations:
Fabrication and Modeling 78
6.1 Introduction 78
6.2 Experimental Resuits for Erbium-doped Strip-Loaded Waveguide 78
6.2.1 Fabrication and Spectroscopy 78
6.2.2 Passive Optical Properties 81
6.2.3 Active Optical Properties 85
6.3 Correlating Simulation and Experiment 90
6.4 Design Options for Rare-Earth-doped Strip-Loaded Waveguides 92
7. Evanescent Pumping of Rare-Earth-Doped Bulk Glass Using
Dispensed Polymer Waveguides - Fabrication and Modeling 104
7.1 Introduction 104
7.2 Polymer Waveguide on top of Er/Yb-doped Bulk Glass: Experimental
Results. 104
7.2.1 Fabrication 104
7.2.2 Passive Optical Properties 106
7.2.3 Active Optical Properties 108
7.3 Design Options for Evanescently-Pumped Waveguide Amplifiers 112
8. Er/'Yb-doped Waveguide Amplifier Fabricated by Dry, Field-
Assisted, Silver-Sodium Ion-Exchange 118
8.1 Introduction 118

8.2 Bulk Ag*/Na® Ion-Exchange in TRL-A 119



8.3 Bulk Ag*/Na* [on-Exchange in I0G-10
8.4 Fabrication of lon-Exchanged Multimode Channel Waveguides
8.5 Optical Properties of Ion-Exchanged Multimode Channel Waveguides
8.6 Fabrication and Testing of Ion-Exchanged Singlemode Channel Waveguide
Amplifier
Conclusions
References
Appendix A : Newton-Raphson Method to Solve Rate Equations

136
141
142
149



Table #

3.1
3.2
3.3
34

4.1

4.2
4.3
6.1

6.2

6.3

6.4

8.1

8.2

8.3

List of Tables

Caption

Summary of basic transitions in Er’** / Yb* co-doped glass.
Transitions resulting from interaction of adjacent Er** ions.
Material parameters used for the simulation of Ridge Waveguide 1.
Material parameters used for the simulation of Ridge

Waveguide 2 [20,24]

Etch rates and selectivity for reactive ion etching sputtered
erbium-doped glass film, with chrome acting as mask.

Optical loss characteristics of SiON ridge waveguides.
Fiber-to-fiber throughput loss for composite ridge waveguide.

Composition of sputtered Er-doped glass film, obtained
using EDX.

Waveguide labels, SiON index and corresponding
modal properties.

Optimum amplifier lengths for Strip-loaded waveguides A, B, C,
and Ridge waveguide for various P(0). Ng, =2 x 10 jons/m’
Ny, = 10 x 10% ions/m>.

Broad-band ASE Power, In-band ASE Power and Output SNR
for Strip-loaded waveguides A, B, C, and Ridge waveguide.

L =10cm; P,(0)=500 mW; N_, =2 x 10% ions/m’;

N,, = 10 x 10% ions/m’.

Bulk ion-exchange of 0.2 pm silver film into I cm x 2 cm x

0.7 mm IOG-10 glass samples. Samples I, 2 and 3 were diffused
under identical temperature settings (320°C) but different electric
field strengths.

Bulk ion-exchange of 0.5 um silver filminto [ cm x 2 cm x
0.7 mm IOG-10 glass samples. Two samples diffused under
identical electric field strengths (E=58 V/mm) but different
temperature settings.

The amplifier reported in this thesis is listed along with the best
reported results from several research groups involved in
erbium-doped planar waveguide amplifiers (as of March 1998).

38

57
59

80

94

100

102

124

126

140



Figure #

2.1
2.2
2.3
2.4
2.5
2.6
2.7
3.1
3.2

3.3
3.4

3.5

3.6

3.7
3.8
3.9

3.10

3.12

3.13

List of Figures

Caption

Ray Optics Illustration.

Planar Slab Waveguide : TE Polarization.

Rectangular 2-D Waveguide : TE Polarization.

Absorption of photon energy by an atom.

Stimulated emission of photon.

Spontaneous emission of photon.

Change in photon flux densities due to photon-atom interaction
Energy level diagram for Er’* and Yb* in glass hosts.

Emission and absorption transition cross-section
for a typical Er-doped silicate glass.

Pictorial illustration of rare-earth-doped waveguide amplifier model

Ridge Waveguide I. The shaded region is the Er-doped SiO,
core with index n=1.53. The core is surrounded on all sides
by SiO, cladding of index n=1.51164. The TE field contours
for the signal (A =1550nm) and pump (A,=980nm) mode are
shown on the left and right, respectively. The contours
represent 90% to 10% of peak amplitude.

Normalized intensity profile of signal and pump along the
center of Ridge Waveguide 1, within the Er-doped SiO, core.

Signal Gain vs. Pump Power for Ridge Waveguide 1.
Comparison of numerical model developed in this chapter and
experimental results from [31]. P (0)=1pW; L = 19.4 cm;
Ng, = 0.485 x 10 iosn/m’.

Signal Gain vs. Waveguide Length for Ridge Waveguide 1;
P (0)=1pW; P (0) = 500 mW; Ng,, = 0.485 x 10* jons/m’.

Pump Depletion vs. Input Pump Power for Ridge Waveguide 1;
P,(0) = 1pW; L = 19.4 cm; N, = 0.485 x 10** ions/m’.

Signal Gain vs. Input Signal Power for Ridge Waveguide 1;
P,(0) = 50, S00 mW; L = 10 cm; Ng,, = 0.485 x 10” ions/m’.

Ridge Waveguide 2. The shaded region is the Er/Yb
co-doped core with index n=1.55. The core is surrounded
on all sides by cladding of index n=1.51. The TE mode field
envelope for the signal (A, =1550nm) and pump (A =980nm)
are shown on the left and right, respectively.

Normalized intensity profile of signal and pump along the center
of Ridge Waveguide 2, within the Er/Yb co-doped core.

Signal Gain vs. Pump Power for Ridge Waveguide 2; L =5 cm;
Ng, = 2 x 10% ions/m®; Ny, =0, 10 x 10% ions/m’.

Signal Gain vs. Erbium Concentration for Ridge Waveguide 2;

30

31

33

34

34

35

36

37

39



3.14

3.15

3.16

3.17

3.18

3.19

3.20

3.21

3.22

4.1

4.2

4.3

4.4

4.5

4.6
4.7
4.8
4.9

4.10

4.11
4.12

P(0)=200mW; L =5cm; N,, =0, 10 x 10* ions/m’. 39

Pump Depletion vs. Erbium Concentration for Ridge Waveguide 2;
P(0) =200 mW; L =5 cm; N, =0, 10 x 10* ions/m”. 40

Signal Gain vs. Waveguide Length for Ridge Waveguide 2;
P (0) = 150, 300 mW; N, =2 x 10 ions/m®;
Ny, = 10 x 10 jons/m’. 41

Signal Gain vs. Erbium Concentration for Ridge Waveguide 1;
P,(0) =200 mW; L =5 cm; Ny, =0, 2.47, 8.5 x 10 jons/m’. 43

Signal Gain vs. Ytterbium Concentration for Ridge Waveguide 1;
P,(0) =200 mW; L=2,3,4 and 5 cm; N, = 1.4 x 10® ions/m*>. 44

Pump Power vs. Waveguide Lcngth for Ridge Waveguide 1;
P (0) = 200 mW; N, = 1.4 x 10% ions/m*;
Ny, = 0. 8.5 x 10% jons/m’. 45

Signal Power vs. Waveguide Length for Ridge Waveguide 1;
P (0) = 200 mW; N, = 1.4 x 10 ions/m?;
Ny, = 0, 8.5 x 10%° jons/m’. 45

Gain Coefficient vs. Waveguide Length for Ridge Waveguide 1;

P (0) = 200 mW; N, = 1.4 x 10% ions/m?,

Ny, = 8.5 x 10 ions/m”. 46
Absorption Coefficient vs. Waveguide Length for Ridge

Waveguide 1; P (0) = 200 mW; N, = 1.4 x 10® jons/m’;

Ny, = 8.5 x 10 ions/m’. 46

ASE Power Spectrum for Ridge Waveguide 1; P_(0) = 200 mW;

L = Sem; Ny, = 1.4 x 10% ions/m*; Ny, = 8.5 x 10 ions/m>. 47
Sputtering chamber (left) and collision cascade at the target (right). 49

Photolithographic steps : spin-coating of photo-resist (top),
selective exposure to UV-light (middle), developing the exposed
regions of the photo-resist (bottom). 51

Chemical wet-etching : Isotropic etch-profile and under-cut (left),
non-rectangular optical waveguide (right). 52

Reactive Ion Etching: Anisotropic etch-profile of glass and
mask erosion (left), rectangular optical waveguide (right). 53

Profilometer scan revealing build-up of etch residue
adjacent to ridge. 54

SEM photograph of ridge waveguide fabricated by wet-etching 55
Stress induced on ridge waveguide by deposition of upper-cladding. 56

Change in ridge waveguide structure following reflow step. 56
Rib formed on sputtered Er-doped glass film using RIE :
RF Power = 100W. 58
Rib formed on sputtered Er-doped glass film using RIE :
RF Power = 250W. 58
Rib formed on SiON film using RIE : RF Power of 8OW. 59

Design of composite SiON/Er-doped ridge waveguide. 60



4.13 SEM picture of composite SION/Er-doped ridge waveguide. 61

4.14 “Grass™ pattern on sidewall of composite ridge waveguide. 61
4.15 Near-field image of 975nm light in composite ridge waveguide. 62
5.1 A 0.7um x 7um rib wet-etched on sputtered Er-doped film. 63
5.2 One hour anneal at 600°C in H,O vapour. 64
5.3 Two hour anneal at 600°C in H,O vapour. 65
5.4 Three hour anneal at 600°C in H,O vapour; 7um wide rib. 65
5.5 Three hour anneal at 600°C in H,O vapour; 2 pm wide rib. 66
5.6 One hour anneal of a planar sputtered film. 67
5.7 1.0pum x 6um rib etched on a 1.3um-thick sputtered film. 68
5.8 Cleaved edge of a sample annealed for 60 minutes. 69
5.9 Multiple microchannels on the same substrate. 69
5.10 Uncleaved edge of a sample annealed for 60 minutes. 70
5.11 Cleaved edge of a sample annealed for 30 minutes. 71
5.12 Near-field image showing light propagating within the

hollow microchannel. 72
5.13 Water entering the hollow microchannel through capillary action. 72
5.14 Shallow etch fails to produce well-defined hollow microchannels. 73
5.15 A deeper etch produces a well-defined hollow microchannel.

The cross-section of this microchannel differs from earlier runs

due to adhesion effects. 74
5.16 A 12 pm high, 50 um wide microchannel. 75
5.17 Water inside one arm of a Y-branch microchannel. 75
5.18 Existing technology to fabricate hollow microchannels. 76
5.19 Formation of circular microchannels through selective

accumulation of gas and de-adherence. 77
6.1 Transmission spectrum for TRL-A bulk glass. 78
6.2 X-ray Photon Intensity vs. Electron Bombarding Energy -

EDX scan of sputtered Er-doped glass film. 79
6.3 SEM photograph showing cross-section of strip-loaded waveguide. 80
6.5 Strip-loaded Waveguide A. The dark-shaded layer is the

erbium-doped sputtered film, with index n=1.59; the un-shaded

layer is the SiON rib, with index n=1.56; the light-shaded layer is

the SiO, cladding with index n=1.46. The TE field contours for

the fundamental signal and pump mode are shown on the left and
right, respectively. The contours represent 90% to 10% of peak
amplitude. The device was 1.2 cm long. 81

6.6 Normalized signal and pump intensity profiles along the center of
strip-loaded waveguide A, within the sputtered erbium-doped film. 82

6.7 Image of near-field intensity for strip-loaded waveguide A, showing



6.8

6.9

6.10

6.12

6.13

6.14

6.15

6.16

6.17

6.18

6.19

6.20

90% to 10% contours for the 975nm pump beam. X and Y axes
represent pixel numbers. 10 pixels ~ 1.3 pm.

Cut-back throughput loss measurements for erbium-doped
strip-loaded waveguide A and a comparison passive strip-loaded
SiON waveguide. The measurements indicate strong absorption
by erbium at 975 nm and 1547 nm. Measurements on the passive
waveguide indicate excess propagation losses of 0.8 dB/cm.

Spontaneous emission spectrum observed in strip-loaded
waveguide A. The excitation source was 23 mW, launched from
a single 975nm laser diode.

Luminescence lifetime measurement for strip-loaded waveguide A.

Oscilloscope reading AT=148 us corresponds to the time taken for
the intensity to decay to 1/e of its peak value (AV = 0.248 V).

Light exiting strip-loaded waveguide A resolved on an optical
spectrum analyser. Multiple signal cavity-modes in the absence
of pump (above) and in the presence of 45 mW of launched
pump power (below).

Enhancement in Signal Throughput vs. Waveguide Length.

Experimental result for second batch of erbium-doped, strip-loaded

waveguide A.

Enhancement of Signal Throughput vs. Launched 975nm Pump
Power. Experimental result for second batch of erbium-doped,
strip-loaded waveguide A.

Enhancement of Signal Throughput vs. Launched 975 nm Pump
Power. Comparison of experimental results and simulation for
strip-loaded waveguide A. P (0)=-8 dBm; N, =3 x 10*
ions/m’; 1,, = 148 yis; 1=1=0.8 dB/cm.

Signal Gain vs. Waveguide Length : Simulation of strip-loaded
waveguide A. P (0)=0, S0mW; N, =3 x 10 ions/m’;
T, = 148 us; 1=1=0.8 dB/cm.

Signal Gain vs. Waveguide Length : Simulation of strip-loaded
waveguide A. P,(0)=200mW; t,,=10ms; Ng, =3 x 10%
ions/m’; Ny, =10 x 10® ions/m’.
Signal Gain vs. Waveguide Length for strip-loaded waveguide A
(simulation). P (0)=500mW; N, = 2,3 x 10® ions/m®;

Ny, = 10 x 10% ions/m’.

Signal Gain vs. Pump Power for strip-loaded wave%uide A
(Simulation). L = 10cm, Optimized; Ng, =2 x 10” ions/m’;
Ny, = 10 x 10% ions/m’.

Ridge Waveguide. The un-shaded layer is the rare-earth-doped
sputtered film, with index n=1.59; the shaded layer is the SiO,
cladding with index n=1.46. The TE field contours for the
fundamental signal and pump mode are shown on the left and
right, respectively. The contours represent 90% to 10% of peak
amplitude.

Normalized signal and pump intensity profiles along the center of
Ridge Waveguide, within the sputtered film.

83

84

85

86

88

89

89

90

91

93

93

95

95



6.21 Strip-loaded Waveguide B. The dark-shaded layer is the rare-earth
-doped sputtered film, with index n=1.59; the un-shaded layer
is the SiON, with index 1.59; the light-shaded layer is the SiO,
cladding with index n=1.46. The TE field contours for the
fundamental signal and pump mode are shown on the left and
right, respectively. The contours represent 90% to 10% of peak

amplitude. 96
6.22 Normalized signal and pump intensity profiles along the center of

Strip-loaded Waveguide B, within the sputtered film. 96
6.23 Strip-loaded Waveguide C. The dark-shaded layer is the

rare-earth-doped sputtered film, with index n=1.59; the

un-shaded layer is the SiON, with index 1.62; the light-shaded

layer is the SiO, cladding with index n=1.46. The TE field

contours for the fundamental signal and pump mode are shown

on the left and right, respectively. The contours represent 90%

to 10% of peak amplitude. 97

6.24 Normalized signal and pump intensity profiles along the center
of Strip-loaded Waveguide C, within the sputtered film. 97

6.25 Signal Gain vs. Waveguide Length : Comparison between Ridge,
Strip-loaded waveguides A, B, and C. P (0) = 200 mW;
Ng, = 2 x 10* ions/m’. 98

6.26 Signal Gain vs. Waveguide Length : Comparison between Ridge,
Strip-loaded waveguides A, B, and C. P,(0) = 200 mW;
Ng, = 3 x 10% ions/m’. 98

6.27 Signal Gain vs. Waveguide Length : Comparison between
Strip-loaded waveguides A, B, C and Ridge Waveguide.
P (0)=500mW; Ng, =2 x 10 jons/m’. 99

6.28 Signal Gain vs. Waveguide Length : Comparison between
Strip-loaded waveguides A, B, C and Ridge Waveguide.
P,(0)=500mW; Ng, =3 x 10 ions/m’. 100

6.29 Signal Gain vs. Pump Power : Theoretical comparison between
Strip-loaded waveguides A, B, C, and Ridge waveguide.
Length Optimized. 101

6.30 Conceptual schematic of an integrated combiner/WSC/
amplifier/WSC module 103

7.1 Schematic of polymer waveguide dispensed on bulk glass. 105

7.2 Fundamental pump (above) and signal (below) mode-profile for
dispensed polymer waveguide shown in Figure 7.1. 107

7.3 Experimental set-up to study active properties of polymer
waveguides dispensed on QX/ER bulk glass. 108

7.4 Spontaneous emission spectrum observed in polymer
waveguide dispensed on QX/ER bulk glass. 109

7.5 Lifetime of spontaneous emission for polymer waveguide
dispensed atop QX/ER bulk glass. 110

7.6 Enhancement in Trasmitted Signal vs. Residual Pump Power
for polymer waveguide dispensed atop QX/ER bulk glass. 111



7.7

7.8

7.9

7.10

7.12

7.13

8.1

8.2

8.3

8.4

8.5

8.6

8.7
8.8

8.9

8.10

8.10

8.12

Evansescent A - Shaded region is 5 pm x 2.5 um passive rib
with n=1.55; un-shaded region is 2mm thick rare-earth-doped
bulk substrate (n=1.53).

Evansescent B - Shaded region is Sum x 0.7um passive rib
(n=1.62); un-shaded region is 2mm-thick rare-earth-doped bulk
substrate (n=1.53).

Signal Gain vs. Waveguide Length for Evanescent waveguide A:
P,(0) = 500 mW; Ny,= 10 x 10 ions/m’; N_, =varies.

Signal Gain vs. Waveguide Length for Evanescent waveguide A:
P,(0) = 500 mW; Ng,= 1x 10 ions/m’; N,,=varies.

Signal Gain vs. Waveguide Length for Evanescent waveguide B:
P (0) = 500 mW; Ny,= 1x 10% ions/m’; N_ =varies.

Signal Gain vs. Waveguide Length for Evanescent waveguide B:
P_(0) = 500 mW; Ng,= 1x 10* ions/m’; N, =varies.

Signal Gain vs. Pump Power - Comparison of Evanescent
waveguides A & B : P (0) = 500 mW; N,= 1x 10% ions/m’;
Ny,=10x 10% ions/m’.

Experimental set-up for field-assisted silver-film ion-exchange
into glass.

Current flow (Voltage/800 Ohms) through TRL-A upon the
application of a 143 V/mm electric field at 320°C.

SEM photograph showing cross-section of TRL-A after ion-
exchange. The diffusion depth can be approximated by the
intensity of back-scattered electrons, which is brighter wherever
highly reflective silver ions are present.

erb

Pictorial illustration of prism-coupler.

Prism-coupler analysis of TRL-A after ion-exchange. Seven TE
modes with N ranging from 1.7095 to 1.6996 were found
at A=633 nm.

Refractive index (@A=633 nm) as a function of depth
(in Angstroms) after silver ion-exchange into TRL-A.

SEM photograph : Cross-section of sample 2 after ion-exhange.

Refractive index (@A=633nm) as a function of depth for Samples
I, 2 and 3. Diffusion Temp = 320°C; Anode = 0.2 um silver.

SEM photograph showing cross-section of Sample 4 after
ion-exchange. The diffusion depth is ~ 12 um.

Refractive index (@A=633nm) as a function of depth after ion-

exchange. Samples 4 and 5 - E = 58 V/mm;Anode = 0.5 um silver.

Contour plots showing fundamental signal (left) and pump
(right) TE mode in graded-index sample 2.

Contour plots showing fundamental signal (left) and pump
(right) TE mode in graded-index sample 5.

Steps involved in fabricating ion-exchanged channel waveguides.

Top : Narrow openings are exposed on the chrome mask and silver
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8.13

8.14

8.15
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8.17

8.18

8.19

8.20

8.21

8.22

8.23

8.24

8.25
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8.27

is deposited. Middle : Ion-exchange occurs wherever chrome is
absent. Bottom : Metal films are stripped, revealing channel
waveguides.

Current flow (Voltage/800 Ohms) through IOG-10 during ion-
exchange. E =58 V/mm; Temp = 320°C; Anode = 0.5 pm silver.

Profilometer scan reveals surface expansion in diffused regions of
the glass due to stress.

Cross-section of ion-exchanged multimode channel waveguide
in IOG-10 glass, observed through an optical microscope.

Electric-field lines connecting a narrow anode source to a wide
cathode sink.

Lateral compression of electric field lines due to closely spaced
mask openings.

Decay of luminescence intensity as a function of time in ion-
exchanged channel waveguide. Chopping frequency was 25 Hz.

Enhancement in transmitted signal as a function of residual pump
power in 1.5 cm-long ion-exchanged multimode waveguide.
Signal transparency (0 dB gain) was achieved for a maximum input
pump power of 66 mW. The input signal power was -13 dBm.

Pump loss as a function of input pump power in ion-exchanged
multimode waveguide.

Enhancement in transmitted signal as a function of input signal
power in ion-exchanged multimode waveguide. The input pump
(976.3 nm) power was 66 mW.

Enhancement in transmitted signal as a function of input pump
power for two different pump wavelengths.

Enhancement in transmitted signal as a function of input pump
power in 0.5 cm-long ion-exchanged multimode waveguide.
Signal transparency (0 dB gain) was achieved for an input pump
power of 25 mW. The input signal power was -15 dBm.

Prism-coupler analysis of ion-exchanged slab waveguide sample 1
(from Section 8.3). One TE mode was found at A=1550 nm.

Cross-section of ion-exchanged singlemode channel waveguide.

Net signal gain as a function of input pump power in a 4.2 cm-long
ion-exchanged singlemode waveguide. Signal transparency (0 dB
gain) occurs for an input pump power of ~48 mW. The pump was
2 976.3 nm laser diode introduced into one end of the waveguide.

Net signal gain as a function of pump power in a dual-pumped,

4.2 cm-long ion-exchanged singlemode waveguide. Signal
transparency occurs for a combined input pump power of ~30 mW.
The co-propagating pump was a 976.3 nm laser diode and the
counter-propagating pump was a 983.8 nm laser diode.
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Chapter 1 : Introduction

The development of semiconductor lasers and low-loss silica fibers in the
1960’s made it possible to transmit information using carriers at optical frequencies. The
advantages of transmitting information in this fashion are numerous : increased bandwidth,
signal security, low cost, etc. The past three decades have seen a succession of
improvements in the speed and bandwidth of fiber optic communication systems.
However, optical carrier bandwidths have yet to be fully utilized due to the bottlenecks
created by electronic devices. In the next generation of optical communication systems,
integrated optic devices are expected to reduce electrical-optical-electrical interfaces which
limit the bandwidth and speeds achievable in the current system. Compact optical devices
which amplify light in the 1.55 um wavelength window will play an important role in
complementing other integrated optic devices such as modulators and switches.

Erbium (Er’*) doped glasses are known to amplify light at a wavelength of
1.55 um through stimulated emission of radiation. An optical source, typically operating at
0.98 um, provides the population inversion required for stimulated emission. Fiber
waveguides doped with small amounts of erbium (Erbium-doped Fibre Amplifiers or
EDFAs) have been extensively researched and are now being used in long-haul optical
communication systems as repeaters, power amplifiers etc. This decade has seen research
activity aimed at creating a small-scale version of the EDFA for application in integrated
optics. The primary requirements for an integrated optic waveguide amplifier are : 1) high
signal gain over short distances. 2) compatibility for integration with other integrated optic
devices. Since the operating length of optical amplifiers has an inverse dependence on
erbium dopant concentration, amplification over short distances requires erbium dopant
levels two orders of magnitude higher than currently used in fiber amplifiers. The
requirement for compatibility limits the fabrication options to silica-based thin-film

technology or bulk-glass technology.



The solubility of erbium in silica is limited to about 10'® ions/cm’, beyond
which erbium ions tend to form clusters and are unproductive. Network modifiers like
sodium and lanthanum can create additional sites in the glass which can then host larger
amounts of erbium (>10” ions/cm’® or | wt%). Chemical Vapour Deposition (CVD) and
Flame Hydrolysis Deposition (FHD), both of which are vapour-phase deposition
processes, yield high-quality glass films with 95% silica content. However, it isn’t
possible to introduce network modifiers using these processes. Thus, the incorporation of
rare-earth ions is limited to a fraction of a weight percent. Erbium-doped waveguide
amplifiers have been successfully demonstrated using CVD and FHD silica films, but at
operating lengths around 20 cm. This is an unavoidable consequence of the low erbium
content. To scale down the device even further, multi-component glasses with appropriate
network modifiers and large amount of erbium (2-3 wt%) are required. Optical
waveguides can be formed either directly on such multi-component glasses (ion-exchange)
or on a thin-film replica of the bulk glass (sputter-deposition). Both approaches will be
investigated during the course of this thesis. In addition to demonstrating a rare-earth-
doped waveguide amplifier, the goals of this thesis are to investigate novel waveguide
amplifier configurations which could be fabricated and potentially integrated with ease.

In Chapter 2, some of the fundamental concepts relevant to the study of
optical waveguide amplifiers (electromagnetic theory and laser theory, in particular) are
discussed. Selected expressions and derivations are presented from the numerous
textbooks and manuscripts available on these topics. In Chapter 3, a numerical model
which simulates the gain and noise characteristics of erbium/ytterbium-doped waveguide
amplifiers is described. The model considers most of the important radiative and non-
radiative transitions between four energy levels of erbium and two energy levels of
ytterbium. The model also accounts for energy transfer between erbium ions in close
proximity (co-operative upconversion), a phenomenon which adversely affects the

efficiency of an amplifier. Amplified Spontaneous Emission (ASE) over a 113 nm



wavelength range is acounted for. The model is validated by comparing simulation results
with other published numerical and experimental work.

In Chapter 4, the sequence of steps involved in the fabrication of optical
waveguides from sputtered and PECVD glass is described. Using an erbium-doped
(3wt%) lanthanum sodium silicate glass as a target, thin films of glass were sputter-
deposited on a silicon wafer. Fabricating deep-trench, low-loss ridge waveguides by
selectively etching away the sputtered material proved impossible due to the complex
chemistry of the glass. However, the micromachining properties of silicon oxynitride
(SiON) were found to be more suitable for fabrication of such waveguides.

Chapter 5 is a short detour describing the investigation of an unexpected and
intriguing phenomenon. When annealing sputtered erbium-doped glass, it was observed
that the films did not adhere well to the underlying silicon dioxide layer, often peeling or
buckling at random. However, it was noticed that geometrical patterns etched on the film
(for the purposes of making an optical waveguide) gave shape to this random process. The
de-adherence resulted in hollow microchannels with strikingly circular cross-sections.
From further observations, it was inferred that selective accumulation of gas and the
accompanying build-up of pressure were responsible for this structural transformation.
References in the literature support this explanation, which remains empirical and
incomplete. Potentially, hollow micro-channels fabricated using this concept of
“miniaturized glass-blowing” could prove useful in micro-fluidic applications. The work
described in this chapter was initially reported in Electronics Letters (“Formation of hollow
glass microcylinders on silicon”, Vol. 32, No.22, Oct. 1996) and then expanded on in
Conference on Rare-earth-doped Devices, SPIE Photonics West ‘97 (“Formation of
hollow microcylinders from sputtered erbium-doped glass films”, 2996-12).

Returning to optical waveguide amplifiers, the impediments encountered
while attempting to micromachine ridges on multicomponent glass films spurred a search

for alternative structures. Chapter 6 describes a strip-loaded waveguide configuration,
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formed by depositing and patterning a passive SiON rib on top of the sputtered glass.
Spontaneous emission in the 1520-1570 nm band was observed in this device when
pumped at 975 nm. Signal (A=1535 nm) loss in the device was seen to improve by up to 3
dB upon pumping, indicating an accumulation of erbium ions in the metastable state.
These experimental results were in close agreement with simulation. Poor spectroscopic
properties and co-operative upconversion combined to limit the performance of this device.
The results obtained in connection with this work were published in The Journal of Optical
Materials ("Optical Properties of Strip-Loaded Er-doped Waveguides", vol. 6, Nov. 1996.
pp- 287-292). For the purposes of integration, the refractive-index variation and etching
options available with SiON make it an ideal candidate as the index-loading layer. The
SiON index can be lowered to allow for significant light penetration into the sputtered film
(and hence, stimulated emission). Alternatively, the index of the SiON can be made very
high (up to n=2.0) in selected regions of the wafer, thus reducing the underlying erbium-
doped film to a cladding layer wherever passive devices are desired. Using the numerical
model, design options for rare-earth-doped strip-loaded waveguides are explored in
Chapter 6.

Chapter 7 continues the investigation of atypical waveguide structures for
potential use as amplifiers. Passive polymer waveguides were formed on top of a 2mm-
thick erbium/ytterbium-doped bulk glass. The higher-index polymer provided lateral light
confinement, similar to the function of the SiON rib in the strip-loaded waveguide. Unlike
the strip-loaded device, the active layer is not a thin film; in this configuration, the entire
substrate contains rare-earth ions. A relatively high index difference between the polymer
layer and the active substrate was required to sustain a guided mode. Consequently, only
the evanescent portion of the light penetrated into the substrate to stimulate emission.
Signal enhancement of 1.7 dB was observed with more than 200 mW of input pump
power. This was barely adequate to compensate for the erbium-induced absorption loss in

this device. According to simulations, the gain coefficient and power efficiency of
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evanescently-pumped amplifiers will be poor given the weak overlap between light and
erbium ions. However, the fabrication does not require any micro-machining or clean-
room processing, a trade-off worth exploring further. Experimental results were reported
in The IEEE Journal of Selected Topics in Quantum Electronics ( "Optical Properties of
Polymer Waveguides Dispensed on an Er/Yb co-doped Glass”, vol. 2, June, 1996).

In Chapter 8, optical waveguides were formed just below the surface of a
rare-earth-doped bulk glass using a field-assisted, silver-sodium ion-exchange process.
Thin films of metallic silver were used as the source for diffusion. Owing to a larger ionic
radii, the silver ions (which replace sodium ions) densify the glass and raise its refractive
index. Optical waveguides with graded-index profiles were formed near the surface of a
bulk erbium(1wt%)/ytterbium(3wt%)-doped glass. Signal transparency (or O dB gain) was
achieved in a 1.5 cm-long, multimode ion-exchanged waveguide with 66 mW of input
pump power. Net signal gain of 3.5 dB was achieved in a 4.2 cm-long, singlemode ion-
exchanged waveguide with 120 mW of input pump power. The excess propagation losses

in this device at 1.533 um were estimated to be below 0.2 dB/cm.



Chapter 2 : Review of Fundamental Concepts Relevant to the
Study of Optical Waveguide Amplifiers

In an optical amplifier, the optical power of light varies as it propagates
along a rectangular dielectric waveguide doped with active atoms. The following aspects of
engineering play a role in the study of optical amplifiers : 1) electromagnetic theory and
photon optics, relevant to studying the propagation characteristics of light in a given
dielectric structure; 2) quantum atomic theory, relevant to understanding energy level
distributions of atoms; and 3) laser theory, relevant to examining atomic transition
probabilities, population inversion rates, etc. These three topics are given an introductory
review in Sections 2.1-2.3 and then considered together in the next chapter for the specific

case of rare-earth-doped optical waveguide amplifiers.

2.1 Light Propagation in Dielectric Waveguides
2.1.1 Ray Optics

Ray optics offers the most basic perspective of light propagation in dielectric
waveguides. The location and direction of light is represented by geometrical rays, as

shown in Figure 2.1.

Figure 2.1 Ray Optics Illustration



Fermat’s Principle states that the optical ray travelling between points A and
B follows a path such that the time of travel is a minimum relative to alternate paths [1].
When the ray is incident upon another medium (with refractive index n,<n,), the incident
ray is split into a reflected ray BD (which remains in the original medium) and a refracted
ray BC (which enters the new medium). The geometrical path of the refracted ray obeys

Snell’s Law (proved by applying Fermat’s Principle between points A and C):
n, Sin 6, = n, Sin 0, (2.1)

When 6, reaches a critical angle such that 8, = 90 degrees, the refracted ray
BC lies along the interface between the two media. Beyond the critical angle, 6, is
imaginary and the incident ray is totally reflected, thus remaining within the original
medium. This concept of total internal reflection is the basis for confining light within a

desired medium and creating an optical waveguide [2].

2.1.2 FElectromagnetic Optics

The electromagnetic properties of light have to be considered when optical
power distribution is of interest, as is the case with lasers and amplifers. The
electromagnetic radiation of light is described by two vectors : the electric field E(r, t) and
the magnetic field H(r, t). In a medium in which there are no free electric charges or
currents, such as in an optical waveguide, two additional vector fields are defined : the
electric flux density D(r,t) and the magnetic flux denisty B(r,t). In this thesis, the medium
in which light propagates will be assumed to be linear, homogenous, non-dispersive and
isotropic (1]. In such a medium, E, H, D and B are all continuous functions of position

and time and are related through the following expressions :

D=¢E (2.2)
B=puH (2.3)

where € = electric permittivity and p, = magnetic permeability.



E and H must satisfy a set of coupled partial differential equations (Maxwell’s equations)

- JB
VXE=-—— 2.4
X By (2.4)
Vxi=22 (2.5)
at
V.-D=0 (2.6)
V.-B=0 (2.7)

subject to the condition that the tangential components of E and H and the normal
components of D and B be continuous across the boundary separating two dielectric media.

Taking the curl of Eqn. 2.4 and using a vector identity leads to the vector wave equation :

- J’E
VE-ueZ—=0 2.8
U, € FyE (2.8)

A similar expression holds for H. In rectangular cartesian coordinates, the scalar

components of the wave equation can be de-coupled and written as follows :

JE, JFE. JE, J’E,
ki + 3y + 3 - ﬂa 8 i
x> dy* o7 at’

=0 i=x,y,z (2.9)

2.1.2.1 Electromagnetic Analysis of a Planar Slab Waveguide

A planar slab waveguide consists of a high index (n,) dielectric core layer
surrounded on either side by lower index (n,) dielectric cladding layers. Light is confined
within the core in one dimension through total internal reflection. The structure is infinite

in width (y-axis) and invariant along its length (z-axis).

Figure 2.2 Planar Slab Waveguide : TE Polarization
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In this thesis, the field polarization will always be assumed to be transverse electric (TE).
Hence, E,,E, and H =0 but E,, H, and H, #0. The wavevector k points in the direction

of propagation and has magnitude :

k=nk =ni—n (2.10)

o
0

To find the electric field distribution for this waveguide, the scalar wave
equation (Eqn. 2.9) must be solved in each of the three layers and linked together using the
boundary conditions. When the electromagnetic wave is monochromatic, the field solution

can be expressed as sinusoidal functions of time (of frequency w) :

E,(x,2.8 = E,(x,2) ¢ 2" Q2.11)
The structural invariance along z suggests that the field solution takes a spatially sinusoidal
form along z as well :

E,(x 20 = E, (x) ¢ /P29 (2.12)
If the trial solution (Eqn. 2.12) is inserted into Eqn. 2.9, the wave equation simplifies to :

J’E, (x)
ax’

+(k;n; - B*)E, (x)=0 where i=layer 1,2,3 (2.13)

1

B is the longitudinal (z-axis) component of the k vector. The solution for 2.13 depends on

the relative magnitudes of k,n, and f :

E,(x)=E, exp(:t1/ B> -kXn? x) when B >k n, (2.14)

E,(x)= Eo{Cos( k2n? - B x)+ Sin(\kn? - B x)} when B <k_n, (2.15)

E, is the field amplitude at x=0. The structure is said to sustain a guided mode when Ey(x)
takes the sinusoidal form of Eqn. 2.15 within the core and the exponential (or evanescent)

form of Eqn. 2.14 within the cladding layers. A necessary condition for a guided mode is :

k.n, < B < k.n, (2.16)



When the boundary conditions at the core/cladding interface are enforced on Eqgns. 2.14
and 2.15, only certain values of B (within the bounds of Eqn. 2.16) emerge as allowed
solutions. These discrete values of B are called the eigenvalues of the waveguide and the

corresponding solutions are called the eigenmodes or modes of the waveguide.

2.1.2.2 Electromagnetic Analysis of Two-Dimensional
Waveguides

A rectangular waveguide (Figure 2.3) differs from a planar slab waveguide

in one respect : the high-index core is now surrounded on all four sides by a lower index
cladding. This configuration confines light in two dimensions (x and y) as it propagates

along the z-axis. Consequently, the electromagnetic field is now a function of x and y.

/X
L

Figure 2.3 Rectangular 2-D Waveguide : TE Polarization

The scalar wave equation for the rectangular waveguide is given by :

d’E (x,y) LI E,(xy)
ax’ dy’

+(k;n = BE (x,y)=0 i=1,2,..5 (2.17)

The guided mode solutions of Eqn. 2.17 will have a sinusoidal form in both x and y within
layer 1, sinusoidal in y and exponential in x within layers 2 and 3, and sinusoidal in x and
exponential in y within layers 4 and 5. By applying the boundary conditions, the discrete
eigenmodes of the structure and the corresponding electric field distributions E, (x,y) can be
obtained. Eqn. 2.17 has to be solved in five layers and the solutions linked across four
boundaries. The reader is referred to several pioneering text books and publications which

deal at length with analyticai and numerical analysis of rectangular dieletric waveguides [3-
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I5]. In this thesis, modal analysis of dielectric waveguides is a means to an end.
Therefore, a public-domain software package was used to generate the required
information. FWAVE [16] is a numerical analysis tool which relies on a finite-difference
algorithm to calculate the modal properties of rectangular waveguides. For most of the
waveguides considered in this thesis, the modal properties and electric field distributions

were obtained using FWAVE.

2.1.2.3 Intensity and Optical Power

The instantaneous intensity of an electromagnetic wave at a point x,y within

the waveguide cross-section is described by the Poynting vector :

L(xy)=E (x,y) x H(x,y) (2.18)

It is easy to show (from Maxwell’s Eqn. 2.4) that in the TE case, E, and H, are related by :

H.(x,y)= P E (x,y) (2.19)
u,w

o

Hence, the magnitude of the local intensity is proportional to the squared absolute value of

the envelope of the local electric field :

Lxy)<[E, xy] (2.20)

To calculate the total power of the electromagnetic radiation contained within the

waveguide, the local intensity has to be integrated over the waveguide cross-section S :

P(z)= j J' L(x,y) dx dy 2.21)
5

For the application discussed in this thesis, the total optical power launched
into the waveguide is a known input parameter but the local intensity is not. However, it
is the local intensity which determines the extent of photon-atom interaction in an optical
amplifier (as will be shown in Section 2.3). The following steps relate total optical power,
local electric field and local intensity :

1) For a waveguide with a specific cross-sectional and refractive index profile, the wave

11



equation can be solved assuming an arbitrary amplitude E.=1 (in Equs. 2.14 and 2.15) to
produce the electric field envelope ,(x.y) for a guided mode.

2) Squaring y (x,y) yields the corresponding mode intensity envelope y.(x,y), as
suggested by Eqn. 2.20.

3) The following expression relates Vi(x,y) and P(z) to the local intensity I(x.y):

v.(X,y)
I(x,y)=P i 2.22
(x,y)=P(z2) HW,-(x,y) o dy (2.22)

s

The normalized mode intensity envelope, a parameter invariant along z, is defined as:

Vitey= [Joixy) ax dy

This procedure conveniently avoids having to solve the wave equation
repeatedly along the waveguide amplifier to account for changes in optical power. Modal
analysis of the waveguide is thus effectively separated from optical power analysis of the
amplifier. The latter is the focus of the model developed in the next chapter; the former is
an essential but independent step which serves as an input parameter for the amplifier

simuliation.

2.1.3 Photon Optics

In addition to electromagnetic theory, the particle nature of light completes

the basic requirements to study optical amplifiers. Stated simply, light of frequency v

consists of streams of particles called photons, each with energy :

where h=Planck’s constant, named in honour of the physicist who originated the concept

of quantizing radiant energy. The following definitions relate photon energy to

electromagnetic intensity and power discussed in the previous section. The mean photon-

flux density associated with monochromatic light of frequency v is:
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o(x,y) = [(Z—VY) (photons/sec-m?) (2.25)

The mean photon flux is :

D= ISI I(_hx_;/y) dxdy = %(V_z_) (photons/sec) (2.26)

2.2 Energy Levels of Atoms

Modern quantum atomic theory is also based on Planck’s quantum
hypothesis [17]. In Niels Bohr’s model of the atom, electrons revolved in discrete orbits
around the nucleus and electron transitions between orbits resulted in the emission or
absorption of radiant energy in discrete units. In light of Heisenberg’s Uncertainty
Principle, which stated that it was impossible to establish the exact position of any particle,
Max Born modified the atomic model by considering the wave nature of electrons. Born
replaced the concept of discrete electron orbits with electron orbitals. The latter describes

the probability of finding electrons in space. The behaviour of an electron of mass m and

potential energy V is described by the complex wavefunction vy, satisfying the time-

independent Schrédinger equation [1]:

-%Vzw(m V(O (r) = E(r) Eq. 2.27

When applied to a real system (such as a hydrogen atom), solutions to the Schréndinger

equation are obtained only at discrete values of energy E. For a system of multiple
electrons, a generalized form of Eqn 2.27 is used and solutions result in energy levels
which form densely packed bands. The lower energy levels are filled by core electrons but
higher energy levels are only partially occupied, allowing for electron transitions and
exchange of energy with the outside world (such as a photon). It is this photon-atom

interaction that forms the basis for optical amplification.
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2.3 Photon-Atom Interaction

2.3.1 Absorption, Stimulated Emission and Spontaneous

Emission:

Atoms in a patricular energy level can absorb the energy of an incoming

photon and move to higher energy level if the energy of the photon matches the difference
. . hc .. N
In atomic energy levels : E, —E, = hv = T" The process is illustrated in Figure 2.4.

" 4

photon

hv

E,

atom

Figure 2.4 Absorption of photon energy by an atom

In the presence of light of wavelength A_(henceforth referred to as the “signal’") and
photon-flux density ¢, (photons/m®-s), the probability density (1/s) for absorption is

Wi, =9, 0,,(4,). The parameter 6,,(A,), defined as the absorption transition cross-section,
is the effective area of the atom that is available to interact with photons. W, is a measure
of the rate at which photon-flux is intercepted by the atom. If the density of atoms in the

lower energy level is N, (ions/m’), the rate of absorption is N, W, (ions/m’*-sec).

Atoms could undergo downward transitions from level 2 to level 1 and
release their energy in the form of photons. This event could either be triggered
(stimulated) by the presence of existing signal photons or it may occur spontaneously. If
stimulated, the emitted photons are clones of the original and have the same frequency and
polarization characteristics. If spontaneous, the emitted photons have random

characteristics. The two processes are illustrated in Figures 2.5 and 2.6, respectively.
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atom

E
? Ehoton )
Ehoton hv
hv photon 3
hv

E,

Figure 2.5 Stimulated emission of photon

atom

E,

E,
Figure 2.6 Spontaneous emission of photon
Stimulated emission results in a cascade of newly generated photons which

add to the optical power of the signal. Spontaneous emission results in noise. The
probability density for stimulated emission is W,, = ¢, 0,,(4,). If there are N, atoms/m’ in
the upper energy level, the rate of emission is N,W,,. The emission cross-section G,,(A)
is typicaly lower than o,,(A,) but not significantly so. However, in thermal equilibrium,
atoms are more likely to occupy the lower energy state than the higher energy state. This
arises from the exponential Boltzmann Distribution for the probability of occupancy of

energy levels [1]:

P(E, ) oc e FnlksT for m=1,2...., (2.27)
where ky=Boltzmann’s constant, T=temperture, and the coefficient of proportionality is

such that z P(E,)=1. In the absence of an external excitation source, N, is greater than

m

N, at any given time. Thus, the probability of absorption is greater than emission, even

though the probability density of the two events is almost the same.
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The probability density for spontaneous emission is A, =1/t,,. The
parameter 1, (metastable state or luminescence lifetime) is the time-constant for the
exponential decay of atoms from the upper level to the lower level. If there are N,

atoms/m’ ions in the upper level, the rate of spontaneous emission is given by N,A, .

2.3.2 Pumping and Population Inversion

An optical excitation source operating at a shorter wavelength A, (henceforth
referred to as the “pump™) can create a non-equilibrium condition by populating the higher
energy states. In a three-energy-level laser system, atoms in the ground state absorb the

energy of pump photons and are excited to level 3. In the presence of pump photon-flux
density ¢,, the pumping rate is R,, = ¢,0,;(4,). If there are N, atoms/m’ in the ground

state, the pumping rate is N|R,,. The lifetime 1, of level 3 is typically a few
microseconds; so atoms in that level decay rapidly and non-radiatively down to level 2.
The lifetime of level 2 is in the order of a few milliseconds (hence the name metastable),
allowing for significant accumulation of atoms. In effect, the pump depletes the ground
state and populates the metatable state, causing a population inversion. Under these non-
equilibrium conditions, N, is greater than N, and the probability of stimulated emission of

signal photons is higher than absorption.

2.3.3 Signal and Pump Propagation in an Amplifier

As light propagates in an amplifier, the photon flux densities change as a
consequence of the photon-atom interactions discussed in Sections 2.3.1 and 2.3.2. To
derive expressions for photon flux density as a function of position, consider an
incremental cylinder of length dz inside an amplifier (three-energy-level) of finite length d
and unit area, as shown in Figure 2.7. The signal photon flux density entering and exiting
the cylinder is ¢, and ¢ +d¢_, respectively. The pump photon flux density entering and

exiting the cylinder is ¢, and ¢,-d¢,, respectively.
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Outpui ¢ (d)
- P

>
L d

Output ¢,(d)

z+dz d

Figure 2.7 Change in photon flux densities due to photon-atom interaction

Hence, d¢, and d¢, are the incremental signal and pump photon flux
densities emitted and absorbed inside dz, respectively. Since the transitions rates are
known (from Section 2.3.2), d¢, and dct)p are given by :

d¢, = (N,W, -NW,)dz=(N,0,,-NgG,,) ¢, dz (2.28)
d¢,=-(NR;)dz=—-(No;) ¢,dz (2.29)
The wavelength dependence of ¢ is implied through subscripts. Equations 2.28 and 2.29

can be put in the form of first order differential equations:

d¢ ( ) - Y. 0.(z) where y, = N,0, -No, (2.30)
de,(z)
d: =-a,¢,(z) where a,= No, (2.31)

Y, and o, are the gain and absorption coefficients, respectively. The solutions to Eqgns.
2.30 and 2.31 describe the photon flux density as a function of amplifier position z. As an
aside, it is worth noting that the gain coefficient depends on the population densities, which
in turn depend on the photon flux density of the signal that is to be amplified. This is a

cause for gain saturation in amplifiers, as will be discussed in the next chapter.

It is customary to write the signal and pump propagation equations in terms
of the total optical power rather than photon flux density. Expressions relating photon flux

density and power were given in Section 2.1.3.
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dF (z)

= 7, P(z) (2.32)

dP,(z)

=-a, P,(2) (2.33)

The solution to Eqns. 2.32 and 2.33 have an exponential form when Y, and o, are

constants, as is the case here :

P, (Z)=e(y’z) (2.34)

P, (2)=e %% (2.35)

The net signal gain, pump depletion, gain efficiency and pump efficiency for the amplifier

are given by :
. . P .(d)
Net Signal Gain=10Log | =——— (dB) (2.36)
P, (0)
: P,d)
Net Pump Depletion= 10Log,,| —— (dB) (2.37)
P, (0)
10Log (¥
Gain Efficiency = mi P'(O)) (dB/cm) (2.38)
10Log,,("
Pump Efficiency = (" Vt.0) (dB/mW) (2.39)

£,(0)

The concepts outlined in this chapter provide a basic foundation for modeling optical
amplifiers.
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Chapter 3 : Numerical Model for Rare-Earth-Doped
Planar Optical Waveguide Amplifiers

[n this chapter, the general concepts and equations outlined in Chapter 2 will
be applied to the specific case of erbium/ytterbium co-doped waveguides, with appropriate
modifications. The algorithm required to run the simulation will be presented in step-by-
step form. The model will be verified against published numerical and experimental
results. Since this is in some sense a “beam propagation” simulation, some of the equation
variables will be tracked individually along a waveguide to garner a better understanding of

the equations at work and to aid in the design of subsequent waveguide structures.

3.1 Energy Levels for Er* and Yb% in Glass Hosts

In glass, rare-earths such as erbium, ytterbium, neodymium and
praseodymium exist in the trivalent state (Er**, Yb**, Nd*, Pr**) due to the removal of
three electrons from the outer shells. For each of these rare-earth ions, the energy
associated with a transition between two levels (within the 4f shell) matches the photon
energy corresponding to important telecommunication wavelengths : 1.55 um for Er** |
0.9-1.0 um for Yb’* and 1.3 pm for Nd** and Pr** [18,19].

The energy level diagram for Er** and Yb™ is given in Figure 3.1. The
labelling of each energy level (such as °I ,,, *I,;, etc.) follows from the quantum numbers
assigned to electrons in a given shell. The energy levels are numbered for ease of
reference. The wavelength of light corresponding to the various energy level transitions are
also indicated. The 975-985 nm wavelength region is the only absorption band shared by
erbium and ytterbium. Since all of the rare-earth-doped devices investigated in this thesis
were pumped in the 975-985 nm wavelength band, other absorption bands of erbium (800
nm, 1480 nm) were not considered. Table 3.1 summarizes all possible interactions
between individual erbium/ytterbium ions and signal (A=1.55um) and pump (A=0.98j1m)
photons. The radiative (stimulated emission, spontaneous emission and absorption) and

non-radiative transition rates associated with each interaction are also listed.
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From To Ion A(um) Nature of Transition Rate of Transition
(1/s-m*)
Level | | Level2 | Er* | 1.55 Absorption N,W,,=N,0.5,,
Level 2 | Level | Er* 1.55 Stimulated Emission N,W,,=N,0.6,,
Level 2 | Level 1 Er* 1.55 Spontaneous Emission N,A,, =N, /1,
Level 1 | Level3 | Er* | 0.98 Absorption N,W,,=N,6.5,,
p
Level 3 | Level2 Er* N/A | Non-radiative Relaxation N,A, =N, /1,
Level3 | Levell | Er* | 0.98 Stimulated Emission N,W,, =N,0 5,
p
Level 5 | Level6 | Yb™ | 0.98 Absorption N,W,, =N.0 .,
p
Level 6 | Level5 | Yb*™ | 0.98 Stimulated Emission N W =N.G,;
p
Level 6 | Level5 | Yb™ | 0.98 | Spontaneous Emission N(Ags =N / T,

Table 3.1 : Summary of basic transitions in Er** / Yb** co-doped glass.

Of the transitions listed in Table 3.1, only stimulated emission of pump

photons from level 3 was assumed to be negligible (due to the short lifetime of that level).

Table 3.1 summarizes transitions that occur between photons and individual rare-earth

ions. In waveguides with high rare-earth dopant levels, energy transfer resulting from

interaction between rare-earth ions becomes important. Energy transfer between two

adjacent erbium ions, as well as between one erbium ion and one ytterbium ion, have to be

accounted for. Another factor to consider is the broadening of the metastable state, which

results in spontaneous emission of photons at wavelengths other than 1.55 um. These

issues are addressed in the next three sub-sections.
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3.2 Pair-Induced and Co-operative Upconversion

Upconversion is the end result of energy transfer between erbium ions
which are either physically paired or in close proximity. When the rare-earth dopant
concentration in glass is high (> 10* ions/m’ or 0.1 wt%), erbium ions may pair up and
form clusters of arbitrary size [20-23]. In hosts like silica, over 70% of erbium ions may
belong to clusters at concentrations of 1 wt%. If two erbium ions within a cluster are
excited to the metastable state, one ion (the donor) transfers its energy to the other (the
acceptor). In that event, the donor relaxes non-radiatively to the ground state and the
acceptor moves to an even higher energy state. The net result is the removal of both ions
from the lasing level. The acceptor may return to the metastable state or it may undergo a
downward transition from the higher state directly to the ground state, resulting in the
spontaneous emission of a photon of shorter wavelength. In effect, a cluster of any size
can sustain at most one ion in the metastable state. With proper choice of co-dopants, pair-
induced upconversion can be neglected even for high erbium concentrations [24]. For the

devices discussed in this thesis, clustering effects will not be considered.

Even if erbium ions are uniformly distributed in the host glass and are not
physically paired, the distance between them may be short enough (< 0.4nm) to allow for
ion-ion interaction and consequently, transfer of energy [25]. This form of co-operative
upconversion increases linearly with erbium concentration and appears to place a
fundamental limit to waveguide amplifier performance [26]. The extent of upconversion
varies slightly for different rare-earth/host combinations. The following coefficients
describe the rate of upconversion and are typically determined by fitting to experimental
data: Cy;,, (When donor and acceptor are in level 2), C,,, (when donor and acceptor are in
level 3), and C, (cross-relaxation, when donor is in level 4 and acceptor is in level 1) [27].
Of the three, co-operative upconversion from level 2 is most prevalent, given the high

density of ions in that level under conditions of strong pumping. Levels 3 and 4 are
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sparsely populated owing to their short lifetimes. Nevertheless, all three transitions will be

considered in this model and are summarized in Table 3.2.

Donor Acceptor -
P Nature of Transition Transnt10r13
From To From To rate (1/s-m’)
Level2 | Level 1 | Level 2 | Level 4 Upconversion CepoNuN,
Level4 | Level 3 Non-radiative N, /7,
Relaxation
Level 3 | Level 1 | Level 3 *F, Upconversion CypsN;N,
Spontaneous Not
*H,,, | Levell :
e Emission (A=520nm) | considered
Level4 | Level2 | Level 1 | Level 2 Cross-relaxation C..N,N,

Table 3.2 - Transitions resulting from interaction of adjacent Er’** ions

3.3 Ytterbium Sensitization

Ytterbium shares some of the transitions and energy transfer characteristics
of erbium [18,20,24]. Ytterbium ions also absorb light of wavelength A = 0.98 um. In
fact, the absorption transition cross-section Os6(V,) for ytterbium can be up to a factor of
eight higher that its erbium counterpart, yielding significantly higher pumping rates [28].
This advantage is tempered slightly by a shorter metastable state lifetime (< 2 ms). Once
excited to its metastable state (Level 6), a ytterbium ion (donor) can transfer its energy to an
erbium ion (acceptor) in Level 1. This results in the acceptor moving up to Level 3 (and
then rapidly down to Level 2) and the donor relaxing to its ground state (Level 5). A cross-
relaxation coefficient C_ is defined (similar to the upconversion coefficients) to estimate the
energy transfer rates between ytterbium and erbium [20]. If there are N, ytterbium ions/m’
in level 6 and N, erbium ions/m” in level 1, the rate of cross-relaxation is C_N,N. C, has
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been shown to increase linearly with ytterbium up to concentrations of 10 x 10% jons/m’.

At higher concentrations, energy transfer between ytterbium ions becomes a factor [20].

Energy transfer also occurs in the reverse direction (where an erbium ion in
level 3 is the donor and a ground-state ytterbium ion is the acceptor) but at much lower
rates owing to the sparse population of level 3. Hence, the back-transfer of energy from
erbium to ytterbium will not be considered in the model. The ability to indirectly pump
erbium ions through ytterbium sensitization compliments the direct pumping scheme. This

facilitates greater population inversion and consequently, amplification.

3.4 Amplified Spontaneous Emission (ASE) Spectrum

In glass hosts, the Stark effect splits the major energy levels into sublevels.
For instance, the broadening of the Er** metastable state due to Stark effects can be
significant enough to allow for spontaneous emission at wavelengths down to 1.48 um.
Hence, spontaneous emission of photons occurs over a spectral range of about 100 nm,
centered at 1.55 um. It should be noted that the presence of the sublevels does not
invalidate the three energy level assumption. Thermal equilibrium ensures a constant
population distribution (Boltzmann) within the sublevels [18].

To account for the full spectrum of amplified spontaneous emission (ASE),
the model will consider 113 wavelength slots (from A,=1.475 um to A,,;=1.587 pm, each
Inm in width) and compute the change in optical power within each slot. For all 113

wavelength slots, the normalized intensity envelope will be assumed to be the same as that

of the signal (since ; « is weakly dependent on wavelength). However, the emission

transition cross-section is a strong function of wavelength and has to be considered
separately for each ASE wavelength slot. Determining the parameter O, (A k=1,...,113)
experimentally is beyond the scope of this thesis. Instead, transition cross-section data

which is representative of a typical erbium-doped silicate glass will be used from the
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literature [25]. This data is plotted in Figure 3.2 and will be used for all following

simulations.

Transition Cross-section (x 10-25 m2)

Wavelength (um)

Figure 3.2 Emission and absorption transition cross-section for a typical
Er-doped silicate glass [25].

3.5 Model Algorithm

The following steps are required to compute the change in signal, pump and
ASE power along a waveguide amplifier. Figure 3.3 may serve as a useful pictorial guide.
The equations used and the waveguide regions over which they are applicable are matched

by a color code.
1) For a given waveguide structure, the wave equation is solved and the normalized signal
and pump mode intensity envelopes u_/, (x,y) and JP (x,y) are generated (as described in

Sections 2.1.2.2 and 2.1.2.3).
2) The optical signal power P(0) and pump power P,(0) launched into the waveguide,
length of the waveguide, concentration of rare-earth dopants in the waveguide and all

material parameters (T, ¢ and C) are provided as input to the model.
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3) The waveguide cross-section is divided and analysed in small rectangular elements of

area AxAy. Waveguide symmetry may be taken advantage of by identifying and counting

identical elements.

4) The local intensities I (x,y) and [(x,y) within each element are computed by inserting

P,(2), W(x.y), P(z) and w (%) into Eqn. 2.22.

5) Within each element, the probability densities for all atomic transitions (stimulated
emission, spontaneous emission, absorption, and non-radiative relaxation) are evaluated by
inserting I (x,y) and Ip(x,y) into the expressions for W’s, A’s and R ( given in Sections
2.3.1 and 2.3.2). For the case of W, and W,,, inclusion of the full spectrum of forward-

travelling ASE requires the following modification [29]:

113
I (l )0'11('1 ) z (/11:) o-lz(/lk) (3.1)
hv,
- o-u(A' ) all (A'k) o)
Wy, =1,(, )2 " g o (A,) oy (3.2)

The second term on the right-hand side is the net contribution from forward-travelling

ASE. The spatial (x,y) dependence of [, I,5,, W, and W,, was not explicitly stated.

6) Within each element, the steady-state population densities (rare-earth ions/m?) N, (x.y),
Ny(x,¥),--..N(X,y) are computed for each of the rare-earth energy levels 1,2,....m. This
is achieved by considering all of the transitions listed in Tables 3.1 and 3.2 together and
writing a set of rate equations (Eqns. 3.3-3.8). These equations describe the rate at which
ions are being added to and depleted from each of the energy levels (levels 14 for EF* and
levels 5 & 6 for Yb*). A factor of two appears in some of the rate equations since two ions
are removed from that energy level in the event of co-operative energy transfer. In steady-

state, the time rate of change of population density is zero. Unlike a laser, an optical
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amplifier does not require transient analysis.

dN
_tl=_W12N1+A21N2+W211V2"R13N1+CU1"2N2N2 (3.3)

—C14N N4 +Cyp3N3N3-CCRNINg =0

AN
a—zz= WIaN1 - A2IN2 - W2 1N+ A32N 3 - 2CypaN N ) (3.4)

+2C14NINg4 =0

N
3 = RI3N| - 4323+ 43N ~2CyP2N3N3

dt (3.5)
+CCRNINg=0
Nerb=N1+N2+N3+Ngyg (3.6)
dNjs
=, = -W56N5+ AgsNg+WesNg+CCRNINg =0 (3.7)
Nyp=Ns5s+Ng (3.8)

Since the total erbium ion concentration Ng, and ytterbium ion concentration N,, are
known, there are six unknown quantities N,, N,, N,, N,, N and Ny in six equations. A
Newton-Raphson algorithm was required to solve this system of nonlinear equations.

Details are given in Appendix A.

7) Next, the contribution of each element to the net gain and absorption coefficient is
computed (using Eqns. 2.30 and 2.31). Integrating over the waveguide cross-section

yields the net gain and absorption coefficients.

a13@Ap)= [ [W 69 013G p) Ni(xy) dr dy (3.9)
Xy

as6(z.Ap)= [ [W () 556(4p) N5 (x, y) dcy (3.10)
Xy
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Ves(2A,)= [ W, (x,y) 045 (A,) Ny (x,y) dr dy (3.11)

Ya(z4) = [ [ (x,y) 64(4,) Ni(xy) dr dy (3.12)
Ya(zA) = [ [v,(x.y) 0,,(A,) N,(x,y) dx dy (3.13)
Yu@A)=[[v,(xy) 0, (4,) Ny (x,y) dedy (3.14)

8) The following signal, pump and ASE propagation equations are solved over a finite step

Az (using Euler’s method) to obtain the change in optical power:

dP,(z,4,)

d= =—[ap +lp ]Pp (z’/lp ) where ap =0 + Qg ~Ves (3-15)

dP (z,A,)

"~ [v.-L]P.(z,A,) where v, =7, (A, )-7,(4,) (3.16)

dPt (z,Ar)

+
. [721G.4%) - Y12 A0)|PE 2.2k ) (3.17)

+hvgAvgy21z.Ak)
In addition to the gain and absorption coefficients, an excess loss factor was introduced
into both the signal and pump propagation equations (I, and L, respectively). This accounts
for losses due to waveguide imperfections (such as sidewall roughness and scattering
sites). In the ASE propagation equation, the second term on the right-hand-side is a

distributed source term used as a seed for the generation of ASE [18,30].

9) With the updated optical power, the simulation is advanced by Az along z and steps 1-8

are repeated. This cyclical procedure continues over the length of the waveguide.

10) Atthe end of the waveguide, the net signal gain and pump attenuation are evaluated

using Eqns. 2.36 and 2.37.
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3.6 Validation of Model for Er-doped Waveguide Amplifier

One of the first demonstrations of a planar Er**-doped silica waveguide
amplifier was reported by NTT [31]. In their work, Flame Hydrolysis Deposition (FHD)
and Reactive Ion Etching (RIE) were used to fabricate a ridge waveguide which was 8 pm
wide, 7um high and 19.4 cm long. The erbium ion concentration was estimated to be 0.55
wt%. The waveguide cross-section and the corresponding transverse electric-field (TE)

contours for signal y,(A,x,y) and pump V. (A,,x,y) modes are illustrated in Figure 3.4.

n=151164

n=151164

Wavelength = 1550 nm I Wavelength = 980 nm

|

Figure 3.4 Ridge Waveguide 1. The shaded region is the Er-doped Sio,
core with index n=1.53. The core is surrounded on all sides by SiO,
cladding of index n=1.51164. The TE field contours for the signal

(A;=1550nm) and pump (A,=980nm) mode are shown on the left and right,
respectively. The contours represent 90% to 10% of peak amplitude.

The structure supports only a single guided mode at both signal and pump
wavelengths. The refractive index profile ' is such that the electric field is strongly
confined to the Er-doped SiO, core; roughly 81% of the signal mode-field and 91% of the
pump mode-field overlaps with the Er-doped core. Unlike fibre amplifiers, the overlap
percentages do not figure explicitly in any of the model equations for planar waveguide

amplifiers. However, it is a useful quantitative measure of light confinement and will be

' Only the index difference between core and cladding was provided in {31]; not the actual indices.
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provided for all of the waveguides considered in this thesis. The overlap factor impacts
both the optimum length of the amplifier and the pumping efficiency.

The mode intensity contours y,(A_X,y) and \ui(lp,x,y) were obtained by
squaring the electric field (Eqn. 2.20). The modal area of the intensity is of interest for

normalization. The modal areas for signal and pump are 26.5 and 22.2 um’, respectively.
The normalized intensity ;,. (4,,x) and 1;, (/lp ,X) at one specific point (the center ) along
the y-axis are shown in Figure 3.5. Henceforth, the notation for normalized intensity will

be simplified to J, and I/_/ , for signal and pump, respectively.

0.05

0.04

0.03

0.02

Normalized Intensity

0.01

0.00

0 3.5 7
Erbium-Doped Core Layer along X (at y=0)
Figure 3.5 Normalized signal and pump intensity profile along the center of
Ridge Waveguide 1, within the Er-doped SiO, core.

The normalized pump intensity exceeds that of the signal only near the

center of the waveguide. Since the atomic transition rates and gain/absorption coefficients

depend strongly on a, and ; , [Eqns. 3.1-3.14], it is significant that their relative

magnitudes vary across the waveguide cross-section. For a given optical pump power, the
pump intensity may be too weak to invert the erbium population near the outer edges of the

erbium-doped core. If that is the case, signal photons are more likely to be absorped at
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that location. This justifies the need for analysing the waveguide in finite segments.

Simulating the gain characteristics of the waveguide shown in Figure 3.4
requires knowledge of the following parameters : lifetime of energy levels, transition cross-
sections, background losses and upconversion coefficients. Since these parameters were
not determined experimentally, Di Pasquale et al. have estimated them by observing the
best fit to the experimental data [25]. The estimated values are listed in Table 3.3 and are
applicable only for this specific case. These estimates are typical of erbium-doped fiber
amplifiers. Given the low erbium content and similarity in glass chemistry (fiber amplifiers
are also fabricated by Flame Hydrolysis and consist predominantly of silica), it is

reasonable to expect the material parameters to be similar.

Ty, Il ms
Ty = Tsa I ns
=1 0.2 dB/cm
o13(A,) 20x 10% m®
Cupr=Cyps=C,, | 3.5x 10* m¥s

Table 3.3 Material parameters used for the simulation of Ridge Waveguide 1 [25].

For Ridge Waveguide 1, the predicted variation in signal transmission (or
signal gain) as a function of input pump power is plotted in Figure 3.6 and compared with
experimental results reported by NTT. It is clear that there is satisfactory agreement
between the model developed in this chapter and NTT’s experiment. The model developed
by Di Pasquale predicted similar results. The model does over-estimate the gain slightly,
particularly at high pump powers. Onset of pair-induced upconversion, a factor not
accounted for in the model, may account for this discrepancy. Since this was not a
multicomponent glass, erbium ion pairs may have formed even at these low dopant levels.
Gain reduction due to clustering would manifest itself more clearly at high pump powers,
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under conditions of maximum population inversion.

14
121
10
st
g ef
z ®  Simulation
S ® Experiment
O 47
2r Length = 19.4 cm
of Erbium = 0.485 x 1025 jons/m3
)
-2 ) i 1 i 1 A 1 A 1 A
0 100 200 300 400 500 600
Pump Power (mW)

Fig. 3.6 Signal Gain vs. Pump Power for Ridge Waveguide 1. Comparison
of numerical model developed in this chapter and experimental results from
[31]. P,(0)=1pW; L = 19.4 cm; N, = 0.485 x 10*® iosn/m>.

At high pump powers, the signal gain saturates when all of the erbium ions
are in the metastable state and gainfully contributing to stimulated emission. With the
population fully inverted in this device, there is no further room for improvement in
performance. A plot of signal gain as a function of waveguide length (Figure 3.7) reveals a
linear relationship. This suggests that signal gain can be increased by using a longer
device. However, the linear relationship between gain and waveguide length does not
extend indefinitely. At a certain length, the pump power would fall below the threshold
required to sustain population inversion. The optimum length for the amplifier would be
precisely where the pump is at threshold. Beyond optimum length, the signal would be re-
aborbed by ground-state erbium ions. This delicate balance between signal gain,
waveguide length, input pump power and pump depletion is an important design

consideration for any optical amplifer.
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Pump Power = 500 mW
121 Erbium = 0.485 x 1026 jons/m3

101

Gain (dB)

! L A '] A A . A L

0 2 4 6 8 10 12 14 16 18 20
Waveguide Length (cm)

Figure 3.7 Signal Gain vs. Waveguide Length for Ridge Waveguide 1;
P(0)=1uW; P (0) = 500 mW; N_ , = 0.485 x 10*° ions/m°.
Pump depletion as a function of input pump power is plotted in Figure 3.8.

It is evident that the pump transmission also varies with input pump power. Implicit in that
statement is information about population inversion. At low pump powers, the population
inversion is weak and erbium ions in the ground state outnumber those at higher levels.
Consequently, the overall rate of pump absorption (in dB/cm) is higher at low powers than

under strong population inversion (“pump bleaching™).

4

Length = 19.4 cm
Erbium = 0.485 x 1026 ions/m3

Pump Depletion (dB)

‘8 i A A L. A A A i A A A
0 100 200 300 400 500 600
Pump Power (mW)

Figure 3.8 Pump Depletion vs. Input Pump Power for Ridge Waveguide 1;
P (0) = IuW; L = 19.4 cm; N, = 0.485 x 10** ions/m’.
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Signal gain also saturates when the signal power level approaches that of the
pump. If this were to occur (either due to a high input signal power or as a result of
amplification over extended lengths), the atomic transition rates between the ground state
and metastable state would rival that between the ground state and the pumping level. This
effectively negates the function of the pump, clamps the population inversion at a level well
below its maximum and saturates the gain. Gain saturation behaviour due to signal
strength is illustrated in Figure 3.9. The signal power is denoted in units of dBm, keeping
with conventional notation [18].

Pam = 10L0g ,Py,,, - 10Log, 107%)

8{ _

6-

4‘.'__.

Gain (dB)

8  Pump Power =500 mW
® Pump Power =50 mW

O Erbium =0.485 x 1026 jons/m3
Length=10cm

1 I 1 L 2

-2
-40 -30 -20 -10 0 10 20

input Signal Power (dBm)

Figure 3.9 Signal Gain vs. Input Signal Power for Ridge Waveguide 1;
P,(0) = 50, 500 mW; L = 10 cm; N, = 0.485 x 10*° ions/m’.

At signal power levels below -10 dBm (100 pW), the signal gain remains
constant. For both high and low pump powers, the onset of gain saturation is evident only
when the input signal power exceeds -10 dBm. For input signal powers approaching 20
dBm (100mW), the gain is reduced significantly. In fiber amplifiers, even a small input
signal may be amplified over long distances and enter the saturation regime. Hence, it is

customary to plot gain as a function of output signal power. Since planar Er-doped
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waveguide amplifiers are designed to be short in length and operated at high pump powers,
this type of gain saturation can be neglected for applications other than power amplification.
In this thesis, an input signal power of [pW (unsaturated gain regime) will be assumed for

the purposes of simulation

3.7__Validation of Model for Er/Yb co-doped Waveguide
Amplifier

There have been many successful demonstrations of Er/Yb co-doped planar

waveguide amplifiers [32-34). However, the waveguide structures used in these
experiments invariably have a graded refractive-index profile typical of diffusion / ion-
exchange processes. There have not been any reports of Er/Yb co-doped planar waveguide
amplifiers with discrete, dielectric layers. Hence, to test the model in the presence of
ytterbium, Di Pasquale’s model was used as the benchmark. The waveguide structure
used by Di Pasquale to verify his erbium/ytterbium model is shown in Figure 3.10, along

with the electric-field contour lines.

Wavelength = [550 nm I Wavelength = 980 nm

Figure 3.10 Ridge Waveguide 2. The shaded region is the Er/Yb co-doped

core with index n=1.55. The core is surrounded on all sides by cladding of

index n=1.51. The TE mode field contours for the signal (A,=1550nm) and
pump (1,=980nm) are shown on the left and right, respectively.
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The waveguide is singlemoded at both signal and pump wavelengths. The
signal and pump overlap factors are I" =30% and [,=57%, respectively. The signal and
pump modal intensity areas are 4.52 and 2.57 pm®, respectively. Normalized intensity

profiles for signal and pump along the center of the core are shown in Figure 3.11.
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Figure 3.11 Normalized signal and pump intensity profile along the center
of Ridge Waveguide 2, within the Er/Yb co-doped core.

The normalized pump intensity is higher than the normalized signal intensity at all points

within the core, which was not the case in Ridge waveguide 1. This lowers the threshold
pump power required to sustain population inversion. However, photon/atom interaction
is reduced since a significant percentage of light propagates outside the core. Hence, there

is a trade-off between the “quantity” and “quality” of the overlap.

Table 3.4 lists the material parameter values used by Di Pasquale in his
model [20,24]. Although some of them are open to debate (particularly the assumption that
the cross-relaxation coefficient C is independent of ytterbium concentration), they will be
used here for the sake of consistency. Di Pasquale assumes the excess loss factor to
increase with N, and Ny,. For N_,=0.1-2.0 (in wt%) and N,,=1.0-20 (in wt%),

l,=7.717 + (2126 N,,,) + (0.29053 N,,)  /m
l, = 9.834 + (2.7 N_,) + (0.3696 N,,) 1/m
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T, Il ms
Tes 1.5 ms
Ty3= Ty |l ns
a15(A,) 20x 107 m?
Os6(Ap)= Ogs(R,) 25x 10¥ m?
Cur=Cyps=C,, [2.25N,, - 0.64] x 10 m?/s
N, in wt%
Cer 5.0 x 10 m’/s

Table 3.4 Material parameters used for the simulation of Ridge Waveguide 2 [20,24]
Di Pasquale’s model includes the option of introducing a counter-

propagating pump from the opposite end of the waveguide. This is intended to compensate
for the high rates of pump depletion commonly observed in ytterbium-doped waveguides.
The model developed here does not consider counter-propagation of pump since it would
necessitate an iterative algorithm that is computationally intensive. Hence, there are
discrepancies in the computed signal gain between the two models. However, the

functional form of the plots are similar.

Signal gain as a function of input pump power is plotted in Figure 3.12 for
an amplifier that is 5 cm long and doped with 2.0 x 10% erbium ions/m’ (~ 2 wt%). The
simulation was performed with and without ytterbium to highlight its impact. With
ytterbium present (10 x 10 ions/m”®), the amplifier performance improves on all fronts -
maximum gain, minimum pump power required for signal transparency (0dB), pumping
efficiency, etc. The signal gain saturates beyond 150 mW, indicating that population
inversion has been maximized. In the absence of ytterbium, the pumping scheme is too
weak to compensate for the depletion of the metastable state (due to upconversion). Hence,
full inversion is never attained, even for pump powers exceeding 200 mW. At low pump
powers, signal transmission actually improves in the absence of ytterbium. This is due to

the excess loss factor, which was assumed to increase in the presence of ytterbium. The
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excess loss factor dominates the gain coefficient when the pump power is below threshold.
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Figure 3.12 Signal Gain vs. Pump Power for Ridge Waveguide 2; L = §
cm; Ng, =2 x 10* ions/m’; N, = 0, 10 x 10** ions/m°.

To further illustrate the consequences of ytterbium co-doping, Figure 3.13

examines its impact on signal gain over a range of erbium dopant concentrations.
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Figure 3.13 Signal Gain vs. Erbium Concentration for Ridge Waveguide 2;
P,(0) = 200 mW; L =5 cm; N, =0, 10 x 10** ions/m’.
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At low erbium concentrations, upconversion is not a serious detriment and the amplifier
performs better without ytterbium (again, excess loss due to addition of ytterbium
outweighs its positive contribution). As the concentration of erbium increases,
upconversion effects become increasingly pronounced and are mitigated only in the
presence of ytterbium. For an erbium concentration of 2.0 x 10% ions/m’, ytterbium co-

doping nets a gain improvement of 120%; quite significant over such a short length.

One of the drawbacks of ytterbium co-doping is the rapid depletion of the
pump. This is true over the entire range of erbium concentrations but is particularly severe

when combined with high erbium concentrations (Figure 3.14).
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Figure 3.14 Pump Depletion vs. Erbium Concentration for Ridge
Waveguide 2; P,(0) = 200 mW; L =5 cm; N,, = 0, 10 x 10** ions/m’.

Even with high input pump powers, severe pump depletion limits the amplifier length to a
few centimeters. Figure 3.15 illustrates the evolution of signal gain along the waveguide
for a total input pump power of 300mW. The discrepancy between these curves and Di
Pasquale’s are noticeable because bi-directional pumping allows for a more even

distribution of power along the waveguide (consequently, the optimum amplifier length can
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be extended). A maximum signal gain of 18 dB is predicted over 8 cm with 300 mW of
pump power launched from one end; Di Pasquale’s model predicts a gain of 26 dB over 12

cm with 150 mW of pump power launched from each end.

30
8 Results from model developed in this chapter
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Figure 3.15 Signal Gain vs. Waveguide Length for Ridge Waveguide 2;
P, =300 mW; Ng, =2x 10*° ions/m’; N,, = 10 x 10*° ions/m’.

3.8 Material Parameters

To reiterate, there appears to be significant discrepancies between some of
the assumptions and material parameter values used by Di Pasquale and other published
manuscripts. For instance, Veasey et al [35] were able to correlate theory to experiment
only by assuming a linear relationship between the cross-relaxation coefficent C, and
ytterbium concentration. More importantly, their estimate of C, was two orders of
magnitude lower than Di Pasquale’s. The emission/absorption cross-section data for
ytterbium also differs widely within the literature, due in large part to the different glasses
involved. As for the excess loss factor, there is no experimental evidence to support the
severe concentration dependence and high losses assumed by Di Pasquale. As the state of

this art evolves, a consensus is likely to emerge on these issues.
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Two of the rare-earth-doped glasses used in this thesis were obtained from
the same manufacturer who supplied Veasey. Hence, Veasey’s estimates will be the
primary source of reference for simulation purposes. They are listed in Table 3.5 and will

be used for all further simulation work.

Ty, Il ms
Tgs 2.0 ms
T3, 10 ps
T3 l ns
o,5(A,) 1.1 x 10% m?
Oss(,) 82x 10% m?
Oes(A,) 8.1 x 10® m?
L 0.15 dB/cm
L, 0.30 dB/cm
Cur=Cups=C,, [2.25Ng, - 0.64] x 10" m’/s for
Ng, = 0.5-3.0 (in wt%)
Cer [0.705N,, - 0.9935] x 10" m*/s for
N, = 2.5-10 (in wt%)

Table 3.5 Material parameter values used for all further simulations [35,20]

3.9 Closer Examination of Model Equations

As a prelude to designing and fabricating waveguide structures doped with
high rare-earth dopant concentrations, a conventional ridge waveguide will be modeled.
Since there are numerous free parameters (rare-earth dopant concentrations, waveguide
length, pump power, etc.) it is instructive to examine how each of them influences the
eventual outcome. Ridge Waveguide 1 will serve as the control study. The behaviour of
this device (in terms of gain/absorption coefficient, signal, pump and noise evolution along
a waveguide, etc.) will be examined in detail. The results from this simulation will provide

suggestions for improvement and warn of pitfalls to avoid.
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Figures 3.16 shows the variation of signal gain as a function of erbium and
ytterbium concentrations, with waveguide length and pump power fixed at S cm and 200
mW, respectively. When upconversion is ignored (Cy,, C,;p, and C,, are set to zero), the
signal gain is predicted to increase in direct proportion to erbium concentration. This leads
to the erroneous conclusion that substantial gain could be achieved at high erbium
concentrations without ytterbium co-doping. In fact, upconversion reduces the gain
severely at high erbium concentrations, as predicted by Figure 3.16 and will be
experimentally confirmed later. For moderately high erbium concentrations (>1 x 10%
ions/m’), ytterbium co-doping improves the gain performance but the difference is
noticeable only if the ytterbium-to-erbium dopant ratio falls within a specific range. In this
instance, the optimum ytterbium-to-erbium ratio is 5-10 (from Figure 3.16). For dopant
levels below or above this range, ytterbium sensitization is ineffective at best, detrimental
at worst. The optimum ytterbium-to-erbium dopant range will vary depending on the
desired length of the waveguide and the pump power available.
20 F l

Pump Power = 200 mW
Length=5cm

15

10]

Gain (dB)

r © Cupa=Cyp3=C14=0
F ® Yiterbium = 8.5 x 1025 jons/m3
10 @ Ytterbium = 2.47 x 1026 jons/m3

A Ytterbium=0

1 4 AL i Los 1 i L 1 i 1
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04 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Erbium Concentration (x 1026 jons/m3 )
Figure 3.16 Signal Gain vs. Erbium Concentration for Ridge Waveguide 1;
P,(0) = 200 mW; L = 5§ cm; N,, = 0, 2.47 x 10*%, 8.5 x 10*° ions/m’.
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Figure 3.17 examines the variation in signal gain as a function of ytterbium
concentration and waveguide length, with the erbium concentration and pump power fixed

at 1.4 x 10* ions/m’ and 200 mW, respectively.
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Figure 3.17 Signal Gain vs. Ytterbium Concentration for Ridge Waveguide
1; P(0) = 200 mW; L=2,34 and 5§ cm; N, , = 1.4 x 10*° jons/m’.

The model predicts a maximum signal gain of ~7dB over 4 cm with 8.5 x 10% ytterbium
ions/m’. With the same waveguide structure and pump power, NTT’s experimental result
netted 11dB of gain over 19.4 cm with 0.485 x 16*® erbium ions/m’. Thus, by increasing
the erbium concentration three-fold and adding ytterbium, the gain efficiency has been
improved from 0.567 dB/cm to 1.75 dB/cm. The pumping efficiency drops from 0.055
dB/mW to 0.035 dB/mW due to strong pump absorption.

The evolution of pump and signal along the waveguide are plotted in
Figures 3.18 and 3.19, respectively. In the absence of ytterbium, pump propagation is a
slowly-varying exponential function of waveguide length; the depletion rate is almost
constant at 0.58 dB/cm. In the presence of ytterbium, the depletion rate increases to ~1.65
dB/cm over the first 3 cm. There is an inflection point near 3.5 cm, beyond which the

slope of the curve changes noticeably. At pump powers below ImW, population

44



inversion is no longer possible and the pump depletion rate increases dramatically to 25
dB/cm over the last | cm. The peak signal strength coincides with the change in slope of
the pump curve. Strong re-absorption of the signal is evident beyond 4 cm. Hence, the

optimum length for this waveguide amplifier under these conditions is 4 cm.
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Figure 3.18 Pump Power vs. Waveguide Length for Ridge Waveguide 1;
P,(0) = 200 mW; N, = 1.4 x 10*° ions/m*; N, = 0, 8.5 x 10*° jons/m’.
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Figure 3.19 Signal Power vs. Waveguide Length for Ridge Waveguide 1;
P,(0) = 200 mW; N, = 1.4 x 10*° jons/m*; N,, = 0, 8.5 x 10*® ions/m’.
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The gain and absorption coefficients are plotted as a function of waveguide
length in Figures 3.20 and 3.21, respectively. Since the gain coefficient is proportional to
N,o,,-N,0,,, the vertical axis of Figure 3.20 can also be viewed as a measure of
population inversion (N,-N,) along the waveguide. The inversion ratio is ~ 81% at the
beginning, ~50% after 4 cm, and a negligible 8% after 5 cm, at which point the absorption

coefficient is almost an order of magnitude higher than the gain coefficient.
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Figure 3.20 Gain Coefficient vs. Waveguide Length for Ridge Waveguide
1; P,(0) = 200 mW; N, = 1.4 x 10*° ions/m*; N,, = 8.5 x 10*® ions/m’.
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Figure 3.21 Absorption Coefficient vs. Waveguide Length for Ridge
Waveguide 1; P,(0) = 200 mW; N, = 31.4 x 10°° ijons/m* N,, = 8.5 x 10*°
ions/m".
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The ASE power spectrum is plotted in Figure 3.22 for the case of maximum
gain. The total area under the curve represents 3.24 uW of broadband ASE power that is
generated over 4 cm. Optical filters with bandwidths as narrow as Inm may be used at the
output of the waveguide to supress most of this unwanted ASE noise. However, the ASE
power contained within a bandwidth of Inm at the signal wavelength (A =1.532 um)
represents noise that cannot be supressed. This in-band ASE noise power amounts to 77
nW. Since the amplified signal power at the end of the waveguide is 4.8 uW, the Signal-
to-Noise (SNR) ratio is 18 dB. In practical applications, the signal is usually frequency-
modulated. The unmodulated, in-band ASE power is thus easily distinguished from the

signal of interest.
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Figure 3.22 ASE Power Spectrum for Rldge Waveguide 1; P »(0) = 200
mW; L = Scm; Ng,, = L4 x 10** jons/m*; N,, = 8.5 x 10* idns/m".

The ASE power spectral plot takes the same form as that of the emission
transition cross-section (Figure 3.2). Since this is true for all of the waveguides simulated
in this thesis, only numerical values for broadband ASE power, in-band ASE power and

Signal-to-Noise ratio will be provided henceforth.
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Chapter 4 : Fabricating Optical Waveguides from Thin Films
of Sputtered/PECVD Glass

4.1 Introduction

Two fundamental steps are involved in the fabrication of a silica-based
planar optical waveguide : 1) deposition of thin films of glass, with appropriate refractive
indices, on asilicon wafer. 2) selective removal of the deposited glass in all regions cther
than that intended for use as the waveguide. The basic principles behind silica
micromachining and thin-film deposition processes such as sputtering and plasma enhanced
chemical vapor deposition (PECVD) will be described. Later, the various processes and
device designs that were attempted will be described. It should be noted that publication of
specific processing recipes has been withheld in some cases as they are proprietary
knowledge of the Alberta Microelectronic Centre (AMC). Although this chapter is
primarily concerned with the actual fabrication of waveguides, some optical test results and
considerations are included to illustrate the chronological progression of events and provide

motivation for future chapters.

4.2 Thin-film Deposition and Micromachining:
4.2.1 Sputtering:

A typical sputter-deposition system (Figure 4.1) consists of a chamber that is evacuated to a
pressure in the 1-100 mtorr range. The target glass is made a cathode through the
application of approximately -20kV. The substrate on which the desired film is to be
deposited is positioned directly underneath the target and forms the anode. A glow
discharge is maintained between target and substrate through electron impact ionization of
argon gas. The positive argon ions are accelerated towards the cathode and bombard the
target glass with energies in the 0.1-1 KeV range. This creates a collision cascade
(described as *“atomic billiards” [36]) within the target glass, leading to the ejection of

constituent atoms (with energies less than 50 eV). Some of the ejected (or sputtered) atoms
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are intercepted by the substrate. where a thin-film is formed over time. The pressure
inside the chamber determines the average distance that sputtered atoms travel before
colliding with another particle, be it an electron, an argon ion or a sputtered atom. At low
pressures, the number of atoms sputtered from the target is reduced, as is the deposition
rate. At high pressures, more argon ions bombard the target. Although this increases the
number of sputtered atoms, a greater number of them are lost due to collisions and never
reach the substrate. There is a fine balance to be struck in choosing the optimum operating

pressure and power for deposition [36,37].

1  TARGET ]

TARGET

!

Ejected Atom
SUBSTRATE Bombarding Ion

L

Figure 4.1 Sputtering chamber (left) and collision cascade at the target (right).

There are two common concerns regarding the reliability of the sputtering
process : 1) It is conceivable that lighter atoms in the target glass may be preferentially
sputtered at the expense of heavier atoms (such as rare-earth metals). 2) It is also
conceivable that contaminants in the chamber may be incorporated into the deposited film.
A subtler concern relates to oxygen deficiency in the system, which could prevent the rare-
earths from being in their trivalent state (Er,0;). This is of critical importance since
unreacted metallic erbium does not interact with photons. Addressing these issues is
beyond the scope of this thesis. Given a rare-earth-doped multicomponent target glass,
staff scientists at AMC sputtered thin-films onto three-inch silicon wafers. Micromachining

these sputtered films was part of my research mandate.
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4.2.2 Plasma-Enhanced Chemical Vapour Deposition (PECVD): PECVD

processes also occur inside an evacuated chamber. An RF glow discharge is maintained
through electron impact ionization of reactant gases. Unlike sputtering, CVD thin-films
are actually solid-phase products of a chemical reaction between the chosen gases [38]. The
reaction occurs on the surface of the heated substrate and gaseous by-products are
ventilated out. A typical reaction may involve silane and ammonia to produce silicon nitride

and hydrogen :

3SiH, (g) + 4NH, (g) --> Si;N, (s) + 12H, (g)
The composition, density, refractive index and stress of CVD films are determined by the
flow rates of the reactant gases, chamber pressure, substrate temperature and the RF
power applied to the electrode [39].

Two kinds of CVD films were used in this thesis. A low-index (n=1.46)
silicon dioxide (SiO,) film approximately 5 um thick was used as a buffer between the
high-index silicon wafer (n=3.4) and the optical waveguide. The chemical reaction
involved in producing SiO, is as follows :

SiH, (g) + O, (g) --> SiO, (s) + 2H, (g)
The other CVD film used extensively in this thesis was silicon oxynitride (SiON), which is
the product of a plasma-enhanced reaction involving silane, ammonia and nitrous oxide:

SiH, (g) + NH, (g) + N,O (g)+ N, (g) --> SiO, Ny(s) +H, (g)

The refractive index of SiON can be varied between n=1.46 (SiO,) and n=2.0 by
controlling the N,O/NH, ratio inside the chamber [40]. SiON films were used as passive
optical waveguides when and where appropriate. It should be noted that incorporating
Er,0, into the CVD process is difficult given the difference in volatility and vapor pressures
[18]. At least one research group has succeeded in incorporating low levels (~0.48 wt %)
of erbium in phosposilicate glass using PECVD [41]. Another research group attempted to
incorporate erbium ions into SiON films through ion-implantation [42]. At present, AMC

does not have the facilities to investigate these methods.
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4.2.3 Photolithography: Photolithography is used to mark regions on the deposited
glass over which the waveguide is to be formed Photolithography is a multiple-step
process and is illustrated pictorially in Figure 4.2. First, a thin (<1.5 um) uniform layer of
photo-resist is spin-coated on top of the glass film. Photo-resist (PR) is sensitive to ultra-
violet (UV) light and resistant to chemical etchants, hence the name. The sample is then
heated to improve adhesion between PR and the glass. A photomask is placed in direct
contact with the PR-coated sample, which is then exposed to a short burst of UV light. A
photomask is a slab of glass with narrow strips of chrome (widths of 5 um or even less)
configured to form desired geometric patterns. The PR is exposed to UV-light everywhere
except in the regions immediately underneath the chrome. The exposed regions of the PR
are then rinsed away in a developer, leaving the protected regions to stand alone as
rectangular ridges. The sample is then heated again to anchor the PR to the glass film in

preparation for the next step - etching.

Photo-resist

Deposited Glass

Silicon Substrate

Ultra-violet light

TAdddddidid i

Photo-resist

Chrome Photomask —»

Deposited Glass

Silicon Substrate

Patterned Photo-Resist —» . . . . . .

Deposited Glass

Silicon Substrate

Figure 4.2 Photolithographic steps : spin-coating of photo-resist (top),
selective exposure to UV-light (middle), developing the exposed regions
of the photo-resist (bottom).
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4.2.4 Wet-Etching: The final step in forming the optical waveguide involves selective
removal of the deposited glass, oretching. The deposited glass film can be etched in a
chemical solution called Buffered Oxide Etch (BOE), which is a mixture of hydrofluoric
acid and nitric acid. Just as the chrome photomask selectively protected PR from exposure
to UV-light, the PR shields the glass film from exposure to BOE in regions which
eventually form the waveguide. Since PR is resistant to BOE, mask erosion is not a factor
in wet-etching. Wet-etching is an isotropic process, with the etch proceeding in all
directions. If the glass film is x pm thick, a complete vertical etch would result in a lateral
“under-cut” of equal distance (measured from the outer edges of the photo-resist). If the
under-cut is too severe, the photo-resist may peel away due to inadequate support. After
the etch is timed to completion, the photo-resist is rinsed away in acetone and the unetched
portions of the deposited glass constitute the optical waveguide. In the case of wet-etching,
the waveguide is far removed from the ideal rectangular profile. This process is illustrated

pictorially in Figure 4.3.

Unetched
- Glass — M

Silicon Substrate Silicon Substrate

Figure 4.3 Chemical wet-etching : Isotropic etch-profile and under-cut (left), non-
rectangular optical waveguide (right).

Chemical wet-etching produces anisotropic etch-profiles only in crystalline structures like
silicon [43,44]. However, the glass films considered in this thesis are amorphous and

anisotropic etch-profiles are only possible using reactive ion etching.

4.2.5 Reactive Ion Etching: Reactive ion etching (RIE) is a dry, gas-based process
commonly used to etch glass. The process takes place in an evacuated chamber and in the
presence of fluorine-based gases which are ionized by impact with electrons. In some
respects, RIE can be thought of as the reverse of PECVD. In RIE, free radicals in the

plasma react with the deposited glass to form volatile products, which are then ventilated
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out. CHF, and CF, have been widely used to etch anisotropic trenches in glass [45-47].
Free fluorine combines with silicon as follows:

Si(s) + 4F(g) --> SiF, (g)
Glass removal also occurs due to sputter-etching, which results from ion-bombardment
caused by the difference in potential between the substrate and the plasma. Sputter-etching
is a strong function of the RF power applied to the electrode and the chamber pressure.
Sputter-etching does not remove the glass in the lateral direction since ion-bombardment is
highly directional. Hence, anisotropic etch-profiles are obtained. Unfortunately,
accelerated ions also bombard the photo-resist, which results in mask erosion (48]. Etch

selectivity, arelative measure of the etch rates for glass and mask, is defined as follows :

Etch Rate of Glass (um/min)
Etch Rate of Mask (um/min)

Etch Selectivity =

An etch selectivity greater than unity is desirable since it would allow the entire glass film to

be etched with a mask of comparable thickness. The process is illustrated in Figure 4.4.

Ion-bombardment

L 2R B

' ! JLMask etch depth
Photo-resist

I h IGI tch depth
g;n:sts ed ass etch dep Waveguide

Silicon Substrate Silicon Substrate

Figure 4.4 Reactive Ion Etching: Anisotropic etch-profile of glass and mask erosion (left),
rectangular optical waveguide (right).

4.3 Sputtering Er-doped Glass Films:

According to published experimental results [31,41,49,50] and simulations
from the previous chapter, planar erbium-doped ridge waveguides with small cores were
known to be optimum for high signal amplification. An erbium-doped bulk glass, labelled
TRL-A, was purchased from Schott Glass Technologies (SGT) with the aim of fabricating

such waveguides. TRL-A was a variant of the S-8040 series of filter glasses manufactured
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by SGT. The S-8040 series is a collection of lanthanum sodium silicate host glasses, each
of which can host up to 30 wt. % of a particular lanthanide element [S1]. The precise
chemical make-up of TRL-A was not released by SGT since the information was deemed
proprietary. The Er,O, content was confirmed as 3 wt. % (~ 3 x 10®ions/m®). The
refractive index of TRL-A was specified to be n=1.60 at a wavelength of 587.6 nm. The
density of the glass was specified as 3.33 g/cm’.

A three-inch silicon wafer was first coated with 5 pm of CVD-oxide. Using
TRL-A as the target, a l.5pm-thick film was then sputter-deposited atop the Si0, layer.
The film growth rate was only 5 nm/min, which forced the deposition run to last several
hours. The film was 5-10% thicker in the center of the wafer due to higher flux of

sputtered atoms prevalent in the middle of the chamber.

4.4 Wet-Etching Sputtered Erbium-doped Glass Films

AMC’s standard recipe for photolithography was used to pattern photo-
resist (HPR 504) strips 5, 7 and 9 um wide on top of the sputtered film. The sample was
then etched in a 10:1 solution of BOE and intermittently inspected using a microscope and a
profilometer. It was observed that residue from the etch tended to accumulate in the
regions adjacent to the ridge. This was confirmed through profilometer measurements
(Figure 4.5). Stirring the BOE solution during the etch reduced this build-up to a certain

extent but did not eliminate it completely.
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Figure 4.5 Profilometer scan revealing build-up of etch residue adjacent to
ridge.
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The etch residue was removed completely only when the sample was immersed in a “‘hot
piranha” solution (1:3 mixture of hydrogen peroxide and sulfuric acid), commonly used to
remove organic impurities. After removing the etch residue and the photo-resist, the

ridges were photographed (Figure 4.6) using a Scanning Electron Microscope (SEM).

Figure 4.6 SE photograph of ridge waveguide fabricated by wet-etching.
The etch depth varied from 0.92 to 1.15 pm along a 5 mm stretch of one randomly chosen

waveguide. This non-uniformity is a consequence of attempting to etch a multicomponent
film with a single etchant [47]. BOE etches SiO,, which forms approximately 70% of the
sputtered film. The remaining 30% consists of sodium, lanthanum and erbium, all of
which are impervious to BOE. Regional variations in film composition may also have
contributed to the non-uniformity in etching.

The waveguide shown in Figure 4.6 was tested for its optical properties.
The attenuation was so severe that 10uWatts of launched He-Ne light were almost
completely extinguished over 1 cm. There was no evidence of spontaneous or stimulated
emission in this waveguide. Two avenues were pursued in an effort to improve light
propagation in this waveguide. A 2um-thick SiO, layer was deposited (PECVD) on top of
the Er-doped ridge waveguide to reduce index mismatch at the waveguide sidewalls,
which is a major cause of scattering loss [52]. However, the stress imposed by the upper-

cladding seemed to have altered the waveguide profile (Figure 4.7). Light propagation in
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the waveguide worsened, possibly due to stress-fractures in the ridge.

Figure 4.7 Stress induced on ridge waveguide by deposition of upper-cladding.
Alternatively, an attempt was made to anneal the waveguide by heating it to the transition

temperature specified for the sputter-target glass. Annealing was expected to rectify any
porosity in the sputtered film and smoothen the jagged edges induced by the etch [53].
However, the waveguides suffered a catastrophic structural change during the course of
the reflow (Figure 4.8). This unexpected turn of events generated a new line of research,

which is described in the next chapter.

Figure 4.8 Change in ridge waveguide structure following reflow step.
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4.5 Reactive-Ion-Etching Sputtered Erbium-doped Glass Films

In response to the lack of success with wet-etching, the focus of attention
shifted towards RIE as a means of fabricating ribs on the sputtered film. AMC’s standard
RIE recipe (chamber pressure of 40 mTorr and RF Power of 150 Watts in the presence of
CHF, and CF,) for etching CVD-oxide was used to etch the sputtered film. However, it
was found that the etch rate for the sputtered film (90 Angstroms/min) was significantly
slower than for SiO, (715 Angstroms/min). Variations in gas flow rates and chamber
pressure did not influence the etch rate for the sputtered film significantly. However, the
etch rate was a strong function of RF power, confirming that the film was being etched
almost exclusively by ion-bombardment and not chemical reaction. The absence of reactive
etching is most likely a consequence of the bond structure for this particular glass. Since
photo-resist was being etched at the rate of 200 Angstroms/min under these conditions, the
etch selectivity was only 0.45. This was inadequate to etch through 1.5 um of the
sputtered film. Hence, alternative masking layers were investigated.

Metallic chrome (0.5 um thick) was deposited on top of the sputtered glass
film. Ribs 5, 7 and 9 pm wide were patterned on the chrome using photo-lithography and
wet-etching. With chrome now acting as the masking layer, the sputtered film was etched

in the RIE chamber under different RF power settings (Table 4.1).

RF Power Etch Rate for Er- Etch Rate for Etch Selectivity
doped film Chrome

150 Watts 90 Angstroms/min 17 Angstroms/min 5.3

200 Watts 134 Angstroms/min | 28 Angstroms/min 4.8

250 Watts 173 Angstroms/min | 43 Angstroms/min 4.0

Table 4.1 Etch rates and selectivity for reactive ion etching sputtered
erbium-doped glass film, with chrome acting as mask.

The chrome proved a much hardier mask, improving etch selectivity significantly. Still,
the reliance on high RF power meant that the sputtered glass film had to be exposed to
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strong ion-bombardment over extended durations. This took a toll on the quality of the

sidewalls (Figures 4.9 and 4.10).

Figure 4.9 Rib formed on sputtered Er-doped glass film using RIE : RF
Power = 100W.

Figure 4.10 Rib formed on sputtered Er-doped glass film using RIE : RF
Power = 250W.

It should also be noted that this particular method of micromachining rib waveguides
involves two pattern transfers, from photo-resist to chrome and then onto the Er-doped
glass. Each transfer dilutes the quality of the final pattern. This is partly responsible for

the “squiggly” sidewalls evident in Figure 4.9. All of the above factors combined to make
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the resulting waveguides extremely lossy. The inability to successfully etch such a
complex glass is a paradox since it is that very complexity which allows for the

incorporation of large quantities of erbium.

4.6 Reactive-Ion-Etching SiON films

In stark contrast, it was observed that SiON lent itself very well to dry
etching. Even at RF powers as low as 80 Watts, the etch rate for SiON was 333
Angstroms/min, suggesting that chemical reaction was the primary cause for the etch.
With an etch selectivity in excess of 2.0 (with respect to photo-resist), ridges 3 um deep
could be etched in one hour, with little or no damage inflicted by bombarding ions on the

highly anisotropic sidewalls (Figure 4.11).

Figure 4.11 Rib formed on SiON film using RIE : RF Power of SOW.
Optical loss measurements [54] were performed at a wavelength of 980 nm on two SiON
ridge waveguides, one etched shallow and the other deep. Both waveguides were exposed
to identical RIE process parameters (RF Power of 100 Watts), but for different durations.

Waveguide Dimensions Loss without upper-cladding Loss with upper-cladding

1.5 um deep; 9 um wide 0.82 dB/cm 0.42 dB/cm

3.0 um deep; 9 um wide 1.54 dB/cm 0.59 dB/cm

Table 4.2 Optical loss characteristics of SiON ridge waveguides.
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Based on these results, an attempt was made to design and fabricate a composite

waveguide combining the sputtered Er-doped film and SiON.

4.7 Fabricating Composite Multiple-Layer Ridge Waveguides

Up to this point, there had been no evidence of spontaneous emission at
any wavelength in any of the erbium-doped waveguides that were fabricated. To achieve
this initial success, a deep low-loss ridge waveguide was deemed essential for two
reasons: 1) increased photon intensity due to strong lateral light confinement. 2) improved
coupling due to large mode-field diameter [55]. However, it became increasingly apparent
that fabricating such waveguides on the sputtered film was impractical. Therefore, a
composite waveguide was designed (Figure 4.12) whereby a very thin (0.2 um) layer of

the sputtered Er-doped film was sandwiched between two thick (2.0 um) layers of SiON.

2 um SiON (n=1.56)

0.2 1tm Er-doged Glass (n=1.6)

2 um SiON (n=1.56)

5 um SiO, (n=1.46)

Figure 4.12 Design of composite SiON/Er-doped ridge waveguide.

In choosing the refractive index for SiON (a variable parameter - Section 4.2.2), two
conflicting considerations had to be balanced. On one hand, the SiON index had to be
lower than that of the Er-doped film to maximize light intensity in the middle of the ridge.
On the other hand, the mode-field diameters could be widened only by limiting the index
difference. The film thicknesses were chosen based on the knowledge (from Sections 4.5-
4.6) that the combined layer structure (4.2 um) could be reactive ion etched in
approximately ninety minutes using an RF Power of 150 Watts. The fabricated device,
which was 4.3 cm long, is shown in Figures 4.13-4.14. “Grass” patterns evident on the
waveguide sidewalls are common artifacts of long etches [48]. A Norland Optical

Adhesive [56] was spin-coated on top of the ridge to act as an upper-cladding.
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Figure 4.14 “Grass” pattern on sidewall of composite ridge waveguide.
When this waveguide was pumped with 975 nm light, a faint trace of green

light was visible near the input (along the first 2 mm). This was the first indication of
spontaneous emission from the sputtered film, although the emission was at an undesired
wavelength (please see Figure 3.1 and Section 3.2). However, there was still no evidence
of spontaneous emission at infra-red wavelengths. Fiber-to-fiber throughput loss (which
includes insertion, scattering and absorption losses) was measured at different
wavelengths (Table 4.3). The results suggested that 975 nm pump light was not being
absorbed as strongly as 1550 nm light.
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Wavelength Throughput Loss
632 nm 15.5 dB
870 nm 14.0 dB
975 nm 17.4 dB
1550 nm 36.0 dB

Table 4.3 Fiber-to-fiber throughput loss for composite ridge waveguide.
To investigate this further, the waveguide near-field was imaged on a CCD camera (please

see 6.2.2). The near-field image of 975 nm pump light (Figure 4.15) revealed a null in
intensity in the middle of the waveguide, where the Er-doped film was located. FWAVE
confirmed that the electric-field distribution for the second-order pump mode had a null in
the middle of the core. Given that spontaneously emitted green light was visible near the
input, it appears likely that optical power had coupled from the fundamental mode to the
second order mode at some point along the waveguide. This would explain the relatively

weak pump absorption (Table 4.3) and the absence of infra-red emission.

Figure 4.15 Near-field image of 975nm light in composite ridge
waveguide.

Although the composite SiON/Er-doped ridge waveguide did not serve its
intended function, these results provided valuable information which would help direct
future efforts. The next iteration in design was the SiON/Er-doped strip-loaded
waveguide, which produced the first observation of spontaneous and stimulated emission

at 1550nm (discussed in Chapter 6).
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Chapter 5 : Micromachining Circular Hollow Channels From
Planar Rectangular Glass Films

3.1 Introduction

This chapter recounts the investigation of a unique micromachining
technique, discovered during the course of fabricating optical waveguides. As described
in the previous chapter, ridge waveguides fabricated by wet-etching were marked by high
losses. Other research groups have recommended annealing as an effective solution to
address these shortcomings [42,49]. During the annealing process, oxygen diffusion into
sputtered and ion-implanted films has been shown to activate unreacted rare-earth metals to
their trivalent state and improve luminescence intensities and lifetimes. Also, it is common
knowledge that reflowing the glass helps smoothen jagged edges induced by the etch. A
series of annealing/reflow experiments were undertaken in an effort to rectify the

spectroscopic properties of the sputtered film and improve waveguide loss performance.

5.2 Formation of Hollow Microchannel - Run #1

Using the process recipe described in the previous chapter, rib waveguides

ranging from 5-9 um in width were wet-etched on a 0.7 pum thick film of sputtered Er-

doped glass (Figure 5.1).

Figure 5.1 - A 0.7um x 7um rib wet-etched on sputtered Er-doped film.
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The etch was continued past the estimated time required for the 0.7 um film. This was
done to compensate for non-uniformities in film thickness and the etching process. Etching
into the SiO, under-cladding ensured that the sputtered film was completely cleared over all
parts of the wafer. Due to their small vertical dimension, insertion loss in these
waveguides was expected to be too high for any meaningful optical characterization. These
waveguides were to be used only as test samples for characterizing annealing parameters

such as temperature, duration, environment, etc.

A large portion of the wafer was cleaved and annealed in a thermal oxidation
furnace at 600 °C with water vapour flowing across the furnace tube at the rate of 100
sccm. The sample was loaded only after the furnace had reached the set temperature point.
After one hour, the sample was unloaded and a small segment of the wafer was cleaved for
SEM analysis. The remaining portion was re-loaded into the furnace to be annealed longer.
An SEM picture (Figure 5.2) revealed the appearance of random bubbles in the waveguide
but not in the surrounding regions. The waveguide edges were still sharp, suggesting that
the glass hadn’t reflown significantly even at a temperature ~70°C higher than the specified

transition temperature for the bulk glass.

Figure 5.2 - One hour anneal at 600°C in H,O vapour.
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After two hours, the glass appeared to have softened to the point where the waveguide
cross-section had a rounder profile (Figure 5.3). Bubble formation was even more

pronounced at this stage.

Figure 5.3 - Two hour anneal at 600°C in H,O vapour.
After three hours, the glass had reflown completely and was extremely smooth in texture

but there had been a fundamental change in its structure. An SEM picture (Figure 5.4) of
the cleaved edge revealed that the rectangular glass ribs had detached from the underlying

SiO, layer and had been re-shaped into hollow “tunnels”.

Figure 5.4 - Three hour anneal at 600°C in H,O vapour; 7um wide rib.
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Profilometer scans confirmed the change in profile and increase in height. However, the
structure was brittle and had a tendency to collapse under the weight of the profilometer
stylus. Thus, the structural uniformity along the length of the “tunnel” could not be
established. The change in profile was also evident in the smaller ribs, which were
narrower than the intended 5 um due to etch under-cut. At these dimsensions, the “tunnel”
manifested itself in the form of a sub-micron sized hole running through the middle (Figure

3.5).

Figure 5.5 - Three hour anneal at 600°C in H,O vapour; 2 um wide rib.
Based on thin-film literature, two possible explanations were considered

for this phenomenon - compressive stress and/or loss of adhesion due to accumulation of
gas. In his book on thin-film deposition [37], Donald L. Smith comments on both:
“Compressive stress failure is characterized by de-adherence and buckling, which

from the top appears sometimes as domes or bubbles and sometimes as an
undulating meander pattern looking like a mole tunnel”.

“Gas evolution from films can also cause de-adherence if the gas becomes trapped
at the interface so that it builds up pressure there. Sputter-deposited films often
contain a percent or two of Ar, and plasma-CVD films can contain tens of percent
of H” (pp. 185-200).
In this specific instance, the contributing factor was not immediately obvious. While
photographs taken during the early stages of the anneal (Figures 5.2-5.3) seem to

correspond to Smith’s description of stress-induced failure, the final result (Figure 5.4)
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suggests an interface effect. Stresses in thin films are induced by mismatch in coefficient
of thermal expansion between the thin film and the substrate, which is the case here. Since
the SiO, layer was CVD-deposited and the upper film was sputtered in an argon
environment, gas evolution due to argon and hydrogen incorporation was also likely.
Annealing characteristics were investigated further in an attempt to understand this
phenomenon.
5.3 Formation of Hollow Microchannel - Run #2

For the next run, the thickness of the sputtered film was increased to 1.3
um. In the event of tunnel formation, the increased film thickness was expected to provide
better structural integrity. Before patterning and etching waveguides on this film, a piece of
the wafer was annealed under the same conditions as before. After one hour, bubbles

were observed all over the sample (Figure 5.6), some as large as 100 um in diameter.

Figure 5.6 - One hour anneal of a planar sputtered film.
According to an expert on thin-films [57], the likelihood of stress inducing such a

response was limited considering the extent of deformation evident in Figure 5.6.
Evolution of gas was deemed more plausible given the 100 pm wide bubble. According to
the literature, microspheres of this size have been produced by intentionally mixing
blowing agents (such as anhydrous sodium sulfate, calcium carbonate, sodiumn carbonate,
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urea, etc) into the glass and gassifying them at high temperatures [58,59]. This so-called

“reboil phenomenon” relies on the evolving gas to re-shape the molten glass.

Ribs were etched on the thicker film using the same process recipe. Since
etching through the entire film resulted in under-cut and peeling of the photoresist, the etch
depth was limited to 1 um. Unlike the previous case, where the sputtered film had been
completely removed from regions adjoining the rib, a thin film (0.3-0.4 pm) remained

adjacent to the ribs. The width of the ribs were < 6 um (Figure 5.7).

Figure 5.7 - 1.0um x 6um rib etched on a 1.3um-thick sputtered film.
After a few trial runs, the temperature was set to 580°C. Since bubbling was observed to

occur regardless of the environment, the sample was annealed in ambient conditions inside
the furnace. After one hour, a cleaved edge of the sample revealed that the planar ribs had
once again been transformed into “tunnels”, but on this occasion the cross-sectional profile
was remarkably circular with a diameter of almost 9 um (Figure 5.8). Owing to the higher
resolution of this photograph, the detachment was confirmed to occur at the interface
between the sputtered film and the underlying SiO, layer. The structure was still too brittle
for profilometer measurements. However, there were no noticeable structural

discontinuities along the hollow microchannels, as tests would later confirm.
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Figure 5.8 - Cleaved edge of a sample annealed for 60 minutes.
Figure 5.9 shows evidence that the transformation in profile was not an aberration. The

photomask that was used to pattern the ribs had 24 lines, each 9 um wide and separated

from one another by 100 um. Microchannels were formed from every line.

Figure 5.9 - Multiple microchannels on the same substrate.
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A SEM picture of the uncleaved outer edge of the annealed sample is shown
in Figure 5.10. Clearly, the inflation of the ribs had not extended all the way to the outer
edges. The original rectangular profile of the rib was preserved close to the edges of the

sample (within ~ 10 pm) and the change in profile had occurred only in the interior regions.

Figure 5.10 - Uncleaved edge of a sample annealed for 60 minutes.
An explanation for the tapered edges remains at large. However, the sealed ends lent
further credence to the theory of gas-entrapment. Gas build-up at the interface between the
sputtered glass film and the oxide layer, coupled with the absence of an outlet on either
end, seemed to have contributed to re-shaping the softened glass over time. In order to
verify this theory, another sample was annealed under the same conditions for 30 minutes
and cleaved into two pieces. A SEM picture of the cleaved edge (Figure 5.11) showed that
the sidewall was thicker and the diameter of the microchannel smaller when compared to
the sample that was annealed for 60 minutes. This established the duration of anneal as an

important parameter which influences the eventual size and shape of the “tunnel” structure.
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Figure 5.11 - Cleaved edge of a sample annealed for 30 minutes.
The other half of the cleaved sample was then annealed for another 30 minutes, with the

expectation that the resulting structure would be similar in dimension to that of Figure 5.8.
However, no further re-shaping of the glass was observed, confirming that the cleaved
edge had provided an outlet for the gas on one end and halted the inflation process. It is
worth noting that since the glass film was only partially etched, a very thin layer of glass
was present in the regions adjacent to the ridge. However, no inflation was visible in those
regions after the anneal. Presumably, gas was able to diffuse out through such a thin film
of glass. Also, regions of the glass exposed to the etchant were visibly pitted (Figure
5.10), which may have facilitated the out-gassing.

In an effort to identify the gases that evolve during the anneal, samples
were sent out for mass spectrometer analysis at The Westaim Corporation. According to
the report filed by their Analytical Laboratory, no gases were detected below temperatures
of 550°C. The mass spectra for water, oxygen and carbon dioxide were detected at
600°C, but barely above background levels. The report concluded by suggesting that the
mass spectra pattern may be incomplete and that a thicker film coating might yield a more
accurate analysis. However, due to the slow sputter-deposition rates, this approach was
not pursued further.
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5.3.1 Testing

Two experiments confirmed that the microchannels of Figures 5.8 were
hollow over their entire lengths. First, a | mm He-Ne laser beam (A = 632 nm) was
focused with a 20X microscope objective lens into one end of a hollow microchannel 7 mm
long (cleaved at both ends). A 60X microscope objective was used to magnify the image at
the output end of the microchannel onto a CCD camera. Figure 5.12 shows a near-field
image of the far end. The emerging light is confined within the wall of the microchannel,
which appears in the picture as a dark ring. Observation of side-scattered light showed that
the attenuation was moderate and that there were no abrupt changes in intensity. In the
second experiment, water was seen to enter the microchannels by capillary action when one

end was immersed (Figure 5.13).

Figure 5.12 - Near-field image showing light propagating within the hollow microchannel.

Figure 5.13 - Water entering the hollow microchannel through capillary action.
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5.4 Formation of Hollow Microchannels - Run #3

Up to this point, the most important process parameter influencing the
formation of the hollow microchannel appeared to be the duration of the anneal, rather than
temperature or environment. The erbium-doped glass was sputter-deposited on yet another
oxide-coated wafer to assess its sensitivity to other process parameters : ridge depth,
adhesion and ridge width. Due to changes in the sputtering system, staff scientists at
AMC were forced to change the sputtering parameters and the maximum thickness of the
deposited film was now limited to 1 um. The film was etched to depths ranging from 0.1
um to 0.6 um and annealed under identical conditions. In the case of a shallow etch (etch
depth <0.2 um), the inflation of the glass due to gas occured everywhere and not just
underneath the ridge. Consequently, the microchannels were not clearly defined and could
barely be distinguished from the surrounding regions, which were also inflated at random

(Figure 5.14).

Figure 5.14 - Shallow etch fails to produce well-defined hollow microchannels.

For etch-depths greater than 0.6 um, no bubbling was evident in the
adjoining regions and the microchannels were clearly defined (Figure 5.15). This
confirmed the earlier supposition that evolving gases were able to diffuse out through a thin
film of glass but tended to accumulate beneath thicker layers. Even though the annealing
conditions were identical to previous runs, this microchannel was semi-circular in profile
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as opposed to the circular profile seen in Figure 5.8. Also, fibrous glass strands were
visible inside the microchannel. This suggested that there was an increased tendency for
this glass film to adhere to the underlying oxide. A less sticky glass film would likely face
less resistance and be able to inflate more, thus giving the circuiar profile seen before. The
adhesion factor, which is a function of the sputtering conditions and the cleanliness of the

substrate, thus affects both the interior surface quality of the microchannel and its profile.

Figure 5.15 - A deeper etch produces a well-defined hollow microchannel.
The cross-section of this microchannel differs from earlier runs due to
adhesion effects.

A new photomask with 5, 7,9, 11, 13, 15, 20, 25, 50 and 100 pm wide
features was designed in an effort to fabricate microchannels of various sizes. After
patterning and annealing, the corresponding height of the microchannels were 1.4 um, 2.1
um, 2.8 um, 3.4 pm, 4.0 um, 4.4 pm, 6.1 pm, 6.6 pm, 12 pm and 24 um. Thus, the
height:width ratio of the resulting microchannels remained approximately constant (1:3.5-
4.0) regardless of the original width of the rib. One of the largest microchannels that was
fabricated is shown in Figure 5.16. The fibrous strands resulting from improved adhesion

are even more apparent in this photograph.
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Figure 5.16 - A 12 pm high, 50 ym wide microchannel.
An attempt was made to fabricate microchannels in the form of a Y-branch. A 10

um wide straight section was split into two 5 pm wide branches. After annealing,
microchannel formation was evident in all three sections. The height of the branching arms
was only 1 um, in keeping with the typical aspect ratio. As a result of surface tension,
water was seen to enter the straight section of the microchannel but not the smaller
branching arms (Figure 5.17). However, ambient air in the straight section had to have
been displaced through the branching arms by the water. This intuitively confirmed that

there was no phyical discontinuity at the branching point despite the disparity in size.

Figure 5.17 - Water inside one arm of a Y-branch microchannel.
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5.5 Potential Applications of Hollow Microchannels

Hollow glass microchannels on planar substrates are of interest for
integrated optics, micromechanics and microfluidics. These devices have many diverse
applications such as light-guiding [60,61], biomedical analysis [62], chemical analysis
[63] and sensors [64,65]. Their use may potentially extend to include on-chip cooling for
integrated electronic and optoelectronic devices [66].

With some exceptions [67], hollow devices are generally fabricated by
etching grooves or channels in a substrate and sealing the groove with a lid. The etched
regions of the substrate forms the hollow microchannel. The fluid of interest is then
pumped into the microchannel using micropumps. In certain cases, the etching of trenches
is dependent on the nature of the substrate and is limited by substrate characteristics such as
crystal structure. Hence, present technologies yield microchannels with rectangular,
triangular or semi-circular cross-sectional profiles. The conceptual difference between
currently employed methods and the method outlined in this chapter is illustrated pictorially

in Figures 5.18 and 5.19.
MATERIAL SELECTIVELY REMOVED FROM SUBSTRATE

///////////// ////}/V/

ENCLOSED HOLLOW REGION COVERLID
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Figure 5.18 - Existing technology to fabricate hollow microchannels.
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RIB PATTERNS ETCHED ON DEPOSITED MATERIAL

RIDGES RE-SHAPED INTO HOLLOW MICROCHANNEL

@ ?®_

Figure 5.19 - Formation of circular microchannels through selectlve
accumulation of gas and de-adherence.

Although a significant amount of research is still required to develop this concept

\‘
\‘

into a functional device, the micromachining principle outlined in this chapter could offer
several advantages over current technologies : 1) As a surface micromachining technique,
it is independent of the underlying substrate. Such microchannels could conceivably be
fabricated on any integrated microfluidic or micro-optic substrate. 2) Circular cross-
sectional profiles would likely be more conducive to fluid flow. 3) Hollow microchannels
with complex topographies (such as Y-branches) could be realized merely by
photolithographic control. 4) Potentially, the principle of selzctive inflation through gas

accumulation and de-adhesion can be applied to a wide variety of materials, not just glass.
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Chapter 6 : Rare-Earth-Doped Waveguides in Strip-Loaded
Configurations - Fabrication and Modeling

6.1 Introduction
In response to the difficulties encountered in etching deep ribs on sputtered

multicomponent glass films, alternative waveguide structures were explored. In a strip-
loaded device, the waveguide core consists of two layers with closely matched refractive
indices (An<0.3). A rib is etched on the upper film; the lower film is left as a planar slab.
The rib provides the lateral confinement required to guide light in two dimensions. The
index difference determines the extent to which light overlaps with the underlying slab. By
creating a composite core with two different materials, advantages and disadvantages
inherent to either material can be exploited or circumvented. Issues related to rare-earth-
doped strip-loaded waveguides - fabrication, testing, design options and modeling - are
discussed in this chapter.

6.2 Experimental Results for Erbium-doped Strip-Loaded Waveguide

6.2.1 Fabrication and Spectroscopy

The TRL-A bulk glass (Section 4.3) was again used as the target to sputter

thin films of erbium-doped glass. To identify the various absorption bands of erbium, a
spectrophotometer was used to study transmission of light (over the wavelength range

500-1100 nm) through a 2 mm-thick sample of the TRL-A (Figure. 6.1).

500 600 700 800 900 1000 1100
1§

Transmittance (%)
8

da

o Wavelength (nm)

Figure 6.1 - Transmission spectrum for TRL-A bulk glass.
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A thin film (1.5 pm) was sputtered from the TRL-A onto a silicon wafer as
described in Section 4.3. The material composition of the sputtered film is of critical
importance to device performance. Although the sputtered film is intended to be a replica
of the original sputter target, changes in composition are intrinsic to the sputtering process.
Energy Dispersive X-ray (EDX) is one of the more accessible technologies available to
analyze the composition of thin-films [39]. When a thin-film is bombarded with an
electron inside a Scanning Electron Microscope (SEM), a core electron of an element in the
film absorbs the energy of the bombarding electron and is excited to a higher orbit. When
the excited electron subsequently relaxes to a vacant lower orbit, the process is
accompanied by the emission of an X-ray photon. The energy of the X-ray photon is
unique to that element. As the energy of the bombarding electron is varied from 10 to 30
keV, X-ray photon emission is detected from all of the elements in the film. An X-ray
spectrometer attached to the SEM registers the intensity of the photon emission and
identifies the element (by comparing the location of the intensity peaks to documented
reference data). The results of an EDX scan on the sputtered film are shown in Figure 6.2

and the composition (in wt. %) is tabulated in Table 6.1.

Figure 6.2 X-ray Photon Intensity vs. Electron Bombarding Energy -
EDX scan of sputtered Er-doped glass film.
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Element Weight Percent
Si 70.11
Na 10.71
La 14.72
K 1.35
Er 3.12

Table 6.1 Composition of sputtered Er-doped glass film, obtained using EDX.
It should be noted that EDX gives only approximate quantitative estimates

of film composition. EDX did confirm the absence of significant contamination and/or
preferential deposition of elements but did not confirm that the rare-earth metals were in
their trivalent state. Rutherford Back-Scattering or Secondary Ion Mass Spectroscopy are
required for a more comprehensive spectroscopic analysis.

A 1.5um-thick PECVD silicon oxynitride (SiON) layer was deposited on
top of the sputtered film. The refractive index of the SiON layer was approximately 1.56
(at a wavelength of 632 nm). Ridges 9 um wide were formed on the SiON film using
photolithography and reactive ion etching (please see Section 4.6). The wafer was cleaved
to produce waveguides 1.2 cm long. An SEM photograph showing the cross-sectional

profile of the device is shown in Figures 6.3.

Figure 6.3 SEM photograph showing cross-section of strip-loaded waveguide.
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Both the SiON rib and the underlying Er-doped glass film are dense and show no signs of
porosity. The white streaks visible in the SiION layer and the SiO, under-cladding are not
structural flaws inherent to the film; they are merely stress-induced anomalies incurred
while cleaving the wafer.

6.2.2 Passive Optical Properties

The cross-section of the strip-loaded waveguide that was designed and the
corresponding electric field lines for signal (A =1550 nm) and pump (2,=980 nm) modes
are illustrated in Figure 6.5. The structure supports only a single mode in the vertical

direction at 1550 nm but is muiltimoded at 980 nm.

n = 1.56

Figure 6.5 Strip-loaded Waveguide A. The dark-shaded layer is the erbium-doped
sputtered film, with index n=1.59; the un-shaded layer is the SiON rib, with index n=1.56;
the light-shaded layer is the SiO,cladding with index n=1.46. The TE field contours for the
fundamental signal and pump mode are shown on the left and right, respectively. The
contours represent 90% to 10% of peak amplitude. The device was 1.2 cm long.

The mode-field dimensions (defined as the distance between e contour lines) are ~ 3.3 pm
x 10.4 um for the signal and 2.8 um x 10.6 um for the pump. The mode-field widths in
the lateral direction closely matches the mode-field diameter for a singlemode fiber

(MFD=10 pm for a core of 7 um). Thus, only the fundamental modes were seen to be
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excited in this device during experiments, although the waveguide supports higher-order
lateral modes in theory. The electric field overlap with the erbium-doped film was ~61%
for signal and ~74% for the pump. In the erbium-doped slab layer, 10% field contour
lines extend only | um beyond the edge of the SiON rib, indicating strong lateral
confinement. If the refractive index of the SiON film were to be lowered to that of Sio,,
greater than 95% of the electric field would overlap with the Er-doped region but the lateral
confinement offered by the SiON rib would be negligible.

The modal areas for signal and pump intensity were 8.3 um” and 6.7 pm?,
respectively. The normalized intensity profiles for signal and pump within the erbium-
doped film are shown in Figure 6.6. Along the center of the waveguide, the normalized
pump intensity is higher than the signal intensity over most of the erbium-doped region.
This is true at points away from the center as well, since the pump mode-field contour

lines extend farther out in the lateral direction than do signal mode-field contours.
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Figure 6.6 Normalized signal and pump intensity profiles along the center
of strip-loaded waveguide A, within the sputtered erbium-doped film.

To begin the experiment, beams from a 975 nm laser diode and a 1547 nm

Distributed Feedback Laser (DFB) were launched separately into a singlemode fiber. The
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singlemode fiber was butted to the input facet of the strip-loaded waveguide with the aid of
index-matching fluid to improve coupling. At the output facet of the waveguide, a
microscope objective lens and a beam expander were used to image the near-field onto a
CCD camera. The near-field image of the pump intensity, shown in Figure 6.7, confirmed

a tightly confined, asymmetric mode in the waveguide.

0 20 40 60 80

Figure 6.7 Image of near-field intensity for strip-loaded waveguide A, showing 90% to
10% contours for the 975nm pump beam. X and Y axes represent pixel numbers. 10
pixels ~ 1.3 um.

To determine coupling and propagation losses at signal and pump
wavelengths, light exiting the waveguide was collected using a step-index muitimode fiber
(62.5 um core) and directed to a silicon or germanium photodetector. Optical throughput
loss in the waveguide was determined by comparing the optical power measured at the
output of the multimode fiber to that available on the single-mode input fiber. By cutting
back the length of the waveguide, optical loss data was generated as a function of
waveguide length. From a simple linear fit to the data (Figure 6.8), losses at 975 nm and
1547 nm due to Er** absorption and other factors were estimated to be ~ 3.5 and 5.9
dB/cm, respectively. Extrapolation of the measurements to zero length indicate coupling
losses in the range of 3 to 4 dB, which is close to the theoretical value for coupling a

circular fiber mode to an elliptical waveguide mode.
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Figure 6.8 Cut-back throughput loss measurements for erbium-doped strip-loaded
waveguide A and a comparison passive strip-loaded SiON waveguide. The measurements
indicate strong absorption by erbium at 975 nm and 1547 nm. Measurements on the
passive waveguide indicate excess propagation losses of 0.8 dB/cm.

For comparison, a passive strip-loaded waveguide with the same refractive
index profile and dimensions was fabricated. Instead of the erbium-doped sputtered film,
an SiON film of index n=1.59 and thickness 1.5 pm was used. Cut-back loss
measurements on the passive SiON waveguide, also shown in Figure 6.8, reveal excess
propagation losses of 0.8 dB/cm at 975 nm. Since SiON is extremely transparent at infra-
red wavelengths, these losses can be attributed solely to imperfections in the waveguide.
This excess waveguide loss can be assumed to be approximately the same for the erbium-
doped device since the fabrication process recipe was not changed. The erbium-induced
loss can thus be separated as ~ 5 dB/cm at 1547 nm and ~2.7 dB/cm at 975 nm. The
propagation losses in the SION waveguide improved to 0.4 dB/cm when a polymer
(Norland Optical Adhesive 65) was spin-coated on top of the SiON rib to act as an upper-
cladding. However, this option was not considered for the erbium-doped device because
the high-index polymer (n=1.52) would have shifted the mode-fields up, away from the
erbium-doped film.
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6.2.3 _Active Optical Properties

To study the active properties of the erbium-doped strip-loaded waveguide,
a fiber Wavelength Selective Coupler (WSC) was purchased to combine pump and signal
light onto a single fiber. The output fiber of the WSC was butted to the waveguide input.
When 23 mW of pump power was launched into the waveguide, spontaneous emission
was observed in the 1520-1580 nm wavelength region (Figure 6.9). The peaks at 1535 nm
and 1550 nm are characteristic of erbium-doped silicate glasses. There was a faint trace of
green light visible throughout the length of the waveguide as a result of co-operative

upconversion. This was not unexpected for such high erbium concentrations.

[0S RIE

Figure 6.9 Spontaneous emission spectrum observed in strip-loaded
waveguide A. The excitation source was 23 mW, launched from a single
975nm laser diode.

Back-scattered spontaneous emission near the waveguide input was used to
measure the luminescence lifetime. Spontaneous emission is strong near the input facet of
the waveguide, where population inversion is high. Backward-travelling spontaneous
emission re-enters the WSC and exits through the open 1550 nm input port (a signal is not
required when characterizing spontaneous emission). Light exiting the 1550 nm port of the

WSC was filtered and detected with a germanium photodetector. Two 20 dB filters

designed for the lower infra-red band were used to improve upon the 30 dB contrast
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offered by the WSC and ensure that the pump was extinguished. With the pump beam
chopped at 50 Hz, the luminescence lifetime in the waveguide was measured to be ~148 ps

(Figure. 6.10).

Figure 6.10 Luminescence lifetime measurement for strip-loaded waveguide
A. Oscilloscope reading AT=148 us corresponds to the time taken for the
intensity to decay to 1/e of its peak value (AV = 0.248 V).

A similar experiment was performed on the bulk sputter target. The bulk glass was
exposed to 60 mW of pump power and the measured lifetime was 87 us. Since insertion
losses were not a factor when illuminating a bulk glass, the pump intensity incident on the
bulk was stronger than in the waveguide. The measurement in the bulk glass thus
represents the lower limit for the lifetime, where ion-ion interaction is most severe. The
lifetimes in the bulk glass and sputtered film were of the same order, suggesting that the
spectroscopic properties of the glass were not significantly altered in this case. However,
lifetime quenching was quite pronounced in both cases, much more so than would be
expected due to upconversion. Non-radiative relaxation of excited ions through
multiphonon emission could be a possible explanation for the low lifetimes measured in

this glass.
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Signal throughput in the waveguide was studied in the presence and absence
of a pump source. Beams from the 1547 nm DFB laser and the 975 nm pump laser diode
were launched into the waveguide simultaneously using the WSC. The signal throughput
was found to increase by ~0.8 dB in the presence of 23 mW of launched pump power.
Stated in a different form, signal loss in this device at 1547 nm was 7.1 dB (referring to
Figure 6.8). Upon pumping, the signal loss improved to 6.3 dB. This enhancement in
signal throughput does not represent amplification, but it is proof of an accumulation of
erbium ions in the metastable state. Since the lasing wavelength for the DFB laser was 12
nm away from the peak emission observed in this waveguide (Figure 6.9), it was thought

that stimulated emission would be stronger with a signal source operating near 1535 nm.

The next phase of the experiment was carried out at Seastar Optics in
Victoria, British Columbia over the course of a week. A laser diode with multiple cavity
modes in the 1530-1560 nm wavelength range was available at Seastar’s research facility.
In addition, two 975 nm laser diodes, each rated for 60 mW, were available. The two
pump beams were combined in free-space using a polarization beamsplitter before being
launched into a WSC. Light exiting the waveguide was fed to an optical spectrum analyzer
so that multiple signal wavelengths could be viewed simultaneously. By doubling the
pump power, signal throughput (near 1547 nm) was enhanced further, up to a maximum
of 1.4 dB with 45 mW of launched pump power. Stimulated emission was found to be
strongly dependent on signal wavelength. The enhancement in signal throughput was
noticeably stronger near 1535 nm than 1555 nm, as shown in Figure 6.11. Ata
wavelength of 1535.5 nm, signal throughput improved by almost 2.9 dB upon pumping;
at 1554.5 nm, the enhancement was only 0.7 dB. These results are indicative of stimulated
emission for the following reason : if there had been no radiative contribution (i.e. no
stimulated emission) resulting from the pumping, the reduction in ground-state population
would have caused equal signal enhancement at all wavelengths. However, the signal

enhancement is wavelength sensitive, similar to the emission cross-section.
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Figure 6.11 Light exiting strip-loaded waveguide A resolved on an optical spectrum
analyser. Multiple signal cavity-modes in the absence of pump (above) and in the
presence of 45 mW of launched pump power (below).

Back in Edmonton, a second batch of erbium-doped strip-loaded
waveguides was fabricated to investigate the reproducibility and uniformity of the
fabrication process. Although glass deposition and micromachining process recipes were
unchanged, the active optical properties were markedly different from the previous run.
Figure 6.12 plots signal throughput enhancement as a function of waveguide length for 20
mW of launched pump power. At the 1.2 cm mark, the enhancement was half of what it
was in the previous case. Beyond 1.5 cm, the enhancement began to decrease due to

insufficient pump and signal re-absorption (similar in form to that of Figure 3.18).
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Figure 6.12 Enhancement in Signal Throughput vs. Waveguide Length. Experimental
result for second batch of erbium-doped, strip-loaded waveguide A.

A few months later, the experimental set-up at TRLabs was upgraded when a tunable
Ti:Sapphire laser became operational. Even with 200 mW of pump power now available at
975 nm, the 1.5 dB enhancement in signal throughput (Figure 6.13) was insufficient to
compensate for the 3.5 dB net signal loss sustained over 0.6 cm. These results confirmed
that device performance was being severely hampered by upconversion. Further, the

unpredictability and non-uniformity of the sputtering process was an on-going obstacle.
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Figure 6.13 Enhancement of Signal Throughput vs. Launched 975nm Pump Power.
Experimental result for second batch of erbium-doped, strip-loaded waveguide A.
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6.3 Correlating Simulation and Experiment

In this section, experimental results from the previous section will be
compared with numerical predictions generated by the model. The material parameters
listed in Table 3.5 still hold, with the following exceptions : measured values were used
for the metastable state lifetime 1, and the excess loss factors |, and |, (from Section
6.2.3). Figure 6.14 compares the signal (A=1547 nm) throughput enhancement as
predicted by the model, with the experimental result from the first batch of erbium-doped
strip-loaded waveguides. The functional form of the two curves are similar, although
exact numbers differ by up to 0.2 dB. Slight variations between intended design and the
fabricated device (in terms of refractive index), local variations in waveguide structure and
erbium concentration (due to non-uniformity in sputtering) could account for this
discrepancy. Both simulation and experiment confirm that net signal gain isn’t feasible at

these pump powers due to strong co-operative energy transfer.
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Figure 6.14 Enhancement of Signal Throughput vs. Launched 975 nm Pump Power.
Comparison of experimental results and simulation for strip-loaded waveguide A.
P,(0)= -8 dBm; N, =3 x 10* ions/m’; T,, = 148 ps; 1,=1,=0.8 dB/cm.

Figure 6.15 predicts enhancement of a signal at peak emission wavelength. In the absence

o

of pump, a net signal loss of 8.8 dB is predicted over 1.2 cm. With 50 mW of 975 nm
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pump, the loss improves to 5.8 dB. This 3 dB enhancement in signal transmission upon
pumping is again in close agreement with the experimentalvalue of 2.9 dB. It should be
noted that the net signal loss predicted by the model (8.8 dB) is higher than was observed
in the experiment (7.1dB). This is primarily due to the fact that the cut-back loss
measurements were performed at 1547 nm, 12 nm away from the peak absorption

wavelength for the glass.
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Figure 6.15 Signal Gain vs. Waveguide Length : Simulation of strip-loaded waveguide A.
P,(0)=0, SOmW; N, = 3 x 10* ions/m>; 1, = 148 ps; 1,=1,=0.8 dB/cm.

The typical sequence of device design, simulation, fabrication and testing
had to be altered to adapt to limitations imposed by the fabrication process and evolving
experimental capabilities. With experiment and simulation now having been mutually
validated, the latter was used to forecast improvements. The remainder of this chapter is
devoted to simulating strip-loaded waveguide amplifiers. Different designs were explored
to assess the viability of using strip-loaded waveguides as amplifiers. Various
combinations of rare-earth dopant levels, pump powers and amplifier lengths were

explored in an effort to improve device performance.
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6.4 Design tions for Rare-Earth-doped Strip-Loaded Waveguides

One obvious area for improvement is the excess waveguide loss factor.
Propagation losses of 0.1 dB/cm are commonly reported in waveguides fabricated using
PECVD fiims [41]. Losses below 0.1 dB/cm are apparently feasible FHD [31]. The
excess waveguide loss can realistically be brought down to 0.3 dB/cm by successfully
annealing the waveguide and/or introducing an upper-cladding. As mentioned in Section
6.2.2, an upper-cladding alone reduced the propagation loss by a factor of two. For an
efficient amplifier, the metastable state lifetime t,, should be at least several milliseconds.
Improving glass spectroscopy is in the domain of material scientists. In Chapter 3,
ytterbium co-doping was shown to improve pumping efficiency for waveguides with high
erbium concentrations. With these improvements (1,=0.3 dB/cm and 1=0.15 dB/cm;
1,,=10 ms; N, =10 x 10* ions/m’), Figure 6.16 predicts a net signal gain of 2 dB in the
same strip-loaded waveguide structure which was tested earlier. However, 2 dB of net

gain over 1.2 cm is insufficient for applications forseen for these devices.
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Figure 6.16 Signal Gain vs. Waveguide Length : Simulation of strip-loaded waveguide A.
P,(0)=200mW; 1,,=10ms; N, = 3 x 10 ions/m*; N, = 10 x 10*® ions/m°.

Figures 6.17 & 6.18 predict signal gain of ~20 dB over 10 cm with 500
mW of pump. With 300 mW, a more practical number, 15 dB of gain is predicted over
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7.55 cm. It is also worth noting that in the presence of ytterbium, it is actually advisable to

lower erbium concentration and increase the optimum amplifier length.
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Figure 6.17 Signal Gain vs. Waveguide Length for strig-loaded waveguide
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Figure 6.18 Signal Gain vs. Pump Power for strip-loaded waveguide A
(Simulation). L = 10cm, Optimized; Ng, =2x 10** ions/m’; N,, = 10 x
10%¢ ions/m°.
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Having simulated strip-loaded waveguide A under different rare-earth
concentrations, pump powers and length, it is now instructive to examine variations in the
waveguide cross-section. Since the refractive index of the SiON layer is a flexible
parameter, the following questions arise : a) How adversely would raising the SiON index
affect amplifier performance? b) Conversely, how much better would the device perform
if a rib was to be fashioned directly on the sputtered film (i.e. without a SiON strip-loading
layer)? c) How do the noise characteristics compare? To address these issues, and to
compare the influence of ytterbium co-doping, the waveguide devices listed in Table 6.2
will be modeled. Relative to Strip-loaded waveguide A (whose modal properties are

repeated again for comparison), only the refractive index of the SiON layer was varied.

Waveguide Label | SiON Index Es'fgigﬁ ?s"e“al;,ﬁ fg}‘ﬂip Signal A
Ridge N/A 76.1% 88.1% 5.3 um? 4.5 um’
Strip-loaded A n=1.56 61.4% 73.3% 8.3 um’ 6.7 um’
Strip-loaded B n=1.59 52.1% 54.2% 10.6 um? 9.7 um*
Strip-loaded C n=1.62 39.6% 28.4% 7.5 um’ 5.6 um’

Table 6.2 Waveguide labels, SiON index and corresponding modal properties.
A ridge waveguide formed directly from the sputtered film has a high overlap factor,

which would naturally translate to better gain performance and pumping efficiency than any
of the strip-loaded devices. However, the modal areas and spot-sizes for the ridge
waveguide are small, which tends to increase coupling loss. In the strip-loaded
configuration, light propagation is split almost evenly between the two core layers if the
SiON index is matched to that of the sputtered film. The effective width of the composite
core is double that of the ridge and consequently, the modal areas are twice as large. If the
SiON index is increased beyond that of the sputtered film, the SiON becomes the primary
waveguide core and reduces the overlap factor significantly. The electric-field contours and

normalized intensity profiles for all three devices are illustrated in the following pages.
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fog

Figure 6.19 Ridge Waveguide. The un-shaded layer is the rare-earth-

doped sputtered film, with index n=1.59; the shaded layer is the SiO,

cladding with index n=1.46. The TE field contours for the fundamental

signal and pump mode are shown on the left and right, respectively. The
contours represent 90% to 10% of peak amplitude.
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Figure 6.20 Normalized signal and pump intensity profiles along the center
of Ridge Waveguide, within the sputtered film.
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Figure 6.21 Strip-loaded Waveguide B. The dark-shaded layer is the rare-earth-doped
sputtered film, with index n=1.59; the un-shaded layer is the SiON, with index 1.59; the
light-shaded layer is the SiO,cladding with index n=1.46. The TE field contours for the
fundamental signal and pump mode are shown on the left and right, respectively. The
contours represent 90% to 10% of peak amplitude.
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Figure 6.22 Normalized signal and pump intensity profiles along the center of Strip-
loaded Waveguide B, within the sputtered film.
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Figure 6.23 Strip-loaded Waveguide C. The dark-shaded layer is the rare-earth-doped

sputtered film, with index n=1.59; the un-shaded layer is the SiON, with index 1.62; the
light-shaded layer is the SiO, cladding with index n=1.46. The TE field contours for the
fundamental signal and pump mode are shown on the left and right, respectively. The
contours represent 90% to 10% of peak amplitude.
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Figure 6.24 Normalized signal and pump intensity profiles along the center of Strip-

loaded Waveguide C, within the sputtered film.
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Figures 6.25 and 6.26 compare the predicted gain performance of the
devices listed in Table 6.2 for short lengths (<S cm), high erbium concentration (2-3 x 10

ions/m’) and an input pump power of 200 mW.
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Figure 6.25 Signal Gain vs. Waveguide Length : Comparison between Ridge, Strip-

loaded waveguides A, B, and C. P,(0) = 200 mW; N, =2 x 10* jons/m>.
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Figure 6.26 Signal Gain vs. Waveguide Length : Comparison between Ridge, Strip-
loaded waveguides A, B, and C. P,(0) = 200 mW; Ng,, = 3 x 10* ions/m’.
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According to these results, ytterbium co-doping improves signal throughput in all of the
devices (by 3.7-4.2 dB over 5 cm for N, = 2 x 10% ions/m’; by 5-8 dB over 3 cm for N,
=3 x 10* ions/m”). For strip-loaded waveguides B and C, where the overlap factors are
low, this improvement constitutes the difference between net loss and net gain. Over 5
cm, the signal gain predicted for strip-loaded waveguide A is only ~2.5 dB lower than that
of the ridge waveguide. Less than 8 dB of signal gain is forecast in all cases.

For the same erbium dopant levels, Figures 6.27 and 6.28 compare
predicted gain performance over 10 cm with 500 mW of pump. Since energy transfer
between erbium ions is dependent on concentration, the steady-state population inversion
achieved at such high pump powers is not significantly different for the two erbium dopant
levels considered. Hence, the gain observed through 5 cm in each device is roughly the
same, regardless of the erbium concentration. Since pump depletion is more rapid at higher
rare-earth concentrations, it is advisable to lower the dopant level to 2 x 10% ions/m” and

sustain population inversion/stimulated emission over longer distances (as in Figure 6.27).
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Figure 6.27 Signal Gain vs. Waveguide Length : Comparison between Strip-loaded
waveguides A, B, C and Ridge Waveguide. P,(0)=500mW; N, =2 x 10%* ions/m’.
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Figure 6.28 Signal Gain vs. Waveguide Length : Comparison between Strip-loaded
waveguides A, B, C and Ridge Waveguide. P,(0)=500mW; N,,, = 3 x 10* ions/m".

Table 6.3 lists the optimum operating length for each device for various

input pump powers. The corresponding signal gain is plotted in Figure 6.29.

Waveguide Label Optimum Amplifier Length (cm)
P(0)=100mW  200mW 300mW 400mwW 500mwW
Ridge 3.79 6.57 8.87 10.82 12.48
Strip-loaded A 3.16 5.53 7.55 9.28 10.82
Strip-loaded B 3.28 5.66 7.7 9.46 11.00
Strip-loaded C 5.23 8.68 11.36 13.6 15.53

Table 6.3 Optimum amplifier lengths for Strip-loaded waveguides A, B, C, and Ridge
waveguide for various P,(0). Ng, =2 x 10* ions/m*; N, = 10 x 10* ions/m’.

The optimum length for strip-loaded device C tends to be longer than device A because
pump depletion occurs more gradually (owing to weaker overlap). However, results for
the ridge waveguide illustrate that the percentage of overlap is not the only factor in

determining pump depletion. Although a greater percentage of light overlaps with rare-
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earth ions in the ridge configuration, pump depletion in the ridge (9.1 dB over 10 cm for
Pp(0)=500 mW) is less severe than in strip-loaded waveguides A (13.9 dB) and B (13.1
dB). This is a direct consequence of population inversion. Under conditions of strong
inversion, there are fewer ground-state erbium ions along the waveguide. By virtue of its
modal structure, population inversion in the ridge waveguide is higher than in any of the
strip-loaded devices. For strip-loaded waveguide C, the extremely low mode-overlap
(28%) appears to be the overriding factor in determining pump throughput. Despite weak
population inversion, pump depletion (6.7 dB) in device C is predicted to be the least

severe among the four.
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Figure 6.22 Signal Gain vs. Pump Power : Theoretical comparison between Strip-loaded
waveguides A, B, C, and Ridge waveguide. Length Optimized.

From Figures 6.25-6.29 and Table 6.3, index-loading and gain performance can be related
through a general rule of thumb : for each change in waveguide design (from ridge to strip-
loaded A to strip-loaded B), a penalty of ~0.5 dB/cm is incurred in terms of the gain
coefficient (provided the amplifiers are at or below optimum length). A further penalty of

0.7 dB/cm is incurred for strip-loaded waveguide C.
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Table 6.4 compares broad-band ASE power, in-band ASE power and the
output signal-to-noise (SNR) ratio for the various waveguide structures. With 500 mW of
pump power over 10 cm, all of the devices are operating below optimum length.
Therefore, re-absorption of ASE does not influence the comparison. The SNR drops by

4-6 dB for each regressive change in waveguide design.

Waveguide Label Broadband ASE In-band ASE Output SNR
Ridge -19.4 dBm -35.6 dBm 32.8dB
Strip-loaded A -20.3 dBm -36.5 dBm 28.1dB
Strip-loaded B -21.3 dBm -37.6 dBm 23.9dB
Strip-loaded C -24.0 dBm -40.3 dBm 18.2 dB

Table 6.4 Broad-band ASE Power, In-band ASE Power and Output SNR for Strip-
loaded waveguides A, B, C, and Ridge waveguide. L = 10 cm; P,(0) =500 mW; N, =2
x 10* ions/m’; N,, = 10 x 10* ions/m°.

In terms of gain and noise, strip-loaded waveguide A comes closest to
matching the performance of the ridge waveguide. Device B fares worse in comparison to
both. For a pump power of 300 mW, the ridge waveguide is predicted to yield a net gain
of 22 dB (gain coefficient of ~ 2.5 dB/cm; pumping efficiency of 0.073 dB/mW) and SNR
better than 33 dB. For the same pump power, gain of 15 dB (gain coefficient of ~ 2
dB/cm; pumping efficiency of 0.05 dB/mW) and SNR better than 28 dB is predicted for
strip-loaded waveguide A. This penalty in device performance could be worth paying in
return for a uniform layer-structure across the wafer.

Eventually, these waveguide amplifiers would have to be integrated with
other passive devices (such as WSCs, splitters, switches, etc.) on a single substrate, as
shown in Figure 6.30. If the amplifier is formed in the ridge configuration, deposition of

the sputtered rare-earth-doped film would have to be confined to a specific region of the

wafer. A different material would have to be deposited in the adjoining regions to fabricate
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the passive devices. To form optical waveguides, the two sections would have to be
micromachined separately. Ideally, this task should involve a single photolithographic and
micromachining step. The layer structure for strip-loaded waveguides would make this

possible, especially if SiON is used as the passive film.

Silicon substrate
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Figure 6.30 Conceptual schematic of an integrated combiner/WSC/amplifier/WSC module
For the optical amplifier segment, the index of the SiON layer can be lowered below that

of the sputtered film to allow for significant interaction between light and the rare-earth
tons. In other regions, the index of the the SiON can be made as high as n=2.0, thus
reducing the underlying rare-earth-doped film to a low-absorption cladding. The refractive
index can be selectively controlled by changing gas flow rates inside the PECVD chamber.
These index variations do not affect micromachining characteristics. Since the thickness of
the SiON film will be uniform over all parts of the wafer, ribs can be etched on SiON
using a single etch-step. Depending on the location over the wafer, SiON ribs would

function either as index-loading layers for the amplifier or as passive, ridge waveguides.

103



Chapter 7 : Evanescent Pumping of Rare-Earth-Doped Bulk
Glass Using Dispensed Polymer Waveguides -
Fabrication and Modeling

7.1 Introduction

Given that waveguide fabrication through thin-film deposition and
micromachining resulted in devices with poor spectroscopic properties and optical quality,
alternative approaches were sought. A rare-earth-doped bulk glass with a longer
luminescence lifetime was obtained from a different manufacturer. Instead of using this
bulk glass as a source material for thin-film sputtering, an optical waveguide was formed
directly atop the bulk glass by dispensing a polymer. Although the passive polymer acts as
the primary waveguiding layer, the evanescent field (please refer to Chapter 2) of the pump
and signal modes extend down into the bulk glass to provide excitation and emission.
Issues related to evanescently-pumped waveguides formed on rare-earth-doped bulk
glasses - fabrication, testing and design options - are discussed in this chapter. This is a
pre-cursor to the next chapter, where optical waveguides are formed within rare-earth-

doped bulk glass through an ion-exchange process.

7.2 Polymer Waveguide on top of Er/Yb Bulk Glass :
Experimental Results

7.2.1 Fabrication

Polymer waveguides are attractive because of their low loss, low cost and
ease of fabrication. Typically, they have been used as multimode (MM) step-index
structures for optical interconnects in hybrid integrated circuits [68]. Recently, graded-
index MM polymer waveguides [69,70] and a planar, graded effective index MM polymer
waveguide [71] have been reported. The latter are formed by a simple dispensing

technique. The parabolic surface of the polymer was found to produce a near-quadratic
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index waveguide, thus confining light within a region narrower than the overall waveguide
dimension. Conceivably, such waveguides may be formed over long distances (0.5 m).

For these experiments, an erbium / ytterbium co-doped phosphate bulk
glass (n = 1.53) was purchased from Kigre Inc [72]. The precise dopant levels for the
glass (named QX/Er) were unavailable but the erbium content was known to be in the 0.1-
0.2 wt% range and the ytterbium content approximately a factor of 15 higher. A linx 1 in
x 2 cm transmission sample of the QX/Er was sliced to a 2 mm thick piece. Both top and
bottom surfaces of this glass were polished to optical standards. Using a pressurized
syringe under computer control [73], an optical adhesive (NOA 81) was dispensed directly
on the erbium-doped glass. The NOA 81 was cured by exposure to UV-light to form a
polymer of refractive index 1.56. The resulting parabolic polymer waveguide had a
maximum height of 8 um and a base width of 180 um (Figure 7.1). Input and output facets
were obtained by scribing and cleaving the glass substrate and the resulting waveguides
were lcm long.

Y

Z
- 180 um — J

2 mm Erbium / Ytterbium co-doped phosphate bulk glass ( n= 1.53)

|

Figure 7.1 Schematic of polymer waveguide dispensed on bulk glass.

The aspect ratio of a waveguide formed by this method is determined by the

contact angle at the edge, which is a function of the surface tensions at the liquid/air and
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liquid/glass interfaces. Each polymer/substrate combination has a relatively constant aspect
ratio over a wide range of waveguide dimensions. The process is highly repeatable. For
example, in an array of 100 microlenses formed by this technique, the standard deviation in

focal length was found to be approximately 1% [74].

7.2.2 Passive Optical Properties

As in the case of the strip-loaded devices, several passive optical properties
of the dispensed polymer waveguide are of interest - the number, shape and size of the
vertical modes, the amount of mode in the substrate, and the overlap between the 980 nm
pump and the 1547 nm signal mode in the erbium/ytterbium glass. In Chapter 2, the
sequence of steps involved in analysing rectangular waveguides was outlined. For
waveguides with parabolic cross-sections, such as in Figure 7.1, the formulation of the
problem and its solution is slightly more complicated and is best handled through the
effective-index method [5].

The effective-index method breaks down a two-dimensional problem into
two one-dimensional problems. At various points along the lateral direction x, the
dispensed polymer and the underlying bulk glass are analysed as thin one-dimensional
slabs stacked up along the vertical (y) direction. Given the parabolic profile of the
dispensed polymer, the thickness of the polymer slab will be unique for each lateral
position x. Consequently, the solution to the wave equation and the effective propagation
constant  will also be unique at each x. After generating a series of B(x)’s, the waveguide
is analysed as a collection of slabs, each with effective index [n(x)= B(x)k,], stacked side-
by-side along x. The discrete B’s that satisfy the wave equation and the boundary
conditions for this configuration are the solutions to the two-dimensional structure. My
colleague David Boertjes, who collaborated with me on a paper (on which this chapter is
based), had developed an effective-index algorithm to compute mode profiles and
propagation constants for dispensed polymer waveguides. He used this to compute the

mode profiles and overlap factors for the waveguide shown in Figure 7.1. The contour
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lines for the fundamental pump and signal modes are re-produced from our joint
manuscript (Figure 7.2). This picture serves to illustrate how the parabolic profile creates a
graded-index effect along the lateral direction and helps confine the mode-field to a much

narrower width (~40 pm) than the physical dimension of the polymer (180 um).
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Figure 7.2 Fundamental pump (above) and signal (below) mode-profile for
dispensed polymer waveguide shown in Figure 7.1.

As evidenced from previous chapters, the percentage of pump and signal field that
overlaps with the erbium/ytterbium glass is of great importance. The overlap factor for the
fundamental mode was estimated to be only 0.21 and 0.74 for pump and signal,
respectively. However, this waveguide structure supports five modes at the pump

wavelength and three modes at the signal wavelength. The fields of higher order modes

extend deeper into the bulk substrate.
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7.2.3  Active Optical Properties

The experimental set-up used to study the active properties of the dispensed

polymer waveguide is illustrated in Figure 7.3.
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Figure 7.3 Experimental set-up to study active properties of polymer
waveguides dispensed on QX/ER bulk glass.
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The Ti:Sapphire crystal was pumped from opposite ends with two 5 watt Argon lasers.
The output from the Ti:Sapphire was combined with a signal from a 1547 nm DFB laser
using a fiber WSC. A Helium-Neon laser was used as a visual aid when aligning fiber to
waveguide. The output pigtail of the WSC was butted to the input facet of the
polymer/glass waveguide. A multimode fiber was used at the output facet of the
waveguide to gather light which was then filtered using a monochromator and subsequently
detected.

The spontaneous emission spectrum in the 1520-1570 nm wavelength

region, observed with 210 mW of 980 nm pump power launched into the waveguide, is

shown in Figure 7.4.

Intensity (a.u)

1520 1530 1540 1550 1560 1570
Wavelength (nm)

Figure 7.4 Spontaneous emission spectrum observed in polymer
waveguide dispensed on QX/ER bulk glass.
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Unlike the Schott Glass product studied in the previous chapter, this glass had only one
sharp emission peak, at 1535 nm. Bright green light was visible throughout the length of
the waveguide. Given the low erbium content in this glass, it is believed that green
fluorescence is caused by Excited State Absorption (ESA) of pump photons from the b
level, rather than co-operative upconversion. The intensity of the green light did not
diminish significantly when the Ti:Sapphire was tuned to wavelengths between 900 nm and
1000 nm, which corresponds to the wide absorption band of ytterbium. By chopping
theTi:Sapphire beam at 50 Hz and observing the luminescence decay charateristics on an
oscilloscope (Figure 7.5), the lifetime for spontaneous emission in this waveguide was

estimated to be 8 ms (with 210 mW of launched pump power).

AUY= 8.8y

PEAXDET  Sas

Figure 7.5 Lifetime of spontaneous emission for polymer waveguide
dispensed atop QX/ER bulk glass.

Given the short length of the device, losses could not be measured using the

cut-back technique. However, fiber-to-fiber losses were measured at three wavelengths to
separate the insertion losses from the losses due to the erbium. The throughput loss was

42dB @ 1300 nm, 5.8 dB @ 1547 nm and 4.5 dB @ 980 nm. Since neither erbium nor
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ytterbium has an absorption band near 1300 nm, the losses at that wavelength were
attributed to coupling losses at the two end-facets and the losses inherent to the polymer
waveguide. The coupling loss was likely higher than the 3 dB estimate since the cleaved
end facets were tilted a few degrees from the ideal orientation. The on-chip erbium-induced
loss was estimated to be approximately 1.6 dB @ 1547 nm and 0.3 dB @ 980 nm.

The enhancement of a transmitted signal at a wavelength of 1547 nm was
studied. The 1547 nm laser diode was modulated at a frequency of 2kHz so that amplified
spontaneous emission could be ignored during the pump-probe measurements. The
attenuation of the signal was found to decrease by a maximum of 1.7 dB when pumped
with an estimated 210 mW. The relationship between transmitted signal enhancement and
residual pump power exiting the waveguide is shown in Figure 7.6. The onset of
saturation at high pump power suggests that the maximum signal enhancement was

obtained for this device.
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Figure 7.6 Enhancement in Trasmitted Signal vs. Residual Pump Power
for polymer waveguide dispensed atop QX/ER bulk glass.
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The 1.7 dB of enhancement in signal transmission upon pumping compensates for the on-
chip loss but not the coupling losses. These experimental results were not verified by the
model for the following reasons : 1) the precise dopant levels were unknown. 2) the model
is limited by the fact that it only accounts for one propagating mode at each wavelength. 3)
the optical power distribution among the various excited modes was unknown. 4) the
analysis would have been computationally intensive, given the number of finite elements
required to model a waveguide of large dimensions.

7.3 Design Options for Evanescently-Pumped Waveguide Amplifiers

Evanescently-pumped rectangular waveguides were modeled for their
potential use as amplifiers. Two waveguide designs (Evanescent A&B) with markedly
different overlap factors were considered. They are shown in Figures 7.7-7.8, along with
their signal and pump mode-field (TE) contours. The dimensions and indices were chosen

to make both structures single-moded at signal and pump wavelengths.

n=1.53

Wavelength = 1550 nm

Percentage of electric-field overlap = 59 Percentage of electric-field overlap = 24

I
I
!
I Wavelength = 980 nm
I
I
1

Figure 7.7 Evansescent A - Shaded region is 5 pm x 2.5 um passive rib
with n=1.55; un-shaded region is 2mm thick rare-earth-doped bulk
substrate (n=1.53).
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e

Figure 7.8 Evansescent B - Shaded region is 5um x 0.7um passive rib
(n=1.62); un-shaded region is 2mm-thick rare-earth-doped bulk substrate
(n=1.53).

The numerical model was used to compare device performance for various
erbium/ytterbium dopant levels and pump powers. Assuming an input pump power of 500
mW and a ytterbium concentration of 10 x 10% ions/m’, the optimum erbium concentration
for device A was found to be ~1 x 10% ions/m’ (Figure 7.9). For concentrations above
this value, signal gain is severely reduced due to : 1) upconversion and 2) signal
absorption in unpumped regions deep inside the substrate, where pump mode-field lines
do not penetrate but signal mode-field lines do. The latter is a common and unavoidable
feature of all evanescently-pumped amplifiers. For erbium concentrations lower than 1 x
10 ions/m®, population inversion and gain coefficients are reduced. It may be posited
that equivalent gain could still be accumulated over longer distances. For an erbium dopant
level of 0.5 x 10% ions/m’, the optimum length would ostensibly be 50 cm (or twice that

for I x 10% ions/m®). However, excess propagation losses come into play and reduce the

amplifier length to ~ 32 cm and the gain to ~ 5 dB.
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For device A, the dependence on ytterbium concentration is examined in

Figure 7.10, assuming optimum erbium concentration and pump power of 500 mW.
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Figure 7.10 confirms that the presence of ytterbium provides the additional pumping
necessary to overcome upconversion effects and achieve population inversion. The effect
of ytterbium doping on net signal gain is less pronounced at higher concentrations. This is
explained as follows : as inversion of the erbium population begins to maximize through
ytterbium-to-erbium energy transfer, additional donor ytterbium ions have fewer available
erbium acceptor ions to transfer energy to.

For evanescent waveguide B, increased mode overlap with the rare-earth-
doped substrate is predicted to improve performance across the board (Figure 7.11). In
fact, net signal gain is predicted even in the absence of ytterbium (Figure 7.12).
Significant gain (>15 dB) is predicted even for erbium levels as high as 2 x 10 ions/m’,
although the optimum concentration remains at ~1 x 10 ions/m’. Figure 7.13 compares
the gain performance of the two devices as a function of input pump power. In stark
contrast to the planar waveguides analysed before, the optimum lengths for evanescently-

pumped waveguide amplifiers typically exceed 10 cm, even for low pump powers.
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Figure 7.11 Signal Gain vs. Waveguide Length for Evanescent waveguide B : P,(0) = 500
mW; N,,= 1x 10 ions/m>; Ngp,=varies.
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Figure 7.12 Signal Gain vs. Waveguide Length for Evanescent waveguide B : P,(0) = 500
mW; Ng,,= 1x 10* ions/m’; N ,=varies.
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Dispensed polymer waveguides on top of glasses with high erbium
concentrations have the potential to be used as amplifiers. In composite waveguides of this
kind, where evanescent fields are used to excite the erbium ions, weak overlap between
pump and signal mode-fields within the active substrate is inevitable. Hence, the total
pump power required to attain threshold pump intensity and sustain population inversion
will be high. Although the gain coefficients and efficiencies of these evanescently-pumped
waveguides will not rival those of planar waveguides with tight mode-field confinement,

the ease of fabrication may be an attractive trade-off.
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Chapter 8 : Er/Yb-Doped Waveguide Amplifier Fabricated by
Dry, Field-Assisted, Silver-Sodium Ion-Exchange

8.1 Introduction

Fabrication of optical waveguides through ion-exchange has been the
subject of extensive research in the last few decades [75-80]. In certain glasses containing
network modifiers, the refractive index can be altered through selective replacement of
monovalent sodium ions (Na") with silver ions (Ag*). Owing to their larger ionic radii,
silver ions densify the glass and increase its refractive index. Molten salts (AgNO,) are
commonly used as the source for silver ions. lon-exchange occurs inside a furnace since
mobility of ions in glass increases exponentially with temperature. With molten salts, ion-
exchange has been shown to occur purely due to thermal diffusion [78]. However, the
depth of diffusion is limited to a few micrometers and the maximum index change An to
~0.001. This is sufficient to form singlemode waveguides. For multimode waveguides,
the process is aided by the application of an electric field across the glass. This increases
the flow of ionic current as mobile silver and sodium ions move towards the cathode.
Field-assisted ion-exchange results in deeper waveguides with An approaching 0.1 [81].

In this chapter, thin films of metallic silver were used as the source for the
exchange instead of molten AgNO,. When metallic silver films are used, silver ions can
be generated only through an electrochemical oxidation reaction : Ag(s) -> Ag* + e. Hence,
the application of an electric field is not optional. Field-assisted ion-exchange using silver
films has been successfully used to produce low-loss optical waveguides [82-86]. Models
which relate the change in refractive index to silver concentration, diffusion coefficients,
etc. are widely available in the literature [87,88]. Therefore, the work described in this
chapter did not focus on diffusion chemistry. Rather, the impact of various fabrication
parameters (temperature, electric-field, volume of diffusant) on optical properties of glass
were investigated. Later, ion-exchanged multimode and singlemode channel waveguides

were formed on rare-earth-doped glasses and their optical properties were characterized.
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8.2 Bulk Ag'/Na‘'Ion-Exchange in TRL-A

The experimental set-up used for the ion-exchange process is shown in

Figure 8.1. In the absence of a vertically-accessible crucible furnace. a hot plate with

coarse temperature control had to suffice.
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800 Ohms
_ DC Power
'IT!ermoeomle Sitver . Anode Supply
Er/Yb-doped Glass
Silver - Cathode
3 4
2 5
Hot Plate with Temperature control 1 6

OFF

Figure 8.1 Experimental set-up for field-assisted silver-film ion-exchange
into glass.

Silver-sodium ion-exchange was first tested on TRL-A (n=1.61 @ 632 nm), which was
originally used as a sputter target (Chapter 4) and known to contain moderate amounts of
sodium. A 2 um-thick silver film was deposited on top and bottom of a 1 cm x 2 cm x 0.7
mm sample of TRL-A. The silver on the top surface (anode) was to be driven into the
glass. The silver on the bottom (cathode) was to act as an electrical contact and a sink for
sodium ions exiting the glass. The anode silver was not patterned into narrow strips in
order to allow ion-exchange across the entire upper surface of the glass. This was expected
to facilitate prism-coupler measurements which would help determine the change in
refractive index induced by the ion-exchange. The silver-coated glass piece was placed on
an aluminum plate atop the ceramic surface of the hot plate. A thermocouple was used to

gauge the temperature of the aluminum plate. Metal-tipped DC probes were used to make
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contact with the anode and cathode. An 800 Ohm resistor was placed between the positive
terminal of a DC power supply (maximum 300 Volts) and the anode. The voltage across
this resistor was recorded to monitor current flowing through the glass during ion-
exchange. The temperature of the hot plate was set to 320°C. With the application of an
electric field (143 V/mm), a strong current was observed to flow through the glass. The

voltage that was recorded across the resistor over time is shown in Figure 8.2.
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Figure 8.2 Current flow (Voltage/800 Ohms) through TRL-A upon the
application of a 143 V/mm electric field at 320°C.

The steady increase in current flow with time indicates that the glass had not reached
thermal equilibrium. The sharp drop in current after 15 minutes is due to the depletion of
the silver source at the anode. Current flow was negligible (<1 pA) after 23 minutes, and
the electric-field was turned off after 25 minutes. The sample was removed immediately
from the hot plate to arrest thermal migration and re-distribution of silver ions introduced
into the glass. In Figure 8.2, the area under the curve (current-duration product) is a
function of the amount of silver available for exchange at the anode. For different electric
fields and diffusion temperatures, the form of Figure 8.2 will vary but the area under the

curve will remain approximately constant if the thickness of the silver film is constant [81].
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After the ion-exchange, numerous bubbles were observed at the cathode,
indicating an outflow of sodium ions from the glass. The glass was immersed in pottasium
iodide (KI) for several minutes to strip silver residue. The glass was then cut and polished.
The cross-section of the glass was inspected inside a Scanning Electron Microscope
(SEM). The intensity of back-scattered electrons was photographed (Figure 8.3). Since
silver is more reflective than other elements in the glass, the back-scattered image from

ion-exchanged regions of the glass is brighter.

Figure 8.3 SEM photograph showing cross-section of TRL-A after ion-

exchange. The diffusion depth can be approximated by the intensity of

back-scattered electrons, which is brighter wherever highly reflective
silver ions are present.

A prism-coupler, illustrated pictorially in Figure 8.4, was used to couple He-Ne light
(A=632 nm) into the ion-exchanged glass. Total internal reflection at the base of the prism

results in the formation of a standing wave whose evanescent field extends across the

Exiting Beam Detecto

Figure 8.4 Pictorial illustration of prism-coupler.
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prism-air gap and into the glass. If the phase velocity (z-component) of the standing wave
in the prism matches that of a guided mode in the glass, light is coupled into the glass. By
the same principle, light is coupled out of the glass by an identical prism and detected. The
effective propagation constant N, of each mode in the glass is given by :
Nm=np Sin[Sin'l[ Sinbm J ”’4
n
L p

where 6, is measured by the prism-coupler and and 8,and n, are the base angle and

refractive index of the prism [81] . By rotating the incident angle 8, of the He-Ne beam,
the prism-coupler was able to excite seven TE modes in the TRL-A sample and identify
their propagation constants (Figure 8.5). Given the depth of diffusion apparent in the SEM
photograph, the existence of multiple modes was expected. In fact, it is likely that higher

order modes were either not excited or successfully resolved by the prism-coupler.
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Figure 8.5 Prism-coupler analysis of TRL-A after ion-exchange. Seven TE
modes with N_ ranging from 1.7095 to 1.6996 were found at A=633 nm.

Using an inverse WKB algorithm [89,90], the prism-coupler software was able to
reconstruct the refractive index profile of the glass as a function of depth based on the
propagation constants of the various modes. According to this analysis (Figure 8.6), the
refractive index at the surface had increased from 1.61 to 1.71 (a An of 0.1) as a result of

the silver-sodium ion-exchange.
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Figure 8.6 Refractive index (@1=633 nm) as a function of depth (in
Angstroms) after silver ion-exchange into TRL-A.

Since modal information was incomplete, the refractive index could not be profiled all the
way down to the substrate index. Although propagation losses were not measured, the
attenuation of He-Ne light over two centimeters of this multimode slab waveguide seemed
negligible to the naked eye.

These results were encouraging in terms of producing rare-earth-doped
waveguide amplifiers through silver-film ion-exchange. As seen in Chapters 3 and 6,
singlemode waveguides offer tight mode-field confinement and high pump/signal overlap.
To reduce the number of modes and the dimensions of the slab waveguide, the process
parameters had to be altered to reduce An and the depth of ion-exchange. Hence, more
work was needed to characterize the role of the electric field, diffusion temperture and the
thickness of the silver source at the anode. A new sodium silicate glass (I0G-10), doped

with erbium and ytterbium, was obtained for this purpose.

8.3 Bulk Ag'/Na* Ion-Exchange in 10G-10

IOG-10 was specified to contain 1 wt% erbium and 3 wt% ytterbium. The
low index (n=1.526 @ A=632 nm) glass was sliced and polished to a thickness of ~ 0.7

mm. The glass was diced into ten 1 cm x 2 cm pieces. As before, 2 um thick silver films

123



were deposited on the back of all ten pieces to form the cathode. The silver film thickness
at the anode was reduced to 0.2 pm (on three pieces) and 0.5 um (on two pieces).

Electric fields of 7, 28 and 57 V/mm were applied across samples 1, 2 and 3
(0.2 um silver anode) with the temperature held at 320°C. Table 8.1 summarizes the
different ion-exchange conditions and observations. For low electric field strengths, the
process duration was found to be quite lengthy. Current flow was recorded as a function
of time (as in Figure 8.2) for all three cases. Variations in the current -duration product are

most likely due to errors in measurement and/or estimation.

Sample Electric Field Duration Current * Duration
l 7 V/mm ~44 minutes 172 mA*s
2 28 V/mm ~1 minute 198 mA*s
3 57 V/mm ~1 minute 210 mA*s

Table 8.1 Bulk ion-exchange of 0.2 um silver film into 1 cm x 2 cm x 0.7
mm IO0G-10 glass samples. Samples 1, 2 and 3 were diffused under
identical temperature settings (320°C) but different electric field strengths.

An SEM photograph (Figure 8.7) of sample 2 suggested that silver ions had penetrated at

least 5 um below the surface. Back-scatter images for samples 1 and 3 were similar.

Figure 8.7 SEM photograph : Cross-section of sample 2 after ion-exhange.
Prism-coupler measurements were more useful in identifying differences between the three

diffused samples. Six TE modes were identified in Samples 1 and 3 at A=633 nm; five
modes were identified in Sample 2. Only one mode was identified at A=1550 nm in all

samples. The reconstruction of their refractive index profiles is shown in Figure 8.8.
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Figure 8.8 Refractive index (@1=633nm) as a function of depth for
Samples 1, 2 and 3. Diffusion Temp = 320°C; Anode = 0.2 um silver.

From Figure 8.8, it is evident that the maximum change in refractive index (An) increases
with applied electric field. The An for samples 1, 2 and 3 was 0.0232, 0.0264 and 0.0412,
respectively. Also noteworthy is the fact that the exchange depth is a stronger function of
process duration than electric field strength. The diffusion depths for samples 2 and 3 are
comparable (~ 6 um), coinciding with their short process durations (1 minute). However,
silver ions had penetrated deeper into sample 1 (~8 pm) over an extended period of time, in
spite of a weak electric field. Index profiles and diffusion depths have implications relating
to signal and pump mode shapes, and these will be examined later.

Next, the impact of diffusion temperature and source volume at the anode
was investigated. An electric field of 58 V/mm was applied samples 4 and S, which had
0.5 um of silver at the anode. The ion-exchange conditions are summarized in Table 8.2.
The current-duration product was high due to the increased volume of silver at the anode.
SEM analysis suggested silver ions had diffused at least 12 pm into sample 4 (Figure 8.9)

and 14 pm into sample S.
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Sample Tempertaure Duration Current * Duration

4 220°C 13 minutes 1120 mA*s

5 320°C 8 minutes 1240 mA*s

Table 8.2 Bulk ion-exchange of 0.5 pm silver film into 1 cm x 2 cm x 0.7
mm [0G-10 glass samples. Two samples diffused under identical electric
field strengths (E=58 V/mm) but different temperature settings.

Figure 8.9 SEM photograph showing cross-section of Sample 4 after ion-
exchange. The diffusion depth is ~ 12 um.

The reconstructed refractive index profile (Figure 8.10) shows no significant difference

between samples 4 and 5 (An ~ 0.0583 and 0.0611, respectively).
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Figure 8.10 Refractive index (@A=633nm) as a function of depth after ion-
exchange. Samples 4 and S - E = 58 V/mm; Anode = 0.5 pm silver.
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It is reasonable to conclude from Figure 8.10 that, all other factors being equal,
temperature plays a relatively minor role in determining the refractive index profile of ion-
exchanged waveguides. The same cannot be said of the amount of source material at the
anode. This is illustrated by comparing samples 3 and 5, which were diffused under
identical temperature and electric field settings but had 0.2 pm and 0.5 um thick sitver films
at the anode, respectively. The diffusion depth and An for samples 3 and 5 were 6
um/0.0412 and 16 pm/0.061 1, respectively.

Signal and pump modal characteristics corresponding to two different ion-
exchange processes were modelled using FWAVE. Samples 2 and 5 were chosen since
they represent opposite extremes of An and diffusion depth. In diffused waveguides, the
refractive index is a continuously varying function of depth (graded-index). However,
mode-solver routines like FWAVE analyse stacks of dielectric layers with discrete
refractive indices. Therefore, the refractive index profiles for sample 2 and 5 were
discretized at 0.25 pm intervals using polynomial expressions derived for the curve fit.
The validity of this approximation improves when the size of the interval is much smaller
than one wavelength. However, the approximation had to be coarse since the number of
dielectric layers analysed by FWAVE was limited to 60. Therefore, the following mode

profiles serve only to highlight differences between the two samples, if any.

n=1 '

D:O; n=1.5541

n=1.5541+
(1.2364*D310794)-
(1.4256*D2*1073)-
3 =980 rm (8.534*D*10-9)

region

Silver-diffused

A = 1550 m D=6.0um; n = 1.5289

Substrate (n = 1.5277)

Figure 8.10 Contour plots showing fundamental signal (left) and pump
(right) TE mode in graded-index sample 2.
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Figure 8.11 Contour plots showing fundamental signal (left) and pump
(right) TE mode in graded-index sample 5.

Samples 2 and S differ by a factor of two or more in terms of waveguide diiiicusions, An
and number of guided modes. However, differences in the fundamental mode structures
are not as pronounced. From Figures 8.10 and 8.11, pump/signal mode-field widths
(distance between 13.5% contour lines along the axis of diffusion) for samples 2 and § are
estimated to be ~ 4.2 um/5.4 um and 6.0 pm/7.6 um, respectively. Coupling and
propagation losses for sample 5 were expected to be low given its wide mode-field
diameter and large physical dimension. Hence, the ion-exchange parameters used for
sample 5 served as the template for the first attempt at fabricating multimode channel

waveguides.

8.4 Fabrication of Ion-Exchanged Multimode Channel
Waveguides

Channel waveguides are formed on glass by confining the ion-exchange to a
narrow width. Since a masking layer is required to prevent ion-exchange in other regions
of the glass, a metal film (usually chrome) is first deposited uniformly atop the glass.
Narrow openings (5-10 um wide) are exposed on the chrome using photolithography and

etching. Silver is then deposited on top of the patterned chrome (Figure 8.12, top). Since
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chrome acts as a barrier, ion-exchange occurs only in those regions where glass is in direct
contact with silver ions (Figure 8.12, middle). After the ion-exchange is completed, the
metal films are stripped and the edges of the glass are sawn and polished to form channel

waveguides (Figure 8.12, bottom).

Silver Film

Er/Yb-doped
Sliver Diffused Region Glass (NIST-10)

Diffused Channel Waveguides

Figure 8.12 - Steps involved in fabricating ion-exchanged channel
waveguides. Top : Narrow openings are exposed on the chrome mask and
silver is deposited. Middle : Ion-exchange occurs wherever chrome is
absent. Bottom : Metal films are stripped, revealing channel waveguides.

The sequence of steps described above was appliedtoa | cm x 2 cm x 0.7
mm sample of IOG-10. A 0.2 pm thick chrome film was found to be an adequate mask.
The chrome was patterned to expose several 5 um wide openings. A 0.5 um thick silver
film was deposited on top of the patterned chrome. Ion-exchange was performed at 320°C
in the presence of a 58 V/mm electric field. Current flow through the glass as a function of

time is plotted in Figure 8.13. The low current-duration product (~12S mA#*s) is due to the
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fact that ion-exchange was now confined to occur over a smaller surface area.
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Figure 8.13 Current flow (Voltage/800 Ohms) through 10G-10 during ion-
exchange. E = 58 V/mm; Temp = 320°C; Anode = 0.5 um silver.

The glass was stripped of all metal films and cleaned. In the ion-exchanged regions, the
glass had expanded due to stress [81]. Profilometer scans revealed protrusions up to 80
nm above the glass surface (Figure 8.14). This was not noticed in Sections 8.2-8.3

because the ion-exchange had not been laterally confined.
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Figure 8.14 Profilometer scan reveals surface expansion in diffused
regions of the glass due to stress.

After polishing the end-facets, the glass was inspected using an optical microscope. The
ion-exchanged regions were clearly distinguishable due to the high reflectivity of silver

(Figure 8.15). The channels were roughly 10 um deep. However, the lateral width of the
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channels was conspicuously wider than the openings etched on chrome.

Figure 8.15 Cross-section of ion-exchanged multimode channel waveguide
in I0G-10 glass, observed through an optical microscope.

This isotropic diffusion profile is due to the electric-field pattern established in the glass.
Figure 8.16 illustrates a typical electric-field pattern in a triplate transmission line with a
narrow source and broad sink [81]. According to a model developed to study field-assisted
ion-exchange, silver ions tend to diffuse over a width comprising the mask opening plus
twice the diffusion depth [91]). The dimensions of the fabricated channel were consistent
with this prediction.

5pum

1mm

'

Figure 8.16 Electric-field lines connecting a narrow anode source to a
wide cathode sink.

It has been reported that electric field lines can be laterally compressed by spacing the anode
mask openings 10 um apart [92]. Figure 8.17 illustrates the intended effect, which
researchers have used to reduce channel waveguide widths by a factor of two [92]. Due to
time constraints, a new photomask with the appropriate anode configuration could not be

designed and ordered for these experiments. However, this is an essential task for future

research in this area.
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Figure 8.17 Lateral compression of electric field lines due to closely
spaced mask openings.

8.5 Optical Properties of Ion-Exchanged Multimode Channel
Waveguides

Optical properties of the IOG-10 glass were recorded prior to ion-exchange.

From spectrophotometer absorbance data, the peak pump absorption wavelength was
estimated to be ~975 nm. The losses at 976.3 nm and 1533 nm due to erbium/ytterbium
absorption in the bulk glass were 5.1 dB/cm and 1.52 dB/cm, respectively. Using
equipment and techniques described in previous chapters, the ion-exchanged multimode
channel waveguide of Figure 8.15 was first tested for its luminescence properties.
Spontaneous emission was observed in the 1520-1550 wavelength band when 66 mW of
light from a 976.3 nm laser diode was launched into the waveguide. From intensity decay
measurements (Figures 8.18), the metastable state lifetime was estimated to be ~ 8 ms.
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Figure 8.18 Decay of luminescence intensity as a function of time in ion-
exchanged channel waveguide. Chopping frequency was 25 Hz.
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Quantitatively, the 700 nW of spontaneous emission measured at the waveguide output
was the highest recorded during the course of this thesis. The emission spectrum had a

single shark peak at 1533 nm.

Using a singlemode fiber WSC, a 1533 nm signal source was launched
into an ion-exchanged waveguide which was 1.5 centimeters long. A multimode fiber was
used to collect light exiting the waveguide. A net fiber-to-fiber signal throughput loss of
3.84 dB was measured for this device. From bulk absorption data, the erbium-induced
loss over 1.5 cm is ~ 2.3 dB, which leaves coupling and propagation losses to account for
the remaining 1.5 dB. Signal transparency (or 0 dB gain) was achieved when 66 mW of
976.3 nm pump light was launched into the waveguide along with the signal (Figure 8.19).
The 3.75 dB of measured signal enhancement compensates for the net loss in the device
within experimental error. The onset of saturation indicates that maximum signal

enhancement has been achieved for this device.
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Figure 8.19 Enhancement in transmitted signal as a function of residual
pump power in 1.5 cm-long ion-exchanged multimode waveguide. Signal
transparency (0 dB gain) was achieved for a maximum input pump power of
66 mW. The input signal power was -13 dBm.
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Pump transmission through the device saturates for high input powers (Figure 8.20),

confirming the absence of ground-state erbium ions along the entire length of the device.
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Figure 8.20 Pump loss as a function of input pump power in ion-
exchanged multimode waveguide.

Figure 8.21 plots signal enhancement as a function of input signal power with the input
pump power constant at 66 mW. For input signal powers greater than -10 dBm,

enhancement in transmission was reduced significantly due to signal saturation (Chapter 3).
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Figure 8.21 Enhancement in transmitted signal as a function of input
signal power in ion-exchanged multimode waveguide. The input pump
(976.3 nm) power was 66 mW.

134



The device was pumped with a different laser diode (A=983.8 nm) in order to investigate
the importance of pump wavelength. According to spectrophotometer data, absorption in
the bulk glass at 983.8 nm was weaker than at 976.3 nm by a factor of two. A comparison
of signal transmission enhancement at these two pump wavelengths (Figure 8.22) confirms

that more power would be required at 983.8 nm to achieve an equivalent result.
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Figure 8.22 Enhancement in transmitted signal as a function of input pump
power for two different pump wavelengths.

From Figures 8.19 and 8.22, it was evident that the waveguide was short of optimum
length and that longer devices would have to be fabricated. However, a shorter device
was expected to provide additional information on waveguide losses. Therefore, after
recording the various optical properties described in the previous pages, the 1.5 cm-long
device was sawn to produce a shorter waveguide ~ 0.5 cm long. A net fiber-to-fiber signal
throughput loss of 1.42 dB was measured in the shorter device. By interpolating between
the two distances (and factoring in the 1.52 dB/cm erbium-induced loss at 1533 nm), the
coupling and excess propagation loss in this device were estimated to be ~ 0.3 dB and 0.72

dB/cm respectively. Figure 8.23 plots enhancernent in transmitted signal as a function of
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input pump (976.3 nm) power for the 0.5 cm-long waveguide. Signal transparency was

achieved with only 25 mW of input pump power but the net gain was negligible.
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Figure 8.23 Enhancement in transmitted signal as a function of input pump
power in 0.5 cm-long ion-exchanged multimode waveguide. Signal
transparency (0 dB gain) was achieved for an input pump power of 25 mW.
The input signal power was -15 dBm.

The first attempt at fabricating ion-exchanged multimode channel
waveguides produced two positive results : 1) signal transparency upon pumping. 2) low
coupling loss. On the negative side, the excess propagation loss of 0.72 dB/cm was
higher than expected for ion-exchanged multimode waveguides. Also, the unexpectedly
large width of the channels prevented tight mode-field confinement. In addition to making

the waveguide longer, an attempt was made to address these issues.

8.6 Fabrication and Testing of Ion-Exchanged Singlemode
Channel Waveguide Amplifier

In the next iteration in fabrication, the silver film thickness at the anode was
reduced to 0.2 pm. This was intended to reduce diffusion depth, width and the silver ion

content in the glass (which contributes to excess propagation loss). Further, a reduction in
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the number of modes at 976 nm and 1533 nm was deemed necessary to improve
pump/signal confinement and overlap.

In a graded-index waveguide, the maximum refractive index difference An
has to be lowered in order to reduce the number of guided modes. The correlation between
An and electric-field strength was established in Section 8.3. Sample 1 had the lowest An
(0.0232) among the ion-exchaged slab waveguides discussed in Section 8.3. Prism-
coupler measurements at A=1550 nm suggested that sample | was singlemoded at that
wavelength (Figure 8.24). Therefore, the ion-exchange parameters used for sample 1

(please refer to Table 8.1) seemed best suited to meet the stated requirements.
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Figure 8.24 Prism-coupler analysis of ion-exchanged slab waveguide
sample 1 (from Section 8.3). One TE mode was found at A=1550 nm.

A 5 cm-long sample of the IOG-10 glass was coated with chrome. During
photolithography, 5 pm-wide features could not be patterned due to a defect in the
photomask at that location. Therefore, the channels which were formed on the chrome
were 9 um wide. With 0.2 um of silver at the anode and 2.0 pm of silver at the cathode,
ion-exchange was performed at 320°C with an applied electric field of 5 V/mm. The
process was stopped after three minutes when current flow ceased. The glass was then
sawn and polished to a length of 4.2 cm. The resulting channel waveguide is shown in
Figure 8.25.
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Figure 8.25 Cross-section of ion-exchanged singlemode channel
waveguide.

The diffusion depth (~ 5.5 pm) was consistent with results obtained for the slab waveguide
(Figure 8.8). Due to lateral diffusion, the channel was again much wider (~22 pm) than
the mask opening. An added wrinkle on this instance was the “saddle-like” cross-sectional
profile of the channel. According to the literature, this phenomenon is due to the fact that
the electric-field is stronger near potential discontinuities (such as the edges of the metal
mask). This phenomenon is said to manifest itself strongly when the mask aperture is
larger than the diffusion depth, as was the case here [91].

Net throughput signal (A=1533 nm) loss of ~ 7.1 dB was measured in this
device. Signal transparency was achieved with 48 mW of input pump power (Figure

8.26). A net signal gain of ~ 0.6 dB was observed with 63 mW of pump power.
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Figure 8.26 Net signal gain as a function of input pump power in a 4.2
cm-long ion-exchanged singlemode waveguide. Signal transparency (0 dB

gain) occurs for an input pump power of ~48 mW. The pump was a 976.3
nm laser diode introduced into one end of the waveguide.
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Since the gain in Figure 8.26 appeared to be increasing as a function of input pump power,
a counter-propagating pump source (A = 983.8 nm) was introduced at the output of the
waveguide. Some changes were required in the experimental set-up to accomodate the
dual-pump arrangement. Instead of the multimode pick-up fiber, a fiber WSC was used at
the waveguide output to simultaneously launch the counter-propagating pump source into
the waveguide and extract the signal. The 1533 nm signal exiting the waveguide,
amplified spontaneous emission and a small fraction of co-propagating pump all appear at
the signal port of the second WSC. In order to distinguish the signal from ASE and
scattered pump, the 1533 nm signal was modulated and observed on an oscilloscope.
Signal enhancement upon pumping was measured by the change in peak-to-peak voltage of
the modulated signal. Signal enhancement of 10.6 dB, corresponding to a net signal gain
of ~ 3.5 dB, was observed with 120 mW of pump power launched into the waveguide

(Figure 8.27).
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Figure 8.27 Net signal gain as a function of pump power in a dual-pumped, 4.2 cm-long

ion-exchanged singlemode waveguide. Signal transparency occurs for a combined input

pump power of ~30 mW. The co-propagating pump was a 976.3 nm laser diode and the
counter-propagating pump was a 983.8 nm laser diode.
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The bi-directional pumping scheme is more efficient in avoiding signal reabsorption at one
end of the waveguide. Therefore, the threshold pump power required for signal
transparency was reduced to ~ 30 mW (15 mW from each end). To put this result in
perspective, it is included in Table 8.3, along with the results reported by all the major

research groups investigating erbium-doped planar waveguide amplifiers to date.

PROCESS Er,0, Amplifier Length (cm) x Gain Pump
Height (pm) x Width (um) (dB) Power(mW)
FLAME 0.45 wt% 48 x 7 x 8 27 284
HYDROLYSIS
MOLTEN SILVER 3.0 wt% 45 x 5.0 x 6.5 16.5 100

ION-EXCHANGE

SPUTTERING 2.8 wt% 45 x 13 x § 15 280
POTTASIUM ION- 1.65 wt% 0.6 x NA x NA 7.3 50
EXCHANGE
THALLIUM ION- 3.0 wt% 38 x 6 x5 7.0 100
EXCHANGE
PECVD 0.48 wt% 7.5 x 8 x 11 S 420
SPUTTERING > 2 wt% 1x1x35 4 60
SILVER-FILM 1 wt% 4.2 x 55 x 22 3.5 120

ION-EXCHANGE

ER-INDIFFUSION NA 1.7 x NA x 8 2.7 80
INTO Ti:LINBO,

ION- 2.7x10** 4 x NA x NA 2.3 10
IMPLANTATION ions/cm’

NA = Information was Not Available in the published manuscript.

Table 8.3 - The amplifier reported in this thesis is listed along with the best
reported results from several research groups involved in erbium-doped
planar waveguide amplifiers (as of March 1998).

The pumping efficiency (0.03 dB/mW) reported in this chapter can be improved through
better lateral light confinement, which would reduce the threshold pump power required to
sustain population inversion. This can be achieved either by compressing the electric field
lines during diffusion or by a passive index-loading rib on the surface. Increasing the

erbium content in the glass would then improve the gain coefficient over the same distance.
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Conclusions

This thesis has explored modeling and fabrication issues related to
erbium/ytterbium-doped waveguide amplifiers for application in integrated optics.
According to simulations, high erbium dopant levels (2-3 wt%) are required to achieve
amplification over distances of less than 10 cm. For such high concentrations, interaction
between adjacent erbium ions reduces population inversion and thus, stimulated emission.
Ytterbium co-doping was shown to mitigate this effect by strongly absorbing pump
photons and populating the metastable state of erbium through energy transfer. Simulation
results also suggest that rare-earth-doped optical waveguides with narrow cores offer the
best performance due to strong light confinement within the active layer. Optical
waveguide formation on rare-earth-doped thin-films and bulk glasses were investigated.

The complex chemistry of rare-earth-doped thin-film glasses makes them
intractable to conventional micromachining processes. Strip-loaded waveguides, formed
by etching ribs on a passive glass layer deposited on top of a planar rare-earth-doped film,
offer an attractive alternative. In this configuration, the stoichiometry of the active film can
be independently optimized to host large amounts of rare-earth-dopants while the passive
layer can be chosen independently to suit micromachining requirements.

Silver-film ion-exchange in rare-earth-doped glass is a simple and effective
method of fabricating low-loss, singlemode amplifiers. Net signal amplification of 3.5 dB
was achieved over a short length of erbium/ytterbium-doped waveguide using 120 mW of
pump power. There have been fewer than a dozen successful demonstrations of such
planar erbium-doped waveguide amplifiers this decade.

To the best of my knowledge, the work described in Chapter 5 represents
the first reported instance of transforming planar rectangular glass films into hollow,
circular microchannels. Smooth hollow channels Icm in length and 10um in diameter were
formed as a result of selective inflation of molten glass. This concept of “controlled glass-

blowing” can potentially be put to good use in microfluidic applications.
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Appendix A : Newton-Raphson Method to Solve Rate Equations
The rate equations (Eqn. 3.3-3.8) can be put in the following form using simple algebra:

AN, +W, N, +C (,N; +C N

-N Al
f; PVlz + Ru +C NV, +C(.‘RN(, l ( )
.flzNerb—Nl_NZ—IV3—N" (A.z)
f3 _ AZINZ + WulV: +2CL,-P1N:: _2C14N|N4 _lele __/v3 (A.3)
4.,
fi= A,N; — RN, +2CL.,,3N31 —Cx NN, _w, (A.4)
A-l3
fi= AgsNe + W No + CxN\N,, N, (A.5)
Wse
Js=Ny—=N;—N, (A-6)

Assuming an approximate solution vector (N,, V,.,...., NV,), each of the functions

f,,f,,.....fs can be expanded in a Taylor series as follows:

N, );

+[ 2. ]_(N(,_Nt)

6 /N,

f(N,,N,,.N,)= fl(X/_,,N_z,....,zv_6)+(i] (N,-F,)+....
v,

where the functions and partial derivatives on the right-hand side are evaluated using the
initial approximation. Although the exact solutions are unknown, the initial approximation
can be improved by an iterative procedure. For the exact solution vector (N|,N,,....Ny),
the left-hand side of Eqn. A7 goes to zero. The following system of linear equations is

thus generated by expanding A.1-A.6 along the lines of A.7:
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where AN, =N, — F, and N, is the next approximation. The partial derivatives are:
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Solving A.8 using Mathematica gives closed-form expressions for AN.'s that are needed to

improve the initial guess. Since these expression are fairly lengthy, they are not reproduced

here. After evaluating the AN;’s, the next approximation is made :

N, =N, +A4N,
This iterative process continues until f.f,,.....f, all fall below the specified
convergence criterion (€=10"%). The solutions were verified to be physically acceptable

(i.e. negative population densities are clearly not physically acceptable). Since convergence
characteristics are not clearly established for systems of non-linear equations, the algorithm

was tested under different initial guesses and always found to converge to the same result.
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