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This thesis describes how for the first time, unidirectional operation and coupled

ring tuning were realised on a quantum cascade laser material; specifically on a

new strain compensated In0.7Ga0.3As/AlAs0.6Sb0.4 grown on InP substrate and

operates in pulsed mode in the 3-4 µm hydrocarbon absorption region.

Unidirectional ring lasers have the advantages that, in the favoured emission di-

rection, they can have up to double the quantum efficiency of bidirectional lasers

and they do not suffer from spatial hole burning. In this work, this operation was

realised by incorporating an “S”-crossover waveguide into the ring cavity in a man-

ner that it introduces non reciprocal loss and gain in the counter-clockwise (CCW)

and clockwise (CW) directions respectively. The measured result showed higher

quantum efficiency in the CW. In fact at 1.5 times the threshold current. 90 % of

the light was emitted in the favoured CW.

On the other hand, the coupled ring quantum cascade laser showed nearly single

mode operation, with side mode suppression ratio ∼22 dB. Continuous wavelength

tuning of about 13 nm was observed from one of these devices, at a tuning rate of

approximately 0.4 nm/mA.

http://www.gla.ac.uk/
http://www.gla.ac.uk/schools/engineering
http://www.gla.ac.uk
http://c.nshii@elec.gla.ac.uk


iii

Publications

1. C. C. Nshii, C. N. Ironside, M. Sorel, T. J. Slight, S. Y. Zhang, D. G. Revin,

and J. W. Cockburn, “A unidirectional quantum cascade ring laser”, Applied

Physics Letters, vol. 97, no. 23, p. 231107, 2010.

2. C. C. Nshii, C. N. Ironside, M. Sorel, T. J. Slight, S.Y. Zhang, D. G. Revin

and J. W. Cockburn, “Quantum Cascade Ring Lasers: Unidirectional Oper-

ation and Coupled Ring Tuning”, Accepted for publication by the European

Conference on Lasers and Electro-Optics (CLEO-EUROPE), 2011



Acknowledgements

My sincere gratitude goes to my supervisor, Prof. Charles Ironside for his unre-

lenting support and supervision. Also many thanks to Dr. Marc Sorel and Prof.

Douglas Paul for their advice and guidance.

Many thanks to the QCSENSE group members: Prof. John Cockburn and his

group from Sheffield University for the wafer; Andy Mckee, Wyn Meredith, Iain,

Henry Sinclair from Compound Semiconductor Technologies for the ICP etching.

Special thanks to Dr. Thomas Slight and Dr. Corrie Farmer for teaching me how

to operate the FTIR spectrometer and helping me out with the measurements.

Also to be remembered here is Dr. Garbor Mesozi for his great help. To my

colleagues in the office: Leo, Andy, Jason, Kamil, Dr. Antonio, Peppe, Piotr, I

appreciate your contributions and will greatly miss you all.

To the technicians in JWNC: Eve, Helen, Mary, Donald and a host of others, I

appreciate.

Last, and not least, my love and thanks go to my family and friends for the

support. Above all, special thanks to my parents for making funds available for

this research.

To my Wife and Son (Jason), I love you.

1



Contents

Declaration of Authorship i

Abstract ii

Publications iii

Acknowledgements 1

List of Figures 6

List of Tables 12

Acronyms 13

1 Introduction 1

1.1 Research Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 Research Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Quantum Cascade Laser Theory 6

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Brief history of Quantum Cascade Lasers . . . . . . . . . . . . . . . 6

2.3 General QCL Concepts . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.4 Operation of quantum cascade lasers (QCLs) . . . . . . . . . . . . . 10

2.5 Population Inversion in QCL . . . . . . . . . . . . . . . . . . . . . . 11

2.6 Quantum Cascade Laser Active Region Design . . . . . . . . . . . . 13

2.6.1 Design of the Lower Laser Levels . . . . . . . . . . . . . . . 14

2.6.2 Vertical Transition Active Region . . . . . . . . . . . . . . . 16

2.6.3 Diagonal Transition Active Region . . . . . . . . . . . . . . 18

2.6.4 Bound to Continuum Active Region . . . . . . . . . . . . . . 19

2.6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.7 Injector Region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2



Contents 3

3 Material and Device Design Considerations 23

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2 Material Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2.1 Material Aspect of III-V Semiconductors . . . . . . . . . . . 24

3.2.2 Strain in Quantum Wells . . . . . . . . . . . . . . . . . . . . 25

3.2.2.1 Strain Compensation in quantum wells (QWs) . . . 27

3.2.3 QCLs Operating in (λ ∼ 3-5 µm) Atmospheric Window . . . 28

3.2.3.1 AlAs0.56Sb0.44/In0.53Ga0.47As/InP quantum cascade
(QC) Material . . . . . . . . . . . . . . . . . . . . 33

3.3 Wafer Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.4 Optical waveguide . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.4.1 Waveguide Modeling . . . . . . . . . . . . . . . . . . . . . . 37

3.4.1.1 Analytical calculation . . . . . . . . . . . . . . . . 38

3.4.1.2 Numerical Computation . . . . . . . . . . . . . . . 40

3.5 Constitutional Component design . . . . . . . . . . . . . . . . . . . 40

3.5.1 Couplers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.5.1.1 Evanescent field couplers . . . . . . . . . . . . . . . 41

3.5.1.2 Multimode Interference Couplers . . . . . . . . . . 44

3.5.1.3 Y-Junction Couplers . . . . . . . . . . . . . . . . . 51

3.6 Semiconductor Ring Lasers . . . . . . . . . . . . . . . . . . . . . . . 53

3.6.1 Mode Competition . . . . . . . . . . . . . . . . . . . . . . . 54

3.6.1.1 Two-Mode Competition Analysis . . . . . . . . . . 54

3.6.2 Regimes of operation . . . . . . . . . . . . . . . . . . . . . . 58

3.6.3 Free Spectral Range . . . . . . . . . . . . . . . . . . . . . . 59

3.6.4 Bending Losses in Ring Waveguides . . . . . . . . . . . . . . 60

3.6.4.1 Numerical Computation of Bend Loss . . . . . . . 60

3.6.4.2 Analytical Calculation of Bend Loss . . . . . . . . 61

3.6.5 Instability of Laser Operation Caused by Facet Reflections . 64

3.6.6 Ring Laser Design . . . . . . . . . . . . . . . . . . . . . . . 65

3.6.7 Ring Laser Result . . . . . . . . . . . . . . . . . . . . . . . . 66

3.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4 Quantum Cascade Ring Laser Fabrication 69

4.1 Fabrication Process Overview . . . . . . . . . . . . . . . . . . . . . 69

4.1.1 Introduction/ Key fabrication challenges . . . . . . . . . . . 69

4.2 Dielectric Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.3 Lithography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.4 Dry etch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.5 Fabrication Process Flow . . . . . . . . . . . . . . . . . . . . . . . . 73

4.5.1 Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . 73

4.5.2 Silica (hardmask) deposition and etching . . . . . . . . . . . 74

4.5.3 Effect of reactive ion etching (RIE) lag . . . . . . . . . . . . 74

4.5.4 Ring Waveguide etching . . . . . . . . . . . . . . . . . . . . 78

4.6 Planarisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78



Contents 4

4.7 Contact window opening . . . . . . . . . . . . . . . . . . . . . . . . 80

4.8 Liftoff Pattern . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.9 Metalisation (Top contact) . . . . . . . . . . . . . . . . . . . . . . . 83

4.10 Metal Liftoff . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.10.1 Thinning, Back contact metallisation and Annealing . . . . . 84

4.11 Cleaving, Mounting and Wire-bonding . . . . . . . . . . . . . . . . 84

4.12 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5 Unidirectional Quantum Cascade Ring Lasers 87

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.2 Aim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.3 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.4 Literature review on unidirectional ring laser . . . . . . . . . . . . . 89

5.5 Operation of Unidirectional quantum cascade ring laser (QCRL) . . 90

5.5.1 Rate Equation Model for QCRL . . . . . . . . . . . . . . . . 91

5.6 Coupled Rate Equation Model For Unidirectional QCRL . . . . . . 93

5.7 Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.8 Device Characterisation Technique . . . . . . . . . . . . . . . . . . 101

5.8.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . 101

5.8.2 Spectra Acquisition . . . . . . . . . . . . . . . . . . . . . . . 103

5.8.3 Light-Current and Current-Voltage Measurement Setup . . . 104

5.9 Result And Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.10 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6 Coupled Rings Quantum Cascade Lasers 108

6.1 Chapter Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6.1.1 Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.1.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.2 Principle of coupled racetrack laser . . . . . . . . . . . . . . . . . . 109

6.2.1 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.2.2 Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6.2.2.1 Wavelength tuning . . . . . . . . . . . . . . . . . . 113

6.3 Coupled Ring Model . . . . . . . . . . . . . . . . . . . . . . . . . . 115

6.4 Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.4.1 Designed Chips . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.5 Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.5.1 Measurement Challenges . . . . . . . . . . . . . . . . . . . . 125

6.5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

6.5.2.1 Device M05MI . . . . . . . . . . . . . . . . . . . . 126

6.5.2.2 Device Y19MI . . . . . . . . . . . . . . . . . . . . 126

6.5.2.3 Device Y06DC . . . . . . . . . . . . . . . . . . . . 130

6.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

7 SuperTune 133

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133



Contents 5

7.2 Project Aim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

7.3 Project Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

7.4 Components of SuperTune . . . . . . . . . . . . . . . . . . . . . . . 136

7.4.1 Semiconductor Heterostructures . . . . . . . . . . . . . . . . 136

7.4.2 Quantum well . . . . . . . . . . . . . . . . . . . . . . . . . . 137

7.4.3 semiconductor superlattices (SSLs) . . . . . . . . . . . . . . 138

7.4.4 Minibands in SSLs . . . . . . . . . . . . . . . . . . . . . . . 138

7.4.5 Wannier-Stark ladders in Semiconductor Superlattices . . . . 140

7.4.6 Wavelength Tunability in GaAs/AlAs superlattice . . . . . . 142

7.5 Wafer Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

7.5.1 SuperTune Wafer Structure . . . . . . . . . . . . . . . . . . 143

7.5.2 Wavefunction calculation . . . . . . . . . . . . . . . . . . . . 144

7.6 Optical Confinement in SuperTune . . . . . . . . . . . . . . . . . . 145

7.6.1 Optical Parameter Modeling . . . . . . . . . . . . . . . . . . 148

7.6.1.1 Dielectric Permittivity of a Medium . . . . . . . . 149

7.6.2 Waveguide modeling . . . . . . . . . . . . . . . . . . . . . . 150

7.7 SuperTune Processing . . . . . . . . . . . . . . . . . . . . . . . . . 151

7.8 SuperTune Characterisation . . . . . . . . . . . . . . . . . . . . . . 152

7.8.1 Experimental setup for SuperTune dc characterisation . . . . 152

7.8.2 SuperTune electrical characterisation . . . . . . . . . . . . . 153

7.8.2.1 Turn-on Voltage . . . . . . . . . . . . . . . . . . . 154

7.8.2.2 Negative Differential Resistance measurement . . . 155

7.8.2.3 Reverse Breakdown Voltage . . . . . . . . . . . . . 156

7.8.2.4 Common-base output Characteristic . . . . . . . . 156

7.8.3 SuperTune Optical characterisation . . . . . . . . . . . . . . 158

7.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

8 Conclusion 162

A Multilayer Lift-off Recipe 166

Bibliography 168



List of Figures

1.1 Some of the molecules of interest and their absorption wavelengths
in the mid-infrared region of the spectrum . . . . . . . . . . . . . . 1

1.2 The structure of the work undertaken in this research . . . . . . . . 5

2.1 Energy diagram of interband and intersubband transitions . . . . . 8

2.2 Schematic of conduction band energy profile used to illustrate the
operating principle of quantum cascade laser. The multi-quantum
well is under bias with moduli-squared wavefunctions of selected
quantum confined energy levels shown . . . . . . . . . . . . . . . . 11

2.3 A schematic illustration of the scattering process in a three energy
level quantum cascade laser active region . . . . . . . . . . . . . . . 12

2.4 Conduction band profile showing the two energy levels E2-E1 and
the moduli squared of the wavefunctions at (a) F = 0 kV/cm, (b)
F = 20 kV/cm; anticross is observed at point as the wavefunctions
beging to switch QWs of localisation, and (c) F = 50 kV/cm is
increased, also shown are the moduli squared of E2-E1 wavefunctions 15

2.5 Energy difference (E2-E1) as a function of applied electric field.
Dashed line is the calculated LO phonon energy of the well (GaAs) 16

2.6 Conduction band profile of a two well vertical transition active re-
gion, the layer structure from left to right starting from QW1 is
6.4/0.9/5.0 nm (normal italics denote GaAs and bold italics denote
Al0.45Ga0.55As layers) . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.7 Conduction band profile of a diagonal transition quantum cascade
active region design. The layer sequence from left to right is 2.5 /2.0/5.4 /1.1/4.8
nm (normal italics denote GaAs and bold italics denote Al0.45Ga0.22As
layers. The moduli squared wavefunctions of the laser subbands are
shown, the red wavy arrow denotes optical transition . . . . . . . . 18

2.8 Conduction band profile of one stage of the bound to continuum
structure under an applied electric field of 35 kV/cm. The moduli
squared of the relevant wavefunctions are shown . . . . . . . . . . 20

2.9 Conduction band profile under an electric field of 75 kV/cm to illus-
trate the requirement for an injector region to connect consecutive
active regions. Here two active regions are connected back to back
with 5.0 nm central barrier. The optical transition is denoted by
the wavy arrow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

6



List of Figures 7

3.1 Energy gaps of III-V semiconductors as a function of lattice con-
stants at low temperature. . . . . . . . . . . . . . . . . . . . . . . . 24

3.2 Schematic illustration of a substrate with two mismatched layers,
(a) shows the individual unstrained layers with lattice constants
al < a0 (material A) and al > a0 (material B), where a0 is the
substrate lattice constant and (b) shows the situation when either
of the material is grown on the substrate. As can be seen, material A
is under tensile strain while material B is under compressive strain
as their lattice constants are forced to match that of the substrate. . 26

3.3 Schematics showing formation of triangular barrier and its effect on
intersubband population inversion. At high applied field, due to se-
vere band bending, the width of the barrier becomes narrower than
the rest of the barrier thereby encouraging tunneling of electrons to
the band of continuum . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.4 Some material systems of interest for short-wavelength QCLs. . . . 30

3.5 Epi-layer structure of the QC material used in this research . . . . . 34

3.6 The calculated conduction band profile for AlAs0.6Sb0.4/In0.7Ga0.3As/InP
QC material system under applied bias of F=125 kV/cm for part of
the core region. Also shown are the moduli squared of the relevant
wavefunctions. Ei, E3 and E2 indicate the injector, upper laser and
lower laser energy levels respectively. The energy of the lowest lying
satellite energy (EL) in the well is also shown at a value of about
620 meV above the Γ minimum in the well . . . . . . . . . . . . . 35

3.7 Schematic diagram of a ridge waveguide quantum cascade laser.
In this structure, vertical (z ) confinement is achieved with the aid
of the cladding, while the ridge helps confine the photons on the
horizontal (x ) direction . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.8 Schematic diagram of a racetrack ring quantum cascade laser. R1
and R2 are the inner and outer radius of the circular part of the
racetrack; Lc and w are the length of the straight waveguide and
the width of the waveguides respectively. . . . . . . . . . . . . . . . 37

3.9 Computed index (blue colour) and fundamental mode profile (black
colour) of the waveguide structure . . . . . . . . . . . . . . . . . . . 38

3.10 A plot of coupler length (for 50% coupling) as a function of etch
depth and coupler gap in a 5 µm waveguide; calculated using Beam-
Prop at λ∼3.5 µm . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.11 Cross-sectional view scanning electron microscope (SEM) of the fab-
ricated evanescent field coupler . . . . . . . . . . . . . . . . . . . . 42

3.12 Schematic of a simple evanescent field coupler . . . . . . . . . . . . 43

3.13 A plot of coupled power against coupler length for a coupler gap,
d = 0.5µm and 4.0 µm etch depth. This computation was done
using BEAMPROP . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.14 Graphical representation of the imaging properties in the multi-
mode waveguide with an input field injected at x=0 . . . . . . . . . 45

3.15 Schematic layout of a 2 x 2 general and restricted pair interfer-
ence multimode interference (MMI) couplers . . . . . . . . . . . . . 46



List of Figures 8

3.16 Schematic of the circuit layout used for the BPM simulation . . . . 48

3.17 3-D BPM simulation of the restricted paired coupler with a physical
width of 24 µm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.18 Cross-sectional view of the transverse field profile in the MMI . . . 50

3.19 Plot of tapering angle vs power loss in the MMI . . . . . . . . . . . 50

3.20 SEM of a tapered MMI . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.21 Schematic of a ringlaser utilising Y-coupler . . . . . . . . . . . . . . 52

3.22 BPM simulation of the Y-junction used in this work . . . . . . . . . 53

3.23 Sectional view of the transverse field profile in the coupler . . . . . 54

3.24 Illustration of oscillation mode coupling . . . . . . . . . . . . . . . . 56

3.25 Racetrack laser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.26 Computed BPM bending loss as a function of bend radius for a 5
µm wide waveguide with 4.1 µm etch depth. . . . . . . . . . . . . . 61

3.27 Bending loss (dB/m) as a function of bend radius at ∆n/n ∼ 0.57
for bend radii 1-5 µm, calculated analytically by solving equa-
tions 3.33 - 3.38 in Matlab . . . . . . . . . . . . . . . . . . . . . . . 63

3.28 Comparison between numerically computed bend loss (dB/m) and
analytically calculated bend loss at ∆n/n ∼ 0.025and0.028, as a
function of bend radius . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.29 SEM image of the fabricated racetrack waveguide and its corre-
sponding tapered MMI coupler . . . . . . . . . . . . . . . . . . . . 65

3.30 Acquired emission spectrum of the quantum cascade ring laser at
1.3 x Ith, measured at 200 K with FTIR resolution of 1 nm . . . . . 66

3.31 Current- Voltage curves of the ring laser and a Fabry Perot (FP) of
the same dimension . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.32 Normalised Optical power - Current curves of the ring laser and a
FP of the same dimension . . . . . . . . . . . . . . . . . . . . . . . 67

4.1 The basic fabrication steps taken to fabricate the quantum cascade
ring lasers reported in this thesis . . . . . . . . . . . . . . . . . . . 70

4.2 Hardmask etch profile . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.3 RIE lag effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.4 RIE lag effect vs. etchtime . . . . . . . . . . . . . . . . . . . . . . . 77

4.5 Waveguide etching using ICP-RIE . . . . . . . . . . . . . . . . . . . 79

4.6 Planarised waveguide . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.7 Top view schematic, showing two electrical contacts isolated by a
liftoff area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.8 liftoff using first approach . . . . . . . . . . . . . . . . . . . . . . . 82

4.9 liftoff using second approach . . . . . . . . . . . . . . . . . . . . . . 83

4.10 Processed device . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.11 Processed device . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.1 S-crossover unidirectional ring laser . . . . . . . . . . . . . . . . . . 90

5.2 Energy diagram of a three states quantum cascade laser . . . . . . . 92

5.3 Conceptual diagram of unidirectional QCRL . . . . . . . . . . . . . 94



List of Figures 9

5.5 Computed counter propagating wave suppression ratio (CWSR) as
a function of cross-coupling coefficient, k1, for cavity net modal gain
of 3800 m−1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.6 SEM image of a processed unidirectional quantum cascade ring laser 100

5.7 Experimental setup used to measure the spectra of the processed
quantum cascade lasers . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.8 Light-current curves from the CW and CCW exit waveguides, both
measured at 200 K . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.9 The plot of CWSR as a function of injection current, shown from
laser threshold. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.10 Acquired spectrum of the unidirectional quantum cascade ring laser
at 1.2times the threshold current obtained at 80 K . . . . . . . . . . 106

6.1 A micrograph showing one of the processed coupled-ring lasers . . 110

6.2 Calculated free spectral range of ring 1 using data given in table 6.1
in equations 6.1 and 6.2 . . . . . . . . . . . . . . . . . . . . . . . . 111

6.3 Calculated free spectral range of ring 2 using data given in table 6.1
in equations 6.1 and 6.2 . . . . . . . . . . . . . . . . . . . . . . . . 112

6.4 The coupled free spectral range calculated by superimposing FSR1
over FSR2. The design coprime numbers N and M are 3 and 4
respectively . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

6.5 Theoretical tuning of the coupled ring (FSR1 = ∼ 1.8 nm and FSR2
= ∼ 1.4 nm) obtained by varying the refractive index of ring 1, in
equation 6.11, from ∆n = 0.01 to 0.08 . . . . . . . . . . . . . . . . 115

6.6 Theoretical tuning of the coupled ring (i.e FSR1 = ∼ 1.8 nm and
FSR2 = ∼ 1.4 nm) obtained by varying the refractive index of ring
2, in equation 6.11, from ∆n = 0.01 to 0.08 . . . . . . . . . . . . . . 116

6.7 Schematic diagram of a double coupled ring laser . . . . . . . . . . 117

6.8 Simulated transmission spectrum of coupled rings of different di-
mensions at coupling coefficients k2 0.1 to 1.0 . . . . . . . . . . . . 119

6.9 Transmission spectrum of coupled rings of the same dimensions at
coupling coefficients k2 0.1 to 1.0 . . . . . . . . . . . . . . . . . . . 121

6.10 Simulation data plot of change in FSR of identical coupled rings as
a function of intering coupling coefficient (k2) . . . . . . . . . . . . 122

6.11 Amplified spontaneous emission spectrum from a FP processed from
quantum cascade material used in this research . . . . . . . . . . . 122

6.12 Comparison between ASE from a FP and ASE from coupled ring
laser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

6.13 SEM image of one of the processed coupled ring laser . . . . . . . . 125

6.14 Emission spectrum of the Y05MI coupled ring quantum cascade
laser (CRQCL) acquired at IR1 = 0 and IR2 = 3.2xIR2th, where
IR2th = 250 mA. The distance between points A-B, B-C, C-D and
D-E equal the designed coupled ring free spectral range (FSR) i.e
FSRc ∼ 8.0 nm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127



List of Figures 10

6.15 Emission spectrum of the Y019MI CRQCL measured at IR1 = 0
and IR2 = 2.6xIth, where Ith = 300 mA. The distance A-B = B-C
= 27 nm and corresponds to the designed FSRc (see table 6.2) . . 127

6.16 Acquired emission spectra for Y019MI CRQCL at IR2 = 2.6xIth,
where Ith = 300 mA. Refractive index of ring1 was tuned by injecting
DC current in the range of 0-25 mA. No tuning was observed. . . . 128

6.17 Acquired emission spectra for Y019MI CRQCL at IR2 = 4xIth,
where Ith = 100 mA. Refractive index of ring2 was varied by inject-
ing DC current in the range of 0-35 mA into the ring. Wavelength
tuning ∼ 13 nm can be observed (from 3550-3537 nm) . . . . . . . 129

6.18 (a) plot of measured wavelength versus DC current into ring2 for
device Y19MI, (b) Simulation plot of wavelength versus group index
for device Y19MI, calculated using equation 6.11 . . . . . . . . . . 130

6.19 Emission spectrum of the Y06DC CRQCL acquired at IR1 = 100
mA and IR2 = 0 (black line); IR1 = 0 mA and IR2 = 300 mA (red
line). The distance between points A-B, B-C, D-E and E-F equal
the designed coupled ring FSR i.e FSRc ∼ 10.0 nm . . . . . . . . . 131

7.1 Cross-sectional view of the processed SuperTune device . . . . . . . 136

7.2 Bandstructure diagrams of a heterojunction and a quantum well . . 137

7.3 Superlattice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

7.4 miniband formation . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

7.5 minibands in GaAs(6.1nm) / AlAs(2.4nm) superlattice . . . . . . . . . 141

7.6 SuperTune operation at 140 kV/cm . . . . . . . . . . . . . . . . . . 142

7.7 Computed wavelength of SuperTune as a function of applied field . 144

7.8 1-1 transition peak vs applied field . . . . . . . . . . . . . . . . . . 145

7.9 Computed wavefunctions and transition energies at F = 140 kV/cm 146

7.10 Computed wavefunctions and transition energies at F = 180 kV/cm 146

7.11 Computed wavefunctions and transition energies at F = 240 kV/cm 148

7.12 Confinement factor and Modal loss vs. Ridge width plot, for the
TM fundamental mode at (a) λ = 10 µm, (b) λ = 5 µm . . . . . . 150

7.13 Cross-sectional view of the fundamental transverse magnetic (TM)
mode at (a) 5 µm wavelength, (b) 7 µm wavelength and (c) 10 µm
wavelength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

7.14 Schematic diagram of the SuperTune experimental setup . . . . . . 152

7.15 SuperTune connected in common base configuration . . . . . . . . . 153

7.16 Forward bias turn-on voltages for the base-collector junctions of
F07 and I03 devices. Also shown is the forward bias base-emitter
turn-on voltage for I03 device. F07 and I03 devices were fabricated
from wafers ST2547 and ST2548 respectively . . . . . . . . . . . . . 154

7.17 SuperTune I-V curve showing regions of negative differential resis-
tance (NDR) at 77K . . . . . . . . . . . . . . . . . . . . . . . . . . 155

7.18 Reverse breakdown voltage for the base-collector junction . . . . . . 156

7.19 Common-base output characteristics of F07 SuperTune device . . . 157

7.20 Common-base output characteristics of I03 SuperTune device . . . . 157



List of Figures 11

7.21 Measurement setup for optical characterisation of SuperTune . . . . 159

7.22 Acquired spectra of SuperTune, using lock-in detection step-scan
technique, at applied voltages of 2.7, 10 and 13 V at 20 K and 9
mA injection current . . . . . . . . . . . . . . . . . . . . . . . . . . 160



List of Tables

3.1 Calculated refractive indices and absorption coefficients of the layers
of the QC material at λ ∼3.5 µm using equations 7.6, 7.9, 7.10 and
7.11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.2 Reduced waveguide structure used for the analytical calculation of
the effective index and the fundamental mode profile . . . . . . . . 39

3.3 Comparison of the three available coupling techniques used in this
work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.4 Parameters used to design the ring laser . . . . . . . . . . . . . . . 65

4.1 Fitting parameters for calculating etch-depth ratio . . . . . . . . . . 78

5.1 Parameters used to model unidirectional behaviour in an “S”-crossover
ring waveguide cavity . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.2 Design parameters for the unidirectional QCRL with chip id: UR250DC 99

5.3 Design parameters for unidirectional QCRL with chip id: UR250MMI100

6.1 Design parameters for coupled ring laser with chip ID Y03MI . . . . 111

6.2 Design parameters for devices reported in this chapter . . . . . . . . 124

7.1 Wafer structure as reported in the original work . . . . . . . . . . . 147

7.2 Epilayer structure of wafer ST2547 . . . . . . . . . . . . . . . . . . 147

7.3 Epilayer structure of wafer ST2548 . . . . . . . . . . . . . . . . . . 148

12



Acronyms

MMI multimode interference

SRL semiconductor ring laser

QCL quantum cascade laser

CCW counter-clockwise

CW clockwise

QCRL quantum cascade ring laser

FP Fabry Perot

EFC evanescent field coupler

SEM scanning electron microscope

MIR mid-infrared region

DFB distributed feed back

DBR distributed Bragg reflector

OPO optical parametric oscillator

SSL semiconductor superlattice

WSL Wannier-Stark ladder

HBT heterostructure bipolar transis-

tor

NDR negative differential resistance

I-V current-voltage

QW quantum well

13



List of Tables 14

QSE quantum size effect

MBE molecular beam epitaxy

SHB spatial hole burning

EBL electron beam lithography

FSR free spectral range

SMSR sidemode suppression ratio

QC quantum cascade

THz terahertz

TM transverse magnetic

FIR far infrared

ASE amplified spontaneous emission

FWHM full width at half maximum

TE transverse electric

LO longitudinal optical

FTIR fourier transform infrared

BTC bound to continuum

LED light emitting diode

CR-QCL coupled ring quantum cas-

cade laser

PECVD plasma enhanced chemical

vapour deposition

SPA semiconductor parameter anal-

yser

RIE reactive ion etching

ICP-RIE inductively coupled reactive

ion etching

IPA Isopropyl alcohol

LOR Liftoff resist



List of Tables 15

RPM revolution per minute

CWSR counter propagating wave sup-

pression ratio

UQCRL unidirectional quantum cas-

cade laser

CRQCL coupled ring quantum cas-

cade laser

L-I light-current

GaAs gallium arsenide

BPM beam propagation method



Chapter 1

Introduction

The research reported here is on investigation of semiconductor light sources based

on intersubband transitions (i.e transition between energy levels contained in a

band, typically the conduction band)[1] in quantum wells and superlattices. These

sources have evolved over the years as likely candidates for mid-infrared region

(λ ∼ 3 − 14µm) optical spectroscopy. This region, known as the molecular fin-

gerprint region of the spectrum, is very important for spectroscopy [2]. Most

substances, molecules and trace gasses of interest have tell-tale absorption fea-

tures due to vibro-rotational transition in this wavelength region as can be seen

from figure 1.1

Figure 1.1: Some of the molecules of interest and their absorption wavelengths
in the mid-infrared region of the spectrum

[3]

1
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A tree diagram showing how this research is structured is shown in figure 1.2. The

first project undertaken in this work, was the SuperTune project. This was a novel

widely tunable (λ ∼ 5 − 13µm) mid-infrared incoherent source, based on earlier

work by Scarmacio et al [4].

In this project, we redesigned the original wafer by including waveguides, in order

to increase the output power from ∼ nWatts reported in Ref. [4] to µ- or milli-

Watts, suitable for spectroscopy (with sensitivities of several parts per billion by

volume). Other changes made to the original wafers to achieve our target include,

fabricating SuperTune as a ridge waveguide device (instead of mesas), replacing

the semiconducting substrate with a lightly doped (i.e conducting) substrate which

offered better thermal management and a less complicated fabrication. Also the

cap layer was excessively doped (5x1019 cm−3) compared to (5x1018 cm−3) reported

for the original wafer, to encourage plasma assisted waveguiding, especially in the

longer wavelength [5]. These devices, as will be discussed later in chapter 7, rely on

both inter and intra- Wannier-Stark ladder (WSL) transitions in the conduction

band of the superlattice active region for its operation, with the later controlling

its tunability. Furthermore, the wide tunability expected from this devices can

be achieved by mere tuning of the applied voltage from 7 - 14 V. This project is

covered in chapter 7.

The 3 - 4 µm wavelength range is of key technological importance for a wide

range of applications. Many important hydrocarbon species, for example ethane,

methane, acetone, formaldehyde and butane and other molecules such as hydro-

gen halide have their strongest absorption features in this region. This leads to

many potential applications in areas such as clinical diagnostics (breath analysis),

process monitoring, control of outdoor and indoor pollution, and remote detection

of oil and gas deposits.

Quantum cascade laser based sensing (QCSENSE) project was initiated to develop

a highly sensitive state of the art quantum cascade laser (QCL)[6]-based detection

system, operating at the ethane first absorption band, 2954 cm−1[7], (i.e λ ∼

3.385 µm) and suitable for detecting traces of ethane naturally escaping from oil
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reservoir underground. A new QCL material system based on strain compensated

AlAsSb/InGaAs/InP[8], was developed for this project.

Although light sources based on interband antimonide [9] and lead-salts [10] have

been demonstrated in the λ ∼ 3− 4 µm region, they require cryogenic cooling for

operation [11], unlike the QCL reported here which operates reasonably well at

room temperature. Other advantages of QCLs over lead-salt lasers in the 3-4 µm

range include:

1. higher operating temperatures [12]

2. higher output power [12, 13]; 400 mW peak power compared [14] to ∼ 1mW

reported for a lead-salt laser operating at 3.5 µm [15]

3. compact size

4. better single mode behaviour [12] with Single-mode continuous tunability of

∼ 15 cm−1 [14] from a distributed feed back (DFB) operating at 3.35 µm

compared to ∼ 1 cm−1 reported for a lead-salt laser operating at 3.5 µm [15]

The overall performance of quantum cascade lasers make them excellent candidates

for ultra sensitive trace gas sensing in the 3-5 µm and 8-13 µm atmospheric window.

The theory of QCLs relevant to the undertaken research is detailed in chapter

2 while the material and device design considerations are covered in chapter 3.

The fabrication techniques employed to overcome key challenges in the device

processing are discussed in chapter 4

In the QCSENSE project, we investigated a new approach to achieving tunable sin-

gle mode QCLs. This technique which have been investigated and demonstrated in

the communication wavelength (1.55 µm) by Choi et al [16], Segawa et al [17], Liu

et al [18] is based on coupled ring effect. Coupled ring lasers have the potential of

achieving M times the tuning range of a single ring laser, where M is the Vernier

effect tuning enhancement factor associated with coupled waveguide [19]. The

tuning enhancement factor is responsible for wide tunability observed in coupled
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ring lasers. Coupled ring QCLs offer many advantages over DFB-QCLs. These in-

clude; ultra wide wavelength tuning range, narrower band-width, higher sidemode

suppression ratio (SMSR), low frequency chirp, lower fabrication tolerance and

simpler fabrication and ability to tune over wide wavelength range (< 50 nm)

with small injected current (<7 mA). [17]. This investigation is reported fully, in

chapter 6

Also, investigated under the QCSENSE project was the possibility of a unidirec-

tional operation in QCL [20]. Though not particularly related to sensing applica-

tion, it finds relevance in mode-locked operation, as unidirectional lasers do not

suffer from spatial hole burning (SHB) which is a source of noise and has recently

been shown to be a limitation on modelocked operation of QCLs, as SHB dete-

riorates pulse quality [21]. In addition, unidirectional lasers have the advantage

that, in the favoured emission direction, they can have up to double the quantum

efficiency of bidirectional lasers. In this project, we designed, fabricated and char-

acterised the first unidirectional quantum cascade ring lasers (with 90% emission

in the favoured direction) [20] by incorporating an “S”-cross arm waveguide into

the ring cavity in a manner that it introduces, respectively, a non-reciprocal loss

and gain to the unwanted and the favoured emission direction [22]. This project

is described in chapter 5.

1.1 Research Aims

The aim of this research work was to investigate new types of light emitting devices,

operating in the mid-infrared region (MIR), based on intersubband transitions in

superlattices and quantum wells.

1.2 Research Objectives

The objective of this research was to investigate and develop tunable MIR light

sources suitable for detecting one or more species shown in figure 1.1.



Chapter 1. Introduction 5

1.3 Thesis Outline

The thesis is structured this way:

Chapter2 discusses the theory of QCLs relevant to the undertaken research,

Chapter3 details the material and device design consideration employed in this

work,

Chapter4 describes the processing techniques used to produce the devices reported

in this work.

Chapters 5 and 6 cover the work carried out on the unidirectional quantum cascade

ring lasers and the coupled ring quantum cascade lasers respectively.

Finally the SuperTune work is detailed in chapter 7

Intersubband 
Light Sources

  QCSENSE 
   PROJECT
       λ ~ 3 - 4 µm
 Target application: 

hydrocarbon detection

  SuperTune 
   PROJECT
    λ ~ 5 - 14 µm
Target applications:

detection of species 
    shown in Fig 1.1

  Unidirectional
Quantum Cascade
    Ring Lasers:

   Coupled Ring
Quantum Cascade
        Lasers:

(1) Offers 2x output power 
      of bi-directional lasers
(2) no spectral hole burning

        New approach to
Tunable Single Mode QCL

Chapter 7

Chapter 5 Chapter 6

Figure 1.2: The structure of the work undertaken in this research



Chapter 2

Quantum Cascade Laser Theory

2.1 Introduction

This chapter presents an overview of the basic concepts of quantum cascade

laser (QCL) operation and design. Recent developments in this field with regards

to improvements in the active region design is also reviewed together with recent

progress towards high performance short wavelength QCLs operating in the tech-

nologically important 3-5 µm region. A brief history of QCL development is given

in section2.2. The basic operational principle of QCLs are detailed in section 2.4,

while section 2.6 covers its active region designs.

2.2 Brief history of Quantum Cascade Lasers

Stimulated emission based on intersubband transitions (a unique feature of QCLs)

was postulated in the early 1970’s by Kazarinov and Suris[23] and Esaki and

Tsu[24]. While working on superlattices, they predicted that transition between

ground and excited states in adjacent quantum wells could be accompanied by

photon emission, if appropriate bias is applied.

6



Chapter 2. Quantum Cascade Laser Theory 7

But it was not until the mid nineties that the first QCL was invented. First

demonstrated in Bell Laboratories in USA by Jerome Faist and co-workers [6], in

1994, following extensive research in the field of bandstructure engineering and

advancement in molecular beam epitaxy (MBE) growth technology. Since then,

QCLs have evolved into a state of the art light source covering the scientifically-

important mid- and far infrared as well as the terahertz (THz) regions of the

spectrum.

The first QCL was based on Al0.48In0.52As/ Ga0.47In0.53As heterojunction material

system lattice-matched to InP, operating on λ ∼ 4.3µm at 88 K under pulsed con-

dition. The following year (i.e 1995) witnessed the operation of the first continuous

wave laser with maximum operating temperature of 80 K[25]. Extensive research

in these structures, especially on its carrier transportation mechanisms, led to the

demonstration of a QCL operating above room temperature under pulsed condi-

tion, in 1996[26]. In 2002, the first QCL operating under continuous wave above

room temperature was demonstrated[27]. For more milestone achievements in this

field and in-depth knowledge of the physics and development of QCLs, the reader

is referred to the review paper by Gmachl et al [28].

2.3 General QCL Concepts

Quantum cascade lasers are intersubband lasers operating in the mid-infrared

region (MIR), far infrared (FIR) and THz region of the spectrum. These lasers

differ from conventional interband in many aspects:

1. In complete contrast to interband transition as observed in conventional

lasers, QCLs rely on intersubband transition for photon generation. A

schematic illustration of interband and intersubband transitions are shown

in figure 2.1

In interband transition [figure 2.1(a)], electrons injected into the conduc-

tion band recombine with holes in the valence band emitting photons which
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(a) (b)
Conduction band Conduction band

Valence band

EQW

ECB2

ECB1

Electron

Hole

Photon

Figure 2.1: Schematic illustration of (a) interband transition i.e photon emis-
sion through electron-hole recombination (b) intersubband transition i.e transi-

tion between two energy levels in a quantum well

wavelength corresponds to the bandgap energy of the semiconductor mate-

rial. On the other hand, in intersubband transition [figure 2.1(b)], injected

electrons are scattered from higher energy level (ECB2) in the conduction

band to a lower energy level (ECB1) in the same conduction band, emitting

photons corresponding to the energy difference between the two subbands

(ECB2-ECB1). Also because the whole transition occurs in the conduction

band without electron annihilation (as observed in interband transition),

injected electrons can be made to undertake more than one transitions (re-

cycling) by cascading multiple quantum wells (QWs) in the active region

with a mechanism in place for extracting and re-injecting electrons into ad-

jacent QWs. The only limiting factor to the number of cascades in a QCLs

is the operational voltage.

2. In conventional interband lasers, the emission wavelength is solely a function

of the material bandgap, meaning that different semiconductor materials are

required for different emission wavelength. This is not the case in intersub-

band lasers. Here, the emission wavelength does not depend on the bandgap
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and can be tailored over a wide range of wavelength (using the same semi-

conductor), by carefully varying the QW thickness and the electron effective

mass in the material.

3. Interband lasers are bipolar devices because they rely on two types of carriers

(electrons and holes) for its operation. Intersubband lasers on the contrary,

are unipolar devices because only one type of carrier (electrons) is needed

for its operation. Based on this, carrier spreading in QCLs are minimised by

etching through the active region with no significant effect to its operation.

In interband lasers, etching through the active region causes performance

deterioration due to non radiative recombination sites introduced by etching

active region.

4. In intersubband lasers, the emitted photons are transparent to the quantum

cascade (QC) material unlike in interband lasers. This happens because the

energy of the emitted photons are far less than the bandgap energy and thus

are not absorbed.

5. The dominant scattering mechanism in interband laser is photon emission

radiation while in intersubband, phonon scattering mechanism dominates

and it is linearly dependent on temperature.

6. Population inversion in interband lasers is obtained by current injection and

naturally sustained by the bandgap energy difference between conduction

and valence band but in intersubband lasers, population inversion must be

established by a suitable design of the active region. This is achieved by

manipulating the thicknesses of the QWs and barriers and band offsets in

the active region in order to obtain the required energy level separations,

carrier scattering rates, optical dipole matrix elements, tunneling times, etc.
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2.4 Operation of QCLs

The operation of QCLs is demonstrated using the schematic illustration shown in

figure 2.2. The structure is made up of two components: the active region and

the injection region. The active region is where optical gain occurs and it consists

of undoped QWs. The energy levels in the QWs (E1, E2 and E3) are tailored by

bandgap engineering. The energy difference between the upper laser state (E3) and

the lower laser state (E2) determines the wavelength of operation in the material.

The energy difference between E2 and E1 is tailored to be in resonance with the

longitudinal optical (LO) phonon energy in the material. The E2 state is rapidly

depopulated into E1 level by very short electron-LO phonon scattering time (τ2 ∼

0.6 ps) [6] compared to ∼ 4.3 ps for the optical-phonon-limited relaxation time(τ32)

between E3 to E2. The unbalanced scattering rate leads to population inversion

(i.e more electrons in E3 than in E2) between the two laser states. This condition

is necessary for lasing action to be obtained.

The injection region which consists of doped superlattices (described in section 7.4.3)

serves as a bridge between two active regions. This region helps to remove accu-

mulated electrons in the ground state (E1) of the active QWs to avoid backfilling

of carriers into E2 which would affect the laser operation. Extracted electrons

are relaxed through a miniband of allowed states within the injection region to

ensure that the carriers are at the right energy for injection into the next active

region downstream. Also, the minigap (i.e region of no allowed states in a super-

lattice energy band) helps prevent electrons escaping from E3 into continuum thus

lengthens the electron lifetime in E3 and improves population inversion.

In summary, when electrons are injected into the first active region on the left, they

undergo transition from E3 to E2 emitting photons with energy corresponding to E3

- E2. In E2 state, the carriers are rapidly scattered to E1 via LO phonon interaction.

The electrons in E1 are then extracted via tunneling by the injectors with extremely

short time (≤ 0.5 ps) The extracted carriers are relaxed, re-energised and re-

injected into E3 of the adjacent active region and the process repeats itself till the

electrons exit the QC material.
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E1

E2

E3e

e

e

Minigap

Minigap

Active Region

Active Region

Injection Region

Injection Region

Figure 2.2: Schematic of conduction band energy profile used to illustrate the
operating principle of quantum cascade laser. The multi-quantum well is under
bias with moduli-squared wavefunctions of selected quantum confined energy

levels shown. Image taken from Ref [29]

2.5 Population Inversion in QCL

Unlike in conventional interband lasers where population inversion is naturally

sustained by the energy separation (bandgap energy) between the electrons in the

conduction band and holes in the valence, population inversion in intersubband

lasers (e.g QCLs) must be artificially engineered due to the joint density of states

of the transition energy levels. Population inversion in QCLs is achieved by ma-

nipulating the electron life times and scattering rates in the upper and lower laser

levels by using the combination of quantum mechanical tunneling and quantum

confinement effect. In its most basic state, a QCL is a simple three energy level

system, as illustrated schematically in figure 2.3. Where n1, n2 and n3 are re-

spectively the population of electrons in E1, E2 and E3 states. The direction of

scattering is indicated by the arrows; upwards pointing arrow means absorption

and vice versa.
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Iout

τ13

τ12

τ23 τ31 τ32

τ21

Iin

E1

E2

E3
n3

n2

n1

Figure 2.3: A schematic illustration of the scattering process in a three energy
level quantum cascade laser active region

The rate equations for the population of electrons at each level are given as,

dn3

dt
= Iin +

n1

τ13

+
n2

τ23

− n3

τ32

− n3

τ31

(2.1)

dn2

dt
=
n1

τ12

+
n3

τ32

− n2

τ21

− n2

τ23

(2.2)

dn1

dt
=
n3

τ31

+
n2

τ21

− n1

τ12

− n1

τ13

− Iout (2.3)

where Iin represents the injection rate (i.e the number of electrons per unit time),

which in the steady state condition, is equal to the electron extraction rate, Iout

(as shown in figure 2.3).

Ignoring absorption rates (i.e by assuming a relatively low temperature of opera-

tion) and at the same time considering the population of the second level, where

in the steady state, the net rate of change is zero, then;

n3

τ32

=
n2

τ21

(2.4)

Finally, if we assume that τ21 > τ32, then n3 < n2, meaning no population inversion.

On the other hand, if τ21 < τ32, then n3 > n2, i.e. a population inversion will exist
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between levels E2 and E3, thus satisfying a necessary condition for stimulated

emission. In practice the energy difference E2-E1 is designed to be in resonance

with the phonon energy in the well.

In quantum cascade lasers, the barriers through which electrons enter the excited

laser state (i.e injection barrier) and ones through which relaxed electrons exit the

active region into the injector (i.e exit barriers) region are critical to sustaining

population inversion and laser operation, even after satisfying equation 2.4. The

injection barriers should be thick enough to prevent loss of oscillator strength

between the laser states (E3 and E2), which would reduced the spatial confinement

of E3 within the first active well. But on the other hand should be thin enough

to allow sufficient tunneling of electrons into the upper state of the adjacent well.

The exit barrier, unlike the injection barrier should be thin enough to allow for

qualitative resonant tunneling from E1 to the miniband injector but should also

not be too thin to allow for carrier escape from E3 into continuum.

2.6 Quantum Cascade Laser Active Region De-

sign

The material gain coefficient for the active core of a QCL designed for laser emis-

sion between an upper subband i and a lower subband f is given by [26];

g = (ni − nf )
4πq2

ε0neffλ

z2
if

2γifLp
(2.5)

where zif is the dipole matrix element, 2γif is the full width at half maximum

(FWHM) of the lineshape gain function, which is taken as the spontaneous emis-

sion linewidth, λ the wavelength and Lp the length of the period (i.e. one active

rgion + one injector region), q is the electronic charge and ε0 is the free space

permittivity.

From equation 2.5, the material gain coefficient g is proportional to both the in-

tersubband population inversion ni−nf (where ni and nf are the electronic sheet
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densities for the upper and lower subbands respectively) and the square of the

intersubband dipole matrix element, expressed as

zif = |〈ψf |z|ψi〉|, (2.6)

where ψf and ψi are the z -direction envelope functions. It is possible to tailor

the dipole matrix element to some degree through choice of active region design

such that a large dipole matrix can be realised, as increased dipole matrix means

increased gain in the material. This can be attained by localising the initial and

the final wavefunction in the same well and by the utilisation of materials systems

with low electron effective mass in the quantum wells. However, localising the

two wavefunctions, reduces the non-radiative lifetime of the upper state. To these

effect, different types of active regions have been proposed and realised in QCLs;

these are detailed in sections below.

2.6.1 Design of the Lower Laser Levels

Sustaining population inversion, as discussed in section 2.5 requires depopulating

the lower laser level at a faster rate than the upper laser level. To achieve this,

the quantum wells with the two lower states are designed in a manner that en-

ergy separation between them is in resonance with the LO phonon energy in the

wells, under the application of an appropriate electric field. An illustration of the

principles involved in the design of the lower laser levels are shown in figure 2.4,

at different applied electric fields.

E1 and E2 are the ground state levels of QW1 and QW2 respectively. In this

system, E2 is tailored to be slightly higher than E1 at zero bias, by making QW1

slightly thicker than QW2. Also the barrier between the two wells is thin enough to

allow for strong coupling between the two wavefunctions. This asymmetry breaks

the degeneracy of the two confined states and results in the lower energy state

of the two being more localised in QW1 and the higher energy state being more

localised in QW2.
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E2

E1

QW2QW1

∆E21

E2

E1

E2

E1
F=0 kVcm-1

F=25 kVcm-1

F=50 kVcm-1

(a)

(b)

(c)

Figure 2.4: Conduction band profile showing the two energy levels E2 and E1

and the moduli squared of the wavefunctions at (a) F = 0 kV/cm, (b) F = 20
kV/cm; anticross is observed at this point as the wavefunctions begins to switch
QWs of localisation, and (c) F = 50 kV/cm. The layer sequence from left to
right are 1.2/1.1/5.4/1.1/4.8 nm (normal italics denote GaAs and bold italics

denote Al0.45Ga0.55As layers)

On application of an electric field, QW1 increases in potential, while the potential

in QW2 decreases, thus the energy levels are brought together. To understand

the physics behind this behaviour, the energy offset between the two wavefunc-

tions (∆E21) were numerically computed (using the 1-band self consistent Poisson-

Schrödinger solver which includes exchange interactions but in the present case no

doping was added) as a function of applied electric fields. The result of this cal-

culation is shown in figure 2.5.

As can be observed from the figure, the two energy levels are brought closer to-

gether, and as the field increases, ∆E21 which initially was decreasing linearly,

reaches a minimum value at F=20 kV/cm and then increases again. At the mini-

mum separation, E1 which was originally localised in QW1, switches and becomes

localised in QW2 and vice versa as shown in figure 2.4(b). The phenomena is

known as anti-crossing.
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∆E21 remains closely matched to Ephonon over the operating field range (40-60

kVcm−1).

0 20 40 60
33

36

39

42

∆E
2-

1(m
eV

)

Applied Field (kVcm-1)

Anti-crossing

Figure 2.5: Energy difference (E2-E1) as a function of applied electric field.
Dashed line is the calculated LO phonon energy of the well (GaAs)

2.6.2 Vertical Transition Active Region

In two well vertical transition active region (figure 2.6), optical transition occurs

between two energy level (E3 to E2) localised in the same quantum well (QW1).

The two lower levels E2 to E1 are designed to have (1) energy gap of about one

LO phonon energy and (2) strong coupling between the two wavefunctions, as

discussed earlier in section 2.6.1, to maintain population inversion within the op-

erating field regime.

As can be seen in figure 2.6, the application of electric field simultaneously pushes

E2 and E1 wavefunctions from their original wells under zero applied field to QW1

and QW2 respectively, at 50 kVcm−1. These leads to stronger coupling between E2

and E1 wavefunctions and at the same time increases the spatial overlap between

E3 and E2 wavefunctions. The increase in the spatial overlap between the two laser
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QW2QW1

QW2QW1

E2

E1

E2

E1

E3
E3

∆E21

F=0 kVcm-1 F=50 kVcm-1

Figure 2.6: Conduction band profile of a two well vertical transition active
region, the layer structure from left to right starting from QW1 is 6.4/0.9/5.0
nm (normal italics denote GaAs and bold italics denote Al0.45Ga0.55As layers).
Also shown are the moduli-squared wavefunctions of the laser subbands and

optical transition denoted by wavy red arrow [30].

states results in a large dipole matrix element for the E3 to E2 optical transition

and according to equation 2.5, would lead to increased gain coefficient in the

material. The calculated dipole matrix element in the above design is z32 ∼ 2.2

nm [30]. The LO phonon assisted intersubband scattering times calculated for this

structure are: τ32 ∼ 2.1 ps, τ31 ∼ 3.4 ps and τ21 ∼ 0.4 ps , giving τ3 1.3 ps [29]‘.

However, this type of design suffers from a reduced upper state E3 lifetime [31],

due to direct scattering by LO phonon emission from E3 to E1 (because q32 ≈

q31), in addition to the preferred E3 to E2, thus reducing the overall E3 lifetime

according to equation 2.7

τ3 =
τ31τ32

τ31 + τ32

(2.7)

Other merits of this type of active region include, operational less sensitivity to

interface roughness and impurity fluctuations, narrower gain spectrum and thus

lower threshold [31].
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2.6.3 Diagonal Transition Active Region

The very first quantum cascade laser, by Faist et al [6], was based on interwell

or photon-assisted tunneling (i.e diagonal) transition active region. In this type of

active region, optical transition takes place between two energy levels localised in

adjacent wells, which is in complete contrast to intrawell (i.e vertical) transition

discussed in section 2.6.2. Shown in figure 2.7, the diagonal transition system

QW1
QW2

QW3

F = 50 kVcm-1

E3

E2

E1

Figure 2.7: Conduction band profile of a diagonal transition quantum
cascade active region design. The layer sequence from left to right is
2.5/2.0/5.4/1.1/4.8 nm (normal italics denote GaAs and bold italics denote
Al0.45Ga0.22As layers. The moduli squared wavefunctions of the laser subbands

are shown, the red wavy arrow denotes optical transition

consists the upper laser level (E3), lower laser level (E2) and the ground state

(E1). As indicated by the red wavy arrow, optical transition occurs between E3 in

QW1 and E2 in QW2. The energy gap between E2 and E1 is tailored to match one

LO phonon energy in the well, as discussed in section 2.6.1, to rapidly depopulate

the E2, thus ensuring population inversion between E3 and E2.
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The spatially indirect nature of diagonal optical transitions results in reduced spa-

tial overlap between E3 and E2 wavefunctions. A reduced spatial overlap trans-

lates into reduced dipole matrix element for the transition. This according to

equation 2.5 would lead to a reduction in the material gain coefficient and a wider

gain width (compared to vertical transition) due to interface scattering. However,

the reduction in spatial overlap leads to an increase in the non-radiative scattering

lifetime of the upper level, thereby enhancing population inversion in the system.

This by far remains the most important feature of diagonal transition. Also QCLs

devices based on this design display a strong voltage induced Stark-shift (see sec-

tion 7.4.6) of the emission wavelength which allows some degree of wavelength

tunability, unlike in vertical intersubband transition (where energy spacing is bias

independent) [32]. The calculated parameters for (Al0.33Ga0.67As /GaAs) diagonal

active region at 77 K are z32 ∼ 0.35 nm, τ32 ∼ 2.4 ps, τ2 ∼ 0.3 ps, τ3 ∼ 1.5

ps [33] 2γ ≈ 35 meV ([34] p.1560)

2.6.4 Bound to Continuum Active Region

The bound to continuum (BTC) active region [35], shown in figure 2.8 was designed

to encompass efficient resonant tunneling injection feature of the 3QW design (e.g

inter-/intrawell active region) and effective electron extraction efficiency of the

superlattice active region design [36], to eliminate backfilling. In this design the

active region spans the whole period and consists of a chirped superlattice with a

tilted lower miniband. The upper state is created in the first minigap by a small

well adjacent to the injection barrier.

Optical transition occurs in this case between this discrete upper level (Eu) and

the tilted lower miniband of states formed within the chirped superlattice ac-

tive/bridging region.

Because of the quasi-continuum nature of the lower states, the BTC design has a

homogeneously broadened gain spectrum that can be used as the basis for QCLs

that are tunable over a relatively wide MIR wavelength range. The calculated
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Upper miniband

Lower miniband

Eu

Figure 2.8: Conduction band diagram of one stage of the bound to continuum
structure under an applied electric field of 35 kV/cm. The moduli squared of

the relevant wavefunctions are shown [35].

parameters for (Al0.48In0.67As /In0.53Ga0.47As) bound to continuum active region

at 300 K are z32 ∼ 1.6 nm, τ32 ∼ 2.4 ps, τ2 ∼ 0.2 ps, τ3 ∼ 1.5 ps [35]

Other types of QC active region not discussed here, due to time constraint, but

are found in literature (e.g double phonon and superlattice active region) can be

found in Ref. [37] and Ref. [36] respectively.

2.6.5 Conclusion

There exists a trade off between the two major classes of active region designs

(i.e vertical and diagonal). While diagonal transition active region offers longer
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non-radiative lifetime for electrons in E3 (i.e increased lasing oppurtunity), it suf-

fers from reduced spatial overlap between the two laser wavefunctions, reduced

dipole moment, reduced oscillation strength and interface scattering (leading to

broadened gain spectrum). On the other hand the reverse is the case for vertical

transition region. Though it offers stronger probability of optical transition due to

increased dipole matrix element, it suffers from reduced non-radiative lifetime of

electrons in the upper laser state. In conclusion, the choice of active region type

is a trade-off between wavelength and confinement.

2.7 Injector Region

In quantum cascade structure, the injection region is used to bridge/ connect two

active regions together. To understand its role, we first considered a situation

where two active regions were directly connected without an injector, as shown in

figure 2.9 With application of appropriate field, electrons injected into the upper

lasers state of active region 1, E31 will be scattered to E21 and finally to E11 where

they accumulate. Non of the electrons is injected into the upper laser level of

active region 2 (i.e E32) downstream because E11 is not aligned to E32 . To achieve

the required energy alignment and very fast sweeping of electrons, superlattice

injectors are sandwiched between the two active regions (see figure 2.2). The su-

perlattice miniband which consists of closely spaced energy levels helps extract the

electrons from the lower level of active region 1, relax and inject into the upper

lasing state of active region 2. To enhance the injection efficiency, the superlat-

tice is designed so that the wavefunction corresponding to the lowest energy state

becomes selectively localised in the last two or three periods adjacent to the in-

jection barrier [38]. This is realised in practical terms by progressively decreasing

and increasing the QWs and barrier thicknesses respectively, in the direction of

current flow. The central part of the injector is selectively n-type doped to prevent

the formation of electric field domain that would occur if electrons were directly

injected from the contact region.
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Figure 2.9: Conduction band profile under an electric field of 75 kV/cm to
illustrate the requirement for an injector region to connect consecutive active
regions. Here two active regions are connected back to back with 5.0 nm central

barrier. The optical transition is denoted by the wavy arrow.



Chapter 3

Material and Device Design

Considerations

3.1 Introduction

This chapter describes the material and device design consideration, plus the basic

integrated optic components that were used in the work reported here on quantum

cascade lasers (QCLs). An important part of the QCLs is the semiconductor

optical waveguide. Different types of the waveguide have been reported in the

literature based on the application requirement. Ring laser optical waveguide

are considered in this work, owing to some of its properties needed in this work.

This is detailed in (section 3.6). Ring laser optical waveguide are configured in

various ways depending on the choice and nature of output coupler required. The

theory and design considerations of various output couplers employed in this work

are detailed in (section 3.5.1). Amongst the couplers discussed are evanescent

field couplers (EFCs) (section 3.5.1.1), multimode interferences (MMIs) (section

3.5.1.2) and Y-couplers (section 3.5.1.3).

23
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3.2 Material Design

3.2.1 Material Aspect of III-V Semiconductors

QCLs consists of hundreds of epilayers of alternating semiconductor materials,

typically in the range of a few nanometer thick grown by molecular beam epitaxy

(MBE) on either a GaAs or InP substrate [39]. Usually, good epitaxial growth

of multiple different semiconductor layers is limited by the need for the lattice

constants of the constituent materials to match. To ensure high quality pseudo-

morphic QCL structure, only a small lattice mismatch (typically < 1 %) between

the alternating layers is accommodated. The lowest energy gap as a function of

Figure 3.1: Energy gaps of III-V semiconductors as a function of lattice con-
stants at low temperature.

Figure courtesy of ref. [40]

lattice constant for some commonly encountered III-V compound semiconductors

and their ternary alloys at low temperature are shown in figure 3.1. Understanding

this relationship is vital to designing and growing complex epilayer structures like

the QCL material without compromising on device performance.
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3.2.2 Strain in Quantum Wells

The effects of strain are of particular interest in multiple quantum well (QW)

structures like QCLs used in this research. Strains, which arise as a result of

lattice mismatch between the components of the epilayer structure, could be said

to have both negative and positive effects on laser performance. On the former,

strains lead to formation of defects and imperfection in the crystal lattice, which

deteriorates or completely destroy the device performance. On the other hand,

strains can be positively engineered in epitaxial layers to change the crystal lattice

geometry, i.e to perturb its size and symmetry. This results in a change of the

electronic structure, in particular, a modification of the conduction and valence

band edges [41].

In QCLs, the conduction band edge-shift, implies an equivalent change in the

barrier heights (i.e larger or lesser conduction band offset) and therefore a corre-

sponding shift in energy levels localised in the QWs. In addition, strain influences

the energy difference between sub-bands so introducing a shift in intersubband

transition energies. This implies that strain engineering could be used to reach

desired emission wavelengths otherwise not attainable, especially in the technolog-

ical important 3-5 µm atmospheric window. In 1998, Faist et al [42] demonstrated

a QCL operating at a wavelength of λ ∼3.4 µm based on a strain compensated

InGaAs/AlInAs material system, in which the band offset, ∆Ec was increased

from ∼0.51 eV for In0.47Ga0.48As/Al0.48In0.52As lattice matched to an InP sub-

strate to ∼0.74 eV for strain compensated In0.7Ga0.3As/Al0.6In0.4As i.e is about

20% increase in ∆Ec.

In 2009, Zhang et al [43] demonstrated room temperature operating (λ ∼3.1 µm)

QCL based on strain compensated In0.8Ga0.2As/AlAs0.67Sb0.33/InP material sys-

tem. Compared to a similar active region design based on lattice matched

In0.53Ga0.47As/AlAs0.56Sb0.44/InP material system reported earlier by Revin et

al [44], the former showed greater performance characteristics; e.g. lower threshold

current density(∼3.6 kA/cm2 at 80 K compared to ∼ 12 kA/cm2 at 20 K). Also

while the lattice matched devices suffered from limited operating current range
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with pronounced roll-over behaviour at high applied field, due to intervalley scat-

tering, such behaviour was not observed in the strained devices probably due to

higher intervalley separation (Γ− L).

If a thin epitaxial layer is deposited on a much thicker substrate, then the lattice

constant (al) in the growth plane (i.e perpendicular to the growth direction) of the

layer will be forced to change to try and equal the lattice constant of the substrate

(a0). As a consequence, the crystal lattice is put under biaxial stress along the

growth interface and, while no force is applied along the growth direction, the

crystal is able to freely relax along that direction. Growth which allows the lattice

constant of the epitaxial layer to fully match the substrate is usually referred as

pseudomorphic growth. In such case the in-plane strain can be easily calculated

as [41]:

ε‖ =
a0 − al
al

(3.1)

The lattice constant of the epitaxial layer can be either larger or smaller than

Compressive strain

Tensile strain

SubstrateSubstrate

Material A

Material B

(a) (b)

Growth
direction

a0

a0

a0

al

al

Figure 3.2: Schematic illustration of a substrate with two mismatched layers,
(a) shows the individual unstrained layers with lattice constants al < a0 (ma-
terial A) and al > a0 (material B), where a0 is the substrate lattice constant
and (b) shows the situation when either of the material is grown on the sub-
strate. As can be seen, material A is under tensile strain while material B is
under compressive strain as their lattice constants are forced to match that of

the substrate.

the lattice constant of the substrate (see figure 3.2) defining a compressive (ε‖ < 0

because al > a0) or a tensile (ε‖ > 0 because al < a0) strain, respectively. A



Chapter 3. Material and Device Design Considerations 27

compressive strain will therefore force the lattice constant in the plane to shrink

(see material B in figure 3.2(b)), on the contrary, tensile strain will force it to

expand (see material A in figure 3.2(b)).

While lattice matching is generally necessary in order to ensure crystallinity and

defect-/imperfection-free interface which could affect the performance of QCL de-

vices, it is possible to incorporate some degree of mismatch, provided that (1)

the width of the mismatch layer is not greater than the critical thickness and (2)

the resultant strain is compensated for by the adjacent materials. The critical

thickness is the layer thickness at which the force exerted by the misfit strain bal-

ances the force due to the overall tension in the dislocation line. It is given by the

expression [45],

hC =
b

2πf

(1− ν cos2 α)

1 + ν cosλ

(
ln
h

b
+ 1

)
(3.2)

where b is the length of the dislocation, f is 2 times the maximum value of strain,

ν is the Poisson ratio, λ is the angle between the strained interface normal and the

slip plane and α is the angle between the dislocation line and its Burgers vector.

Beyond this thickness, the force exerted by misfit strain exceeds the overall tension

in the line. This causes the dislocation to move thereby destroying the coherence

of the interface leading to formation of strain.

3.2.2.1 Strain Compensation in QWs

In order to ensure pseudomorphic growth of multiple layers of QWs, a technique

called strain-compensation or strain-balancing is commonly employed. This in-

volves balancing out the effect due to strain in the whole epilayer structure (i.e

achieving zero-stress condition). In strained QCL materials,

(e.g InxGa1−xAs/AlyIn1−yAs), the compressive strain introduced (by pseudomor-

phicaly increasing x beyond the lattice matched condition i.e x >53%) in the

QWs, can be compensated by introducing an opposite strain (i.e tensile strain)

of the same magnitude in the barriers by pseudomorphicaly increasing y beyond
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the lattice matched condition i.e y >48% [42]. The overall result is a net strain-

neutral heterojunction which can have a significantly higher ∆Ec than the lattice

matched system. This satisfies the zero-stress condition required to achieve strain

balancing, provided the thickness of individual layers does not exceed the critical

layer thickness.

3.2.3 QCLs Operating in (λ ∼ 3-5 µm) Atmospheric Win-

dow

The (λ ∼ 3-5 µm) transparent atmospheric window is particularly important for

spectroscopy. Most gases and molecules of interest have finger-print like absorption

signatures in this region.

The fundamental requirement for QCLs operating in this region is that the QWs

in the active region must be:

1. deep enough to provide not only the high conduction band offset (e.g ∆Ec ∼

740 meV [42] for λ ∼ 3.6 µm operation at 280 K) required but also limit

the escape of electrons from the upper laser state into continuum, which is a

source of concern for devices operating at high temperatures and/or applied

field.

2. thin enough to support the high transition energy spacing between the upper

and lower laser states as required.

In fact as a rule of thumb, a ∆Ec of about twice the laser transition energy is

required for room temperature pulsed operation at a particular wavelength, with

higher multiples required for maximum power, efficiency and temperature opera-

tion.

However, the thin nature of the QWs in the active region, means that significantly

higher electric fields are demanded for short wavelength operation due to the large

energy spacing between the two laser states. Example, F = 67 kV/cm for a λ ∼5.4
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µm [46] device compared to 35 kV/cm for a λ ∼9 µm [47] device of the same bound

to continuum (BTC) active region design described in section 2.6.4. This means

that as the operating wavelength decreases, the required electric field increases.

These fields, increasingly produces triangular tunneling barrier (see figure 3.3),

thereby increasing the probability of electrons escaping into the continuum, from

the upper laser state. To minimise the escape of electrons at very high applied

field and/or high temperature, the upper laser state should be positioned far away

from the region of triangular barriers by using higher barrier height materials.

Triangular barrier

E3

E2

E1

escaping electons
e-

F = 0 kV/cm

F = 110 kV/cm

Figure 3.3: Schematics showing formation of triangular barrier and its effect
on intersubband population inversion. At high applied field, due to severe band
bending, the width of the barrier at the top becomes narrower than the rest of
the barrier thereby encouraging tunneling of electrons to the band of continuum

In addition, the narrow quantum wells required for short wavelength operation

also place significantly greater demands on crystal growth, since fluctuations and

growth mis- calibrations on a monolayer scale have a proportionally greater effect

on confinement energies than is the case for wider well devices.

Apart from deep QWs required for short wavelength operation, a critical factor

to consider when selecting QCL material is the effect of conduction band satellite

valleys on the intersubband population inversion dynamics. Interestingly, even

in devices where performance is not limited by barrier height, the energy of the

lowest satellite valley minimum in the well may set an approximate lower limit on

the emission wavelength possible within a given material system.



Chapter 3. Material and Device Design Considerations 30

Shown in figure 3.4 are some materials of interest for short-wavelength QCLs.

Also shown are the satellite valleys and their energy spacings. The first material

shown in figure 3.4(a) is Al0.45Ga0.55As/GaAs with maximum ∆Ec(Γ− Γ) ∼ 390

meV, corresponding to the shortest wavelength of about 7 µm, according to the

rule of thumb described earlier and corroborated by findings by Gao et al [48, 49]

on this material system. This effectively renders this material system unsuitable

for short wavelength operation. In fact, the shortest wavelength reported for

Al0.45Ga0.55As/GaAs QCL at room temperature, was ∼9 µm [50].

Γ

L

X

AlAs0.56Sb0.44

In0.53Ga0.47As

∆Ec (Γ-L) ~ 0.54 eV

∆Ec (Γ-Γ) ~ 1.6 eV

AlAs0.56Sb0.44

Γ
L

X

AlSb

InAs

∆Ec (Γ-L) ~ 0.7 eV

∆Ec (Γ-Γ) ~ 2.1 eV

AlSb
Γ

L

Al0.45Ga0.55As

GaAs

∆Ec (Γ-L) ~ 0.28 eV
∆Ec (Γ-Γ) ~ 0.41 eV

Al0.45Ga0.55As

Γ

L
Al0.6In0.4As Al0.6In0.4As

In0.7Ga0.3As

∆Ec (Γ-L) ~ 0.54 eV
∆Ec (Γ-Γ) ~ 0.74 eV
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Figure 3.4: Some heterostructure systems of interest for short-wavelength
QCLs: (a) Al0.45Ga0.55As/GaAs grown on GaAs substrate, this system is
only included to explain the basic requirement for short-wavelength opera-
tion, (b) Strain compensated Al0.6In0.4As/In0.7Ga0.3As grown on InP sub-
strate, (c) AlSb/InAs grown lattice matched on either GaSb or InSb,
(d)AlAs0.56Sb0.44/In0.53Ga0.47As grown on InP substrate . Calculations were

done with [51], based on parameters from Ref. [40]

The AlyIn1−yAs/InxGa1−x material system, lattice matched to InP substrate, has a

∆Ec(Γ− Γ) ∼ 520 meV [52], which is slightly insufficient to support efficient oper-

ation in the λ ∼3-5 µm region. In fact the shortest emission wavelength reported

for this material is λ ∼ 5 µm (i.e photon energy of about 250 meV [29]). The
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bandgap offset can be improved by applying the strain compensation technique,

discussed earlier in (section 3.2.2.1), to the material. To this effect, the InxGa1−xAs

QWs are compressively strained with respect to the InP substrate by increasing

the fraction of indium beyond the lattice match condition (i.e. x > 0.52), while

keeping the well width below the critical thickness to avoid formation of defects

and misfits. This reduces the bandgap of the QWs (see figure 3.1), thus increas-

ing the ∆Ec. On the other hand, to compensate for the strain introduced into

the wells, the fraction of aluminum in the pairing barriers is pseudomorphicaly

increased beyond the lattice match condition (i.e y >0.48), thereby introducing

tensile strain of equal magnitude but opposite in sense to the compressive strain

in the wells. This results in a net strain-neutral material with significantly higher

∆Ec(Γ− Γ) ∼ 740 meV [42] (for x ∼ 0.7 and y ∼ 0.6), as shown in figure 3.4(b).

Based on the strain-compensated material design discussed here, Faist and co

workers demonstrated the shortest wavelength (λ ∼ 3.6 µm) of operation in this

material, although at a very high threshold current density (Jth ∼ 20 kA/cm2).

The high threshold could be traced to intervalley scattering at high temperatures,

as the upper laser state is slightly lying above the L satellite valley in the quantum

wells. This rapidly deteriorates intersubband population inversion in the material

leading to high current injection in order to attain lasing operation.

The most promising QCL material (in terms of ∆Ec) for short wavelength op-

eration is the AlSb/InAs shown in figure 3.4(c). This material system, grown

lattice matched to either GaSb or InAs substrate, has ∆Ec(Γ− Γ) ∼ 2.1 eV and

∆Ec(Γ− L) ∼ 700 meV, which is equivalent to the ∆Ec(Γ− Γ) ∼ 740 meV of the

strain compensated Al0.6In0.4As/In0.7Ga0.3 As material system discussed earlier.

In addition, the small effective mass of InAs QWs (m∗ = 0.023m0) increases the

dipole matrix element and reduces non-radiative relaxation rate, both of which are

expected to lower the threshold current density of devices from this material [53].

The limiting factors to the shortest possible wavelength of operation in the material

are; the position of the lowest satellite minima (L) in the quantum well, which is

about 0.7 eV above the InAs conduction band minima and hole generation effects
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in the low gap InAs associated with ‘Zener tunneling’ at the high electric fields

required for short wavelength devices [53].

Other limitation to the operation of devices from this material system include;

• The inability to grow this material lattice matched to mature GaAs or InP

based technology.

• The requirement for very thin barriers (typically∼ 0.6 nm) [54] to ensure

efficient resonant tunneling between electronic states in adjacent wells. And

according to Ref. [55], the control of the thickness of these layers is crucial

for proper operation of the structure because it strongly affects the position

of the upper laser level, thereby changing the laser emission wavelength and

the resonant alignment of the injector to the upper laser level. The later, ac-

cording to Ref. [54] is responsible for negative differential resistance (NDR)

observed in their devices. NDR, which is associated with breakdown in res-

onant tunneling (i.e misalignment in energy between the ground state of an

injector and the upper laser state) condition, is reported to limit the maxi-

mum operating temperature of QCLs based on InAs/AlSb material system.

• the existence of confined states above the upper laser states is another issue to

contend with in the development of intersubband lasers in material systems

with high conduction band offset. These states can absorb some of the

emitted radiation and thus contribute to optical loss. This is the remote

cause of high threshold current density observed from these devices at room

temperature [55].

The shortest wavelength QCL, so far demonstrated is in the AlSb/InAs material

system, emitting at 2.95 - 2.97 µm [56] in pulsed mode. This information was

correct at the point of writing this thesis.
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3.2.3.1 AlAs0.56Sb0.44/In0.53Ga0.47As/InP quantum cascade (QC) Mate-

rial

AlAs0.56Sb0.44/In0.53Ga0.47As/InP material system, shown in figure 3.4(d), is one

of the most sought-after QC material for short wavelength operation because of

the relative large depth of the QWs. The compatibility of the material with es-

tablished InP device processing and waveguide technology, combined with large

conduction band offset (∆Ec ∼ 1.6 eV), particularly makes this material inter-

esting. In addition, the high thermal conductivity of InP (0.68 Wcm−1oC−1)[57]

improves the thermal management of the devices thus maximises the potential for

the realization of high duty cycle or continuous wave short wavelength QCLs.

A particular concern in designing QCLs based on this material system is the

position of the lowest satellite valley in the In0.53Ga0.47As QW, which is calculated

to be about 520 meV above the Γ position [40]. This was suggested to limit the

shortest wavelength operation of QCLs to about 3.7 µm [58] because below this

wavelength, the upper laser level is calculated to be above the energy of the lowest

satellite valley (L or X) in the well. Such a situation might be expected to lead to

a reduction in injection efficiency and intersubband population, due to intervalley

scattering, hence restrains laser action.

However, laser action at slightly shorter wavelength was demonstrated by Revin

et al [44], although at higher threshold current densities, lower maximum operat-

ing temperatures and lower output powers compared to longer wavelength devices

of similar design. In order to improve the performance of these devices, a larger

energy separation between the lowest satellite valley and the Γ level in the QW is

needed. This can be achieved by highly straining the the InGaAs well, as discussed

in section 3.2.2.1. This strain compensated system is of interest for QCLs operat-

ing at wavelengths less than 3.5 µm [59]. It provides increased energy separation

between the Γ and L or X conduction band minima in the quantum wells, thus

decreasing carrier leakage from the upper laser levels by intervalley scattering and

hence improves laser performance.
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For QCLs with In0.7Ga0.3As wells, like the ones reported in this thesis, the com-

monly accepted value for the lowest satellite L valley minimum is 620 meV above

the Γ valley band edge [40].

3.3 Wafer Structure

The QC structure employed in this research work is a highly strained

AlAs0.56Sb0.44/In0.53Ga0.47As/InP material system (see section 3.2.3.1), with active

region design based on slightly diagonal [60] bound to continuum (section 2.6.4)

technique, operating at λ ∼ 3.5 µm at room temperature and have been previously

reported in Ref. [61].

The epi-layer structure of the QC material is shown in figure 3.5 and the computed

conduction band profile shown in figure 3.6
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Figure 3.5: Epi-layer structure of the QC material used in this research

[61]
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Figure 3.6: Calculated conduction band profile for
AlAs0.6Sb0.4/In0.7Ga0.3As/InP QC material system under applied bias of
F=125 kV/cm for part of the core region. Also shown are the moduli squared
of the relevant wavefunctions. Ei, Eul and Ell indicate the injector, upper
laser and lower laser energy levels respectively. The energy of the lowest lying
satellite energy (EL) in the well is also shown at a value of about 620 meV

above the Γ minimum in the well

[61]

The QC material contains 30 periods of strain compensated

In0.7Ga0.3As/AlAs active region and In0.7Ga0.3As/AlAs0.6Sb0.4 injector regions,

grown by MBE, while the lower and upper InP claddings were grown by metal

organic vapour phase epitaxy. AlAs barriers were employed in the active regions

to improve interface quality and reduce interface scattering.
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3.4 Optical waveguide

Optical waveguide is a critical part of a laser responsible for confining or guiding

the photons generated in the gain medium, as it propagates along the cavity

thereby helping maintain high optical density and hence gain along the device

length. In semiconductor lasers, this is achieved by sandwiching the gain region

between two semiconductor layers (cladding) with lower refractive index. Optical

feedback required for lasing is provided by placing mirrors at the two ends of

the cavity; practically this is achieved by cleaving the waveguide in the (101)

i.e x-z crystal plane. This configuration allows photons to travel back and forth

along the cavity thereby causing more and more stimulated emission until the

optical gain overcomes the absorption loss in the material and lasing commences.

The index difference at the interface of the semiconductor materials reduces the

Cavity Length

Upper Cladding

Lower CladdingActive Region

Waveguide
Height

Waveguide
Width

Substrate

Cleaved facet
         or
      Mirror

Cleaved facet
         or
      Mirror

z

y

x

Figure 3.7: Schematic diagram of a ridge waveguide (Fabry-Perot) quantum
cascade laser. In this structure, vertical (z ) confinement is achieved with the
aid of the cladding, while the ridge structure helps confine the photons on the

horizontal (x ) direction

fraction of light escaping in the growth (z ) direction, through a process known as

total internal reflection. The most common type of waveguide in literature is the

ridge waveguide shown in figure 3.7. Ring waveguide used in this work and shown

in figure 3.8 is a special type of ridge waveguide developed for chip integration.

In these waveguides, optical guiding in the lateral direction (x ) is achieved by
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removing parts of the semiconductor on either side of the ridge through a process

known as etching. An index difference is introduced at the semiconductor-air

interface, thus minimising optical loss on the horizontal direction. This confines

the propagating modes within the active region with the exponentially decaying

tails (i.e the evanescent filed) overlapping with the cladding.

Substrate

Upper Cladding

Lower CladdingActive Region

Pout

Pout

Pout

Pout

Lc

R1

R2

w

Figure 3.8: Schematic diagram of a racetrack ring quantum cascade laser. R1
and R2 are the inner and outer radius of the circular part of the racetrack; Lc
and w are the length of the straight waveguide and the width of the waveguides

respectively.

3.4.1 Waveguide Modeling

Waveguide modeling was carried out to select the most suitable waveguide pa-

rameters for the devices in this work. Prior to waveguide modeling, the refractive

indices and absorption coefficients of the epilayer structure of the QC material pre-

sented in figure 3.5 were calculated using equations 7.6, 7.9, 7.10 and 7.11, given

in section 7.6.1 and data given in ref. [62]. The calculated optical parameters are

shown in table 3.1

Using the parameters in table 3.1, the effective refractive index and the fundamen-

tal mode profile of the waveguide structure were calculated using both analytical
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Table 3.1: Calculated refractive indices and absorption coefficients of the lay-
ers of the QC material at λ ∼3.5 µm using equations 7.6, 7.9, 7.10 and 7.11

Layer Semiconductor Dop. Conc. (cm−3) Index α(cm−1) Thickness
6 InP N=8.1018 2.917 61.05 1µm
5 InP N=2.1017 3.101 1.436 2µm
4 InGaAs N=2.1017 3.39 1.14 0.2µm
3 InGaAs/AlAsSb undoped 3.33 0.91 1.46µm
2 InGaAs N=2.1017 3.39 1.14 0.2µm
1 InP N=2.1017 3.101 1.436 2µm
0 InP 1018 3.082 7.22
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Figure 3.9: Computed index (blue colour) and fundamental mode profile
(black colour) of the waveguide structure, using the parameters in table 3.1

in BeamProp

method [63] and beam propagation method [64]. The results are shown in fig-

ure 3.9.

3.4.1.1 Analytical calculation

To undertake analytical calculation of the effective index and the mode profile,

we further reduce the five-layer structure shown in table 3.1 to a three-layer slab

waveguide shown in table 3.2 to simplify the mode calculation and analysis. To
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achieve this we collapsed layers 2, 3 and 4 in table 3.1 into layer 2 in table 3.2,

while layers 1 and 5 being the lower and upper cladding in table 3.1 become

layers 1 and 3 in table 3.2, respectively. The cap layer i.e. layer 6 was omitted

because the cladding layers are thick enough that only negligible part of the mode

overlap with the cap. The analytical mode profile for the fundamental transverse

Table 3.2: Reduced waveguide structure used for the analytical calculation of
the effective index and the fundamental mode profile

Layer Semiconductor Dop. Conc. (cm−3) Index α(cm−1) Thickness
3 InP N=2.1017 3.101 1.436 2µm
2 InGaAs/AlAsSb undoped 3.34 0.94 1.86µm
1 InP N=2.1017 3.101 1.436 2µm
0 InP 1018 3.082 7.22

magnetic (TM) mode is calculated from the expression [63],

φ(y) =

Acos(κy), for | y | ≤ d/2

Bexp[−γ(| y | −d/2)], for | y | ≥ d/2

(3.3)

where, d = 1.86 µm,

κ = k0(n2 − neff )1/2 (3.4)

γ = k0(neff − n1)1/2 (3.5)

and neff=3.26, n2=3.34 and n1=3.101 and are the effective index, refractive indices

for the active and cladding layers respectively. k0 = 2π/λ and λ = 3.5 µm.

For even TM modes (e.g. the fundamental mode), the continuity of φ and dφ/dy

at | y |= d/2 requires that,

B = Acos(κd/2) (3.6)
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γBn2
2 = κn2

1Acos(κd/2) (3.7)

If we divide equation 3.7 by equation 3.6 we obtain the eigenvalue equation

γn2
2 = n2

1tan(κd/2), (3.8)

whose solutions yield the effective mode index (neff = 3.26)

In figure 3.9 the analytical mode profile is shown in red colour, while the refractive

index profile used for the calculation is shown in green (dotted).

3.4.1.2 Numerical Computation

The TM fundamental mode profile was numerically calculated using the beam

propagation method in BeamProp [64]. Using the data in table 3.1, the mode

profile was computed. The blue and black plots in figure 3.9 are the computed

refractive index and mode profile.

The mode profiles look identical with the exception of the kinks in the numeri-

cally computed mode profile. These kinks, which were due to layers 2 and 4 (see

table 3.1) with refractive index higher than that of the core, were not present in

the analytical index profile used for the mode profile calculation.

3.5 Constitutional Component design

3.5.1 Couplers

The closed optical-path nature of a ring or racetrack laser requires a means of

coupling power out from them. Available power coupling techniques, such as

evanescent field couplers [65], Y-junction couplers [66], and MMI [67], have been

reportedly used to out-couple power from ring lasers. Not only do couplers extract
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light from the ring cavities, studies and experimental works on the impact of output

coupler configuration on the operating characteristics of semiconductor ring lasers,

conducted by Krauss et al [68], have shown that the dynamics of ring lasers are

affected by output couplers. Some of the factors to consider when selecting the

appropriate coupler configuration include: back reflection to the cavity, flexibility

in choosing coupling ratios, fabrication tolerance and tunability.

3.5.1.1 Evanescent field couplers

This is an important device used to couple light into and out of a ring laser. It

consists of at least two waveguides placed in a manner (see Fig.3.12) that the

evanescent (tail) part of the field propagating in one waveguide overlaps and gets

coupled into the second waveguide over a certain length, known as coupler length

(Lc). Shown in figure 3.11 is an scanning electron microscope (SEM) of the vertical

cross-sectional view of the fabricated EFC. As outlined in Table 3.3 evanescent

field couplers are less complex to fabricate and there is great flexibility in the

amount of power that could be coupled from one waveguide to another, unlike in

other types of coupler. The later is the most fascinating feature of this coupler.

One of its draw back is its operational sensitivity to slight change (in nm scale) in

etchdepth and coupling space (see Fig.3.10) which makes it difficult to produce a

given coupling ratio, accurately and reproducibly.

To gain an insight into the coupling mechanism of an EFC, we make reference

to solution of couple-mode equations described by [69] for a field coupler shown

in Fig.3.12; The power propagating in waveguide 1 and 2 can be calculated from

eqn.3.9 and eqn.3.10 respectively.

P1(l) = P0
|C21|2

S2
sin2(Sl) (3.9)

P2(l) = P0

[
(∆(k))2

2S
sin2(Sl) + cos2(Sl)

]
(3.10)
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Figure 3.11: Cross-sectional view SEM of the fabricated evanescent field cou-
pler
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Figure 3.12: Top view schematic of a simple evanescent field coupler

where P0 represent the initial power injected into waveguide 2, S =

√
(∆(k))2

2
+ C21C12

is the phase coupling coefficient and C21, C12 and ∆(k) are coupling coefficient from

waveguide 2 to 1, coupling coefficient from waveguide 1 to 2 and phase difference

between the two waveguides respectively. Under phase-matched condition as it is

in our case (waveguides 1 and 2 are identical), ∆(k) = 0 and C21 = C21 ≡(C);

eqn. 3.9 and eqn. 3.10 are reduced to eqn. 3.11 and eqn. 3.12 respectively.

P1(l) = P0 sin2(Cl) (3.11)

P2(l) = P0 cos2(Cl) (3.12)

Under phase-matched condition, according to eqn. 3.11 and eqn. 3.12, power is

periodically coupled between the two waveguides, along the propagation direction

l.

In this work, evanescent field couplers were used to out-couple light from some of

the ring lasers, unidirectional laser and the coupled ring lasers. To ascertain the

optimum length of the couplers for this work, BeamPROP was used to compute

the coupling coefficient as a function of coupler spacing using the following data

(coupler etchdepth = 4.0 µm and gap = 0.5 µm). The result is shown in figure 3.13;



Chapter 3. Material and Device Design Considerations 44

coupler length = 670 µm can be deduced from the plot for a 50:50 coupling ratio.
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Figure 3.13: A plot of coupled power against coupler length for a coupler
gap, d = 0.5 µm and 4.0 µm etch depth. This computation was done using

BEAMPROP.

3.5.1.2 Multimode Interference Couplers

The operation of optical MMI is based on the principle of self-imaging, a property

of multimode waveguides, where an input field profile is reproduced in single or

multiple images (see Fig.3.14) at periodic intervals along the propagation direction

of the waveguide [70].

From the graphical representation shown in Fig.3.14, an input field, Ψ(x,y), in-

jected into the MMI at a point where x= -We/6 and y = 0 is split into two equal

fields (50% coupler) between x= -We/6 and x= We/6 at y = 1/2(Lm). At point y

= Lm, the field is completely coupled from the input x position (x= -We/6) to x=

We/6 (100% coupler). Point y = 3/2(Lm) is a mirror image of what was obtained

at point y = 1/2(Lm) (i.e 50:50 coupler) and finally the original image is repeated

at point y = 2(Lm) (i.e 0% coupler). Where We known as the effective width is
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Figure 3.14: Graphical representation of the imaging properties in the multi-
mode waveguide with an input field injected at x=-We/6

calculated from the expression [70];

We = Wm +

(
λ0

π

)(
nc
neff

)2

(n2
eff − n2

c)
−(1/2) (3.13)

where λ0 is the free-space wavelength, nc is the refractive index of the cladding

(i.e air), neff is the effective index of the waveguide and Wm is the physical width

of the waveguide. On the other hand, Lm (the beat length of two lowest order

modes) can be calculated from the expression [70];

Lm =

(
4neffW

2
e

3λ0

)
(3.14)

In this research, only 3dB (50:50) 2x2 MMI couplers were used. Two suitable

mechanisms of self imaging in multi-mode waveguides appear for this case; (1)

N x N general interference mechanism and (2) 2xN restricted paired interference

mechanism (where N is the number of inputs/outputs). In the former, the images

are independent of the launch-field input position but in the latter, the reverse is



Chapter 3. Material and Device Design Considerations 46

the case. In general self imaging couplers, as shown schematically in Fig.3.15(a)
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Figure 3.15: Schematic layouts of (a) a 2 x 2 general interference MMI coupler
and (b) 2 x 2 restricted pair interference MMI

where N=2, the first single image distance is found at 3Lm with the first N-fold

image being found at:

L =
3Lm
N

(3.15)

Compared to the restricted paired case, as shown in Fig.3.15(b), where the first

single image may be found at Lm and the first N-fold image at;

L =
Lm
N

(3.16)
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In Fig.3.15(a) and (b) a realistic distance, d, is maintaned between the two ac-

cess waveguides; (1) to ensure no field coupling between the access waveguides,

prior to launching into the multimode waveguide, (2) to ensure no RIE lag effect

(Ref.[71]) during fabrication. For the devices reported in this thesis, d = 3 µm was

chosen. With this value, a minimum width is forced on the two MMIs; minimum

width attainable with general interference mechanism and restricted interference

mechanism are calculated from eqn.3.17 and eqn.3.18 respectively. With w = 5

µm, Wming = 15 µm and Wminr = 24 µm; i.e general interference mechanism give

shorter MMI than MMI based on restricted interference mechanism. Although

for a certain number of modes (say 6) the MMI width will be same for both and

as such, according to equations 3.15 and 3.16, restricted interference MMI will

give shorter MMI. Other advantages of general MMI over restricted interference

MMI include; non-dependence of the imaging properties on the position and shape

of input fields and non-dependence of operational condition on modal excitation

requirement [72]. On the other hand, general MMI suffer from reduced image

resolution compared to restricted interference MMI [70]. Based on this facts, we

chose MMI based on restricted interference mechanism, as image quality is very

crucial in our device operation.

Wming = 2w + d (3.17)

Wminr = 3(w + d) (3.18)

In order to allow for as many modes as possible in the multi-mode guide for

increased image resolution, a physical width of 24 µm was chosen. By inserting

nc=1.0, neff=3.25, Wm=24 µm and λ0=3.5µm into eqn.3.13 and eqn.3.14, We is

calculated to be approximately 24 µm and Lm equal to 704 µm; with these values,

the MMI length that yields 2-self images at the coupler output was calculated to

be 352 µm, using equation 3.16.
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To verify these results, a 3-D BPM simulation was carried out using a circuit

layout, schematically shown in Fig.3.16.

5.5 µm 5 µm 3 µm 5.5 µm

Launch Power
monitor 1
(blue colour)

Launch Power
monitor 2
(green colour)

We = 24 µm

Access 
waveguide 1

Access 
waveguide 2

L 
=

 1
55

0 
µm

Input field

Figure 3.16: Schematic of the circuit layout used for the BPM simulation

Shown in Fig.3.17 is the simulation result i.e the simulated power monitor values

of the output waveguides, that were placed at x=±
(
We

6

)
=4 µm, as a function of

coupler length.

From this figure the 3 dB (50:50) coupling length appears at 374 µm, thus making

the simulated coupler length 22 µm more than the calculated value.

The simulated coupler length was chosen for the final design. To investigate the
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Figure 3.17: 3-D BPM simulation of the restricted paired coupler with a
physical width of 24 µm. The 3 dB coupling length appears at 374 µm

positioning of the beams at the coupler output (i.e at L=374 µm), a cross-sectional

view of the transverse field profile (see Fig.3.18) was acquired during the simulation

process and it shows good power splitting (49.5 % : 49.5 %) with less than 1 %

loss.

Another critical factor that must be considered in MMI couplers design is back

reflections arising from the coupler itself [72]. Hanfoug et al [73]have shown that

by chamfering out (or tapering) any of the right angled edges of the coupler corners,

suppression of the back refections by more than 10 dB is achievable.

This approach has also been taken into the design of the MMI couplers here.

To ascertain the effect of the tapering angle on the MMI performance, a BPM

simulation was carried out for tapering angles ranging from 0-90 degrees. The

result is shown in Fig.3.19; it shows that the divergence angle of the beam is

about 20 degrees. To ensure no power loss in the MMI due to tapering, We chose

tapering angle (30 degree) greater than the beam divergence angle (20 degree).
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Figure 3.18: The cross-sectional view of the transverse field profile acquired
during the MMI simulation at L = 374 µm
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Figure 3.19: Plot of tapering angle vs power loss in the MMI
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Tapered 
   areas

10µm

Figure 3.20: An SEM of a restricted pair interference MMI tapered to suppress
backreflections from the MMI

An SEM of one of the restricted pair interference MMI fabricated using this ta-

pering technique is shown in Fig.3.20.

3.5.1.3 Y-Junction Couplers

Just as the name implies, Y-junction couplers have the structure of a letter Y.

It consists of one input waveguide and two output guides (as in the case of a

splitter) or two input guides and one output guide (as in the case of a combiner).

This coupler was among the first ring laser couplers used owing to its design

simplicity. In ring lasers, Y-couplers are formed by joining a tangential waveguide

to a circular resonator, as schematically shown in Fig.3.21. Theoretically, Y-

couplers split incoming beam into two output beams but practically, the input

beam is split into three components; feedback (i.e fraction coupled back into the

ring), output (i.e fraction outputted) and radiation (i.e fraction lost at the junction

due to modal mismatch)[68]. The last component present the greatest burden with

Y-couplers. Radiation loss up to 3 dB has been reported in Ref.[74].
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Y - junction coupler

Ring laser

Output

Figure 3.21: Schematic of a ringlaser utilising Y-coupler

Table 3.3: Comparison of the three available coupling techniques used in this
work

Coupling type Y-junction MMI Evanescent field
Intracavity backrecflection strong weak negligible
Coupling ratio weak strong variable
Fabrication tolerance error insensitive less sensitive very sensitive
Size very short long coupling dependent
Tunability not available not available available

In order to calculate the splitting ratio for the coupler used in this work, the

Y-junction was modeled using BPM method. The result of this simulation is

shown in Fig.3.22. The splitting power between output, feedback and radiation

loss appear to be 1:1:0 respectively. To investigate modal position in the structure,

we acquired the sectional view of the transverse mode profile at (a) a point before

the junction [see Fig.3.23(a)], (b) right in the junction [see Fig.3.23(b)] and (c)

after the junction [see Fig.3.23(c)]. The expected modal mismatches can be seen

in this figures.

Table 3.3 [68] compares the merits and demerits of the three couplers described in

this work.

Based on information given in table 3.3, evanescent field couplers where specifically

used in this project for interring coupling in coupled ring quantum cascade lasers

(CRQCLs) because the coupling ratio can be tuned (e.g. by altering the coupler
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Figure 3.22: 3-D BPM simulation carried out on a Y-junction coupler to
calculate the fraction of the beam, outputted, feedback and lost to radiation

gap), unlike in MMI and Y-couplers. In some devices, evanescent couplers were

used as output power couplers out of curiosity. MMI were only used as output

power couplers because according to table 3.3, they are more robust in deeply

etched devices and are less sensitive to fabrication errors than evanescent field

couplers. Y-couplers, on the other hand, were only used in the unidirectional laser

design because neither MMI nor evanescent field coupler could fit into the design.

3.6 Semiconductor Ring Lasers

These type of lasers utilise a closed path waveguide (e.g. racetrack structure,

shown in figure 3.25) as a lasing cavity. First demonstrated in 1980 by Liao et

al [66], SRLs exhibit several advantages over their Fabry-Perot (FP) counterpart,

for example, they do not require cleaved mirror facets or gratings for optical feed-

back, thus are less complex to fabricate. Secondly, they can operate in bi- or

uni-directional regime due to mode competition between the two counter propa-

gating modes [75].
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Figure 3.23: Sectional view of the transverse field profile in the coupler at (a)
z = 100 µm i.e before the Y-junction, (b) z = 680 µm, i.e right in the junction

and (c) z = 917 µm, i.e after the junction

3.6.1 Mode Competition

An elementary example of mode competition is observed in ring lasers, where there

are two potential modes having the same resonance frequency but travelling in op-

posite directions around the ring. The mode traveling in the clockwise direction is

the clockwise propagating mode (CW) and the one traveling in the opposite direc-

tion is counter-clockwise propagating wave (CCW). The two modes will compete

for available population inversion (gain) in the laser. Oscillation in one mode will

generally reduce the gain available for another mode, and in some situations may

suppress the other mode entirely.

3.6.1.1 Two-Mode Competition Analysis

To describe the competition between two potentially oscillating modes in a gain

medium, we begin by writing the rate equations, or intensity growth equations,
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for the two assumed modes as,[75]

dI1

dt
= [g1 − β1I1 − k12I2]I1 (3.19)

dI1

dt
= [g2 − β2I2 − k21I1]I2 (3.20)

where gi is the unsaturated gains minus losses in the ith mode, βi and kij the self-

and cross-saturation coefficients. i = j = 1, 2.

Steady state solutions to eqn.(3.19-3.20) require either that the saturated gain

factor, gi − βiIi − kijIj = 0 or that the corresponding intensity Ii = 0. Then

the condition for zero saturated gain for each mode is given by one of the linear

relations

I1 =

(
g1

β1

)
−
(
k12

β1

)
I2 (3.21)

and

I2 =

(
g2

β2

)
−
(
k21

β2

)
I1 (3.22)

and each of these relations can in turn be represented by a straight line in the I1,

I2 plane, as illustrated in Fig.3.24(a) These two lines may or may not intersect

in the first quadrant of the I1, I2 plane, as shown in Fig.3.24(b) and Fig.3.24(c)

where points O1 ≡ g1/β1 and O2 ≡ g2/β2 are the origin of these lines; T1 ≡ g1/k12

and T2 ≡ g2/k21 are the points where the two lines intercept the opposite axis.

Understanding the conditions required for stable operation of the modes under

steady-state condition calls for enhanced perturbation stability analysis; to evalu-

ate this we expanded the intensities I1(t) and I2(t) about the steady-state inten-

sities in the form

I1(t) = g1/β1 + ε1(t) (3.23)

I2(t) = g2/β2 + ε2(t) (3.24)

and looking for the linearised growth or decay rates of the the small perturbations

ε1(t) and ε2(t) about each potential steady-state operating point.

Starting with single-mode operating point at O1, where mode-1 is oscillating alone
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Figure 3.24: (a) single-mode coupled-oscillator conditions (b) weakly coupled
oscillator modes (C<1) showing simultaneous oscillation (c)Strongly coupled

oscillator modes (C>1) indicating bistable oscillation [75]
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with intensity I1 = g1/β1, the linearised differential equations for the signal per-

turbations about this point then become

dε1(t)

dt
≈ −g1ε1(t)− k12g1

β2

ε2(t) (3.25)

and
dε1(t)

dt
≈
[
g2 −

k21g1

β1

]
ε2(t) (3.26)

The requirement that mode-2 remains stable at zero amplitude at this operating

point is clearly determined by the stability criterion that

k21g1

β1g2

> 1 (3.27)

In geometric terms, this condition says that

O1

T2

=
g1β1

g2/k21

> 1 (3.28)

That is, for single-mode stability the origin O1 of the zero-gain line for mode-1

must be farther out on the I1 intensity axis than the tip T2 of the zero-gain line

for mode-2.

Geometrically, it is clear that if the two zero-gain lines do not intercept, as in

Fig.3.24(a), the origin of the outermost of the two vectors (vector I1 to T1 in this

illustration) is the stable solution. The laser oscillates only in mode-1 and this

mode completely suppresses the less favoured mode-2.

But when the two zero-gain vectors overlap (intersect), as in Fig.3.24(b) and (c),

two quite different situations can occur. Firstly, if the origins Oi of both vectors

lie inside the tips Tj of the opposite vectors on the Ii axes, as shown in Fig.3.24(b),

then by the criteria, (see equation 3.27) neither of the single-mode solutions O1

or O2 can be stable. Hence, the dual-mode solution O3 must be the only stable

solution. The mathematical criterion for this is that

O1

T2

O2

T1

=
k12k21

β1β2

≡ C < 1 (3.29)
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This is generally referred to as weak coupling between the two oscillating modes.

According to equation 3.29, the product of the cross saturation coefficients (k12k21)

between the two modes is less than the product of their self saturation coefficients

(β1β2). Physically, this means that gain competition between the modes is very

weak because of the weak coupling between the modes. In other words, the gain

medium is inhomogeneously broadened. To attain single mode behaviour, the

coupling between the modes must be improved and one of the ways to do that

in semiconductor ring lasers is to incorporate an “S”-crossover waveguide into the

ring [76]. This introduces non reciprocal gain and loss respectively to the favoured

and unfavoured modes respectively, thereby introducing gain competition needed

to attain single mode operation.

For strong coupling (Figs.3.24(a) and 3.24(c)), shown in equation 3.30 both of the

single-mode solutions O1 or O2 are stable.

C ≡ k12k21

β1β2

=
O1

T2

O2

T1

> 1 (3.30)

From equation 3.30, the product of the cross saturation coefficients (k12k21) be-

tween the two modes is greater than the product of their self saturation coeffi-

cients (β1β2). This means that mode #1 cross-saturates mode #2 more than it

self-saturates and vice versa. In order words, the coupling between the two modes

is very high, leading to strong gain competition between the two modes.

In conclusion, competition between two modes as observed in ring lasers may lead

to stable single-mode operation (strongly coupled modes) or dual-mode operation

(as in weakly coupled modes).

3.6.2 Regimes of operation

Three operational regimes have been reported for semiconductor ring lasers (SRLs)

[77, 78]. They include: (1) bidirectional continuous wave regime; this is the first
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regime and occurs immediately after threshold. In this regime the two counter-

propagating modes are active and operate in continuous wave. The two modes

were also reported to be phase-locked [78], (2) bidirectional with alternate oscilla-

tions regime; This regime precedes the bidirectional continuous wave regime. Here

the intensities of the two counter-propagating modes are modulated by harmonic

sinusoidal oscillations, the modulation is out-of-phase, for the two modes. (3) uni-

directional regime; this is the last of the three regimes and occurs immediately

after bidirectional-with- alternate-oscillations regime. In this regime, only one of

the two modes is active as the second mode is completely suppressed, leading to

higher output (2x) power from the preferred direction. This kind of behaviour can

also be forced on the ring, at all injection current by introducing a non-reciprocal

loss in one of the propagating modes [76].

For more theories on the operating regimes and the dynamics of the two counter-

propagating modes in these regimes, the reader is referred to Ref. [77, 78].

R1

R2

Lc

Lmmi

Figure 3.25: Schematic diagram of a racetrack laser coupled to an MMI cou-
pler

3.6.3 Free Spectral Range

Free spectral range (FSR) is one of the main performance characteristics of ring

lasers and is defined as the frequency spacing between the longitudinal modes

supported by the ring resonator. Mathematically, it is expressed as:

FSR =
λ2

ngL
(3.31)
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In a racetrack ring lasers (see figure 3.25),

FSR =
λ2

ng(2πReff + 2Lc)
(3.32)

where Reff = R1 +R2/2, ng is the group index of the semiconductor material, Lc

is the length of the coupler and λ is the free space wavelength.

3.6.4 Bending Losses in Ring Waveguides

Bending loss, just as the name implies, is the loss in the propagating optical power

associated with a bend in the waveguide. In this structures, the propagating mode

looses symmetry and is pushed towards the outer radii. The magnitude of the loss

varies inversely with the bending radius and index difference between the core and

the cladding [79]. In waveguide with little index difference (i.e. shallow etched

waveguides), bending losses are higher. On the contrary, deeply etched waveguides

(e.g QCLs) possess stronger optical confinement due to the large index contrast

at the semiconductor/air interface, thus lower bending loss.

Bending losses calculation in curved optical waveguides have been accomplished

using analytical method [80], computational intensive methods such as effective

index, and conformal based methods [81], and numerical simulation using a three

dimensional (3D) beam propagation method (BPM) [82] feature in BeamPROP

simulation software [64].

3.6.4.1 Numerical Computation of Bend Loss

To ascertain the minimal bending radius (critical radius) beyond which optical

power losses due to bend in the waveguide become negligible, a commercially avail-

able design tool, BeamPROP [64], based on Beam Propagation Method (BPM)

was used to model the bend losses at bend radii ranging from 0-320 µm at emission

wavelength of 3.4 µm. Waveguide (5 µm wide and 6 µm deep) was used for the

modeling. Figure 3.26 shows the bending loss as a function of the bend radius for
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the fundamental transverse magnetic (TM) mode. From Fig. 3.26, it is evident

that as the bend radius increases, the bending loss decreases exponentially until

it gets to the point (critical radius =180 micron) where it flattens. Beyond this

point the bending loss becomes negligible (∼0 dB/m).
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Figure 3.26: Computed BPM bending loss as a function of bend radius for a
5 µm wide waveguide with 4.1 µm etch depth.

To demonstrate the validity of the numerically modelled solutions, the bend loss

was analytically calculated as described in section 3.6.4.2.

3.6.4.2 Analytical Calculation of Bend Loss

The attenuation of optical guided waves propagating along a section of curved

waveguide depends exponentially on the bending radius R and index contrast be-

tween the core and the cover material (in this case PECVD SiO2). The attenuation

coefficient for the fundamental TM mode of the curved waveguide is given to a

good approximation by, [80]
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α(m−1) =
u2

av2(
√
πwR/a)

exp

[
−4w3R

3v2a

∆n

n

]
(3.33)

where a = 2.5 µm is half the waveguide width, R is the bend radius. The index

contrast is given by the expression,

∆n

n
≡ n2 − n1

n2

(3.34)

where n1 = 1.46 is the cover index and n2 = 3.34 is the core index.

The quantity v can be computed from the waveguide parameters as

v =
2π

λ0

n2a

√
2

∆n

n
(3.35)

where λ0 = 3.46 µm is the free space wavelength.

The parameters

u =
√

1 + 2ln(v) (3.36)

and

w =
√
v2 − u2 (3.37)

The bending loss in dB/m is therefore,

Lossbend = −10log(e−αL) (3.38)

where L = 1 m is the propagation length.

Solving equations 3.33 - 3.38 in Matlab we obtained the bend loss as a function

of bend radius for index contrast ∆n/n ∼ 0.57 (i.e. the index contrast of the QC

material reported in this work) shown in figure 3.27.

The analytical result shown in figure 3.27, equally exhibit exponential decrease

in bend loss with increasing radius like the numerical result shown in figure 3.26.

However while the numerical result flattens at ∼ 180 µm, the analytical result

flattens ∼ 2 µm.
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Figure 3.27: Bending loss (dB/m) as a function of bend radius at ∆n/n ∼ 0.57
for bend radii 1-5 µm, calculated analytically by solving equations 3.33 - 3.38

in Matlab

To understand the great difference between the critical radii, we tried to match

the numerical result to the closest analytical results. A comparison plot between

the numerical result and the closest analytical results are shown in figure 3.28.

From figure 3.28, we could observe that the critical radius of the numerical result

matched with that from the analytical result at ∆n/n ∼ 0.028. However the

numerical bend loss appears steeper than the analytical results.

The validity of the bending loss computed numerically using BeamProp could not

be proven by the analytical calculation. In fact, the analytical calculation seems

to give a more accurate result than the numerical result.

The best option would have been to measure the bend losses, experimentally but

this could not be done as there was not enough material for the research.
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Figure 3.28: Comparison between numerically computed bend loss (dB/m)
and analytically calculated bend loss at ∆n/n ∼ 0.025 and 0.028, as a function

of bend radius

3.6.5 Instability of Laser Operation Caused by Facet Re-

flections

The facet reflectivity of laser diodes, which is determined by the value of the refrac-

tive index of the semiconductor material, is approximately 30 %. The performance

of the ring laser deteriorates as a result of instability of the laser operation (feed-

back noise) which is induced by light reflected back into the cavity. Since this

instability occurs even when the level of feedback light is less than 0.01 %, facet

reflection must be strongly suppressed.

In all the devices described in this work, the facets of the output couplers were

tilted at an angle of 7 degrees to the waveguide normal, to minimize back-reflections [83].
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3.6.6 Ring Laser Design

The ring lasers described in this thesis were designed with the parameters shown

in table 3.4

Table 3.4: Parameters used to design the ring laser

Parameter Dimension
Waveguide width (µm) 5
Inner ring radius (µm) 249
Outer ring radius (µm) 254
Effective ring radius (µm) 252
MMI length (µm) 374
MMI width (µm) 24
Length of the straight waveguide (µm) 528
Etch-depth (µm) 6.5
Effective length of waveguide (µm) 2640
FSR (nm) 1.4
Output power coupling (%) 50

An SEM of the fabricated single racetrack waveguide and its corresponding MMI

coupler is shown in Fig.3.29 below.

Racetrack

Tapered MMI coupler

500 µm

Figure 3.29: SEM image of the fabricated racetrack waveguide and its corre-
sponding tapered MMI coupler
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3.6.7 Ring Laser Result
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Figure 3.30: Acquired emission spectrum of the quantum cascade ring at 1.3
x Ith, measured at 200 K with FTIR resolution of 0.2 nm
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Figure 3.31: Current- Voltage curves of the ring laser and a FP of the same
dimension measured at 200 K

Shown in figure 3.30 is the spectra acquired from the ring laser at 1.3 x Ith. In

figure 3.32 the normalised optical power versus current curve of the ring laser
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Figure 3.32: Normalised Optical power - Current curves of the ring laser and
a FP of the same dimension measured at 200 K

and a FP quantum cascade laser from the same wafer and comparable dimensions

are shown. In figure 3.31, the current-voltage curve of the ring laser and a FP

are shown. The turn on voltage for the two devices occurs at ∼ 11 V, which

corresponds to the design voltage (i.e ∼ 350 meV times the number of cascades,

30). The ring laser has a threshold current density of approximately 2 times less

than that of the FP laser (2.6 kA/cm2 compared to 5.3 kA/2) because the ring laser

has less transmission loss. Threshold current density of about 2.5 kA/2 have been

in this material system at 300 K by Commin et al using FP with high reflection

coatings [61].

3.7 Conclusion

This chapter has described in details the material system, device design consid-

erations and compositional components employed to realise the coupled quantum
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cascade ring lasers and unidirectional quantum cascade lasers discussed in chapters

6 and 7 respectively.



Chapter 4

Quantum Cascade Ring Laser

Fabrication

4.1 Fabrication Process Overview

An overview of the basic fabrication steps employed to produce the quantum

cascade ring lasers reported in this thesis is shown in figure 4.1.

4.1.1 Introduction/ Key fabrication challenges

Here we describe how for the first time ring lasers (conventional rings, unidirec-

tional rings and coupled rings) were fabricated in the short wavelength ∼ 3-4 um,

antimony (Sb) containing quantum cascade laser material In0.7Ga0.3As/AlAs0.6Sb0.4

designed and grown at Sheffield University.

The Sb-based QC material was very hard to get hold of. Infact I only had 2x2 cm

piece of material for this research work. This was clearly not enough supply to do

sufficient number of processing test.

The major key challenges in this fabrication were;

• developing dry etch recipe for this material system.

69
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Electron-beam exposure

E-beam resist
Upper cladding
Active region
Lower cladding

Substrate

Development of dry 
etch pattern

Dry etching

Silica deposition and
planarisation planarisation

layer

Contact window opening

Metallisation, heatsink mounting
and wire bonding

Figure 4.1: The basic fabrication steps taken to fabricate the quantum cascade
ring lasers reported in this thesis
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• achieving separate control of waveguide etch depth and directional coupler

etch depth using one etch step.

• how to electrically isolate the two rings (in the case of coupled rings) or the

ring cavity and “S”-crossover waveguide (in the case of unidirectional rings)

using metal-liftoff technique.

• developing dielectric layer composition to hold off high voltages expected

from this short wavelength devices.

How these problems were solved are described in this section. Also described, are

other standard fabrication processes, that were relevant in the processing.

All the fabrication work was done in the James Watt Nanofabrication Centre

(JWNC) situated in the electrical department of Glasgow university, with ex-

ceptions of waveguide etching. Waveguide etching was done in CST, a research

collaborator, as the inductively coupled reactive ion etching (ICP-RIE) machine

in the department was not available for this work.

4.2 Dielectric Deposition

In the life of this research work, dielectrics (SiO2 and Si3N4) were used for three

different purposes:

1. As hardmask for waveguide etching. Quantum cascade laser waveguides are

defined by deep etching (i.e etched through the active region). The nature

of etching requires a highly resistant mask to protect the unexposed area

during etching. SiO2 have been extensively used for this purpose in the

micro-fabrication industry. In this processing, a 500 nm SiO2 was used as

the hardmask for dry etching.

2. For electrical isolation. SiO2 and Si3N4 were used as electrical insulator so

that injected electrons only pass through the ohmic contact to the active
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region. This helps reduce injected current leakage at the side of the waveg-

uide.

3. As optical buffer. Covering the waveguide with dielectric layers reduces

overlap between the propagating modes and the metal contact, especially

in the space separating the two couplers, thus reducing optical loss in the

structure.

SiO2 and Si3N4 were deposited by a plasma enhanced chemical vapour deposition

(PECVD) process. This type of dielectric deposition is conformal, i.e dielectric

thickness on the vertical side wall and on the horizontal (flat) surface are almost

equal. Other desirable properties of PECVD include: good surface adhesion, low

pin hole density [84].

4.3 Lithography

Lithography in semiconductor processing is a technique used for transfering pat-

terns to samples. Lithography is accomplished with the aid of an energy sensitive

chemical (resist) which decompose (positive resist) or hardens (negative resist) on

exposure to energy. The nature of the exposure energy determines the type of litho-

graphic process. For example, when the resist exposure is accomplished by using

light, the lithographic process is called photolithography and when accomplished

with electron beam, it is known as e-beam lithography. In this work, electron beam

lithography (EBL) was only used to define patterns for waveguide etching while

contact window and metal liftoff patterns were defined using photolithography.

ZEP520A [85], a positive e-beam resist with high resolution and great dry etch

resistance (1:5 ZEP520a:SiO2) was used to define the ring-waveguide patterns on

the silica (SiO2) hardmask.
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4.4 Dry etch

Dry etching techniques [86] are those that rely on plasma-driven chemical reactions

or energetic ion beams to remove semiconductor materials; specifically developed

to achieve anisotropic etching (i.e greater etch rate in the vertical direction than

in the horizontal direction), critical for high fidelity pattern transfer. In this work,

reactive ion etching (RIE) and ICP-RIE were respectively, used for shallow etching

(e.g silica hardmask and contact window opening) and deep etching (in this case

the ring waveguide structures)

Some of the benefits of ICP over conventional RIE include: higher etch rate (due

to higher ion density (>1011 cm3) compared to (>109 cm3) for RIE), higher etch

selectivity and reduced physical damage (obtained by using low ion energy), high

process flexibiliy (due to separate control over Inductively Coupled Plasma and

electrode RF) [87].

4.5 Fabrication Process Flow

This section concisely describes step by step processes utilised in the device fabri-

cation.

4.5.1 Sample Preparation

Prior to processing, the grown wafer was scribed and cleaved into 1 cm x 1 cm

sizes. The samples were given thorough solvent cleaning in an ultrasonic bath,

using the the following steps: 5 minutes in opticlear, 5 minutes in acetone, 5

minutes in methanol and 5 minutes in Isopropyl alcohol (IPA). The samples were

thoroughly and properly rinsed with deionised water before being blow-dried with

dry nitrogen. After blow-drying, the samples were put in a Plasmafab oxygen asher

and ashed for 180 seconds to remove residues that were not completely removed

by solvent cleaning.
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4.5.2 Silica (hardmask) deposition and etching

500 nm PECVD silica was deposited on the sample as a hard mask material.

ZEP520A was spin-coated on the sample at spin speed of 2000 revolution per

minute (RPM) for 60 seconds (this gives resist thickness of about 500 nm). Sam-

ple was baked in oven at 180 oC for 40 minutes. Ring waveguide patterns were

transferred to the sample using EBL. After patterning, the sample was developed

in o-xylene at 23 oC for 60 seconds and properly rinsed in IPA by dipping for 20

seconds. Developed sample was transferred to plasmalab 80 plus system for reac-

tive ion etching. Firstly, oxygen etching (RF power = 10 W, gas flow = 10sccm and

process pressure = 50 mT) was carried out for 30 seconds to descum the sample

and further remove any residue or remnants of the resist on the patterned areas.

Using a mixture of CHF3+Ar, the sample was dry-etched (RF power = 200 W,

gas flow = 25/18 sccm and process pressure = 30 mT) for 17 minutes (etch rate =

30 nm/min) to completely remove silica on the patterned area. Etch depth before

resist stripping and after resist stripping measured with a Dektak profilometer

were 0.95 micron and 0.5 micron respectively. This gives etch selectivity of 1:10

between ZEP520A and silica. The scanning electron microscope (SEM) image of

part of the etched hardmask is shown in Figure 4.2.

4.5.3 Effect of RIE lag

To fabricate the devices investigated in this research work, with the exception of

devices using multimode interference (MMI) as output coupler, two etch depths

were needed; evanescent field coupler etch depth (Dcoupler) and waveguide etch

depth (Dwaveguide) as shown in figure 4.3. Based on the epi-layer structure of

the wafer used in this work and shown in Figure 3.5, the minimum etch depth

required to define the waveguide is ∼ 6.4 µm (i.e from the upper cladding down

to the lower cladding). Quantum cascade lasers are fabricated by etching deep

through the active region. Because they are unipolar devices, they do not suffer

from the effect of surface recombination and non-radiative recombination sites
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Unetched silica
(used to define couplers in final etching)

Etched area
(to define coupler 
spacing in the 
final etching)

5 µm5 µm

Figure 4.2: SEM image of part of the etched RIE hardmask (showing couplers,
i.e area covered by silica, and coupler spacing, i.e etched area )

created by etching through the active region as is observed in bipolar interband

lasers. In this work waveguides were defined by etching trenches before and after

the waveguide regions (see Fig.4.5)

Furthermore, the etch depth of the coupler together with the coupler gap deter-

mine the length of the coupler needed (see Fig.3.10); deeper etch depth means

lower coupling between the waveguides, thus longer coupler length. On the con-

trary, shallower etch depth, for the same coupler spacing, means higher coupling

coefficient, thus shorter coupler length. For a robust coupler operation, the two

waveguides that make up the coupler must be optically isolated. To ensure this,

at the same time keeping optimum coupler length, the coupler has to be etched

down to a maximum etch-depth of about 4.2 µm and minimum of about half the

waveguide height. Below this region, the coupler length becomes too long and

above this region, the coupler length become undesirable very short.

In order to obtain etch-depth of not less than 4.0 µm in the coupler and at least
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6.4 µm in the waveguide trenches, using a single etch step, we took advantage of

RIE lag effect.

RIE lag, otherwise known as aspect ratio dependent etching, becomes a critical

problem when etching small features with high aspect ratios using RIE etching.

The rate at which features are etched varies along the sample and depends on

the feature sizes. Bigger-sized features experience higher etch rate and smaller

features, lower etch rate leading to a lag in etch depth between the latter and

former. According to [88], slower etch rate in smaller features, could be attributed

to depletion of reactive species (ions) in these areas, and caused by restrictions in

angular trajectories of incident ions.

In this work, RIE lag effect was positively utilised in the fabrication. This effect

offered separate control of etched waveguide depth (i.e trench depth) over etch-

depth of the coupler. While the waveguide depth is controlled solely by the etch

parameters, coupler etch-depth is controlled by etch parameters and RIE lag effect.

To investigate this effect and possible coupler gap to settle for in the design, an

etch test was carried out. Patterns with coupler spacing ranging from 600 nm

to 1400 nm were transferred using EBL to the sample. Also on the sample were

20,000 nm wide trench features used to define the waveguides; these parts were

equally used for etch-depth profiling during etching as the coupler gaps were two

narrow for the stylus of the profilometer (12 µm in diameter).

Fig. 4.4 shows a plot of etch depth ratio (EDR = Dcoupler/Dwaveguide) as a function

of coupler gap d at etch times of 8 and 11 minutes. From the plot it is evident that

the longer the etch time the lower the etch-depth ratio (i.e higher RIE lag) and

on the other hand, the wider the coupler spacing, the higher the etch-depth ratio

(meaning lower lag between the two trenches). Also from the plots, it is observed

that the effect of RIE is critical below 1.2 µm and negligible beyond this point as

the etchdepth ratio begin to flatten. To take advantage of RIE lag effect in the

waveguide etching, the coupler gaps must not be wider than 1100 nm. 500 nm gap

was chosen for this work because it gives the optimum coupler length (670 µm)
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Figure 4.3: Schematic diagram illustrating etchdepth difference between cou-
pler etchdepth (Dcoupler) and waveguide etchdepth (Dwaveguide) caused by RIE

lag.
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Figure 4.4: Plot of etchdepth ratio vs. coupler gap, at etch times of 8 minutes
and 11 minutes
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Table 4.1: Fitting parameters for calculating etch-depth ratio

y0 A1 t1

0.374 0.21682 -3143.83

An exponential fit to figure.4.4, yields the equation below

y = y0 + A1exp
−x
t1 (4.1)

where y equals etch-depth ratio (EDR), and x is the coupler spacing. Using

eqn.4.1 and the fitting parameters in table 4.1, with x=500 nm, EDR value was

calculated to be 0.623. With EDR = 0.623 and Dcoupler fixed at 4.0 µm, Dwaveguide

was calculated to be about 6.4 µm. These values were used for the final waveguide

etching.

4.5.4 Ring Waveguide etching

After the hardmask etching, the sample was taken to CST (Glasgow) for ICP-RIE

etching of the waveguides. The waveguides were etched (Cl2/(N2) etch chemistry

for 10.3 minutes. Shown in figure 4.5(a) is the top view SEM image showing two

ICP etched coupled rings and their coupler and figure 4.5(b) is an SEM image of

the cross-sectional view of one of the couplers.

4.6 Planarisation

The nature of the etched ring waveguides ( etch-depth = 6.4 µm and ridge width

= 5 µm) means that electrical contact cannot be made directly on the ridges.

Even when the ridge area is large enough for wire bonding, direct bonding on the

waveguide is avoided in other not to break the fragile waveguide. Planarisation and

side wall passivation are used to provide good electrical connection to devices and

bondpads, and they help to reduce current leakage through the side walls in deep

etched devices. The essence of planarisation was to form a kind of ramp connecting
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(a)

(b)

Upper cladding

Active region

Lower cladding

Coupler gap
(500 nm)

Waveguide
trenches

Coupler gap
(500 nm)

Racetrack 
waveguides

Figure 4.5: (a) top view SEM image showing two ICP etched coupled rings
and their coupler (b) SEM image of the cross-sectional view of the coupler

the foot of the waveguide to the top (see fig. 4.6). With this in position, metal

contact can be evaporated on the device without recourse to metal sputtering,

which makes liftoff a bit difficult. In this work, side-wall passivation was achieved

by, conformally, depositing 500 nm PECVD nitride on the etched waveguides. On

the other hand, waveguide planarisation was carried out using flowable oxide 16

(FOX 16) [89], a spin-on dielectric HSQ, due to its fluidity. This method has been

reportedly used for III-V semicondutor devices by Zegaoui et al [90]. FOX 16 was

spin-coated on the sample at 2000 RPM for 60 seconds, giving thicknesses of ∼

600 nm, 1600 nm and 150 nm on flat surface, waveguide trench and ridge top

respectively. The spun sample was then placed in a 180 oC oven for 60 minutes

to transform HSQ into silica. Finally, 200 nm PECVD silica was deposited on

the planarised surface to smoothen the surface, thus providing good adhesion for
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contact metals.

Planarisation
layer

Waveguides

5 µm

Coupler
gap filled
with FOX 16

Figure 4.6: SEM of a planarised waveguide using the method described in
this section (4.6).

4.7 Contact window opening

Contact windows were opened through the dielectric layers to the semiconductor

cap layer to enable current injection into these devices. Because of three layers

of dielectric (200 nm SiO2 + 150 nm FOX 16 and 500 nm Si3N4) overlaying the

waveguide, two dry etch chemistries were used for the contact window opening.

These include;

• CHF3+Ar for etching SiO2 and FOX 16, with 29 nm/min and 21 nm/min

etch rates respectively.

• CHF3+O2 for Si3N4 etching, etch rate is about 40 nm/min

Oxford Plasmalab RIE80 plus machine and Shipley S1818 photoresist was used

for the process. Etch selectivity of 1:3 was observed between the photoresist and

the dielectrics.
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4.8 Liftoff Pattern

Contact 1 Contact 2Lift-off area

A

B

30 nm

Figure 4.7: Top view schematic showing how the coupled ring devices were
isolated electrically

Electrical isolation of the two rings (in the case of coupled rings) or the ring

and S-waveguide (in the case of unidirectional rings) using standard metal-liftoff

technique was not possible in this work. One of the greatest challenges encountered

in the course of this research work was realising metal liftoff pattern across the

waveguides (particularly at points A and B shown in figure 4.7).

Two approaches were taken to solve this problem. Liftoff resist, Michrochem

LOR10A [91], was used as a sacrificial resist, in the two approaches to get undercut

required for metal lift-off.

In the first approach the waveguides were not planarised. Four layers of LOR10A

were spun on the sample and baked in an 180 oC oven to drive away the solvent.

S1818 photoresist was spun at 4000 RPM for 30 seconds and pre-baked on a hot
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plate at 115 oC for 50 seconds. Liftoff pattern was transferred onto the sample us-

ing photolithography process. The exposed sample was developed in a 1:1 mixture

of water and microposit developer. Developed sample was given 2 minutes oxygen

ashing before being post-baked in an 120 oC oven for 30 minutes. Sample was

developed in CD 26 developer solution to dissolve the Liftoff resist (LOR) thus

giving useful undercut. The issue with this approach was that the resist thickness

in the waveguide trenches were thicker than the resist on the ridges and the side-

walls. During development, LOR resist on the ridges and sidewalls dissolve faster

than those in the trenches and on flat surfaces. Thus causing the overlaying resist

(S1818) to collapse on the ridges. To encourage faster and a more uniform resist

development, the beaker containing the sample and developer solution was placed

in ultrasonic bath for 3 seconds. This process worked, but came at a price. The

agitation from ultrasonic bath caused parts of some ring waveguides to snap. An

SEM image of a liftoff done using this technique is shown in figure 4.8.

Deposited metal

Parts of the ring
that snapped 

Liftoff area
(based on design)

Area lifted off
due to non-uniform
pattern development

100 µm

Figure 4.8: SEM image of metal liftoff on a coupled ring done using first
approach

In the second approach, the waveguides were first planarised using the method

described in section 4.6. The same process used in the first approach was repeated

here. Liftoff pattern development was very uniform and no collapsed patterns

were observed. Unlike the first approach, the second method is highly repeatable
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with better yield. A micrograph image of devices fabricated using this technique

is shown in figure 4.9

450 µm

Figure 4.9: Micrograph image of metal liftoff on a coupled ring realised using
second approach

4.9 Metalisation (Top contact)

Prior to metal deposition on the sample, oxide strip was carried out by dipping the

sample in a 1:4 mixture of hydrochloric acid (HCl) and water, for 30 seconds, to

remove native oxides that may have formed on the oxide surface. The stripped ox-

ide sample was mounted on a substrate holder ready for metal deposition. Plassys

1, a metal deposition machine in the JWNC was used for this process. Ti(30 nm)/

Pd (20 nm)/ Ti(dummy)/ Au(240 nm) were deposited on the top of the sample.

For devices made using the first lift-off patterning approach detailed in 4.8, 200

nm gold was further sputtered on the sample to ensure metal contact continuity

on the ring side walls but for devices made using planarisation technique, metal

sputtering was not necessary.
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4.10 Metal Liftoff

After metallisation, the sample was dipped in a beaker containg SVC-14 developer

to lift-off the unwanted metals from the sample. The solution was maintained at

60 oC while being continually stirred. The sample was left in the solution for 20

minutes before being rinsed in IPA for 20 seconds. SEM images of the lift-off is

shown in Fig.4.8 and Fig.4.9

4.10.1 Thinning, Back contact metallisation and Anneal-

ing

Substrate thinning was done to facilitate heat extraction from the device to the

heatsink whilst in operation. In this case, the substrate was mechanically thinned

by rubbing the substrate over a solution of aluminum oxide (Al3O2) powder and

water, sprinkled on a glass board. The substrate was thinned down to 200 µm

using a combination of 9 and 3 µm (Al3O2) powder. While the former was used to

aggressively reduce the thickness of the substrate, the later was used to smoothen

the surface, thus ensuring good metal adhesion.

The sample was giving a thorough solvent cleaning and subsequently mounted

upside down on a glass slide for back metallisation. Same metal layers used for

the top contact (see section 4.9) was deposited on the back side of the sample.

Rapid thermal annealing (RTA) was done to alloy the metal contacts, thus making

it ohmic. The sample was annealed at 360 oC to enable the intermixing of the

layered metals.

4.11 Cleaving, Mounting and Wire-bonding

Using the scriber and cleaver in the JWNC, the sample was separated into indi-

vidual devices. These devices were mounted on heatsink tiles, specially designed
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to match the probes on our cryorod, with using indium solder. Using gold wires,

the devices were wirebonded to the contact pads on the heatsink. An SEM image

of a cleaved device and a wire-bonded coupled ring laser are shown in figure 4.10

and figure 4.11

5 µm

Cracks in HSQ

Figure 4.10: SEM image showing the cleaved facets of one of the processed
devices

1.0 mm

Figure 4.11: SEM image showing a wire-bonded coupled ring laser
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4.12 Conclusion

This chapter discussed the fabrication techniques employed in this work. The main

fabrication challenges were also highlighted. The main fabrication achievements

include: utilising RIE lag effect positively for the first time in quantum cascade

laser (QCL) processing, QCL waveguide planarisation using HSQ, developing mul-

tilayer liftoff recipe for deeply etched waveguides and achieving metal liftoff across

a 6.4 µm high ring waveguide. The fabrication techniques discussed here were

used to process the quantum cascade rings discussed in chapters 6 and 7.



Chapter 5

Unidirectional Quantum Cascade

Ring Lasers

5.1 Introduction

Unidirectional operation in a ring laser is defined as when when greater percentage

of light is emitted from one output direction. Semiconductor ring lasers discussed

in section 3.6 are inherently bi-directional due to the reciprocity of the gain medium

in the ring resonator. Unidirectional emission in semiconductor ring lasers (SRLs)

have been achieved by either driving the laser in the unidirectional regime [77], or

by introducing both a non-reciprocal loss and gain into the ring cavity (e.g using

an active crossover waveguide) [76]. Some of the advantages of unidirectional

operation include:

1. stable single mode operation

2. ability to operate in the traveling wave regime

3. absence of spatial hole burning which is a source of noise and has recently

been shown to be a limitation on modelocked operation of quantum cascade

lasers (QCLs) [92]

87
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4. uniform saturation of gain medium

5. More power extracted in the favoured emission direction [93]

6. higher quantum efficiency in the preferred direction

The work described here was focused on achieving unidirectional operation by

incorporating an active S-cross-link waveguide. The nature of the quantum cascade

(QC) material gain (inhomogeneously broadened) means that gain competition

which is responsible for unidirectional operation was not there. By introducing

the S-cross-link waveguide we link the individual gains, thereby introducing gain

competition and hence, unidirectional operation. This is the first unidirectional

quantum cascade ring laser (QCRL) ever reported and it operates in pulsed mode

with good spectral purity.

5.2 Aim

The main aim of the research work described in this chapter was to demonstrate

unidirectional emission from a bidirectional QCRL, at all injection currents above

threshold. This is achieved by intentionally introducing non-reciprocal loss and

gain in the counter-clockwise (CCW) and clockwise (CW) propagating modes,

respectively.

5.3 Objective

The target objectives were to demonstrate single mode emission with unidirec-

tionality (i.e. CWSR) greater than 90%
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5.4 Literature review on unidirectional ring laser

Unidirectional operation of ring lasers requires the use of a nonreciprocal mech-

anism which favours the oscillation of the mode moving in one direction around

the cavity at the expense of the other. In conventional lasers this behaviour have

been reportedly achieved by using Faraday isolator [94] and back reflections from

auxiliary mirrors [95]. The absence of monolithically integrable isolators meant no

semiconductor unidirectional laser was demonstrated till the early nineties.

In 1991, Sennaroglu and Pollock from Cornell University Ithaca, New York pro-

posed an alternative mechanism for breaking the symmetry in a ring laser by

tilting the output facet of the waveguide ring laser by a small angle (1-2 ◦) to

encourage feedback into the system which in turn provides the required non-

reciprocity.[96] Barely two months after the proposal, the first unidirectional oscil-

lation in a ring-resonator type semiconductor laser based on feedback mechanism

was demonstrated by Oku and colleagues [97] from NTT Opto-electronics Labo-

ratories, Kanagawa, Japan. Unidirectional emission based on facet reflection was

also demonstrated by researchers in University of Glasgow, led by Marc Sorel [93].

At the same time, extensive research in the field of SRL, in the early 1990s by

Hohimer and fellow workers at the Sandia National laboratories, Albuquerque,

New Mexico, led to the demonstration of the first unidirectional operation in a

SRL based on the use of active crossover waveguide [76, 83].

In 1997 J. Liang and co-workers reported on unidirectional operation in a triangu-

lar ring laser [98]. Their approach was to create a loss asymmetry by introducing

a waveguide tapering section that widens the waveguide gradually followed by an

abrupt section that connects to the original width. The abrupt section is respon-

sible for the feedback mechanism.

Finally, in the early 2000 a group of researchers led by Marc Sorel, from Univer-

sity of Glasgow, reportedly demonstrated unidirectional operation in a SRL by

naturally allowing low feedback from the output facets into the cavity [77]. They

also predicted and experimentally demonstrated the operating regimes of SRL as a



Chapter 5. Unidirectional Quantum Cascade Ring Lasers 90

function of the bias current; the regimes include, bidirectional, alternate oscillation

and unidirectional [77, 99].

5.5 Operation of Unidirectional QCRL

(b)

6.
5 

µm

10.5 µm

0.5 µm

Y-coupler 2

Y-coupler 1

+

Evanescent 
field coupler

S-crosslinkCW mode

CCW coupled to CW CCW mode

CW CCW CCW 

Coupling length

(a)

500 µm500 µm
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Figure 5.1: (a) SEM image of the top view of unidirectional ring showing the
racetrack circumference (2900 µm) with the “S-shaped” cross arm and at the
bottom of the figure is the directional coupler; solid and dotted arrow indicate
CCW and CW modes, respectively. (b) SEM of the cross-sectional view of the
evanescent field coupler part of the laser (point shown by a blue arrow in Figure
above), the width of the waveguide is 5 µm and the slot in the centre of the
waveguide is 0.5 µm wide and 4.0 µm deep is etched down to the active region

of the laser.
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Illustrated in Fig.5.1 is the schematics of the operation of an S-crossover unidirec-

tional ring laser and it works as follows: the racetrack ring laser has an S shaped

cross arm joined to the racetrack cavity at two points with the aid of two asym-

metric Y-couplers which split or combine power through them, depending on the

direction of the propagating light. In this design the asymmetric Y-junctions were

oriented in a manner that they split light in the CCW direction (solid arrows) but

combine light in the CW direction (dotted arrows). This introduces a non recip-

rocal loss in the CCW direction and gain in the CW direction as the split part of

the CCW light passes through the S-shaped waveguide to combine with the CW

mode at the next Y-junction. These modes compete for gain in the racetrack but

the CW mode is always dominant and therefore as the current injected into the

racetrack ring laser is increased the CW increases and suppresses the CCW mode

thus the laser becomes more unidirectional as the laser is operated further above

the threshold current. Light is coupled out of the ring through the evanescent field

coupler.

5.5.1 Rate Equation Model for QCRL

Laser rate equations are employed to model the optical and electrical character-

istics of any laser system. These equations relate the photon and charge carrier

densities in the device to the injection current and material parameters (eg. optical

gain, photon lifetime and carrier lifetime).

In a three-state QCL system, schematically shown in Fig.5.2; electrons injected

into n = 3 state from the ground state of the injector of the previous period at a

rate equals to J/q0 may scatter from this state to the n = 2 and and n = 1 states

with rates τ−1
32 and τ−1

31 respectively and n = 3 lifetime, given by the relation,

τ−1
3 =τ−1

32 +τ−1
31 +τesc

The rate of change of the population of the three levels and photon density may

be expressed as;[100]
dn3

dt
=
J

q0

− n3

τ3

− Sgc(n3 − n2) (5.1)
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1/τ32 1/τ31
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Figure 5.2: Schematic representation of the energy level scheme of a three
states QCL. The tunneling and relaxation processes are indicated by arrows
(green for injectors, wavy red for optical transition and black for interstates
transition). Level 1 is rapidly depopulated into the energy level of the next

injector.

dn2

dt
=
n3

τ32

+ Sgc(n3 − n2)− n2

τ21

(5.2)

dS

dt
=

c

neff

[
(gc(n3 − n2))S + β

n3

τsp
− S

τc

]
(5.3)

where J is the injected current density, q0 is the electronic charge and S denotes the

photon flux density (per unit length per second) for a certain mode. c is the speed

of light in free space, neff is the effective index of the material, β ∼0.001 [101] is

the fraction of the spontaneous emission coupled in the lasing mode and τsp the

spontaneous emission lifetime. αtot = αm + αw is the total cavity loss; where αw
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is the waveguide loss and mirror loss,αm, is given by equation 5.4

αm =
1

2L
ln

1

R1R2

(5.4)

The cavity lifetime or exponential decay time is given as;

τc = γ−1
c =

τr
αtot

(5.5)

where τr round-trip time (i.e 2neffL/c). The gain coefficient (cm/kA) of a QCL

can be calculated as [26]

g = τ3

(
1− τ21

τ32

)
4πq2

ε0neffλ

z2
32

2γ32Lp
(5.6)

where z32 is the dipole matrix element, γ32 is the broadening of the transition, λ

the wavelength and Lp the length of the period.

Assuming that the gain spectrum of the QCL has a Lorentzian shape and always

lase at its gain maximum, the gain cross section, gc, (unit: cm) can be deduced as

gc =
qgΓ

τ3(1−τ21/τ32)

= Γ
4πq2

ε0neffλ

z2
32

2γ32Lp
(5.7)

where Γ the total overlap factor. The threshold current density in this type of

QCL is given in equation 5.8[26]

Jth =
1

τ3(1− τ21/τ32)

(
ε0neffλ

4πqΓpNpz2
32

(αm + αw)

)
(5.8)

5.6 Coupled Rate Equation Model For Unidirec-

tional QCRL

The photon density coupled rate equation model for a unidirectional quantum

cascade laser can be developed by modifying the rate equations of the QCRL
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described in section 5.5.1 to include light coupling from the CCW to CW direction

(see figure 5.3).

Scw

N,    1/τp

Sccw

Scouple

Gain medium

Y2

Y1

J/q0

S-crossarm
waveguide

Figure 5.3: Conceptual diagram of unidirectional ring laser with a directional
coupling, Scouple, where both CW and CCW resonators have identical carrier

densities and photon lifetimes, τp
and dots represent photons

The modified photon density rate equations for CCW and CW are given in equa-

tions 5.9 and 5.10, respectively.

dSCCW
dt

=
C

neff

[
(gc(n3 − n2))SCCW + β

n3

τsp
− SCouple −

SCCW
τc

]
(5.9)

dSCW
dt

=
C

neff

[
(gc(n3 − n2))SCW + β

n3

τsp
+

1

2
SCouple −

SCW
τc

]
(5.10)

where SCouple for a unidirectional QCRL, adapted from Ref.[102] can be expressed

as;

SCouple = (Rc1 +Rc2)exp(gcs − αs)Ls + (Rc1 +Rc2)β
n3

τsp
(5.11)

where Rc1 and Rc2 represent light reflected into the S-cross arm from the top

Y-coupler (Y1)and the bottom Y-coupler (Y2)respectively and Tc1 and Tc2 the
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transmittance at the two couplers. τr is the round trip time and gcs the gain in

the S-cross arm.

By comparing eqnuation5.9 and equation 5.10 we come to the conclusion that

unidirectional emission in this structure is predominantly controlled by the amount

of light we are able to couple from the CCW to the CW direction. Though

only about one quarter of the coupled light (SCouple) finally gets to the racetrack

waveguide (see equation 5.11). This is as a result of a 3dB radiation loss in each

of the asymmetric Y-couplers [103].

However, in this work we developed a simpler mathematical model for calculating

photon densities on both directions based on coupled rate equation method.

In the S-crossover ring lasers (i.e unidirectional operation), the intracavity photons

of the CCW direction couple to those of the CW direction through two asymmetric

Y-couplers in the S-crossover waveguide during each round trip. Here we investi-

gates the intracavity photon density on both sides as function of net modal gain in

the material and k1 (i.e cavity-“S” waveguide coupling coefficient). We started by

tracing the optical paths of the photons in both directions as shown in figure 5.4

By injecting a normalised photon density, S, into the cavity in the CCW direc-

tion we can calculate the fraction of the light that was (1) emitted out (via the

output coupler), (2) coupled to the CW direction (via the S-waveguide) and (3)

remaining in the CCW direction after the first round trip. These fractions are

calculated using coupled rate equation developed for this device, provided the

following assumptions:

• no facets reflection back into the cavity

• negligible bending loss

• negligible spontaneous emission
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The fraction of injected photon density remaining in the CCW direction of the

ring cavity after the first round trip can be calculated from the expression,

SCCW (remain) = St1t2t3exp(gΓ− α)L3 (5.12)

where t1, t2 and t3 are the transmission coefficients at Y1, Y2 and output coupler,

respectively. L3 = 2(πR+ Lc) is the cavity path length per round trip as shown

in figure 5.4(c). R is the radius of the ring cavity and Lc is the length of the
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coupler. S is the normalised photon density injected into the ring cavity and α is

the waveguide loss in the material.

On the other hand, the photon density remaining in the CW direction of the ring

cavity after the first round trip can be calculated from the expression,

SCW (remain) = St3exp(gΓ− α)L3Scouple (5.13)

where,

Scouple = Sk1exp(gΓ− α)L2exp(gsΓ− α)LsSt1k2t3exp(gΓ− α)L1exp(gsΓ− α)Ls

(5.14)

k1, k2 and k3 are the coupling coefficients at point Y1, Y2 and the output coupler,

respectively. Ls is the length of the “S”-crossover waveguide, L1 = (πR+ Lc

+Ls)[see figure 5.4(a)] and L2 = Ls [see figure 5.4(b)] are the path length travelled

by the coupled light from CCW to CW before combining in the next Y coupler.

Finally the measure for unidirectionality, otherwise known as the counter propa-

gating wave suppression ratio (CWSR) is obtained by dividing the photon density

in the CW direction by the photon density in the CCW direction. The CWSR

per round trip is calculated from the expression,

CWSR =
St3exp(gΓ− α)L3

1
2
Scouple

St1t2t3exp(gΓ− α)L3

(5.15)

Substituting the data in table 5.1 into equation 5.15 we modeled CWSR as a

function of k1. The result is shown in figure 5.5

From the figure, as expected, the CWSR continuously increased with increasing

k1. In reality the maximum coupling available when coupling light into a ring

cavity from a straight waveguide is set by the angle of inclination (θ) between the

“S” waveguide and the straight waveguide (see figure 5.4(c)). In this work we used

θ = 42 degrees. The coupling coefficient at Y1 for device reported here, modeled

using BEAMPROP is about 40 %.
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Table 5.1: Parameters used to model unidirectional behaviour in an “S”-
crossover ring waveguide cavity

Parameters Values
k1 0.1∼0.9
t1 1-k1

t2 t1t3

k2 k1t3

k3 0.5t1

t3 0.5t1

S 1
R 250 µm
Lc 670 µm
Ls 850 µm

0.0 0.4 0.8
0

30

60

CW
SR

k1

Figure 5.5: Computed CWSR as a function of cross-coupling coefficient, k1,
for cavity net modal gain of 3800 m−1

From the modeled result, it is evident that the unidirectional operation in this

structure is predominantly controlled by the amount of light we are able to couple

from CCW to CW direction. As the net modal gain increases, CW mode claims

most of the gain and continuously suppress the CCW mode.



Chapter 5. Unidirectional Quantum Cascade Ring Lasers 99

Table 5.2: Design parameters for the unidirectional QCRL with chip id:
UR250DC

Parameter Dimension
Waveguide width (µm) 5
Inner ring radius (µm) 245a

Outer ring radius (µm) 250b

Effective ring radius (µm) 248c

Length of evanescent coupler (µm) 670d

Evanescent coupler gap (µm) 0.5e

Length of the straight waveguide (µm) 528
Etch-depth of waveguide(µm) 6.5f

Etch-depth of coupler (µm) 4.0g

Effective length of waveguide (µm) 2614
Output coupling ratio 50:50
Y-coupling ratio 20:80
Output guide tilt angle (degree) 7
Length of S-cross-arm waveguide (µm) 850
Number of electrical contacts 2

asection3.6.4
bsection3.6.4
csection3.6.4
dsection3.5.1.1
esection3.5.1.1
fsection4.5.3
gsection4.5.3

5.7 Design

Based on the modeled data and the constitutional component design consider-

ations discussed in section 3.5, we designed two variants of the unidirectional

QCRL. The design parameters for the first (chip id :UR250DC) and second (chip

id :UR250MMI) variants are given in tables 5.2 and 5.3, respectively. The only

difference between the two devices is the type of output coupler employed.

An SEM image of a processed unidirectional quantum cascade ring laser is shown

in figure 5.6
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Table 5.3: Design parameters for unidirectional QCRL with chip id: UR250MMI

Parameter Dimension
Waveguide width (µm) 5
Inner ring radius (µm) 245a

Outer ring radius (µm) 254b

Effective ring radius (µm) 248c

MMI length (µm) 374d

MMI width (µm) 24e

Length of the straight waveguide (µm) 528
Etch-depth of waveguide(µm) 6.5f

Etch-depth of coupler(µm) 4.0g

Effective length of waveguide (µm) 2614
Output coupling ratio 50:50
Y-coupling ratio 20:80
Output guide tilt angle (degree) 7
Length of S-cross-arm waveguide (µm) 850
Number of electrical contacts 2

asection3.6.4
bsection3.6.4
csection3.6.4
dsection3.5.1.2
esection3.5.1.2
fsection4.5.3
gsection4.5.3

500 μm500 μm

Figure 5.6: SEM image of a processed unidirectional quantum cascade ring
laser
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5.8 Device Characterisation Technique

This section details all the experimental techniques and equipment setup employed

to characterise the devices reported in this chapter and the following chapter (chap-

ter 7). The optical and electrical performances of the fabricated devices (QCRLs,

unidirectional quantum cascade laser (UQCRL) and coupled ring quantum cas-

cade lasers (CRQCLs)), were probed by measuring their light-current (L-I) and

current-voltage (I-V) characteristics and spectra.

5.8.1 Experimental Setup

The schematic of the experimental setup employed to characterise the quantum

cascade ring laser devices reported in this work is shown in figure 5.7. It comprises

of

• optical systems

• electrical systems

• cryogenic component

• data display/acquisition unit

The optical unit is made up of the Bruker Vertex 70 fourier transform infrared

(FTIR) spectrometer, a liquid nitrogen cooled InSb detector, KBr beamsplitter,

ZnSe cryostat window and a host of parabolic and plane mirrors.

The electrical unit include voltage pulse generators, low inductance 50 Ohm resis-

tors and current probes. Voltage pulse generators used in this work are (1) Avtech

A-V-1011-B dual polarity pulse generator capable of providing pulse widths (∼50-

100 ns) at repetition rates of 500 Hz - 1 MHz and maximum current output of 2

A (2) Agilent 8114A capable of supply upto 100 V and 2 A when shorted. Also

this pulse generator could be used as either a positive or negative pulse generator,
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Figure 5.7: Experimental setup used to measure the spectra of the processed
quantum cascade lasers

[104]
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(3) high voltage (0-1 kV) DEI-HV1000 positive pulser, capable of providing pulse

width (50 ns-10 µs) at repetition rates from as low as ∼100 Hz to 1 GHz.

The only part of the cryogenic unit captured in the schematic diagram is the Ox-

ford close cycle cooler (CCC1204) cryostat which is used to control the operating

temperature of these devices. Two data display and acquisition units were used.

They include a personal computer and an oscilloscope.

5.8.2 Spectra Acquisition

Properly wire-bonded devices are epi-layer up mounted in the cold finger of the

cryostat and the temperature pumped down to the desired value. Electrical access

is made to the device through a 50 Ohm coaxial cable wired into the cryostat

rod. Injected current required to drive the devices and voltage needed to bias

the devices were provided by connecting a 50 Ohm low-inductance resistor in

series with the tested device to a voltage pulse generator; while the voltage pulser

controls field across the device, the 50 Ohm resistor controls current through the

device. This resistor also provides the necessary load impedance to roughly match

the output impedance of the pulse generator. The actual resistor used was a

Meggit CGS high-power thick-film, low inductance resistor, chosen to minimise

inductive kicks which would be obtained if a standard resistor had been used.

Once the device were driven to and above threshold, the emitted light is collected,

collimated and transmitted (with the help of the parabolic mirrors) to beamsplitter

which generates interference pattern (interferogram). The light from the beam

splitter is then focused on the detector. Fourier transform of the time dependent-

interferogram gives the spectrum.

All the QCL devices in this thesis were driven in pulsed mode, with a typical pulse

width ranging from 50-100 ns at repetition rate of 5-10 kHz. The configuration

of device under test determines the number of independent power sources needed;

e.g the unidirectional and coupled ring QCLs have two isolated electrical contacts

to be powered (thus three-terminal devices), while the single rings and FP QCLs
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have only one contact (two-terminal devices). In the three terminal devices, the

two power sources were sychronised by an external trigger.

5.8.3 Light-Current and Current-Voltage Measurement Setup

The same set-up described in section 5.8 was used for the L-I and I-V character-

isation with the exception that the output DC signal from the lock-in detector

was fed into an averaging BOXCAR unit, which also has inputs from the injected

current and voltage. A PC installed with LABVIEW (a software used to control

the drive electronics and record gated measurements of the current and voltage

signals obtained) was connected through the GPIB to the BOXCAR averaging.

5.9 Result And Discussion

The fabricated devices were epi-layer up soldered onto a heat sink and mounted

onto the cold finger of a closed cycle helium cryostat and driven at 5 kHz with 90 ns

pulses at 200 K. Current pulses were injected into the racetrack (note: no current

injection into the crossover) waveguide and L-Is from both sides measured using

an uncalibrated power meter. Shown in Figure 5.8 are the L-I curves measured

from CW and CCW directions . From this figure it is clear that as expected

there is more emission in the CW direction. The curves were measured in similar

conditions and are therefore comparable.

However, to obtain conclusive evidence of unidirectional operation, made a plot of

CWSR (i.e CW/CCW) as a function of injected current and shown in figure 5.9;

it then becomes clear that the CCW curve is not just a scaled down version of the

CW curve because the ratio of CW to CCW emission increases as the CW power

increases and this is what is expected from unidirectional operation. For instance,

at a factor of 1.5 above threshold the intensity of light from CW direction is about

9 times greater than that from the CCW direction (i.e 90% of the light is emitted

in the CW direction). As the power increases the dominant CW mode claims more



Chapter 5. Unidirectional Quantum Cascade Ring Lasers 105

O
pt

ic
al

 p
ow

er
 (a

rb
.u

)

Injected current (A)

CCW
CW

Ith

0.0 0.4 0.8 1.2

0

1

2

Figure 5.8: Light-current curves from the CW and CCW exit waveguides,
both measured at 200 K

of the available optical gain and leaves less gain available for the CCW mode. This

type of behaviour was also observed for conventional interband unidirectional ring

lasers [76] and corroborated by the modelled result.

The ratio of CW to CCW mode at threshold is very close to unity, which signifies

similar collection efficiency from the two sides. Below threshold the ratio is very

noisy as a result of low light output.

The spectrum measured from the clockwise direction of the unidirectional ring

laser is shown in figure 5.10. A single peak can be observed from the spectrum

indicating single mode operation.

Compared to the spectra of the distributed feed back (DFB) made from the same

QC material [14], the spectral width of the unidirectional ring laser is twice less.

The spectral purity is a clear advantage of the unidirectional operation but the

hope for improved efficiency has not yet been realised. Radiative losses at the

Y-couplers must be compensated for to improve the efficiency of the device. This

can be implemented by actively injecting current into the “S” crossover waveguide.
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Figure 5.9: The plot of CWSR as a function of injection current, shown from
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Figure 5.10: Acquired spectrum of the unidirectional quantum cascade ring
laser at 1.2times the threshold current obtained at 80 K
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Coupled photons passing through the cross-over waveguide are amplified prior to

combining in the couplers. This improves the gain competition and hence the

spectral purity and output power.

5.10 Conclusion

This is the first unidirectional quantum cascade laser reported [105] and showed

single mode operation with about 90 % of the emitted light in the desired CW

direction. The device performance can be improved by optimising the design re-

ported here. This will have to include (1) optimising the junction connecting the

straight and the curved part of the “S” crossover waveguide, (2) finding the opti-

mum coupling coefficient between the ring cavity and the “S” crossover waveguide

(3) providing gain to the cross-over waveguide.



Chapter 6

Coupled Rings Quantum Cascade

Lasers

6.1 Chapter Introduction

In this chapter, we investigated a new approach to achieving tunable single mode

quantum cascade lasers (QCLs). This technique which has been investigated and

demonstrated in the communication wavelength (1.55 µm) by Choi et al [16],

Segawa et al [17], Liu et al [18] is based on a coupled ring effect. Coupled ring

lasers exhibit single mode operation and wide tuning range due to the Vernier

effect [19]. Coupled ring quantum cascade lasers (CRQCLs) offer many advantages

over distributed feed back (DFB)-QCLs: ultra wide wavelength tuning range [106–

108], narrower band-width, low frequency chirp, lower fabrication tolerance and

lower fabrication cost as these structures can be patterned with photolithography

(in contrast to electron beam lithography (EBL) used for DFB).

108
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6.1.1 Aims

The aim of the work described in this chapter was to design, fabricate and char-

acterise single mode tunable quantum cascade ring lasers (QCRLs) with perfor-

mances comparable to DFB-QCLs made from the same material system.

6.1.2 Objectives

The objective here was to achieve sidemode suppression ratio (SMSR) of at least

20 dB and tunability of at least 10 cm−1 from these devices.

6.2 Principle of coupled racetrack laser

6.2.1 Structure

Racetrack ring structure considered in this work, unlike regular circular rings, of-

fers the advantage of controlling the amount of power coupled from one ring to the

other by merely varying the coupler spacing or etch-depth (see section 3.5.1.1 for

more details). Shown in figure 6.1, is a micrograph picture of one of the processed

coupled ring lasers. It consists of two racetrack cavities (with slightly different

dimensions) closely placed in a manner that light propagating in one couples to

the other via the evanescent field coupler (EFC). Other components include the

output power coupler (multimode interference (MMI)) and the output waveguides,

tilted at an angle of 7o to the waveguide normal to reduce backreflections [83].

Two coupling mechanisms were utilised in this work. The first mechanism is EFC

(described in section 3.5.1.1) which controls the degree of coupling between the

racetracks. This coupler is critical to the operation of these devices as detailed in

section 6.3.

The second mechanism involves an MMI (see section 3.14) which controls the

amount of light coupled out of the second racetrack per roundtrip. The coupling
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Figure 6.1: A micrograph showing one of the processed coupled-ring lasers

strength is not as critical as in inter-racetrack case, but sufficient light must be

coupled out in order to characterise the devices.

6.2.2 Operation

Coupled ring lasers have the capabilities of operating in single mode (due to larger

free spectral range (FSR) associated with the topology) with wider tuninability

(due to Vernier tuning enhancement) compared to DFB lasers. Operation of these

lasers can best be described using the illustration in figure 6.1. When the two rings

(ring1 and ring2) are in isolation, the FSRs are independently determined by the

effective length of the racetracks and group refractive index of the propagating

modes in the semiconductor material, as expressed in equation 6.1

FSR =
λ2

ngLeff
(6.1)
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Table 6.1: Design parameters for coupled ring laser with chip ID Y03MI

ng R1(µm) R2 (µm) Lc1 (µm) Lc2(µm) λ (µm)
3.3 226 241 300 592 3.46

and

Leff = 2πR + 2Lc (6.2)

where R is the radius of the bent part of the racetrack, ng is the group index of

the semiconductor material, Lc is the length of the coupler and λ is the free space

wavelength.

Figure 6.2 shows the FSR in the slightly smaller racetrack (ring 1) and figure 6.3

shows the FSR in the slightly bigger racetrack (ring 2) calculated by substituting

the design parameters given in table 6.1 into equations 6.1 and 6.2.
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Figure 6.2: Calculated free spectral range of ring 1 using data given in table 6.1
in equations 6.1 and 6.2
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Figure 6.3: calculated free spectral range of ring 2 using data given in table 6.1
in equations 6.1 and 6.2

In the event of bringing the two racetracks into proximity, as is the case with

coupled ring topology, the modes in the racetracks overlap (constructively and

destructively) leading to a new regime of operation with wider free spectral range

(FSRc) as can be seen in figure 6.4, provided equation 6.3 is satisfied. The wider

FSR observed is due to Vernier coupling effect between the rings. The FSR of the

coupled rings with two different circumferences, FSRc is expressed by,

FSRc = M.FSR1 = N.FSR2 (6.3)

where M and N are natural coprime numbers, FSR1 and FSR2 are FSR in

racetracks 1 and 2 respectively.

One of several advantages of using a coupled ring topology is the possibility of

achieving wider tuning range due to the Vernier tuning enhancement present.
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Figure 6.4: The coupled free spectral range calculated by superimposing FSR1
over FSR2. The design coprime numbers N and M are 3 and 4 respectively,
meaning that every 3rd peak of FSR1 must overlap with every 4th peak of
FSR2. The coupled free spectral range in this case is ∼ 5.4 nm = 3xFSR1 =

4xFSR2

The tuning enhancement factor is given by [109],

∆T =
1

1− L1

L2

(6.4)

where L1 and L2 are the cavity length of racetracks 1 and 2 respectively. The

tuning range of a coupled ring is ∆T times the tuning range of a single ring.

6.2.2.1 Wavelength tuning

Wide tuning range is one of the greatest features of coupled rings. Just like

every other semiconductor laser, wavelength tuning can be achieved by changing

the material refractive index via, carrier injection into the tuning region (current
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tuning) or by varying the operating temperature of the device (thermal tuning).

While tuning due to carrier injection is commonly preferred over electrothermal

tuning, it is important to note that either of these methods are suitable to achieve

tuning and have been successfully experimented on [110].

In this work, we opted for current tuning because the refractive index in the

two rings can be separately tuned, unlike in thermal tuning where both rings are

simultaneously tuned. To achieve this, we electrically isolated the two rings using

liftoff technique as can be seen in figure 6.1.

Digital tuning of resonant wavelengths of the fabricated devices was achieved by

injecting direct current (DC) into one of the rings (i.e the tuned ring) while driving

the active ring with pulsed current. The pulsed current injected into the active

ring is held constant and the DC current into ring2 is swept. At low DC current,

blue-shifting (i.e shifting to the shorter wavelength) of the resonant wavelength of

the cavity is observed but at higher injection current, red-shifting (i.e shifting to

the longer wavelength) is observed due to current heating in the active region.

Depending on the ring tuned, two different tuning steps can be achieved according

to the theoretical simulation result shown in figures 6.5 and 6.6. The theoretical

tuning was achieved by varying the refractive index of one of the rings in equa-

tion 6.11. In the case of tuning ring 1 (see figure 6.5), the wavelength jump in

steps of 1.4 nm which corresponds to the FSR of ring 2. Also from the figure, the

refractive index change (∆n) required to achieve one complete tuning range (i.e

the coupled ring FSR), is about 0.06.

On the other hand, tuning ring 2 (see figure 6.6) causes wavelength jump of about

1.8 nm which corresponds to the FSR of ring 1. The index change required to

achieve a complete tuning range here is about 0.05 i.e 1.2 times less than 0.06

required in the case of tuning ring 1.
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Figure 6.5: Theoretical tuning of the coupled ring (FSR1 = ∼ 1.8 nm and
FSR2 = ∼ 1.4 nm) obtained by varying the refractive index of ring 1, in equa-
tion 6.11, from ∆n = 0.01 to 0.08. A and B are the subpeaks shown in figure 6.8.
Wavelength jump by 1.4 nm i.e FSR2 and the tuned peaks overlapped consis-

tently with subpeak A

6.3 Coupled Ring Model

The theoretical characteristics of a coupled ring resonator and its mathematical

model have been detailed in ref.[111] and summarised in this section. Shown in

figure 6.7 is the schematic diagram used for modeling the devices.

To make the analysis less complicated, the coupled ring resonator was split into

three sections by two broken lines. In the figure 6.7, the input and output light-

waves are labeled aij and bij respectively, where i = (the port number) and j =

(section number); K1, K2 and K1 are amplitude coupling coefficients of couplers

1,2 and 3 respectively. R1 and R2 are the radii of rings 1 and 2. ϕ1 and ϕ1 are

half the round trip phase delay in the rings respectively.



Chapter 6. Coupled Rings Quantum Cascade Lasers 116

3464 3466 3468 3470 3472 3474 3476

0.0

0.2

0.4

0.6

0.8

1.0
N

or
m

al
is

ed
 In

te
ns

ity

Wavelength (nm)

 ∆n = 0  
 ∆n = 0.03
 ∆n = 0.05
 ∆n = 0.06
 ∆n = 0.07 
 ∆n = 0.08

~ 1.8 nm 

A B
A

B

Figure 6.6: Theoretical tuning of the coupled ring (FSR1 = ∼ 1.8 nm and
FSR2 = ∼ 1.4 nm) obtained by varying the refractive index of ring 2, in equa-
tion 6.11, from ∆n = 0.01 to 0.08. A and B are the subpeaks shown in figure 6.8.
Wavelength jump by 1.8 nm i.e FSR1 and the tuned peaks overlapped consis-

tently with subpeak B

Assuming no coupling loss in the couplers and no facet reflections from the two

access waveguides, then

a21 = a41 = a22 = a42 = a23 = a43 = b11 = b31 = b12 = b32 = b13 = b33 = 0 (6.5)

Based on these assumptions, the transmission equations for the three sections are

derived using S matrix. For section 1 the amplitudes of output lightwaves b21 and

b41 can be derived as follows;
b11

b21

b31

b41

 = [S]K=K1.


a11

a21

a31

a41

 = [S]K=K1.


a11

0

a31

0

 (6.6)
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Figure 6.7: Schematic diagram of a double coupled ring laser [111]

where S is given as

[S] =


0

√
1−K2 0 −jK

√
1−K2 0 −jK 0

0 −jK 0
√

1−K2

−jK 0
√

1−K2 0

 (6.7)

The transmission equations for sections 2 and 3 are given in equations 6.8 and 6.9,
b12

b22

b32

b42

 = [S]K=K2.


a12

a22

a32

a42

 = [S]K=K2.


b41e

−jϕ1

0

b23e
−jϕ2

0

 (6.8)
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b13

b23

b33

b43

 = [S]K=K1.


a13

a23

a33

a43

 = [S]K=K1.


b42e

−jϕ2

0

0

0

 (6.9)

where ϕi is half the round trip phase delay of a ring resonator with radius ri.

The expression for the phase delay is given in equation 6.10; β is the propagation

constant in the ring waveguides and α, the propagation loss.

ϕi = (β − jα).πri (i = 1, 2) (6.10)

Using equations 6.6-6.10, the transmission equation from the input port (port.1 of

section 1) to the drop port (port.4 of section 3) can be derived as

∣∣∣∣ b43

a11

∣∣∣∣2 =

∣∣∣∣∣ jK2
1K2e

−j(ϕ1+ϕ2)

1−
√

(1−K2
1)(1−K2

2)(e−j2ϕ1+e−j2ϕ2 ) + (1−K2
1)e−j2(ϕ1+ϕ2)

∣∣∣∣∣
2

(6.11)

at the same time the transmission equation of the coupled ring laser from input

port (port.1 of section 1) to the through port (port.2 of section 1) is given as

∣∣∣∣ b21

a11

∣∣∣∣2 =

∣∣∣∣∣ 1√
1−K2

1

[
1− K2

11−
√

(1−K2
1)(1−K2

2)e−j(ϕ1+ϕ2)

1−
√

(1−K2
1)(1−K2

2)(e−j2ϕ1+e−j2ϕ2 ) + (1−K2
1)e−j2(ϕ1+ϕ2)

]∣∣∣∣∣
2

(6.12)

In this work, the through port access waveguide was removed from the final design

(see figure 6.1) because the rings are active (i.e photons are internally generated

in the rings). Based on this, equation 6.12 becomes zero i.e no transmittance at

the through port. Using equation 6.11 in MATLAB, the transmittance charac-

teristics of coupled ring (chip ID Y03MI) including the effect of propagation loss

was simulated at various inter-ring coupling coefficient (K2) with output coupling

coefficient (K1) = 0.5. The simulation result is plotted in figure 6.8. From this

plot we deduced that the coupled free spectral range (FSRc) is equal to ∼5.4 nm
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thus corresponds to the value calculated using equation 6.3. Two observations are

made from the plot. The first is that the major transmission peaks are split into

two sub-peaks (A and B) and the second observation is on the variation of the

FSR with increasing K2, to the extent of being 1/6 of the initial value at K2 =

1.0.
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Figure 6.8: Simulated transmission spectrum of coupled rings (Chip ID
Y03MI) at coupling coefficients (a) k2 = 0.1, (b) k2 = 0.2, (c) k2 = 0.4, (d) k2
= 0.6, (e) k2 = 0.8, (f) k2 = 1.0. FSR1 = ∼ 1.8 nm and FSR2 = ∼ 1.4 nm,

N=3 and M=4
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To understand the splitting (coupling) behaviour observed in figure 6.8, we simu-

lated the transmission characteristics of two identical rings coupled together (i.e

FSR1 = FSR2 = 1.8 nm). The result shown in figure 6.9 indicates that the number

of subpeaks is determined by the number of coupled rings. Also the intensity of

the subpeaks, unlike in figure 6.8, are the same due the uniformity of the coupled

rings. The change in operating FSR due to increasing inter-ring coupling strength,

for the coupled identical rings shown in figure 6.10, indicates a combination of lin-

ear and exponential relationship. Also shown in the figure, is a 3rd order polyfit

of the simulated data with the fit equation given as

∆FSR = B0 +B1K21 +B2K22 +B3K23 (6.13)

where B0, B1, B2 and B3 are -9.65, 103.18, -163.26 and 118.81 respectively.

To further understand the relationship between the sub-peaks, which is imperative

in understanding the behaviour of coupled ring lasers, we theoretically tuned the

refractive index of the rings in the simulation program. In the case of tuning ring 1

(see figure 6.5) the tuned peaks jump by 1.4 nm i.e the FSR of ring2 and the tuning

overlapped consistently with sub-peak A. On the other hand, tuning ring 2 causes

wavelength jump of about 1.8 nm i.e the FSR of ring1 and the wavelength jump

consistently overlapped with sub-peak B (see figure 6.6). From the two figures we

conclude that subpeak A is associated with ring 2 and sub-peak B to ring 1.

Based on the coupled ring simulations, most of the devices reported here were

designed with very low interring coupling coefficients to avoid over coupling the

rings.

6.4 Design

In coupled ring lasers, the maximum tuning range is limited by the available gain

bandwidth in the material and maximum index change attainable [108]. To ob-

tain the gain bandwidth of the quantum cascade (QC) material used in this thesis,
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Figure 6.9: Transmission spectrum of coupled uniform rings (i.e Ring = Ring
2) at coupling coefficients (a) k2 = 0.1, (b) k2 = 0.2, (c) k2 = 0.4, (d) k2 = 0.6,

(e) k2 = 0.8, (f) k2 = 1.0. FSR1 = FSR2 = 1.8 nm

we processed some Fabry Perot (FP) lasers from the material. These lasers were

mounted onto the cold finger of the cryostat and driven below threshold with 90 ns

pulses at 5 kHz repetition rate at 200 K. Using fourier transform infrared (FTIR)

in step-scan mode, with lock-in detection technique, the amplified spontaneous

emission (ASE) spectra shown in figure 6.11 was acquired. For the detailed spec-

tra measurement setup and technique, the reader is referred to section 5.8. The

measured gain bandwidth at full width at half maximum (FWHM) is ∼ 400 nm.
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Figure 6.11: Amplified spontaneous emission spectrum from a FP processed
from quantum cascade material used in this research. Measurement was taken at
200 K with FTIR resolution of 4 nm, using step-scan lock-in detection technique
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Multiple peaks (A at 3460 nm, B at 3491 nm and C at 3522 nm) can be observed

in the gain (i.e ASE) spectrum shown in figure 6.11 instead of single central peak

( e.g A at 3460 nm). The implication of using materials with multiple gain peaks

for coupled ring lasers are;

• single mode selection is frustrated

• Continuous wavelength tuning is not attainable

In figure 6.12, we compared the ASE acquired from coupled ring laser with chip

ID M15DC (see table 6.2) to that from an FP shown above. The two spectra were

individually normalised to enable comparison. The spectrum of the coupled ring

shows Vennier effect coupling with FSR of ∼ 22 nm i.e 15 x 1.5 nm (see device

M15DC in table table 6.2). Apart from the filter characteristics introduced by

the rings, the peaks also coincides with the three peaks (A, B and C) of the FP.

This further confirms that the QC material utilised in this work is not ideal for

this research. But being the only material available at the time of my research we

made do with it.

6.4.1 Designed Chips

This section details all the design parameters for every device covered in this

chapter. These parameters and the chip ID are given in table 6.2

The devices were processed using the steps discussed in chapter 5. An scanning

electron microscope (SEM) of a wirebonded coupled ring laser is shown in fig-

ure 6.13.
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Figure 6.12: Comparison between ASE from a FP and ASE from coupled
ring laser (M15DC). The spectra were individually normalised and both mea-
sured with the same FTIR resolution (4 nm), using step-scan lock-in detection

technique

Table 6.2: Design parameters for devices reported in this chapter

Chip ID Y03MI Y06DC M9DC M05MI Y15DC Y19MI
R1 (µm) 226 230 204 216 223 228
R2 (µm) 241 241 211 254 241 241
Lc1 (µm) 300 433 550 528 564 565
Lc2 (µm) 592 592 600 500 592 592
K1 (%) 50 50 50 50 50 50
K2 (%) 5 12 16 1.0 3 18

Inter-ring Coupler EFC EFC EFC EFC EFC EFC
Output Coupler MMI EFC EFC MMI EFC MMI

ng 3.3 3.3 3.3 3.3 3.3 3.3
FSRR1 (nm) ∼1.8 ∼1.6 ∼1.5 1.5 ∼1.44 1.4
FSRR2 (nm) ∼1.4 ∼1.4 1.4 1.4 ∼1.36 1.35
FSRc (nm) ∼5.4 ∼10 ∼13 ∼8 ∼22.0 27

M 3 6 9 5 15 19
N 4 7 10 6 16 20
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1.0 mm

Figure 6.13: An SEM image of one of the processed coupled ring laser )

6.5 Characterisation

6.5.1 Measurement Challenges

Most devices were shorted after being operated at temperatures less than 100 K.

Although the devices can operate at room temperature, we did not have the right

power sources to operate at or near this temperature. The power sources available

and discussed in section 5.8.1 could barely drive some of the devices to threshold.

To attain at least twice the threshold currents, we operated the devices at low

temperatures. But after driving these devices at low temperatures, most of them

became short-circuited. On the contrary, the devices that were never operated at

low temperatures were not shorted.

We believe that the planarisation layer (HSQ) which cracked (see figure 4.10) in the

180 oC oven during curing, exhibited non uniform contraction (at low temperature)
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and relaxation (at ∼ room temperature), thereby creating channels for current

leakage and hence short-circuiting.

6.5.2 Results

The devices reported in this section were characterised using the technique de-

scribed in sections 5.8.2 and 5.8.3. All the devices were characterised with 90 ns

pulses at 5 kHz repetition rate (except where the ring is tuned). Also all measure-

ments, except where stated otherwise, were carried out at 200 K. In this work,

IR1 and IR2 signifies current injected into ring1 and ring2 respectively. Ring1 and

Ring2 in the coupled ring configuration are identified in figure 6.1.

6.5.2.1 Device M05MI

The emission spectrum of this device acquired at IR1 =0 and IR2 = 3.2xIR1th (where

IR1th = 250 mA) is shown in figure 6.14. There appears a single mode peak with

SMSR∼22 dB at wavelength = 3530 nm (i.e point C). The distance between points

A-B, B-C, C-D and D-E equal the designed coupled ring FSR i.e FSRc ∼ 8.0 nm

Ring1 could not be activated because it was electrically shorted. Optically, the

ring was alright as the measured FSR equals the calculated FSRc for this device

(see table 6.2). The measurement of this chip was inconclusive as we could not

optically tune Ring1, by current injection.

6.5.2.2 Device Y19MI

Shown in figure 6.15, is the acquired emission spectrum for this device, at IR1 =

0 and IR2 = 2.6xIth, where Ith = 300 mA. Three peaks (A, B and C) at 3448

nm (SMSR∼ 10 dB), 3475 nm (SMSR∼ 15 dB) and 3502 nm (SMSR∼ 15 dB)

respectively, are observed. The distance A-B = B-C = 27 nm which corresponds

to the designed coupled ring FSR i.e FSRc ∼ 27.0 nm (see table 6.2).
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Figure 6.14: Emission spectrum of the Y05MI CRQCL acquired at IR1 = 0
and IR2 = 3.2xIR2th, where IR2th = 250 mA. The distance between points A-B,

B-C, C-D and D-E equal the designed coupled ring FSR i.e FSRc ∼ 8.0 nm
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Figure 6.15: Emission spectrum of the Y019MI CRQCL measured at IR1 =
0 and IR2 = 2.6xIth, where Ith = 300 mA. The distance A-B = B-C = 27 nm

and corresponds to the designed FSRc (see table 6.2)
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Figure 6.16: Acquired emission spectra for Y019MI CRQCL at IR2 = 2.6xIth,
where Ith = 300 mA. Refractive index of ring1 was tuned by injecting DC current

in the range of 0-25 mA. No tuning was observed

Two methods of tuning were attempted here. The first involved injecting DC

current into ring1 while actively pumping ring2 and the second is vice versa.

Shown in figure 6.16 is the spectra measured when ring1 was tuned. 800 mA

pulsed current was constantly injected into ring2 while DC current injected into

ring1 was varied from 0-25 mA. No wavelength tuning was observed as the peaks

remain unshifted with increasing injection current into ring2.

In the second method, we constantly injected 400 mA (Ith = 100 mA) pulsed

current into ring1 while varying the DC current injected into ring2 from 0-35 mA.

The acquired spectra is shown in figure 6.17 and wavelength tuning was observed.

The calculated rate of change of wavelength with current, dλ/dI = 0.4 nm/mA.

This value is in good agreement with other reported values for QCLs emitting

around this wavelength [28].

The spectra is very noisy because the power output from the device was very low,

even when ring1 was operated at 4 times the threshold current of the ring. We
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Figure 6.17: Acquired emission spectra for Y019MI CRQCL at IR2 = 4xIth,
where Ith = 100 mA. Refractive index of ring2 was varied by injecting DC
current in the range of 0-35 mA into the ring. Wavelength tuning ∼ 13 nm can

be observed (from 3550-3537 nm)

believe that the low inter-ring coupling adopted in this work in order to avoid

over-coupling of the rings was responsible for the low output power.

The emission wavelength was continuously tuned from 3550 nm to 3537 nm (i.e

blue shifting) by injecting between 0-35 mA of DC current into ring2.

To deduce the refractive index change as a result of the injected currents, we

simulated the transmittance of the coupled ring (using equation 6.11) at emission

wavelength = 3550 nm (i.e wavelength at which IR2=0) and ng =3.4. Subsequently

the ng in ring2 was varied at steps of ∆ng = 0.0001 which continuously tuned the

wavelength till 3537 nm. By comparing the two results as shown in figure 6.18,

the index change as a result of current injection can be deduced. From this, the

total index change required to tune this device from 3550 - 3537 nm (i.e 13 nm)

is ∼0.017%
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Figure 6.18: (a) plot of measured wavelength versus DC current into ring2 for
device Y19MI, (b) Simulation plot of wavelength versus group index for device

Y19MI, calculated using equation 6.11

6.5.2.3 Device Y06DC

Shown in figure 6.19 are the spectra acquired from device Y06DC. The red line

indicates spectrum measured at IR1 = 100 mA and IR2=0 mA. On the other hand,

the black line indicates the spectrum acquired at IR1=0 mA and IR2 = 300 mA.

Both spectra showed evidence of coupled ring behaviour. The distance A-B = B-C

= D-E = E-F = ∼10 nm, corresponds to the designed FSRc (see table 6.2)

The Y06DC device, just like the M05MI device reported in section 6.5.2.1 could

not be tuned by current injection. Possible reason: lower inter-ring coupling than

the designed values. There was no material to investigate this so we leave it as a

future work
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Figure 6.19: Emission spectrum of the Y06DC CRQCL acquired at IR1 = 100
mA and IR2 = 0 (black line); IR1 = 0 mA and IR2 = 300 mA (red line). The
distance between points A-B, B-C, D-E and E-F equal the designed coupled

ring FSR i.e FSRc ∼ 10.0 nm

6.6 Conclusion

The devices reported in this chapter are to the best of my knowledge, (1) the

first coupled ring quantum cascade lasers operating in the hydrocarbon absorption

region (i.e 3-4 µm), (2) the first ring lasers reported on this new strain compensated

AlAs0.56Sb0.44/In0.53Ga0.47As /InP material system.

The coupled rings reported here demonstrated clear evidence of Vernier cou-

pling effect. Single mode operation was also demonstrated by one of the devices

(M05MI) while continuous wavelength tuning was observed from device Y19MI

from 3550 - 3537 nm. Interestingly, the measured wavelength tuning step corre-

sponds to the tuning step predicted by the coupled ring model described in section

6.3. However, the tuning range (13 nm) is only half of the expected tuning range
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(27 nm). The limitation is due to current heating in the active region at IR2 greater

than 35 mA.

These devices were the first batch to be processed so there is plenty of chance of

being optimised. Areas to optimise include finding the optimum inter-ring cou-

pling coefficient between the two rings and replacing the evanescent field couplers

(used for inter-ring coupling) with multimode interference couplers which are less

sensitive to etch depth variation.

Given enough material and time we would make better coupled ring devices that

would, compete with DFBs made from the same quantum cascade materials.
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SuperTune

7.1 Introduction

Portable and field deployable chemical and biological agent detection systems

based on optical detection methods need compact, robust, widely tunable mid-

infrared region (MIR) light sources. Current commercial systems use complex ex-

ternal cavity lasers schemes [112, 113], arrays of quantum cascade lasers (QCLs) [114,

115], or bulky optical parametric oscillator (OPO) sources [116, 117]. The system

proposed here is a vastly mechanically simpler, cheaper and compact semicon-

ductor MIR source especially suitable for use in high sensitivity Photoacoustic

spectroscopy systems.

The proposed device has a highly tunable output wavelength (λ ∼ 5−13µm) that

would enable detection of many molecules of interest in, gas sensing, environmen-

tal monitoring, defence and home security applications, as shown in figure 1.1.

The SuperTune device is a highly tunable MIR semiconductor emitter, based on

intersubband transitions in a semiconductor superlattice (SSL) -thus SuperTune.

In this research work, we propose a development of preliminary SuperTune work

by Rizzi et al [118] to produce devices suitable as sources for spectroscopy and gas

sensing.

133
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In a periodic SSL consisting of closely coupled quantum wells, the application of

electric field in the growth direction causes the localisation of electronic states to

the quantum wells. These localised intersubband states form a so-called Wannier-

Stark ladder (WSL) with regularly spaced energy levels. Varying the applied

electric field changes the spacing of the energy steps in the WSL (see figure 7.9).

It is this feature that gives the voltage tunable electroluminescence observed in

Ref. [118]. Though this has been observed before, they showed that by using a

three terminal device, the interdependence of injected current and the applied field

in the active SSL region can be avoided, thus making it possible to obtain a widely

tunable (λ ∼ 5− 13µm) emission by varying the reverse bias on the base-collector

junction from 7-14 V.

The device was an n−p− i−n heterostructure bipolar transistor (HBT) in which

the SSL active region is inserted into the intrinsic region between the base and the

collector regions. The key challenges in the idea proposed here is to overcome the

present limitation of lower power emission (a few nW) low temperature operation

(∼ 20K). Large gains in performance can be obtained by simply changing the

physical layout of the device. The device reported in [118] were circular mesas,

but by using a ridge waveguide with edge emission, then increased power can be

obtained. The edge emitting ridge waveguide layout will give a considerable in-

creased volume of active material and thereby increased optical output power. In

this research work, we have redesigned the wafer to include, waveguide layers for

optical confinement, by replacing the lower-bandgap, GaAs collector in table 7.1

with a wider gap material (AlGaAs), as shown in tables 7.2 and 7.3, thus introduc-

ing index difference between the undoped GaAs spacer layer and the moderately

doped collector. Also the cap layer was excessively doped (2x1019 cm−3) to encour-

age plasma assisted waveguiding, especially in the longer wavelength [119]. And

finally, the semi-insulating substrate was replaced with a conducting substrate to

compliment light confinement in the active region, while also promoting easier

fabrication and a more efficient thermal extraction.
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7.2 Project Aim

The project aim was to reproduce an earlier work by Rizzi et al [118] with improved

optical power output.

7.3 Project Objectives

The main objective of this work was to fabricate and characterise SuperTune

devices that could be tuned from ∼ 5-13 µm region, with higher power (i.e in

∼ µWatts) compared to nWatts reported in the original work (see Ref. [118]).

To achieve the stated aims and objectives, we redesigned the original wafer struc-

ture to include:

1. waveguides. This was accomplished by replacing the low-bandgap collector

(GaAs) with a wider gap material (AlGaAs) which introduces index differ-

ence in the region, thereby helping confine emitted light and reducing modal

overlap with the moderately doped substrate. Electrically, having a wider-

gap collector increases the reverse breakdown voltage [120], thus giving us

wider operation regime for these devices.

2. a thicker and more heavily doped cap layer for plasmon assisted waveguiding

especially at longer wavelengths (& 6µm).

3. a conducting substrate in contrast to semi-insulating substrate used in the

original structure. Using a conducting substrate simplifies the fabrication as

only one etch step is needed, i.e to define the base; the collector contact is

deposited on the bottom of the substrate (see figure 7.1).

4. the device was fabricated as a ridge waveguide structure to increase the

optical power output.
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Figure 7.1: Cross-sectional view of the processed SuperTune device

7.4 Components of SuperTune

Structurally, SuperTune consists of two main parts, an active region (undoped

SSL) inserted in the base-collector junction of an npn (AlGaAs/GaAs/AlGaAs)

HBT. Rizzi et al [118] proposed the HBT, a three terminal device, as a solution

to the formation of high field domains in the two terminal SSL structures caused

by the interdependence of carrier (electrons) mobility on the applied field. The

three terminal device gives separate control over the injected current and field

across the SSL (in the base collector region). The two terminal devices suffer from

instabilities due to the negative differential resistance (NDR) in some regions of its

current-voltage (I-V) curve. For a more detailed explanation, see reference [118].

7.4.1 Semiconductor Heterostructures

Semiconductor heterojunction, a building block in optoelectronics, are formed

when two semiconductors with similar lattice constants but different bandgaps (i.e

energy difference between the conduction and the valence bands) are placed into
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contact. The bandgap difference between the two materials results in conduction

and valence bands offsets as can be seen in figure 7.2(a)
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Figure 7.2: Bandstructure diagram of (a) Single heterojunction (b) quan-
tum well (double heterojunction). Eg1 and Eg2 are respectively the bandgap of

materials 1 and 2.

7.4.2 Quantum well

Quantum wells (QWs) are potential energy well formed by sandwiching an ultra-

thin lower gap semiconductor material between two larger gap semiconductors,
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as can be seen in figure 7.2(b). The discontinuity formed due to a heterojunction

creates a potential well of depth ∆Ec and ∆Ev in the conduction and valence band

respectively. Henceforth, we will only concentrate on quantum wells (QWs) in the

conduction band since SuperTune and QCL operations only occur within subband

energy levels in the conduction band. Within this potential well, electrons can be

confined quantum mechanically at discrete energy levels which can be be found by

solving the Schrödinger equation for a one dimensional potential well with finite

barriers [41].

7.4.3 SSLs

SSLs are a type of solid state semiconductor material with additional periodic

potential incorporated into the original lattice structure. They are a regular peri-

odic structure of two alternating types of semiconductor material, usually a wider

bandgap semiconductor material, called barrier (eg AlAs) and a narrow bandgap

material, known as QW (eg GaAs). The schematic structure of a typical SSL is

shown in Fig. 7.3, where A(barrier) and B(well) are two different semiconductor

materials of respective layer thicknesses a and b (period: d = a + b). The period

of the additional one-dimensional potential must significantly exceed the lattice

period, as shown in fig 7.3, in order for SSLs to be formed. And when this occurs,

and also because the QWs are degenerate and the barriers very thin, the QWs

couple leading to formation of minibands and associated minigaps.

7.4.4 Minibands in SSLs

Minibands in SSLs are formed as result of interwell coupling in these structures

[121]. Tunneling, the phenomenon behind the formation of minibands and their

associated gaps, is observed as the thicknesses of the grown layers approach the

quantum regime (. 10 nm for typical III-V semiconductors). In this regime,

the quantized electronic states (wavefunctions) associated with individual wells

disperse into bands of energy (minibands); with finite energy widths [122], due to
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Figure 7.3: (a) Schematic structure of a superlattice made of alternated ma-
terials A and B grown along the z-axis .(b) The effective potential experienced

by electrons in the growth direction

delocalization of wavefunctions along the SSL growth direction (z-axis). This can

be seen in Fig.7.4(b) where minibands 1 and 2 can be thought as a superposition

of the states (E1 and E2) of the individual wells, in the same way electron states of

a crystal can be considered as a superposition of the atomic states. In Fig.7.4(a)

the electronic states E1 and E2 can be seen localised within the well. This is what

happens when the wells become completely decoupled. The miniband width (∆), a

linear function of interwell coupling, determines the electrical and optical behavior

of SSL devices. Thus the miniband width can be tailored to suit its application

by varying the thickness of the barrier. On the other hand, the position of the

minibands in the quantum well can be controlled by the well thickness and its

effective mass.

The calculated energy/wavefunction diagram of GaAs(6.1nm) / AlAs(2.4nm) super-

lattice showing minibands at 0 kV/cm applied field is shown in figure 7.5. The

width of the first and second miniband is calculated to be ∼4 and ∼10 meV respec-

tively. At the same time, the energy spacing between the minibands (minigap)
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was calculated to be 220 meV. These values are in good agreement with those

reported by Scamarcio et al [4]. The third miniband do not contribute to the

electron transport through the SSLs and, consequently, to optical emission from

the active region.

E2

E1

Miniband 2

Miniband 1

Minigap

2∆1

density of states (ρE)

energy (eV)

2∆2

density of states (ρE)

energy (eV)

(a)

(b)

Figure 7.4: (a) Conduction band-diagram of an isolated quantum well and
corresponding energy vs density of states plot (b) Conduction band-diagram of
coupled quantum wells (formation of minibands and minigaps) and correspond-

ing energy vs density of states plot

7.4.5 Wannier-Stark ladders in Semiconductor Superlat-

tices

Application of a constant electric field in the direction perpendicular to the layer

planes introduces an electrostatic potential that detunes the interwell resonance

and tilts the miniband. This localises the state within a distance known as localisa-

tion length, λ (see equation 7.3) and the process is known as Wannier-Stark localisation

[123, 124]. At large fields this leads to the splitting of SSL minibands into WSLs;

with energy separation given by,



Chapter 7. SuperTune 141

-10 0 10 20 30 40 50 60 70 80
0.6

0.8

1.0

1.2

1.4

1.6

1.8

En
er

gy
 (e

V)

Layer thickness (nm)

M1

M2

M3

Figure 7.5: Calculated energy/ wavefunction diagram of GaAs(6.1nm) /
AlAs(2.4nm) superlattice showing minibands at 0 kV/cm applied field. This
calculation was done by solving the one-dimensional Schrdinger equation using

nextnano

[51]

∆E = eFd, (7.1)

where F is the applied field, e is the electronic charge and d is the SSL period.

Each electronic state level is localised on a number of periods given by,

n = ∆/eFd, (7.2)

λ = ∆/eF, (7.3)

At high applied field, the localisation length approaches a single superlattice period

(i.e. complete localisation regime) and the miniband splits into a discrete series

of levels: Wannier-Stark ladders. The computed WSLs formed in GaAs(6.1nm) /

AlAs(2.4nm) SSLs at F = 140 kV/cm is shown in figure 7.6; in the figure, two WSLs
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can be observed; the top ladder which is a collection of E2 energy states and the

bottom ladder which is a collection E1 energy states in the respective wells.

7.4.6 Wavelength Tunability in GaAs/AlAs superlattice

Observation of MIR electroluminescence associated with WSL transitions in in-

trinsic GaAs/AlAs strongly-coupled SSLs has been reported by Scamarcio et al

[4]. Two types of optical transitions are observed in these structures: inter-WSL

(2→1) and intra-WSL (1→1) transitions. In the former, injected electrons transit

from the excited ladder (composed of E2 states) to the ground ladder (composed of

E1 states) emitting photons (see figure 7.6), while in the latter, injected electrons

E2

E1

Injected electrons

E
1 →E

1

E2→E1

F = 140 kV/cm

QW1

QW2

QW3

Figure 7.6: Schematic illustration of the operation of SuperTune in the first
three wells from the left, at applied field of 140 kV/cm: the injected electrons
into the upper state (i.e E2) of QW1 scatters only to the ground state (i.e E1)
of the same well via optical or non- radiative transition. However, electrons
in E1 of QW1 either scatters via resonant tunneling into E2 of QW3 or via

radiative/non-radiative transition into E1 of QW2 and so on and so forth.
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transit from a higher energy state in the bottom ladder (E1) to a lower state (E1)

in the adjacent well, still in the same ladder. This transition type is responsible for

the wavelength tuning widely observed in these structures. Application of electric

field as discussed in section 7.4.5 leads to equal energy separation between states,

in the same ladder, according to equation 7.1. The energy separation increases

with applied field, unlike the emission wavelength. The emission wavelength blue

shift with increased field until it merges with transitions due to 2→1 which is

fixed (see figure 7.7). From this figure, as the applied field is varied in the range of

100-260 kV/cm, the transition peak corresponding to the 1→1 transition is con-

tinuously blue shifted from λ ∼14 µm (i.e 90 meV transition energy) to λ ∼5 µm

(i.e 235 meV). At 260 kV/cm, the energy difference between E1 in QW1 and E2

in QW2 approaches one optical phonon energy (i.e 36 meV in GaAs) in the well.

The electrons in the former are rapidly scattered to the latter, thereby making

it almost impossible for a 1→1 transition. At this point the 2→1 intersubband

transition dominates the spectrum.

Finally a comparison of the computed result is made to the measurement result

reported in Ref. [4]. The result shown in figure 7.8 are in good agreement.

7.5 Wafer Design

Central to the SuperTune wafer design was the structure reported in reference

[118], and shown in table 7.1.

7.5.1 SuperTune Wafer Structure

Two wafer structures (ST2547 and ST2548) were respectively grown by molecular

beam epitaxy (MBE) for this experiment. The only difference between the two

wafers is the aluminium composition (x ) in the collector. In ST-2547 wafer, shown

in table 7.2, 10 % aluminium was used while in ST-2548 (see table 7.3) 25 %

aluminium composition was used.
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Figure 7.7: Computed wavelength of operation of SuperTune device as a
function of applied field.

7.5.2 Wavefunction calculation

Calculating the electronic wavefunctions in the superlattice at fields greater or

equal to zero requires solving the time-independent Schröedinger equation given

by, (
− ~2

2m∗
d2

dz2
+ V (z)

)
χ

(i)
kz

(z) = E(i)χ
(i)
kz

(z) (7.4)

. The applied electric field Fap is related to the applied voltage Vap through

Fap = (Vbi − Vap)/Lin (7.5)

where Vbi denotes the built-in voltage (typically ∼1.5 V for GaAs/AlGaAs p-i-n

junction at low temperatures) and Lin the width of the intrinsic region of the p-i-n

diode (typically ∼1 µm) [125](p. 160).
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Figure 7.8: Continuous tuning of the Electroluminescence spectra peak asso-
ciated with intra-WS ladder (1-1) transition as reported by Scamarcio et al [4]

and confirmed by the calculated wavefunction result; using nextnano3

Figures 7.9, 7.10 and 7.11 show wavefunctions and transition energes computed

using equations 7.4 and 7.5 for applied fields F = 140 kV/cm, F = 180 kV/cm,

and F = 240 kV/cm respectively, using nextnano3 [51].

7.6 Optical Confinement in SuperTune

In designing an intersubband light emitter in the mid-infrared region, special at-

tention must be paid to the optical losses present in the structure, which can have

detrimental effect on device performance. In this region of the spectrum, free

carrier absorption is a significant loss mechanism. To these effect, the core region

is sandwiched between two semiconductor cladding layers with a lower refractive

index, forming an optical waveguide in the transverse direction.
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Table 7.1: Wafer structure as reported in the original work

Semiconductor Thickness (nm) Doping (cm−3) Layer function
GaAs 30 n+=5e18 Contact layer
AlxGa1−xAs (x:0 to 0.23) 50 n+=5e18 Graded alloy
Al0.23Ga0.77As 1000 n=5e17 Emitter
GaAs 500 p=5e18 Base
GaAs 50 undoped Space layer
AlAs 2.5 undoped Input barrier
GaAs 6.5 undoped Superlattice
AlAs 2.5 undoped repeated 8x
GaAs 550 undoped Spacer layer
GaAs 1000 n=5e17 Collector
GaAs 30 n=5e18 contact layer
GaAs Semi-insulating Substrate

Table 7.2: Epilayer structure of wafer ST2547

Semiconductor Thickness (nm) Doping (cm−3) Layer function
GaAs 100 n+=5e19 Contact layer
AlxGa1−xAs (x:0 to 0.23) 30 n+=5e17 Graded alloy
Al0.23Ga0.77As 1000 n=5e17 Emitter
GaAs 500 p=5e18 Base
GaAs 50 undoped Space layer
AlAs 2.4 undoped Input barrier
GaAs 6.1 undoped Superlattice
AlAs 2.4 undoped repeated 8x
GaAs 500 undoped Spacer layer
Al0.1Ga0.9As 1000 n=5e17 Collector
GaAs n++ Substrate

In the SuperTune structure design, a lower waveguide cladding was incorporated

by replacing the higher-index collector (GaAs) with a lower-index material (Al-

GaAs). Also By heavily doping the contact layer we benefit from plasmon as-

sisted waveguiding which is expected to compliment the ridge waveguide structure

in confining the emitted photons. The biggest threat to optical confinement and

possible operation of the proposed device was the proximity of the heavily p-doped

base (GaAs(p∼5e18 cm−3)) to the active region. This layer has high absorption

coefficient in the Mid-infrared region due to free carrier absorption.
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Table 7.3: Epilayer structure of wafer ST2548

Semiconductor Thickness (nm) Doping (cm−3) Layer function
GaAs 100 n+=5e19 Contact layer
AlxGa1−xAs (x:0 to 0.23) 30 n+=5e17 Graded alloy
Al0.23Ga0.77As 1000 n=5e17 Emitter
GaAs 500 p=5e18 Base
GaAs 50 undoped Space layer
AlAs 2.4 undoped Input barrier
GaAs 6.1 undoped Superlattice
AlAs 2.4 undoped repeated 8x
GaAs 500 undoped Spacer layer
Al0.25Ga0.75As 1000 n=5e17 Collector
GaAs n++ Substrate
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Figure 7.11: Computed wavefunctions and transition energies at F =
240 kV/cm

7.6.1 Optical Parameter Modeling

To predict the optical behaviour of these devices, an insight into the optical re-

sponses (i.e refractive indices and absorption coefficients) of the layers to the var-

ious wavelengths propagating through, is imperative. Obtaining accurate values

of the refractive index n and absorption coefficient α (cm-1) is a prerequisite to

modelling and optimising the optical modes of the waveguide.
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7.6.1.1 Dielectric Permittivity of a Medium

The complex dielectric function which describes the optical properties of a medium

at all photon energies (ω), taken into account the phonon [126, 127] and free carrier

contribution [128], is given by the expression [128],

ε(ω) = ε∞

(
1 +

(∑
j

ω2
LOj
− ω2

TOj

ω2
TOj
− ω2 − iωγphj

)
−

ω2
p

ω(ω + iγplj)

)
= ε1(ω)− iε2(ω)

(7.6)

where γphj , ωLOj
and ωTOj

are, respectively, the phonon damping constant, the

long-wavelength longitudinal-optical and transverse-optical phonon frequencies of

the jth oscillator. ε∞ is the high-frequency permittivity of the layers. The plasma

frequency, ωp, is given by, [128]

ωp =

√
nee2

m∗ε∞ε0

(7.7)

where ε0, ne, e and m∗ are the free space permittivity, electron doping density,

electron charge and the effective mass of the material respectively.

Also, the Plasmon damping coefficient, γpl, is calculated from, [129].

γpl =
e

µm∗
(7.8)

where µ is the mobility of electrons in the semiconductor.

Similarly, the real refractive index n(ω) and the extinction coefficient k(ω) can be

calculated from,

n(ω) =

(
[ε1(ω)2 + ε2(ω)2]1/2 + ε1(ω)

2

)1/2

, (7.9)

and

k(ω) =

(
[ε1(ω)2 + ε2(ω)2]1/2 − ε1(ω)

2

)1/2

. (7.10)
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The frequency dependent absorption coefficient α(ω) in the material is given by,

α(ω) =
4π

λ
k(ω), (7.11)

where λ is the free-space wavelength.

7.6.2 Waveguide modeling

The choice of fabricating SuperTune as a ridge waveguide structure was to enhance

the optical output power. Also by using ridge structure we have a wider surface

semiconductor area to pump, yielding higher optical gain but at the same time

increases the optical loss. The optimum length should strike a balance between

low gain and high losses expected from these devices. Ridge waveguide modeling

Figure 7.12: Confinement factor and Modal loss vs. Ridge width plot, for the
TM fundamental mode at (a) λ = 10 µm, (b) λ = 5 µm. Modeling is based on

parameters given in Ref. [130]
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Figure 7.13: Cross-sectional view of the fundamental TM mode at (a) 5 µm
wavelength, (b) 7 µm wavelength and (c) 10 µm wavelength

was done to ascertain the position of the modes in the waveguide and also to

calculate the modal overlap with the heavily p-doped base, which is a source of

concern. The percentage of overlap will give us a clue as to the possibility of

light emission from these devices; high overlap means low optical output and vice

versa. FIMMWAVE [131], a photonic CAD software, based on vectorial 3D mode

solver, was used for the modeling. The results are shown in figure 7.12. Wider

ridge waveguides (20-40 µm) were selected for this work because they have higher

confinement factor for the modes and lesser overlap with the base. Shown in

figure 7.13 are the cross-sectional view of the fundamental transverse magnetic

(TM) modes at λ ∼ 5 µm, λ ∼ 7 µm and λ ∼ 10 µm. From the diagram, it can

be seen that the fundamental mode, the least lossy mode in the structure, has

great overlap with the heavily p-doped base; 24, 27 and 42% overlap was deduced

for the λ ∼ 5 µm, λ ∼ 7 µm and λ ∼ 10 µm respectively.

7.7 SuperTune Processing

All the devices reported in this work were processed in CST. The devices we

processed in (JWNC) were electrically unstable.
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7.8 SuperTune Characterisation

The characterisation was carried out in two phases. The first phase, detailed in

section 7.8.2, was to measure the dc electrical characteristics of SuperTune. The

second phase, explained in section 7.8.3, was centered on the optical emission

characterisation.

7.8.1 Experimental setup for SuperTune dc characterisa-

tion

The experimental setup for SuperTune dc characterisation is shown in figure 7.14.

It comprises three components; a probe station, Agilent 4155c semiconductor pa-

rameter analyser (SPA) and a personal computer (PC). The probe station me-

chanically holds the device in position during the measurement and also provides

electrical access from the SPA to the device under test, via probes. The SPA

communicates to the probe station via four BNC cables and to the PC through

GPIB interface.

Probe
Station

Semiconductor
    Parameter
     Analyser

    Agilent 4155c

Personal
Computer
Installed with
EasyExpert
software

BNC connectors

GPIB

Figure 7.14: Schematic diagram of the SuperTune experimental setup

The SPA is a fully automated, high performance and versatile instrument capable

of measuring, analysing and graphically displaying dc characteristics of a wide
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range of semiconductor devices. The Agilent 4155c SPA used in this particular

measurement has in inclusion a Desktop EasyEXPERT software for PC-based

graphical user interface (GUI) instrument control.

7.8.2 SuperTune electrical characterisation

The electrical measurements carried out include; base-collector and base-emitter

turn-on voltages, common-base transistor output characteristics and the reverse

breakdown voltage for devices (F07 and I03) fabricated from wafers ST2547 and

ST2548 respectively. Both devices have the same dimension (20 x 500 µm)

The bonded devices were mounted on a probe station for the electrical charac-

terisation at room temperature. Common base configuration was adopted for the

measurement since the base-collector voltage (Vbc) equals the voltage drop across

the superlattice active region. In this configuration, the base was grounded while

negative and positive voltages were applied to the emitter and collector respec-

tively, as shown in Fig. 7.15

-VE

+VC

VB = 0

Emitter

Base

Collector

Figure 7.15: SuperTune connected in common base configuration
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7.8.2.1 Turn-on Voltage

This was the first of the measurement to be carried out. This measurement was

done to ascertain the quality of the junctions by measuring the voltage at which

the base-emitter and base-collector junction starts conducting in forward bias con-

dition. This voltage is the point at which applied voltage exceeds the junction

barrier height. The result of these measurements are shown in Figs.7.16 for F07

and I03 devices.
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Figure 7.16: Forward bias turn-on voltages for the base-collector junctions
of F07 and I03 devices. Also shown is the forward bias base-emitter turn-on
voltage for I03 device. F07 and I03 devices were fabricated from wafers ST2547

and ST2548 respectively

The base-emitter and base-collector junctions shown in figure 7.16 exhibit good

I-V curve of a typical diode in forward bias. Base-emitter turn-on voltage of

1.24 V was measured for both devices, while 1.16 and 1.18 V were measured for

the base-collector junctions of F07 and I03 respectively, at 300 K. The difference

in the base-collector turn on voltages is due to the difference in the aluminium
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composition of the collectors (10 % for F07 and 25 % for I03 device). Typically

at low temperatures (. 20 K), ∼1.5 V turn-on voltage have been reported for

GaAs/AlGaAs p− i− n junctions [125].

In addition, linear resistances of ∼7.5 Ohm and ∼15 Ohm were calculated for the

base-collector junctions of F07 and I03 respectively.

7.8.2.2 Negative Differential Resistance measurement

Negative differential resistance observed in the I-V curves of undoped superlattice

at very low temperature was used to probe the presence of superlattices in the

grown wafer.

Figure 7.17: SuperTune I-V curve showing regions of negative differential
resistance (NDR) at 77K

In this experiment, we measured the transistor output characteristics using the

method described in section 7.8.2 but at liquid nitrogen temperature (77K). The

I-V curve for this measurement is shown in Fig.7.17. In the plot NDR is observed

at ∼14 V. This is in good agreement with the value reported by Rizzi et al [118].
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Figure 7.18: Reverse breakdown voltage for the base-collector junction

7.8.2.3 Reverse Breakdown Voltage

This is the voltage at which a reverse biased p-n junction, breaks and starts con-

ducting. In this measurement, using the setup described in section 7.8.2, a positive

bias was applied to the collector with reference to the base and current through

the collector (ICE0), was measured. The I-V plot, shown in Fig. 7.18, shows

breakdown voltages at 18.2 and 19.5 V for F07 and I03 devices. This is very close

to the value (18 V) reported in reference [118]. The difference is due to higher

breakdown voltages associated with wide-gap collector (AlGaAs) HBTs [132].

7.8.2.4 Common-base output Characteristic

This is a series of plots of the collector current (IC) as a function of collector-base

voltage (VCB), at various emitter current (IE). The output characteristic (i.e VCB-

IC curve) for F07 and I03 devices are shown in Figs. 7.19 and 7.20 respectively
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Figure 7.19: Common-base output characteristics of F07 SuperTune device.
Two regimes of operation are identified; space-charge and flatband regimes sep-

arated by the dotted line
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Figure 7.20: Common-base output characteristics of I03 SuperTune device.
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arated by the dotted line
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The HBT’s output characteristic curves, shown in figures 7.19 and 7.20 show

parabolic behaviour at low voltages (e.g 0-3 V for IE=4 mA); this behaviour is

expected because of the space-charge effect in this region. The rounded (bent)

region indicates transition from the space-charge regime (i.e non-uniform electric

field region) to the flat-band regime (i.e region of uniform electric field and constant

current across and through the superlattice). In this region, the transfer coefficient,

α = IC/IE, is very close to unity (∼0.9) at every emitter current injected. The

region is flat because almost all the electrons injected from the emitter pass to

the collector, through the superlattice. This region is very important for finding

tunable emission in our device.

7.8.3 SuperTune Optical characterisation

The measurement setup used for the optical characterisation of SuperTune is

shown in figure 7.21.

The fabricated devices were epilayer up soldered onto heat sink and mounted

onto the cold finger of a closed cycle helium cryostat and pumped down to 20 K.

Constant emitter current IE = 9 mA was injected into the device while varying

the collector-base voltage (VBC). Figure 7.22 shows the spectra acquired at VBC

= 10 and 13 V. The spectra were measured with a Vertex 70 fourier transform

infrared (FTIR) spectrometer using a step-scan and lock-in detection technique

and a liquid nitrogen cooled MCT detector.

The optical measurement of the devices were not as successful as the electrical

characterisation. As can be seen from figure 7.22, the acquired spectra are basically

thermal noise. Also shown in the spectra are the expected peak positions of

the emitted optical power, based on data from Ref.[118]. The emitted optical

signal appeared to be masked by the thermal emission. In the original work

(Ref.[118]), the measured optical power was in nano-Watts scale i.e slightly above

noise level. The replacement of the (GaAs) collector with AlGaAs material in

this work introduced additional resistance to current flow through the collector.
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Figure 7.21: Measurement setup for optical characterisation SuperTune

Thereby increasing the thermal heating. The resistance reported in the original

(Ref.[118]) work was 13 ohms at 20 K. We could not acquire the I-V curves of

the SuperTune devices reported in this work at 20 K because we did not have the

appropriate LabView set-up for this type of measurement. Therefore the devices

were electrically characterised at 300 K using the set-up discussed in section 7.8.1.

The resistance deduced from the base-collector I-V characteristic for F07 and I03

devices are 7.5 and 15 Ohm respectively. Though this values can not be compared

to 13 Ohm obtained at 20 K by Rizzi and co (Ref.[118]), It did show that by

increasing the aluminum composition in the collector from x = 0.1 (F07 device)

to x = 0.25 (I03 device), the measured resistance increased by 50 %. Meaning

that thermal emission due to current heating doubles by increasing the aluminum

fraction by 60%. So by replacing the GaAs collector with AlxGa1−xAs, we may
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Figure 7.22: Acquired spectra of SuperTune, using lock-in detection step-scan
technique, at applied voltages of 2.7, 10 and 13 V at 20 K and 9 mA injection

current. Expected peak position is based on data from Ref.[118]

have increased the base-collector resistance by ∼30 % (in F07 device) and by ∼83

% in (in I03 device).

7.9 Conclusion

The SuperTune project, though very promising, remains inconclusive. The electri-

cal characteristics of the devices show good electrical behaviour but no appreciable

optical signal was observed. The possible reasons for the poor optical behaviour

include: additional thermal emission introduced by replacing the GaAs collector

with AlGaAs material and the proximity of the of the heavily p-doped GaAs base

layer to the active region. To these effects, future work on this project should

be focused on alternative means of suppressing domain formation in the intrinsic

superlattice active region. HBT employed for this purpose in this work helped
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eliminate domain formation in the operational field regime but introduced great

optical losses due to the position of the heavily doped base.



Chapter 8

Conclusion

We have described how for the first time, unidirectional operation and coupled

ring tuning were realised in quantum cascade (QC) material; specifically in a new

strain compensated material containing antimony and operating in the 3-4 µm hy-

drocarbon absorption region. The presence of antimony made the fabrication more

complicated than ordinary AlInAs/InGaAs or AlGaAs/GaAs materials. Also the

nature of metal liftoff required to electrically isolate the “S” crossover waveguide

and the racetrack cavity (for the unidirectional ring laser) and the two ring cavities

(for the coupled ring lasers) meant that a special liftoff recipe was developed. This

recipe was described in section 4.8 and detailed in Appendix A.

The devices discussed in this thesis were investigated as alternative approach to

realising (1) single mode operation (2) wide tunability and (3) high power output

compared to distributed feed backs (DFBs) in this wavelength region.

The unidirectional quantum cascade ring lasers discussed in chapter 5 were par-

ticularly interesting for the following reasons:

1. stable single mode operation

2. operates in the traveling wave regime

3. no spatial hole burning

162
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4. uniform saturation of gain medium

5. more power extracted in the favoured emission direction

6. quantum efficiency in the favoured direction is up to twice that of the bi-

directional lasers

The nature of the gain in the material (i.e inhomogenous broadening) meant that

gain competition necessary for unidirectional operation was very weak, as ex-

plained in section 3.6.1. To improve gain competition in the material and finally

unidirectional behaviour, we improved the cross-coupling coefficients between the

counter-propagating modes by incorporating an active cross-over waveguide in a

manner that introduces non reciprocal gain and loss to the desired and undesired

modes respectively. The active cross-over waveguide continuously couple light from

the counter-clockwise (CCW) direction to the clockwise (CW) direction, leading

to increased photon density in the later. The CW mode claims more of the avail-

able gain until it completely suppresses the CCW mode, leading to a single mode

operation.

The measured L-I curves for the unidirectional laser (see figure 5.9) show that

both the CW and CCW attained threshold at the same current, signifying similar

collection efficiency from both sides. Also, as expected, the former dominated the

later as the injection current was increased beyond threshold. In fact at 1.5 times

the threshold current, 90 % of the emitted light was in the desired CW direction.

This satisfied the project aim. We could not inject the “S” crossover waveguide

at this time because the heat sink on which the device was mounted could only

support two electrical contacts.

The spectrum from the unidirectional quantum cascade shown in figure 5.10 ex-

hibits unidirectional operation with side mode suppression ratio ∼20 dB.

The emitted power from the CW could not be compared to that from the DFB,

though this was part of the project aim, because we did not have access to cali-

brated power meter. The L-I measurements were carried out with un-calibrated

power detector but measurements from both sides were taken under the same con-

dition.
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Future works on the unidirectional quantum cascade ring lasers have been dis-

cussed in section 5.10.

Coupled ring quantum cascade lasers discussed in chapter 6 were investigated

because they have the potential to operate in single mode. Other advantages of

these devices over DFB include:

1. Wider tunability due to Vernier coupling effect

2. faster wavelength tuning because they employ plasma effect tuning which is

faster than thermal tuning employed in most DFB devices

3. narrower linewidth (1.2nm) compared to DFB (2.0 nm)

4. Lower fabrication cost

80 % of the characterised coupled ring quantum cascade lasers showed Vernier

coupling effect as expected with M05MI device exhibiting sidemode suppression

ratio (SMSR)>∼ 20 dB. Wavelength tuning behaviour was only observed from

one device (M19MI). Continuous wavelength tuning over the range of about 13

nm was measured with tuning rate of about 0.4 nm/mA. The tuning spectra was

very noisy due to low inter-ring coupling employed in the design. Also the high

current injected to boost the optical output power increased the thermal noise.

Although the performances of the coupled ring quantum cascade lasers reported

in this work is quite inferior to devices using similar wavelength selection/ tuning

techniques reported in Ref. [133] and Ref. [134] at the longer wavelengths, they

can still be improved as discussed in section 6.6.

The SuperTune project remains incomplete as the devices were not emitting signif-

icant optical signal, despite the good electrical characteristics. The emitted optical

power was masked by thermal emission and the signal level, we believe, was below

the sensitivity of the MCT detector. To improve the signal to noise level, we tried

techniques like; lowering the thermal signature of the signal by reducing the pulse
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width of the injected current, while maintaining the duty cycle through increasing

the repetition rate (2) chopping the optical signal and locking its frequency to the

lock-in detector (3) Mounting a polariser in the optical path to reduce the noise

level which is randomly polarised and allowing the signals which are polarised in

the growth direction (TM) to pass through (4) using step-scan lock-in detection

method in the FTIR to measure the devices.

Possible reasons for insignificant optical power output and the way forward have

been discussed in section 7.9.

Finally, the highlights of this research are;

1. The first unidirectional ring quantum cascade ever reported [105]

2. The first tunable coupled ring quantum cascade lasers ever reported
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Multilayer Lift-off Recipe

Listed below is the special lift-off process developed for devices reported in this

thesis. This process was only successfully applied after waveguide planarisation.

1. Solvent cleaning (see 4.5.1)

2. 2 minutes oxygen ashing at 100 W

3. Deoxidation: 30 seconds dip in 1:4 HCl:H2O. Rinse in deionised water and

blow-dry.

4. Dehydrate 200 oC for 5 minutes on a hot plate

5. Dispense LOR10A at 500 revolution per minute (RPM) for 5 seconds fol-

lowed by a 3000 RPM for 45 seconds. This gives LOR10A layer thickness of

about 1 µm

6. Bake sample at 90 oC for 20 minutes, followed by 10 minutes bake in an 180

oC oven

7. Repeat steps 5 and 6 four times. This gives over all LOR10A layer thickness

of about 4 µm

8. Spin S1818 photoresist at 4000 RPM for 30 seconds

9. Pre-bake on a vacuum hot plate at 115 oC for 50 seconds

166
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10. Expose the lift-off pattern using photolithography technique.

11. Develop S1818 in 1:1 mixture of microchem microposit developer

12. Inspect under microscope to ensure proper development

13. 5 minutes oxygen ashing at 100 W

14. Hard-bake S1818 on a hotplate at 125 oC for 5 minutes

15. Develop LOR10A in CD26 developer solution for 7 minutes to produce the

required undercut (development rate is 10 nm/s)

16. Inspect under microscope to check for undercut

17. 60 seconds oxygen ashing at 100 W

18. De-oxidise sample for 30 seconds in 1:4 HCl:H2O, rinse in deionised water

and blow dry

19. Evaporate metal layers

20. Dip in warm SVC-14 (60 oC) for 10 minutes

21. Transfer into another beaker of warm SVC-14 for another 10 minutes

22. Rinse SVC-14 with Isopropyl alcohol (IPA) for 5 minutes and blow dry

23. 2 minutes oxygen ashing at 100 W

24. Inspect lift-off under microscope
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