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Abstract

Semiconductor disk lasers (SDL) based on the GalnNAs/Ga(N)As material system
have been developed for applications requiring emissions within the 1180 nm to
1300 nm wavelength range. The laser design offers an attractive opportunity for the
production of high power, near diffraction limited beam quality with broad
wavelength tunablility. Two distinctive applications of the SDL have been
demonstrated in this thesis; one as an optical excitation source for other laser and
amplification systems, and the second towards a compact frequency doubled laser

device with yellow/orange emission.

An SDL designed with central wavelength emission at 1220 nm forms the basis of
the pump source. In the first instance applied to pump Thulium (Tm®") and Thulium,
Holmium (Tm**,Ho*") doped dielectric laser systems for operation ~2 pum, based on
host tellurite glasses and tungstate crystal gain media. The SDL was wavelength
tuned to coincide with the peak absorption in the materials ~1211 nm, operating with
powers in excess of 600 mW. The results for the glass laser obtained up to 60 mW
output power at ~1940 nm and ~22% internal slope efficiency, whilst the tungstate
crystal achieved 200 mW output at ~2000 nm and ~35% internal slope efficiency.
The second pumping application exploits Raman amplification in a single-mode
silica fibre of length ~26 km. 4.6 dB Raman gain was obtained using a tunable signal

source ranging from 1270 nm to 1320 nm.

Formation of a novel ‘microchip’ SDL laser design has been proposed, incorporating
a nonlinear crystal bonded directly to the SDL device. Fundamental emission of
~1180 nm from the SDL provided frequency doubled ~590 nm output of ~25mW,

with ~22 nm wavelength tuning range.
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Chapter 1

Introduction
1.1 Motivation

At a pivotal time in 1960, Theodore Maiman operated the first ruby crystal laser [1].
From this early innovation, laser technology now forms the foundation of varied and
widespread applications. Today, laser developments range from military and defense
applications, global entertainment and computer products, and many vital industrial
and retail operations. Laser bar code reading for example, provides the fundamental
basis of modern commercial product database management creating key efficiency
benefits. Heavy and micro industrial laser applications are now at the forefront of
many major manufacturing processes. Advances in medical lasers have created a
trend in the uptake of devices designed for surgery and eye treatment. Laser science
now forms the foundation of both global telecommunication and information
technology, and instrumental in the study of our atmospheric environment and

astrophysics research.

In light of these established uses, laser development plays an essential role in the
advancement of technical research. Emerging as a competitive laser technology the
Semiconductor Disk Laser (SDL) is no exception [2], providing a high brightness
laser source with near-diffraction limited beam quality at relatively high output
powers, having achieved ~20W single mode output [3] with up to ~60W capability
as a green laser [4]. Further, SDLs can be wavelength engineered through their
choice of semiconductor gain material [5-7] and use of nonlinear conversion
techniques to allow spectral coverage from the UV/visible [7-9] up to the mid-
infrared [10-12] and even into the THz region [13, 14].

The main focus of this thesis is the development of dilute nitride SDLs. Ever since its
discovery in 1995 by Kondow et al. [15, 16], the GalInNAs gain material was found
to exhibit very useful traits. By including even small amounts of nitrogen into GaAs

has the effect of decreasing the lattice constant of the material and the bandgap,



resulting in longer wavelength emission. It has been noted that the nitrogen content
must be kept at a minimum otherwise the material is prone to crystalline defects,
with adverse effects on the material quality. The addition of indium increases the
lattice constant yet decreases the bandgap. In the formation of a quantum well (QW)
where the GalnNAs material is ‘sandwiched’ between two layers of GaAs with a
much larger bandgap, deep wells are created which act to strongly confine the
carriers resulting in very good temperature characteristics. In addition, the material
can be lattice matched to a GaAs substrate which can utilise high contrast AlGaAs-
based Bragg mirrors, having much improved performance over InP-based systems.
The designs of the GalnNAs/GaAs SDL devices used throughout this thesis have
provided laser output across the spectral range 1150 — 1350 nm. These wavelengths
have potential use in a selection of applications to include gasoline detection [17, 18]

and telecommunications [19].

The versatility of SDLs has been demonstrated through their recent use as pump
sources for other lasers and amplifiers, which forms an integral part of this thesis.
Systems pumped by an SDL include Tm*"(,Ho®*")-doped glass, crystal and fibre
lasers [20], a Cr®*:ZnSe laser [21], a Cr**:Chalcogenide laser [22], a KGd(WOQ,),
Raman laser [23], a Raman fibre amplifier [24] and a Raman-bismuth fibre amplifier
[25]. The ability of the SDL to be wavelength tuned to specified spectral outputs,
whilst maintaining high power, single mode operation have made these applications

possible.

Another aspect to SDL capability has been the use of nonlinear techniques to obtain
laser emission in the visible, as previously mentioned. By targeting the challenging
yellow/orange spectral region, this thesis aims to provide a viable alternative to other
laser systems. Many different approaches using diode pumped solid-state lasers

designed to operate with yellow/orange output are outlined in Table 1.1.



Table 1.1: Developments of Yellow Solid-State Lasers.

Approach

Wavelength

Power

Disadvantages

Reference

Neodymium Dopant

151ImW

Nd:YVQO, 1066.7nm + Self-Raman Laser 1178.7nm 589.4nm (Pavc) Complex [26]
Nd:YVO, + SFM(equal dual wavelength) + KTP 593nm 410mw Complex [27]
Nd:YVO, + SFM(1060nm+1342nm) + BIBO 593nm 48.5mwW Complex [28]
Nd:YVO, + SFM (1064nm+1342nm) 589nm 340mW Complex [29]
Nd:YVO, + SFM(1064nm+1176nm) + LBO 559nm 0.47W Complex [30]
Nd:YAG + SFM(1064nm+1319nm) + KTP 589nm 8.1W Complex [31, 32]
Nd:Silica Fibre 938nm+ Er/Yb:Fibre 1583nm + PPKTP/PPSLT 589nm 0.5W Complex [33]
Nd:YAG 1123nm + SHG (LBO) 561nm 12w Not Tunable [34]
Dye Laser
Rhodamine 6G (Pumped by 532nm) 557nm 71 Low Power [35]




Approach Wavelength Power Disadvantages Reference
Ytterbium Doped Fibre

Yb:Fibre 1150nm + PPLN 575nm gomw | ComPlex, SHG [36]

Crystal Heating
Yb:Fibre 1160nm Self Heating + PPLN 580nm geomw |  COmPlex. high [37]

thermal sensitivity
Yb:Fibre 1178nm + Solid-core Photonic Bandgap
Fibre+MgO:PPLN 589nm 1.4W Complex [38]
Raman Laser
Nd:YAG 1064nm + LilO3 Raman Crystal first Stokes 1155nm + 578nm 1.2wW Thermal lens issues [39]
LBO
(Pavg)
. Complex,
Ba(NO3), Raman Laser pumped by Frequency Doubled 563nm (first 25mJ, dependent upon
' stokes), 599nm [40]

Nd:YAG 532nm (second stokes) 32mJ frequency doubled

Nd:YAG system
Raman fibre 1179nm+ Yb:Fibre 1118nm + MgO:PPLN 589nm >3W Complex [41, 42]

. H . - +
igg)re Raman Laser 1178nm pumped by Yb:Fibre 1100nm 589N 10W.25W Complex [43, 44]
PbWO, Raman Laser + pumped by Nd:YAG SHG 532nm 558.9nm (first imJ Complex, low [45]
stokes) power
: : oation

Raman fibre laser 1178nm with Coherent Beam Combination 580nm 20W. 50W Complex [46, 47]

LBO




Approach Wavelength Power Disadvantages Reference

Bismuth Doped Fibre Laser

Fibre Operation
Bi:Fibre 1160nm + PPLN 580nm ~200mW high thermal [48]
sensitivity
Bi:Fibre 1178nm pumped by Yb:fibre + MgO:PPLN 589nm 125mW Complex [49]

Optical Parametric Amplifiers

Optical Parametric Amplifier — Modelocked Nd:YVO, laser 589nm 4.6W Complex [50] [51]
1064nm Master Oscillator Power Amplifier (MOPA) + LBO

Special Dopants

Dysprosium doped ZBLAN fibre pumped with Argon ion laser at 575nm ~10mwW New technology, [52]
457nm low output powers

Dysprosium doped Fluoro-Aluminate Glass Fibre pumped by New technology,
GaN LD at 398.8nm low output powers

575nm ~11mW [53]




The majority of these approaches centre on neodymium (Nd) doped materials such as
yttrium orthovanadate (YVO,) and yttrium aluminium garnet (YAG). These systems
are generally quite complex, needing sum-frequency mixing (SFM) to target the
correct visible wavelength, with use of nonlinear crystals such as lithium triborate
(LBO), potassium titanyl phosphate (KTP) and bismuth borate (BIBO). Use of
second harmonic generation (SHG) and Nd transitions showing lower gain
(~1123nm) have also been reported to reach the yellow region [54].

Other approaches have adopted more energy efficient ytterbium (Yb) doped fibres,
with a challenge to push the Yb emission to ~1180 nm by employing photonic
crystal fibres to suppress gain at 1050 nm or self-heating. Frequency doubling
materials used include periodically poled lithium niobate (PPLN) and magnesium
oxide doped varieties (MgO:PPLN) along with periodically poled KTP and the
relatively new periodically poled stoichiometric lithium tantalite (PPSLT).
Alternative to Yb has been use of other dopants such as bismuth (Bi) or frequency
shift, using nonlinear conversion based on the Raman effect.

In recent years the attention towards bismuth doped fibres was predominantly
focused on the development of optical fibre communications, to target the ~1300 nm
low dispersion window of silica fibres [55, 56] and low loss at 1400-1500 nm [57].
The extension into the visible has been promising using a Yb-doped fibre pumping
scheme, to produce 1160 nm output from the Bi-doped fibre then frequency doubled
using PPLN [49]. However, bismuth is still not thoroughly understood, with ongoing
investigations into its performance in relation to other dopant materials in its host

matrix.

The SHG Raman shifted (fibre) lasers have achieved the highest yellow (589 nm)
output powers at 50W using 3 coherently combined beams from Raman fibre
amplifiers, which are then frequency doubled using LBO nonlinear crystal. This
however involves a complex array of components, as do the other Raman laser
configurations. One exception worth highlighting is the system produced by
Macquarie University, consisting of a Nd:YAG laser, intracavity LilO3; Raman-active

crystal and an LBO nonlinear crystal, capable of producing average pulsed yellow



laser output of 1.2W [39]. The significance of their research has been the subsequent
commercialisation of a “Magic Wand Yellow Laser” through a start-up venture

called Lighthouse Technologies for product supply to the medical industry [58].

A minority of approaches to yellow laser production have included a complex system
based on an optical parametric amplifier (OPA), a low powered dye laser and use of
Dysprosium as a dopant. The development of Dysprosium doped lasers for direct
yellow emission has been slow, with very low output (~10mW) powers achieved.

1.2 Background

The development of the Semiconductor Disk Laser, also commonly known as the
Vertical-External-Cavity Surface-Emitting Laser (VECSEL), extends back to the mid
to late 1990°s [59, 60]. The origin of the design exploits the benefits attributed to two
preceding laser structures, the Vertical-Cavity Surface-Emitting Laser (VCSEL) and
the solid-state optically pumped thin disk laser as illustrated in Figure 1-1. Combined
advantages from the two structures provide a laser system which is capable of
excellent beam quality, power scalable, with flexible operational wavelength design

and compact.

(a) Light Output (b)

Top Mirrors

Reflected
Light —

Thin disk

Laser Cavity

a Q X
Bottom Mirrors & %,

Figure 1-1: Schematic of (a) Vertical-Cavity Surface-Emitting Laser (VCSEL) [61] and
(b) solid-state optically pumped thin disk laser[62].



Early SDL systems were based on the InGaAs/GaAs material system, targeting the
~1000 nm wavelength region with output powers >0.5W. Since then wavelength
coverage and highest achievable output powers has been extended due to our further
understanding of semiconductor material systems and improvements to epitaxial
growth techniques. Initially the driving market for their use had been display
technology and the field of telecommunications to compete with InP-based
platforms. At present there is a much wider scope of applications for SDLs as

initially anticipated.

The optically pumped SDL is generally of the form shown in Figure 1-2, which
demonstrates the external cavity formed between the epitaxial grown semiconductor
chip and the external mirror. Further benefits to this architecture over its predecessor
the VCSEL, lie in its functionality to include intracavity elements such as filters,
saturable absorbers and nonlinear elements to allow single frequency, mode-locking

and frequency doubling, without impinging on beam quality and high output power

capability.
Pump
OCPt?iE))L Laser
; [_/ . Laser Output
Heat Sink External Mirror
Transparent
Heatspreader

Figure 1-2: General form of an optically pumped Semiconductor Disk Laser (OPSDL)
[63].

By analogy to doped-dielectric microchip lasers [64], a variation on the above design

eliminates the air-gap formed between the OPSDL chip/heatspreader and the external



mirror. Instead the cavity may be composed entirely of a solid medium, such as that
of the transparent heatspreader, forming the basis of a quasi-monolithic or microchip
cavity configuration [65]. Successful demonstrations based on this plano-concave
cavity design have been realised by Laurand et al. [66], depositing mirror coated
microlenses onto the surface of the heatspreader, creating very compact laser devices

as illustrated in Figure 1-3.

\

95% Reflection at 1055 nm,
Highly Transparent at 808 nm

<4—— Diamond Heat Spreader

<4— Amplifying Medium

4— Distributed Bragg Reflector

4— Substrate

Heat Sink

Figure 1-3: Hlustration of plano-concave microchip SDL design [67].

In the realm of microchip visible lasers, developments exploiting more traditional
doped-dielectrics as a gain medium and a frequency doubling crystal, have lead the
way in intracavity frequency doubled laser design as illustrated in Figure 1-4,

producing blue, red and green laser outputs [68-70].



—— HR 1064 nm coatings

Diode-laser current
2y

o

Figure 1-4: Diode pumped solid-state laser (DPSS) comprising Nd:YVO, gain material,
with KTP doubling crystal to produce green (532nm) laser output [71].

A simpler version of a visible microchip laser with yellow emission was reported by
Burns et al. [72]. It uses a diode laser to pump a Yb-doped crystal that also acts as a
frequency doubler, Yb:YAB, referred as a microchip self-frequency doubled laser, as

shown in Figure 1-5.

Imm

Input
: . Output
Collimating et i L _ coupler
lens g
50 pm fibre
coupled laser diode / L i
Focusing 300 pm 50 um

lens S 15 i :
air spacing \ air spacing

AR coated face

Figure 1-5: Schematic of diode pumped Yb:YAB self-frequency doubled laser
developed by Burns et al [72].

This laser serves its purpose as a compact method to produce ~1mW of yellow laser
light. However, the multimode low output power with added complexity of
temperature tuning the material, paves the way for improved laser systems to be

explored such as ones based on SDLs as attempted in this thesis.
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In this respect, the pre-requisite to frequency doubled yellow-red emission is the
generation of high brightness output in the 1150 — 1320 nm region. The wavelength
operation of an SDL device is determined primarily by choice of semiconductor
materials. A ‘world map’ was developed in the 1970°s [73] to provide a visual
comparison of the various semiconductor material systems with respect to their band
gap energy and crystal lattice parameter. This figure was developed based upon
semi-empirical data gathered from a variety of research groups examining the
properties of semiconductor alloys. Figure 1-6 is a variation of the world map
highlighting the design wavelength region of interest for this thesis, 1.18 um to 1.35
pm including the quaternaries GalnNAs lattice matched to GaAs, and both InGaAsP
and AlInGaAs lattice matched to InP. In order to obtain good quality material
growth, it is advantageous for all alloys to have a very similar lattice constant to the
substrate. Therefore the lattice matched material should be close to or along the

corresponding vertical solid-black lines, shown in Figure 1-6.

<R A I B T B T R I
i AlAs
2 [ e
- In Al As
= | ALGa, As
S5} Al,In,Ge
% t i Gahs s L An,, ‘%‘.‘f;‘-}AS""
& inGa As 1 1.18um
E,E al v e InGMASP,
[ / N \ 1.35um|
[ e o
o5 [ GaNAs,, L \-\\
! “Ga,In N As, ? InAs
o b AL el LTNAS

5.4 55 5.6 5.7 5.8 B9 .. & 6.1 6.2
Lattice Parameter (A)

Figure 1-6: Binary, ternary and quaternary semiconductor material systems with
respect to their bandgap energy and crystal lattice parameter. Indicated is the
wavelength region 1.18 pm to 1.35 um [74].

Earlier SDL designs used GaAs QWs for 840 nm emission [75, 76], and InGaAs
QWs for 920 nm [77], ~960 nm [3, 78], ~980 nm [79, 80], ~1000 nm [60, 81, 82],
~1060 nm [83-85] and 1175 nm [86] emissions. These structures were all lattice
matched to a GaAs substrate operating at their fundamental wavelength. SDLs

implementing InGaAsP and AllnGaAs gain materials lattice matched to InP have

11



been demonstrated, with operation at 1310 nm [87], 1550 nm [87, 88], and 1549 nm
[89]. The emergence of GalnNAs has enabled the lattice matching capability to
GaAs whilst potentially accessing wavelengths between 1150 — 1500 nm.

Sophisticated growth techniques such as that of Molecular Beam Epitaxy (MBE),
allows compound semiconductors to be grown at atomic scales. The significance of
this allows us to create periodic potentials within the crystalline structure with
dimensions equating to the de Broglie wavelengths of electrons and holes. At the
core of SDL operation is the quantum well, with the emission wavelength as a
consequence of the bandgap of the material as demonstrated in Figure 1-7. The
dispersion in the crystalline semiconductor material describes the occupation of the
carriers (electrons and holes) along the same energy band with a continuous
distribution of energies, but has a different wavevector. Further details of the

conditions governing the emission are provided in Chapter 2, Section 2.2.2.

Barrier QW Barrier 1E
CB

E

Egom| pA» heo

Figure 1-7: Quantum well structure showing the energies E. and E, of the conduction
band (CB) and valence band (VB) edges respectively, and the bandgaps of the barrier
Eqyarriery @and QW Egow) With photon emission Ae from el-hltransitions between the
guantized energy bands within the well, and the reciprocal energy dispersion in k-
space.

In the case of InGaAs/GaAs QWSs, the bandgap performance has been well
documented [90-94], but in order to reach longer wavelengths higher concentrations
of indium are needed. Unfortunately the wavelength operation is limited to <1.2 pum

due to catastrophic structural collapse at high concentrations.

12



Evolution in growth of this material leads to the formation of coherently strained
islands, or quantum dots (QD) in order to alleviate the strain. This self-assembly of
QDs is better known as Stranski-Krastanow growth [95, 96], which has enabled the
production of alternative laser structures at operational wavelengths up to 1.3 um on
GaAs substrates [97]. Through continual improvements to growth and design
criteria, the QD is fast becoming a rival technology to that of QWs. Devices
exploiting this technology have employed techniques such as dots-in-a-well
(DWELL) to maximise gain in the structure [98], as well as multiple stacks of QDs
to ensure dislocation free growth [99]. Good performance SDLs exploiting QD

active regions have been demonstrated in the time frame of this PhD [100-103].

As an alternative to InGaAs QDs, the addition of nitrogen has been shown to enable
long wavelength (1.2 — 1.5 um) emission [15, 104] and serves as the basis for the
gain of the SDLs studied in this thesis. Indeed, the unique I11-V quaternary material
GalnNAs has sparked a great deal of interest, since this material possesses some
interesting traits. Nitrogen inclusion into GaAs has been known to exhibit a large
bandgap bowing, referring to the curves generated between constituent
semiconductor alloy materials as shown in Figure 1-6, whilst red-shifting the energy
[105]. Yet it has been proposed that the distribution of nitrogen atoms into the host
material GalnAs is random throughout the structure [106, 107] with the formation of
cluster states in the conduction band. In addition the introduction of nitrogen has
been interpreted as an impurity which manifests as a deep level defect within the
material [108-110]. These explain in part the behaviour of this material, particularly
its large bandgap dependence on nitrogen concentration and large effective mass,
with weaker bandgap dispersion and therefore temperature insensitivity. The semi-
empirical Band Anti-Crossing (BAC) method has been developed to describe the
interaction between the localised states of the nitrogen with the host matrix GalnAs
delocalised states [111-113].

The relationship between the two interacting energy states can be described using the
two-state eigenvalue problem [111], as shown in Equation (1.1.1). The perturbed
energy of the conduction band is associated with the nitrogen impurity Ey in relation

to the energy of the GalnAs host matrix E.
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Ve E B (1.1.1)

The parameter Vi is the interaction between the two states. This relationship in
terms of the molar fraction of nitrogen is given in Equation (1.1.2) [112] with Cym as

the semiconductor matrix constant and y the nitrogen concentration.

Vm = CNM\/; (1.1.2)

The BAC model formulates a split in the conduction band as shown in Figure 1-8,
producing two sub-bands E. and E. [111] as expressed in Equation (1.1.3).

<(EN+EM)iJ(EN_EM)2+4VA%IN>

2

E, = (1.1.3)

Extensive studies of this material system by Skierbiszewski et al. [114, 115] have
found typical values of Cyu=2.7eV and En=1.65¢V .
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Figure 1-8: Energy band splitting into E. and E. bands, indicating the N impurity level
energy band Ey and host energy level Ey. The transitions between the light/heavy hole
and spin-orbital split-off valence bands in relation to the E. and E. bands are shown.
[112]
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These results have been verified using pressure experiments [111, 116], such that the
nitrogen impurity level reduces the pressure coefficient of the conduction band, into
the two sub-bands E+ and E_. The lower sub-band, E_ facilitates a reduction in the
bandgap, whilst the E. transition from the valence band results in a high energy edge
[117]. Similarly the affect on the electron effective mass is shown in Equation (1.1.4)
[114], which is dependent upon the nitrogen composition, y and my is the electron
effective mass of the matrix material. Experimental results indicate a large effective

Mmass.

1 — 1 1+ (EM—EN)

+ \/(EM—EN)2+43/C1%1M

(1.1.4)

Further use of the BAC model has been incorporated into the gain section within
Chapter 2.

The significance of the GalnNAs material system has the potential to rival InP-based
systems for telecoms applications, but also due to its fast absorption recovery it has
been useful as a saturable absorber for modelocking solid-state lasers [118-120] and
as a modulator device [121-123] due to its large quantum confined Stark effect
(QCSE). Importantly, its use as a gain element for SDLs [124, 125] forms the vital

component to this PhD research work.
1.3 Thesis Scope

This thesis has been organised into two segments. The first of which discusses the
design, fabrication and performance related aspects of GalnNAs/GaAs based SDL
devices extending across Chapters 2, 3 and 4. The second segment is applications
based, providing experimental results of the SDL used as a pump source in Chapter 5

and frequency doubled in Chapter 6.

Chapter 2 delves into the structural design of SDLs, with particular emphasis given
to each of the main sections of the device; the Distributed Bragg Reflector mirror, the

gain region, the confinement window and finally the cap layer. MBE growth has
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been used to produce the semiconductor wafers which have been implemented as
SDL devices. The growth of dilute nitride materials has some associated challenges
which shall be explained.

Chapter 3 reflects the importance of thermal management necessary for successful
operation of SDLs, providing an initial synopsis of progress made in this area.
Building on previous knowledge, simulation work shall be presented to compare the
thermal performance of devices based on their optical pumping regime (front or end
pumped) using different configurations of diamond heatspreader within the structure
and thin disk structures. Another examination focuses on the material systems, in
order to put into perspective the thermal response of GalnNAs compared to InP-
based active regions. The final section describes the construction of the laser,
providing details of the bonding to the diamond heatspreader and subsequent

mounting onto the water cooled copper heatsink.

Chapter 4 presents the characterisation and performance related results for a selection
of SDL devices. The reflectivity and photoluminescence are measured to relate the
output to design expectations. Laser performance is then presented for a set of
devices with emission wavelengths spanning the 1180 — 1320 nm range. The
experimental results are also used to confirm the simulation work performed in

Chapter 3 on the thermal resistance.

Chapter 5 is the first of two application-based chapters, demonstrating the use of an
SDL as an excitation source. In the first instance, an SDL designed for operation
~1220 nm was used to pump Tm**(,Ho**)-doped glass and crystal lasers. In addition
a 1220 nm SDL was used as the pump source for Raman amplification in a silica
fibre.

Chapter 6 explores the design of a frequency doubled microchip SDL with yellow
laser output ~590 nm. An initial survey of the last 12 years of frequency-doubled
SDLs demonstrates the attractiveness of this type of laser for emission in the
UV/Visible. The design aspects of a microchip frequency doubled SDL are explored,

highlighting cavity configurations and the device thermal response. Experimental

16



results shall be presented for a double-bonded SDL, to include the nonlinear crystal-

diamond heatspreader-SDL chip as a step towards the microchip configuration.

Chapter 7 provides a final summary of this thesis and makes suggestions for further

development work which was not undertaken during this PhD.
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Chapter 2

Laser Design and Wafer Growth

2.1 Introduction

This chapter predominantly captures the design aspects of Semiconductor Disk
Lasers (SDL). The four main regions of the SDL structure are the cap, confinement
window, the gain section and the Distributed Bragg Reflector (DBR) mirror. Each in
turn shall be explained, offering justification for the material choice and design
approaches where appropriate. The individual SDL structures which were used in
this thesis are specified along with their associated design wavelengths, material

system and partner Universities supplying the wafers.

For completeness, the Molecular Beam Epitaxial (MBE) growth shall be briefly
described, including the growth processes and specific challenges associated with

nitrogen inclusion.
2.2 SDL Structural Design

It must be stated that all structures used for characterisation and in subsequent
experiments were designed by Dr. Stephane Calvez at the Institute of Photonics.
Figure 2-1 illustrates the main sections concerning the design of SDLs. Focus is
given to each of the sections as they are grown onto the substrate from the mirror to

the cap layer, to describe their purpose and mode of operation.
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Figure 2-1: General structure of an SDL including the Bragg mirror, active region
containing the quantum wells and the surface barrier comprising the confinement
window and cap [1].

2.2.1 The Distributed Bragg Reflector

The mirror section consists of a Distributed Bragg Reflector (DBR) with its principle
operation based on layers of materials with contrasting high refractive index (Nnign)
and low refractive index (njow). The Bragg mirror operates through the constructive
interference caused by Fresnel reflections at the interface of the material pair. The
reflection from low to high refractive index material experiences no phase change,
whilst the opposite presents a 180° phase shift. The overall result, after reflections
from N pairs of the material, is the recombination of the in-phase light at the surface.
It aims to achieve maximum reflectivity at the designed operational wavelength, or
Bragg wavelength Ag. The expression for the thickness of each of the DBR layers is
represented in Equation (2.1.1), where n(4g) is the refractive index of the layer at the

design wavelength.

)
L= 4n(Ap)

(2.1.1)
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The mirror can be modeled using the principles of the propagation of the beam
through a periodically stratified medium or thin film approximation, as presented in
Born and Wolf [2]. The matrix evaluation of a layer is expressed in Equation (2.1.2).

(2.1.2)

i
y ~ cos —n—lsmﬁ’ Moy Moy
layer —

—nisinﬁ cosf8 My My
l

The dispersion in the material is represented in Equation (2.1.3), with n, representing
the refractive index of the layer and the 1 is the design wavelength passing through
the layer of thickness t.

B ="t (2.1.3)

Solving for the reflectivity of the system employs Equation (2.1.4), substituting in
the corresponding matrix elements from Equation (2.1.2) with pi=nyp Or n;
corresponding to the top layer or internal first layer in the pair, and p2=nNsupstrate OF N2
corresponding to the substrate or internal last layer in the pair as appropriate.

— (Mgo+Moq.p2)P1—(M10+My1.p2) (2 1 4)
(Moo +Mg1.p2)p1+(M19+M11.D2) o

In terms of r in Equation (2.1.4) the reflectance of the system R=|r|%>. The overall
DBR reflectivity of the system can be shown to be given by Equation (2.1.5) [1, 3],
to factor in the incident niyigent OF top surface refractive index and the exit ney or

substrate refractive index, in combination with the internal refractive index contrast.

_ 2Ny 2
1-dp ) (2.15)

R =Q———
DBR 1+qp21v

In this equation the variables p = —°% and g = Zincident,
Nhigh Nexit

The range of wavelengths over which the DBR operates is called the bandwidth or

stopband and is represented in Equation (2.1.6).

Adppr = %arcsin (:r—Z) (2.1.6)
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The wavelength Acentre IS the central wavelength of the stopband.

Figure 2-2 is the reflectivity spectrum for an 1180 nm designed structure, consisting
of 25 pairs of GaAs, with n=3.466 (Nnigh) and AlAs n=2.937 (njow). This structure has

a top confinement window of Aly3GaAs, (Nincigent=2.938) and a GaAs substrate (Neyit).

[ A

ANpgr=136nm

Reflectivity (%)
th
=
4

F Aenre=1174nm

1 3 1

1100 1200 1300

Wavelength (nm)

Figure 2-2: Reflectivity of sample AsN2592 designed for 1180 nm with 25 pairs
AlAs/GaAs.

Increasing the number of mirror pairs in the structure increases the reflectivity. This

is demonstrated in Figure 2-3, showing the reflectivity increase from ~80% at 5 pairs
to ~100% with 25 pairs.
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Figure 2-3: AlAs/GaAs DBR stack with increasing mirror pairs from 5 to 25
(As=1220nm).

In Figure 2-4 the curves of AlAs/GaAs, AlAs/AlGaAs and InGaAsP/InP material
systems are compared for reflectivity with respect to the number of mirror pairs. The
higher the refractive index contrast and a smaller p value, the fewer the number of
mirror pairs required to reach ~100% reflectivity. Such a large number of pairs
would not be considered acceptable for three main reasons. Firstly, the excessive
thickness of the DBR can potentially degrade performance of the device due to
thermal conductivity issues making it difficult for heat removal from the active
region. Secondly, more material resources would be required for larger quantities of
layers. Finally, the growth conditions must be very carefully controlled to prevent

structural defects caused by strain from materials not precisely lattice matched to the
substrate.
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Figure 2-4: Reflectivity with respect to the number of mirror pairs for AlAs/GaAs
(red), AlAs/AlGaAs (blue) and InGaAsP/InP (black) having a bandgap energy E,=0.91
eV [4] (2z=1300nm).

Another important design criterion to consider is the refractive index contrast,
An=npigh-Niow, Of the DBR material stack. This can be quite significant since it
contributes to higher reflectivity as well as increasing the bandwidth or stopband. In
Table 2.1 three material systems are compared, all at the design wavelength of
1300nm. In this example it is clear that AIAs/GaAs has the highest refractive index

contrast, and is therefore considered the best choice for DBR material.

Table 2.1: DBR material systems with Ag= 1300nm.

DBR Material System

Refractive Indices, n

AlAs/GaAs 2.925/3.45 0.525
AlAS/A'olzGaolgAS 2.925/3.352 0.427
|no_egGao_ngSO_Ggpo_gznnP 3.604/3.643 0.039

Furthermore, Figure 2-5 shows the reflectivity profiles of AlAs/GaAs, AlAs/AlGaAs

and InGaAsP/InP at 1300nm.

32




100 F ! r———h——— T =
AlAs/GaAs
AlAS/AlGaAs
>
Z  sof N\ :
2
=
&
{f !
d InG;§AsP/InP
0 1 1 1
1100 1200 1300 1400 1500

Wavelength (nm)

Figure 2-5: Reflectivity profiles of 25 mirror pairs DBR stack of AIAs/GaAs (red),
AlAs/AlGaAs (blue) and 150 mirror pairs of InGaAsP/InP (black)with Az=1300nm.

In Table 2.2 there is a clear distinction between the much lower stopband value using
150 mirror pairs for InGaAsP/InP compared with those of both AlAs/GaAs and
AlAs/AlGaAs using only 25 pairs.

Table 2.2: Comparison of DBR material systems stopband, number of mirror pairs and
corresponding reflectivity (Ag= 1300nm).

DBR Material System Stopband Number of Reflectivity, R
Mirror Pairs

AlAs/GaAs 153.9 nm 25 100%

AlAs/Alg >Gag sAs 130.7 nm 25 99.9%

Ino_GgGa0,32A50,68P0,32/InP 16.8 nm 150 98.23%

Ideally the DBR material would be lattice matched to the substrate. However,
alternative arrangements have involved wafer fusion techniques [5, 6], metamorphic

growth [7] and deposition of dielectric mirrors [8, 9]. Wafer fusion allows a
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GaAs/AlAs DBR to be included into an SDL structure by bonding directly to an
InAlGaAs active region. The drawbacks to this technique include the potential of
interface degradation as well as it being a more complicated and costly process. The
metamorphic growth of GaAs/AlAs directly onto InP layers causes strain due to the
large lattice mismatch, thereby a propensity for dislocations. The deposition of
dielectric mirrors, in the context of integration with the growth of the laser structure,
has been used as the top mirror of a VCSEL. Examples of such dielectric mirrors
include Si/Al,O3; onto a GalnAsP/InP VCSEL [8] and MgF/ZnSe/MgF/Au onto a
InGaAs/GaAs VCSEL [9]. In the context of SDLs (VECSELSs), dielectric mirror
coatings have been deposited onto a diamond heatspreader in order to miniaturise the
cavity [10, 11]. However, to date no dielectric mirrors have been integrated into the

SDL structural design.

In summary, the choice of material for the DBR adheres to a high index contrast to
reach a reflectivity ~100% employing the least number of mirror pairs to achieve the
desired result. It is thus an advantage using AIAs/GaAs DBRs in these lasers, which
can be lattice matched to a GaAs substrate, which is also compatible with the choice

of gain material GalnNAs.

2.2.2 The Gain Region

The most important section of the SDL is the gain section, consisting mainly of
GalnNAs QWs with GaAs barriers. The intricacy and crucial design of this region
elicits further expansion, to discover how the various parameters contribute as a
whole to the success of the device. To start with the source of gain provided by the
QWs shall be explored with particular emphasis on the nitride material system,
which highlights the strain effects associated within the heterostructure. Next we turn
our attention to the resonant periodic gain (RPG) design and QW distribution within
this region. In addition the optical pumping arrangement impacts significantly on the
design, in terms of wavelength and excitation region targeted (in-well or in-barrier).
Finally, uses of modeling techniques have provided a means to anticipate the overall

device performance.
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2.2.2.1 Quantum Wells

The basis by which gain can be achieved has been formulated on the quantum
confinement of carriers within a potential well, or quantum well (QW). The well
thickness becomes comparable to the de Broglie wavelength of the carriers (electrons
and holes) forcing them to occupy discrete energy levels called energy sub-bands

within the well, as illustrated in Figure 2-6.

* *

m.,, my,
E, AE,
Eg(GﬂAS) Eg(GﬂInNAs)
—L L
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- 7 >
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Figure 2-6: GalnNAs QW of width L,, with GaAs barriers, indicating the bandgap
energies Eggaas) and Egcannas), effective masses in the well m,* and the barrier my*, the
differences in conduction band edge AE.and valence band AE,, with the subband
energy levels E., Enng, and Ejny (where c=conduction band, hh= heavy hole and Ih=light
hole).

The quantized energy of the system must satisfy the time independent Schrodinger
equation as presented in Equation (2.1.7) [12], where 7 = % the potential barriers of

the well are V(z), the wave function is ¢(z) and m* is the effective mass in the well

(my) or barrier (mp).

Ep(z) = [— L

2m* dz?

+V(@)|e@ 2.1.7)

However, the inclusion of nitrogen induces a conduction band splitting as described

in Chapter 1, thereby altering the potential barrier of the well. Based on formulations
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from Hetterich et al. [13], there is an energy dispersion associated with the host

matrix material Ey with an additional energy-dependent contribution due to the

2
interaction with the nitrogen states % as given in Equation (2.1.8)
—LN

Eg(z) = 5+ (En (@) + 22 42 (2.1.8)

2m* dz2 E-EN(2)

The solutions of the wave function for the bound states are of the form provided in
Equation (2.1.9), given that the states in the well occur where |z|=L/2 and in the
barrier, |z|<L/2.

Aek2) 4 Be(-ikz) || =

¢(z) = (2.1.9)
Ce™ 4 De=¥2) |z| <

NI~ N |~

The expressions for k, referring to the well and « for the barrier are provided in
Equations (2.2.0) and (2.2.1).

k= \/me NM(V”] (2.2.0)
EN(W) E
_ |2m VM)
- j h? EN(m—E] (22.1)

The eigenstates of the system, referring to even and odd wavefunctions, can be
solved using Equations (2.2.2) (even) and (2.2.3) (odd).

cos (kzw) — ;n:; sin (kLTW) =0 (2.2.2)
cos (kzw) + Z—‘:;: sin (kLTW) =0 (2.2.3)

Using the methodology set out by Chuang [12], to obtain the eigenenergy E for an
even solution to the wavefunction, we substitute Equations (2.2.0) and (2.2.1) into

the general form :—”';tan kLTW = 0 to obtain Equation (2.2.4).
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The transition energy, can thus be formulated using solutions for the eigenenergies
Eci1and Epnt (Eing), and the bandgap energy Eg4 of the QW material, which in this case
is GalnNAs. Therefore, with optical emission occurring from transitions between the
lowest energy states in the conduction band, E.; to the highest level in the valence

band of heavy-holes Eyy; the transition energy is given in Equation (2.2.5).

Ec_un = Egcainnas) + Ec1 + Enna (2.2.5)

Through substitution of the appropriate effective masses, relating to either the
electrons in the conduction band m;, or those in the heavy-hole my,;, (light-hole m;;,)
band, the eigenenergies can be solved. Ultimately, gain has been achieved through
satisfying the Bernard-Duraffourg condition [14] E—E,=%® where the emission 7Zw
results from the population inversion between the conduction and valence bands.

The material composition greatly influences the bandgap energy, with alterations to
the conduction (valence) band edge. In order to demonstrate the effect the inclusion
of nitrogen has on the bandgap and indeed the transition energy, two QW material
systems have been compared. Figure 2-7 shows the transition energy curves for
Ing 33GaAS/GaAs, Ing33GaNggo7AS/GaAs and Ing33GaAs/GaAs. These indicate that
even with a 0.7% concentration of nitrogen the transition energy was significantly
reduced, providing an emission wavelength of 1220 nm (1.016eV) using a QW width
of ~7 nm. Additionally, higher concentrations of indium are needed to obtain
emission at 1220 nm, however this introduces higher strain effects as will be
discussed in the next section and further in Section 2.5 with regards to MBE growth,

thus making GaInNAs QWSs a more viable option.
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Figure 2-7: Transition energy over a range of QW lengths, to compare GalngssNg.o07AS
(solid red), Ing33GaAs (dashed blue) and Ing 33GaAs (dashed green). The marker line is
the emission energy 1.016 eV (1220 nm).

In this thesis the focus has been on GalnNAs/GaAs QW based devices for operation
in the 1150 nm to 1350 nm emission region. Alternative material systems could be
used such as InGaAsP/InP or AlinGaAs/InP for operation in the 1200 nm to 1360 nm
region. The main advantage of the studied alloy lies in its more favourable
confinement and effective mass. Considering that the electron thermionic emission
lifetime t. from a QW is given in Equation (2.2.6) [15, 16] where kg is Boltzmann’s
constant, there is an interdependency between the depth of the QW AE. and the
electron effective mass mj. Therefore high electron escape rates have an effect upon

the carrier recombination, producing photon emission.

2mmilL3, kT
T, = ’TTexp [AL;_C] (2.2.6)

In Table 2.3, the differences between material systems GalnNAs/GaAs,
GalnPAs/InP and AlInGaAs/InP have been compared at 1300 nm operation,
regarding their conduction band offsets, electron effective masses and electron
thermionic emission lifetimes at 300K. These results highlight the distinction of

GalnNAs for more effective carrier confinement, with a larger offset and lower
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thermionic emission lifetime. Similarly the nitrogen induced enhancement of the
effective mass along with smaller emission lifetime, suggests that this material would
offer a slight advantage over its InGaAs counterpart for emission at 1150 nm to 1200

nm.

Table 2.3: A comparison of conduction band offsets, electron effective masses and
thermionic emission lifetimes for material systems; GalnNAs/GaAs, GalnPAs/InP,
AlINnGaAs/InP at 1300 nm operation [17] and GalnNAs/GaAs and InGaAs/GaAs at
1200 nm operation.

Material System Conduction Electron Thermionic
band offset, Effective emission

AE; mass, lifetime, T,
Me

1300 nm Operation

Galno_ggNo_()lAS/GaAS 406meV 0.053mg 38 ns
Gag2Ino gPo.sAs/ Gagglng 1PosAs/INP 100meV 0.047mo | 0.009 ns
(Alo_gGao_7)o_4|no_eAS/(A|0_7Gao_3)o_5|n0_5AS/ 310meV 0.041mg 16 ns

AlgsIngsAs/InP

1200 nm Operation

Galng.33Ng.007AS/GaAs 375meV 0.053mg | 34ns

Ing 43GaAs/GaAs 306meV 0.047mg | 14 ns

2.2.2.2 Strain Effects in GalnNAs Quantum Wells

The main levels of strain inherent in any semiconductor material system consist of
internal and external strain. The mere fact that alloys, such as GalnNAs, consist of
elements with varying atomic sizes implies that a certain amount of internal strain
exists within the material structure [18]. The careful control of growth temperatures
and fluctuations of the elemental mole fractions such as indium and nitrogen [19]
make it possible to produce good quality quaternary materials, which shall be

discussed further in Section 2.5.

The main focus here shall be on the influence of external or epitaxial strain, caused
by the structured layering of semiconductor materials with different crystalline lattice

constants. Figure 2-8 (a) illustrates two forms of strain experienced by the material,
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compressive (positive) which occurs when the lattice constant of the substrate is

smaller than the deposited material, and tensile (negative) which is the opposite [20].

Compressive Strain Tensile Strain

@ 3

(b)

Bulk Single Layer Quantum Well

Figure 2-8: (a) llustration of compressive and tensile strain due to materials with
different lattice constants. (b) Comparison of bulk materials with that of a single layer
and quantum well with subsequent strain in the material [21].

The epitaxial growth of a QW, which is surrounded by material with a different
lattice constant, is demonstrated in Figure 2-8 (b). This aims to show the behaviour
of the material for a compressively strained system, in which the material
experiences in-plane biaxial strain due to the deformation of the lattice of the

material in order to match the lattice of the substrate. The misfit between the two

material systems was described by Coleman [21] as f = aAa with the expression
alloy
used to calculate strain given in Equation (2.2.7).
g = Zalloy=Gsub (2.2.7)

Asub

Using this evaluation, Figure 2-9 shows ~2% compressive strain experienced by the
Ing.3GaNp 01 As/GaAs material system which is predominantly caused by the presence
of indium, with a much larger atomic size compared to the other elements in the

crystalline material lattice.
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Figure 2-9: The compressive strain experienced in an In,GaAs/GaAs material system
compared to that of In,GaN, o, As/GaAs with increasing indium concentrations.

Experimental studies have shown that in InGaAs/GaAs multilayers, indium
concentrations below ~30%, misfit dislocations are prevalent, while above 30%
threading dislocations have been observed [22]. Therefore, using the critical layer
thickness h. evaluation proposed by Matthews and Blakeslee [21, 23], a limit on the
material thickness to accommodate misfit dislocations can be determined. The
expression in Equation (2.2.8), draws on the elasticity constants of the material

denoted by Cy; and C;, and used to evaluate Poisson’s Ratio 0=C1,/C11+Cs.

o = Sl 1025 (ln :fy + 1) (2.2.8)
In this equation, aaey is the lattice constant of the alloy as before, with x = 7 for a
strained layer superlattice and f represents the misfit between materials. In setting the
layer thickness of an In,Ga;xAs QW to equal the critical thickness, L,=h;, the
wavelength relationship to the optical emission energy in A(x,L;)=hc/E(x,L;) can be
compared to that of a bulk strained system, as shown in Figure 2-10. This evaluation
by Coleman provides a clear indication that InGaAs/GaAs QW devices are limited to

below ~1.2 um operation.
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Figure 2-10: Wavelength ranges possible for In,GaAs/GaAs QWSs, where the QW
thickness is set to the critical thickness, compared with bulk strained QW [21].

Figure 2-11 shows a critical thickness limit for Ing3GaAs/GaAs of ~5-6 nm but for

Ino.3GaNg 01 As/GaAs this is extended to ~7-8 nm. Steep decreases in these limits are

observed above ~30% indium, due to the propensity for dislocations.
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Figure 2-11: Critical thickness for In,Ga;.«N,As;.,/GaAs, with comparison made
between nitrogen inclusion of 0%, 1% and 2% [24].

The effect of material strain has a profound impact on the heavy-hole and light-hole

energy bands, as shown in Figure 2-12, resulting in subsequent alteration to the

transition energy of the system and effective heavy-hole (light-hole) masses.
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Figure 2-12: Effects of strain on the band structure of a zinc-blende crystal, indicating
the heavy-hole (HH) and light-hole (LH) valence band degeneracy [25].

LH

The effects of strain have been observed to lower the threshold pump power [26].
The reason for this relates to the degeneracy of the valence band with a reduction in
the heavy-hole (light-hole) effective mass and subsequent changes to the density of
states.

The degeneracy of the sub-bands has been reflected in the shear and hydrostatic
deformation potentials of the QW layer. The elasticity constants of the material, Cy;
and Cy, are used to evaluate the tetragonal distortion of the GalnNAs layer with the
split of the valence band under shear strain effects. The displacement due to strain for
the heavy-hole (hh) is given in Equation (2.2.9) whilst for the light-hole (lh) in
Equation (2.3.0) [27, 28].

8, = 2a, (1 - %) e+b(1+ ZCC—Z) e (2.2.9)
SEy = 2a, (1 - g—l) e—b(1+ %) € (2.3.0)

The shear deformation potential of the valence band is b with hydrostatic

deformation potential a,. The shift in the conduction band energy due to strain is
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given in Equation (2.3.1), where a. is the hydrostatic deformation potential of the

conduction band®.

SE, = ZaC( - %)e (2.3.1)

Factoring in these strain effects imposed on a GalnyNyAs/GaAs QW material system
with In, and Ny concentrations, the expression for the transition energy between the
conduction band and heavy-hole band is provided in Equation (2.3.2). The
expression for the transition with the light-hole band would replace the last term with

OE respectively.
Ecopn = Eg(x,y) + 0E.(x,y) — §Epn(x,y) (2.3.2)

In Figure 2-13, the transition energy with the corresponding critical thickness for the
material provides an indication that with low concentrations of nitrogen the transition
energy can extend to higher wavelengths, as demonstrated in Figure 2-7 for 1220 nm
(1.016eV). However, with higher concentrations of indium such as x=35% this limits
the QW critical thickness.

110 S —y 20
Ga,_InNAs /GaAs QW
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Figure 2-13: Transition energies and critical thicknesses for a Galng ;sNyAs/GaAs QW

across a range of nitrogen concentrations (y) [24]. Indicated is 1.3 um emission and
y=1%.

' The hydrostatic deformation potentials a,, a. in Equations (2.2.9), (2.3.0) and (2.3.1) should not be
mistaken for the lattice parameters a,,, or g,y for the strain in Equation (2.2.7).
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A method which is widely used to compensate for material strain is to incorporate
strain compensating layers (SCL) within the structure, which have opposite strain to
that of the QW material. Using the zero-stress method developed by Ekins-Daukes et
al. [29] the elastic stiffness coefficient A of the material is expressed in Equation
(2.3.3), which can be substituted for Ajncanas and Aganas for the QW and SCL
respectively. This material system has been implemented for a 10 QW InGaNAs
structure, where the compressively strained QW has been grown with tensile strained
SCL of GaNAs.

2C%
Ci1

A - Cll + C12 - (233)
The average in-plane stress X due to the strain imposed by the layering of the two
material systems can be expressed in Equation (2.3.4), with the thicknesses t, lattice
constants a, strain ¢ and elastic stiffness coefficients A all denoted by the appropriate
material, InGaNAs and GaNAs.

X = 2

tGaNAsttinGaNAs

AGaNAs )
AInGaNAs

(2.3.4)

(tGaNAsAGaNAsEGaNAs + tinganasAmecanasEmecanas

Therefore for strain balancing, the strain compensating layer thickness is found when
X=0, as is illustrated in Figure 2-14. In this example, for the material system
INo.33GaNp.007AS/GaNg 015AS/GaAs the strain compensating layer thickness is ~45

nm.
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Figure 2-14: Average in-plane stress for a biaxially strained material system with
respect to the compensating layer thickness.

In realistic terms moderately strained samples are necessary to benefit from their
reduced thresholds and higher output power characteristics [26], likewise the critical

thickness constraints limit the thicknesses of the epitaxial layers. The total strain of

. . t +t
the system from Figure 2-14, calculated using ;pq = —RSaNAsinGaNAs™ GaNAs®GaNAs

tinGaNAsttcanas

for SCL thicknesses of 4 nm on either side of a 7 nm QW provides an acceptable

~0.9% strain.

2.2.2.3 Resonant Periodic Gain and QW Distribution

The design of an SDL has within its structure, the gain region embedded between the
DBR mirror and the top surface, in which the semiconductor/air interface creates a
subcavity. This subcavity acts as a Fabry-Perot etalon, forming the basis of the
resonance effect. In order to maximise the effective gain, the QWs are positioned to
coincide with the resonance peaks (anti-nodes), resulting in an intensity build-up in
the subcavity. To achieve this, QWSs are spatially located at half wavelength

intervals, with the length of the active region designed to be an integer number of
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half wavelengths, L = mT'l An example of a resonant cavity design is provided by

Garnache et al [30] in Figure 2-15, using 7 nm thick Iny2GagsAs MQWSs and 10 nm

thick GaAs barriers, designed for 980 nm operation.

Z (um)
1.

0.0 0.8 0 1.5 2.0

1 A 1 e 1

1)
»
|
S
——
— -
-]
~’

W
1
-~
—

l" Bragg mirror

s
\'\\, N

A

2
IEF (E
N
gu.lg . Uy i
\
=
———
ST

i
\J/ \/ \I/N/\/\/\ N

Skt Y
- 4
; I (b)
g 37

W

o 2

[ ]

ES

o 19

'E— 4 -~ .

£ obe——T e
o~ ] v L b4 1 v L} § 1 v 1 . 1 v
o 0.92 0.94 0.96 0.98 1.00 1.02 1.04

wavelength (um)

Figure 2-15: The |E[* field (with incident E-field normalised to 1) through the SDL
structure (a) and in the QWs (b), showing an intensity peak at the design wavelength of
980 nm [30].

The periodicity of the placement of the QWs is thus correlated to the optical standing
wave in the subcavity. This results in a directional dependent, and wavelength
selective gain medium. The effective gain for the resonant mode is enhanced over
other longitudinal modes having the effect of reducing the laser threshold. It is
reasonable to infer that less laser pump power is required to reach threshold when
higher effective gain is attained in the active region. By design the RPG wavelength

aims to coincide with the QW emission.

A consequence of placing the QWs at the anti-nodes is a strong dependence upon the
frequency of the optical field in the subcavity. This highlights the temperature

sensitivity of the device, since an increase in temperature shifts the location of the
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anti-nodes away from the QWSs, resulting in a reduction in gain and inefficiency.
Figure 2-16 provides an indication that the rates for the shift due to temperature are
different, with 0.1 nm/K for the RPG compared to 0.3 nm/K in the case of the QW
peak emission. Included is the observed PL, which gives an indication of the
performance of the SDL. The design must therefore take into consideration this ‘gain
offset” with respect to temperature sensitivity, in order to achieve high output
powers. A further discussion on thermal management of SDL devices shall be

provided in Chapter 3.

(a) ’ 3m]—m(zavity resonance (b) (C)

Structure

QW emissipn

Observed PL Maximum p‘éak position

Figure 2-16: (a) Shift rates of the RPG cavity resonance compared with QW emission,
indicating also the observed PL, (b) the maximum PL intensity at the optimal operating
temperature, when the RPG cavity resonance and QW emission are aligned, and (c) the

rapid decrease in PL and QW emission as the mismatch increases.

In contrast the anti-resonant design indicated in Figure 2-17 from Garnache et al.
[30], has shortened the window layer having an impact on the optical field intensity
inside the active region subcavity. The length of the cavity has now changed to be a
multiple of the quarter wavelength. In this way the resonance effects are no longer
prominent. Figure 2-17 (b) shows a minimum of the E-field in the wells at the design
wavelength with peaks occurring at the half wavelength positions, where the
resonance condition for the subcavity is fulfilled. The threshold for such an anti-
resonant device is higher due to the low peak field intensity available at the position
of the QWs.
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Figure 2-17: (a) The |E[* field (with the incident E-field normalised to 1) along the SDL
device for an anti-resonant design, and (b) the |E|* field in the wells is a minimum at the
design wavelength 980 nm [30].

The designs adopted for the SDLs used in this research have implemented resonant
RPG structures. In Figure 2-18 the Scanning Electron Microscope image of the MBE
grown AsN2527 structure is shown, included with the resonant design of the 1220
nm device. For this device the length of the gain region is 5\, with the QWs
positioned at the anti-nodes of the optical field intensity. The performance results for

this particular SDL are provided in Chapter 4.
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Figure 2-18: (a) The SEM image of AsN2527 1220 nm structure to align with (b) the

design profile of the same structure with the refractive index of the layers (blue) and

the optical field intensity (red) illustrating the QW positioned at the anti-nodes of the
field intensity.

The main benefit of an anti-resonant device has been its capability to tune across a
wider wavelength range, whilst raising the threshold and lowering the gain.
However, the influence of a resonant subcavity acts to narrow the gain bandwidth,
with previous attempts to design an anti-resonant subcavity resulting in lower gain
[31]. Borgentum et al. [32] have attempted to maximise on the benefits afforded the
anti-resonant gain design, whilst extending tunability by creating an anti-resonant
subcavity. Their design included an additional anti-resonant structure next to the air
interface, thereby obtaining an anti-resonant wavelength at 980 nm and peak
resonant wavelengths at 960 nm and 1000 nm, extending the wavelength tuning

range across 43 nm.
2.2.2.4 Optical Pumping

The key aspect to optical pumping is absorption by the material of the incident
radiation, as this process facilitates gain in the system. The choice of pump
wavelength depends upon the pump regime employed, referring to barrier pumping
and in-well pumping as illustrated in Figure 2-19. It is important to distinguish
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between these two [33]. Barrier pumping targets the barrier or spacer layer adjacent
to the QW, requiring the pump energy to be greater than the bandgap energy of this
layer. The carriers created within the barrier decay rapidly to the energy levels in the
QWs which have a smaller energy bandgap than the barrier and are also thinner to
aid carrier confinement. Alternatively the in-well pumping case excites electrons
directly in the QW, and the pump photon energy chosen must be lower than the
barrier bandgap but greater than that of the QW [34, 35].

(a) Barrier QW Barrier (b) Barrier QW  Barrier

VB VB

Figure 2-19: Comparison of (a) barrier pumping regime and (b) in-well pumping.

Throughout this thesis, the SDL designs have incorporated in-barrier pumping, using
GaAs for the barrier material. The benefits to barrier pumping include insensitivity to
the chosen pump wavelength, as long as it is greater than the barrier bandgap, whilst
employing higher pump photon absorption due to the longer lengths of the material,
enabling lower pump thresholds. However, the difference between the pump and
output laser photon energies, known as the quantum defect (q=hvyump-hviaser) Can

contribute to thermal increases within the gain region.

In order to provide efficient single-pass pump absorption, the overall barrier
thickness is chosen so that a large fraction of the incoming pump is absorbed. In
Equation (2.3.5) [36] the absorption length, L is related to the absorption coefficient
of the material in accordance with the optical pumping wavelength a()) and saps

which is the absorption fraction Pgps/Pi, of the material.
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1
L=- mln (1 - %abs) (235)

In order to demonstrate the relative insensitivity to pump wavelength, Figure 2-20
presents evaluations for some expected fractions of pump absorption from 40% up to
95%. The pump wavelengths from 750 nm to 830 nm show a small deviation in the

required absorption lengths.
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Figure 2-20: Length of the gain region across a range of pump wavelengths, for
expected pump absorptions of 40%, 85% and 95%.

As described in the previous section, in order to extract maximum gain, the
positioning of the wells in conjunction with the length of the gain region facilitate the
success of the RPG structure. Using an 808 nm pump and GaAs barrier material with
an absorption coefficient of ~13x10° cm™ at that wavelength [37], assuming 85%
pump absorption leads to a length L=7/.4 um. In the case of an SDL designed to
operate at 1220 nm, satisfying the RPG criteria of an integer number of half
wavelengths, the length would therefore be L=81/2n.

The delivery of the pump beam uses optical elements to focus onto the device. With
such a short cavity length Leavity (< 2 pm) the beam does not get the opportunity to

experience any significant divergence over this distance, so the cavity behaves like a
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planar absorber, in this respect simplifying requirement on beam quality and optical

delivery.

2.2.2.5 Laser Performance Modeling

In order to predict the performance of the laser design, modeling techniques based on
those developed by Kuznetsov [38] were performed. These were adapted for the
GalnNAs/GaAs material system, under the same assumptions that no thermal effects

were incorporated into the model.

An important aspect pertaining to the design of the gain region, is the significance of
the number of QWSs. The previous demonstration of a resonant periodic gain
structure has shown the impact that the active region length and placement of the
QWs has in maximising gain of the device. However, it is essential to understand
what constitutes the optimal number of QWs for the device and examine any limiting

factors.

The aim of any such laser device is to achieve maximum output power. The output is
therefore interlinked with the amount of gain from the QWs. It is thus a foregone
conclusion that the higher the number of QWs, the more gain available to produce a
high power laser. The threshold pump power, above which the gain exceeds the
losses in the laser cavity, aims to be kept low. The relationship that the threshold
pump power Py, has in relation to the number of QWs N, is shown in Equation
(2.3.6).

hvp (Ny Ly Ap)

Pth - Nth NabsT(N)

(2.3.6)

In this equation, the length of the QW L., pump spot area A,, the energy of the pump
photons Avy, the absorption efficiency #aps and the threshold carrier lifetime z(N) have

an impact on the threshold power.

1 _ 2
5 =A+BN+CN (2.3.7)
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The threshold carrier density Ny, is shown in Equation (2.3.8), where Ny is the
transparency carrier density, the mirror reflectivity’s are R1,R, the cavity round-trip

l0ss 1S Tioss, the confinement factor I' and gain coefficient is go.
Nep = No(RyR;Tips5) ™l 90Mwlw)™ (2.3.8)

Table 2.4 provides a summary of the values used in the models.

Table 2.4: Parameters used in the model calculations.

Parameter Description

Ao Pump Wavelength 808 nm

M Laser Wavelength 1220 nm
doump Pump spot diameter 100 um
Ly Quantum Well Thickness 7 nm
R; On-wafer mirror reflectivity 0.999

Jo Material gain coefficient 2243[39] cm™
No Transparency carrier density 2.5x10%[40] | cm™
Tioss Round-trip loss transmission factor 0.99 [38]

r RPG longitudinal confinement factor 2 [38]

MNabs Pump absorption efficiency 0.85[38]

A Monomolecular recombination coefficient | 1x10°[41] st

B Bimolecular recombination coefficient 1x1079[41] cm's™
C Auger recombination coefficient 4x10°[41] | cm®s™

The simulation results of the threshold pump power as a function of the number of
QWs is shown in Figure 2-21 for an GalnNAs/GaAs SDL designed to operate at
1220 um. The curves are over a range of output coupler mirror reflectivity, R, in
Equation (2.3.8). These simulations show the lower the output coupling, the lower

the threshold pump power and fewer numbers of QWs are required.
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Figure 2-21: Threshold pump power with respect to Number of QWs for output
coupler reflectivity values of 99%, 98%, 97% and 96%.

The output power of the SDL can be evaluated using Equation (2.3.9), where P, is
the pump power and #g4iss is the differential efficiency, which can also be referred to

as the slope efficiency #siope @s shown in Equation (2.5.5) in Section 2.4.6.
Prgser = (Pp - Pth)ndiff (2.3.9)

The relationship that output power Pjaser has to the number of QWs is shown in
Equation (2.4.0), for the carrier density N below threshold and its dependency upon
the pump power Py,

= TabsTe __z(N) (2.4.0)

hvp(NywLywAp) T

The results of laser output power, using pump powers of 1.8 W, are shown in Figure
2-22, again over a range of output coupler reflectivity. These curves indicate that the
higher the output coupling (96%), the higher the output powers achievable, yet more

QWs are required to provide a higher level of gain to counter the increased loss

introduced into the cavity.
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Figure 2-22: Output laser power as a function of the number of QWs over output
coupler reflectivity 99%, 98%, 97% and 96%.

These results have highlighted the trade-off between the numbers of QWs required to
reach high output powers with reasonably low pump thresholds. The optimum
number of QWs typically falls between 5 and 15, to provide a good level of
flexibility for output coupler reflectivity powers. Too high a number and the

constraints due to strain on the material system can contribute towards device failure.

2.2.3 The Confinement Window

The AlGaAs carrier confinement window layer is sandwiched between the cap and
the gain section. This region has a relatively large bandgap ~1.957eV [42], to

provide strong carrier confinement in the gain region to prevent carriers escaping to
the surface to recombine non-radiatively. The thickness of this layer is typically~%,

and is chosen to be transparent at both the pump and operational wavelength of the
SDL.

Due consideration has been given to the layer thickness, in fulfillment of its role

within the overall SDL structure. It needs to be thin enough for high thermal
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conductivity, so it does not hinder the heat transfer through to the heatspreader.
Further details of this shall be explored in Chapter 3, using simulations of these SDL
devices and the thermal management techniques. In addition, the layer needs to be
thick enough with a high barrier, to prevent carrier surface recombination which is

similar to that presented in Section 2.2.2.1 for carrier confinement in QWs.

The barrier AE. in the case of Alg3GaAs/GaAs is sufficiently large at ~372meV to
produce a thermionic emission lifetime ~0.4us, using Equation (2.2.6), modified for
this material system and the thickness of the gain section instead of a QW. Focusing
on the tunneling of particles to the surface, an evaluation was made based on the
expression in Equation (2.4.1), [43] where h is Planck’s constant, the thickness of
the gain region tgin is ~1.5um, the effective masses in the bulk of the gain region

USES Mgaas, and in the window majcaas.

exp

1 _ h _ ATty indow 2MAlGaasAEc) - (2 4 1)
h 4.

=— -
Ttunnel 4 gainMGaas

The carrier tunneling lifetime dependence upon the thickness of the barrier is shown

in Figure 2-23 with the lifetime increasing the thicker the confinement window.

M4n=94 ‘ 3)/4n=282

— Al x=20% -
.- Al x=30% 1
Al x=40%

Carrier Tunnelling Lifetime (ns)

| 1
0 100 200 300

Confinement Window Thickness, t_; ;.. (nm)

Figure 2-23: Tunneling rate of carriers from the gain region into the confinement
window, as a function of the barrier thickness.

57



The thickness of this section more than adequately prevents tunneling of carriers to
the surface, with a ~% (=282 nm) dimension of Aly3GaAs for an SDL operating at

1220 nm, as indicated in Figure 2-23.

2.2.4 The Cap

The purpose of the cap layer is to prohibit the oxidation of the underlying AlGaAs
window layer through exposure to the environment. Structures throughout this work
have the cap layer consisting of GaAs with a thickness of between 10-20 nm. An
example is shown in Figure 2-24 of a structure which has experienced the effects
from oxidation, having areas near the centre and edges of the wafer corroded. A
probable cause for the oxidation effects is the thin growth of the GaAs cap layer in
conjunction with incorrect storage of the wafer, allowing prolonged exposure to the
environment. It may be considered that long term storage should use a nitrogen rich

environmental cupboard.

Figure 2-24: Samsung sample K732 1047nm indicating the result of oxidation on the
surface of the semiconductor wafer.
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A suggested alternative to GaAs would be the use of InGaP, an example of which
has been used in the growth of a 980nm InGaAs/GaAs SDL [44]. This material
system does not suffer from oxidation degradation, and may also serve as a

confinement window.
2.3 Devices Emitting in the Range 1180nm to 1300nm

In Table 2.5 a synopsis of the MBE grown structures is provided. These have been
studied and subsequently applied as pump sources and also frequency doubled,
details of which are provided in upcoming Chapters. The structures are categorised
by the technical institutions producing the MBE grown wafers, and listed according
to their design wavelengths. The numbers of QWs for the samples produced at ORC,
Tampere University of Technology and at Stanford University adhere to ~8-10,
which provides wider scope to use higher output coupler transmissions as described
in Section 2.3.3. However, the samples grown at Sheffield University examine the

least amount of QWSs ~4-8, at the operational limit.

Table 2.5: Comparision of Galn(N)As Structure Designs.

Design . ID Code No of QW Distribution Gain
QWs
ORC, Tampere University of Technology

1180nm | AsN2596 10 2 QWs along 5 anti-nodes | Galng,gNg.o11AS/GaNg g1 As/GaAs
1200nm | AsN2592 8 | 2 QWsalong 4 anti-nodes | Galng 29N 011AS/GaNg 011 AS/GaAs
1220nm | AsN2527 10 2 QWs along 5 anti-nodes | Galng s3No.o07AS/GaNg o1 AS/GaAs
1230nm | AsN2084 10 | 2 QWsalong 5 anti-nodes | GalngzgNg 01 AS/GaAs
1240nm | AsN2809 10 | 2 QWsalong 5 anti-nodes | GalngzgNg 01 AS/GaAs
1300nm | AsN660 10 2 QWs along 5 anti-nodes | Galnga7Ngo12AS/GaAs

Sheffield University
1200nm | Vn1381 4 | 1 QW along 4 anti-nodes | GalngsAs/GaAs
1200nm | Vn1399 8 | 1 QW along 8 anti-nodes | GalngzsAs/GaAs
1200nm | Vn1534 4 | 1 QW along 4 anti-nodes | Galng33Ng o1 AS/GaAs
1200nm | Vn1536 8 | 1 QW along 8 anti-nodes | Galng33Ng o1 AS/GaAs
1200nm | Vnl1567 6 | 1 QW along 6 anti-nodes | Galngz3Ng.0AS/GaAs

Stanford University
1300nm | ----- | 10 | 2QWsalong 5 anti-nodes | Gagg71Ng.33No.016AS/GaAs

Furthermore, the samples supplied from Sheffield University include those with

GalnAs gain material, for operation at 1200 nm. These wafers were used as a
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comparison with GalnNAs/GaAs structures designed to operate at the same
wavelength. Previously in Section 2.2.2.1, Figure 2-7 provides the transition curves
for similar designs, highlighting the need for indium concentrations ~38% in order
for the device to reach ~1200 nm operating wavelengths with QW thicknesses of 8
nm. Such high concentrations of indium provide a considerable challenge for the
MBE growth. In contrast, GalInNAs/GaAs, with 1% nitrogen inclusion and 33%
indium has allowed the QW thickness to be reduced to ~5-7 nm. The characterisation
results presented in Chapter 4, shall provide further details of the photoluminescence

performance and quality of growth intrinsic to these structures.
2.4 Wafer Growth

The fabrication of the SDL is critical to laser performance, relying on high quality

growth to minimise defects and any potential contributions to losses in the device.

2.4.1 Molecular Beam Epitaxial Wafer Fabrication

Molecular Beam Epitaxy builds up epitaxial layers on a molecular scale of the
constituent elements in an ultrahigh vacuum chamber to form a semiconductor wafer.
The growth of semiconductor material has been achieved through two main methods,
the aforementioned MBE and Metalorganic Chemical Vapour Deposition
(MOCVD). The MOCVD process uses a thermo-chemical decomposition of the
constituent chemicals, and leaves a solid residue of the required material onto the
heated substrate surface. MBE is the preferred growth method for the GalnNAs
structures used in this research due to the sufficiently high quality wafers fabricated
in this manner, having obtained good laser results. Added to this has been the
collaborative work between the Institute of Photonics and the growth facilities at

partner Universities.

In simplistic terms MBE is a vacuum evaporation process. The chamber, as
illustrated in Figure 2-25 and pictured in Figure 2-26, is held under high vacuum
<10 Torr pressure with the heated substrate (GaAs) at the centre usually kept at
between 450°C-650°C during growth. It is worth noting that the DBR section for all
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devices have been grown at 580°C-600°C. The effusion cells contain the ultrapure
elements such as gallium, arsenic and indium, which are heated to evaporation. The
control of the amount of each element is performed using shutters. The molecular
beam of these elements travels towards the substrate where they combine to form an
epitaxial film. The epitaxial growth occurs as the elements are free to move on the
surface of the wafer until they align to correct positions in the crystal lattice to bond.
Growth rates can typically be between 0.5-2um per hour, thus an SDL device which

is ~6000 nm thick in general takes ~10 hours to grow.

The monitoring of the growth process uses Reflection High Energy Electron
Diffraction (RHEED) [45]. The method characterises the surface growth of the wafer
by firing electrons from the RHEED gun at a small angle onto the surface, then a
pattern is formed at the detector or RHEED screen to indicate the formation of each

monolayer.
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Figure 2-25: Schematic of the MBE chamber.
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Figure 2-26: MBE machine at Sheffield University (photo courtesy of Sheffield
University).

During growth, every effort must be made to avoid contaminants, since even the
smallest amount can play a large part in rendering a device unusable. An example
might be traces of organic material left by a fingerprint during the handling of the
chamber components. This emphasises the importance of procedures to mitigate
against these type of risks.

In the fabrication of a GalnNAs/GaAs SDL the growth involving the gallium, indium
and arsenic elements follows a fairly standard technique for semiconductor device
production. The gallium and indium both are added to effusion cells, which consist
of a crucible, heating elements with heat shielding, a water or liquid nitrogen cooling
system, and shutters. Gallium readily forms bonds with arsenic to form GaAs,
whereby indium positions itself along the crystalline lattice, filling vacancies at
arsenic anti-sites. The effect of indium upon the overall growth structure causes
compressive strain to the system, owing to the larger size of the atoms. Due to the
chemical nature of arsenic, a modified effusion cell called a cracker cell is required
to transform the element from a solid to a gas phase at ~615°C, a process known as
sublimation. The careful control of the temperature and pressure inside the cell
allows the evaporation phase to form As, molecules which are thermally cracked at
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900°C to form As,. These As, molecules are more useful as they are more rapidly

incorporated into the crystalline structure than As, molecules [46].

The more complicated element incorporated into the growth of these devices is
nitrogen. Only a small amount is needed in the crystalline formation of GalnNAs, to
achieve the desired effect of reduced energy gap and better confinement of electrons.
Nitrogen is a group V element like arsenic, but has a smaller atomic size. With
integration into the crystal structure the lattice constant is decreased, resulting in
tensile strain. The incorporation of both nitrogen and indium thus balances the two
opposing effects of strain, tensile and compressive. The chemical properties of
nitrogen show that the molecule N, forms a strong, stable triple bond. As a
consequence, the process needed for epitaxial growth requires an RF plasma
cracking cell to break the bonds to produce atomic nitrogen. The nitrogen is ignited
inside a small chamber in the cell forming plasma, which is held at high pressure
inside the cell. There is some nitrogen that recombines when entering the growth
chamber, but some still remains dissociated to form bonds at the wafer surface.
Unfortunately, molecules of nitrogen are incorporated into the growth and can form
deep level defects [47]. Furthermore, crystalline defects can also occur by medium
energy nitrogen ions impacting the crystal surface [48]. It is possible to reduce some
of these defects by using ion deflecting plates [49, 50], which are placed in front of
the nitrogen plasma source thereby deflecting the high-energy charged species from
reaching the sample at the expense of being able to reach high nitrogen
concentrations. Careful control of the cell operating conditions is needed to ensure a

low flux of undesirable nitrogen elements.

Adverse device performance caused by some of these defects during crystal growth

can be improved through the process of Rapid Thermal Annealing.

2.4.2 Effects of Rapid Thermal Annealing

The process of Rapid Thermal Annealing (RTA) employs two methods, in situ and
post-growth. The difference between these two methods lies in where the annealing

takes place, since in situ annealing occurs within the growth chamber whilst post-
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growth places the as grown semiconductor wafer into an external furnace. The latter
technique allows the wafer to be divided up, thus providing an opportunity to assess

optimal annealing temperatures and times.

The annealing temperatures vary, but does not exceed 900°C as this has an effect
upon the crystalline structure with out-gassing of the arsenide and consequently
degrades the structural quality [51]. Likewise the annealing time varies but typically
is between 1-5 minutes. A careful balance must be maintained between annealing
time and temperature, although it is the temperature that is most critical in this

process.

The various defects caused by electron [52] and hole traps [18] inherent to the
growth of dilute nitride structures have been identified by many groups studying this
material system. An observed enhancement of indium segregation due to the
inclusion of nitrogen during growth [53] is another defect. In addition, defects are
present from strain relaxation with hardening of the lattice due to Ga-N bonds and
dislocation pinning at nitrogen atoms [54]. Many of these defects can be negated by
RTA. One such defect is the removal of the interstitial nitrogen through RTA [55].

An undeniable consequence of RTA has been an increase in photoluminescence (PL)
spectra as illustrated in Figure 2-34, with an Ing31GaggsASo.982No.018/GaASN QW
structure. This improvement is limited however by the annealing temperature. At
high temperatures the indium experiences out-diffusion from the QW [56] and the
PL intensity can be reduced as can be seen at 800°C in Figure 2-27. The samples
grown for the purposes of this research have employed the RTA technique to
enhance the PL intensity and improve laser efficiency.
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Figure 2-27: Photoluminescence spectra from Ing 3;Gag gsASo 982No.016/ GaASN QW
structure, showing the increased PL intensity compared to the as grown sample with
increasing RTA temperature.

In addition to improvements to PL intensity, a blue-shifting of the spectra is observed
in Figure 2-19, with the sample experiencing a ~20nm blue-shift. Many different
causes have been proposed for this phenomenon. One such cause is the In/N inter-
diffusion in the QW resulting in composition homogenisation [57] and another
proposes a change in Ga-N bond lengths during the annealing process [58]. The
effects causing this blueshift have been linked to temperature dependence. Different
effects are present at high temperatures as opposed to those at low temperatures. For
example at low temperature RTA, there has been proposed a bonding reconfiguration
between N-Ga and N-In [59] whilst at high temperatures inter-diffusion processes
dominate [60, 61]. It is unsure whether there is one definitive reason to explain the
observed blue shift in the PL, but perhaps all of these hypotheses contribute to this
effect. However, from a design point of view blue-shifting effects are undesirable
when targeting GalnNAs SDL devices for longer wavelengths.

The results obtained regarding PL measurements for the dilute nitrides used for this

work is shown in Chapter 4.
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2.5 Conclusions

The multifaceted design concepts of SDL devices have been explored in this chapter,
with emphasis on the unique advantages in using dilute nitride gain material. The
requirement for nitrogen to have lower temperature growth conditions results in a
variety of unwanted effects such as nitrogen clustering and introducing deep level
defects into the material. A method by which to remedy some of these issues was to
perform RTA on the wafer samples resulting in a notable blue-shift response of the
photoluminescence output. An important feature of the SDL is its high thermal
sensitivity during operation. Thermal management techniques to ensure the best

possible output characteristics shall be discussed in the next chapter.
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Chapter 3

Thermal Management
3.1 Introduction

Effective thermal management ranks high in the design and development of lasers
which is why this chapter is dedicated to exploring this issue, specifically applied to
SDLs. The inherent thermal sensitivity of these devices and drive for power
scalability has created a host of studies dedicated to this topic. Section 3.2 shall
provide a review of some previous evaluations, targeting thermal management
techniques and recommendations to achieve high laser output. Further, Section 3.3
presents the foundations on which the thermal models are based, with use in

subsequent sections.

As a continuation of previous studies, Section 3.4 focuses on the specific
characteristics attributed to the GalnNAs/Ga(N)As material system, along with other
epitaxial layers included in these devices. This helps to construct the picture of the
mechanisms involved in heat development and dissipation, and consequently identify
areas of improvement to the overall device performance. The valuable simulation
software tool in the form of COMSOL Multiphysics™ has been employed to
evaluate the thermal response of the SDL under various conditions and design
configurations. The optical pumping regime, referring to front and end pumped
devices shall be explored in Section 3.5. In this study, simulations based on device
designs implemented by other groups shall be looked at, along with proposed use of

the heatspreader in structures intended to maximise heat extraction.

Finally, the construction of the SDL device shall be presented in Section 3.6 using
the commonly used bonding technique of the semiconductor chip to the heatspreader

and mounting onto a copper heatsink.
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3.2 Review of SDL Thermal Management

There has been considerable interest in the thermal management of SDLs, and
understandably so, considering the high thermal sensitivity attributed to the QW gain
structure of these devices. In the gain region of an optically pumped SDL the thermal

load increases per absorbed pump photon with the increasing pump rate.

In an SDL, the fundamental relationship between the gain with carrier population and
lifetime rates ¢(N) is given in Equation (3.1.1) [1]. In this expression the transparency
carrier density is No and go is the semiconductor material gain parameter, with the
absorption efficiency in the material 74,5, Number of QWs N,, and their lengths L.
The thermal load is dependent upon the incident pump beam, such that the
expression includes the pump power Py, energy Ao, and pump spot area A,,.

g= goln< Rabsp ’(N)) (3.1.1)

hvup(NwLwAp) No

It is therefore reasonable to infer that with gain rising sub-linearly with the carrier
population and the carrier lifetime decreasing, the carriers are unable to remain in the
upper state long enough to facilitate recombination. There reaches a point when the
diminished gain falls below the cavity losses and the laser switches off. In addition,
the subcavity resonant periodic gain structure is also influenced by temperature

increases as described in Chapter 2, Section 2.2.2.3.

These thermal effects have a profound influence on device performance. For
example, in the case of the confinement of carriers in the QWSs, the thermionic
escape into the barriers impacts upon the internal quantum efficiency of the device.
Further, the requirement for an even distribution of carriers between the wells is
necessary, otherwise the carrier concentrations may vary significantly between the
top and bottom QW, impairing the overall gain and efficiency. There is also an
observed red-shift to longer wavelengths of the semiconductor bandgap with
increased temperature which is different to the shift rate of the resonant periodic
gain, resulting in spectral misalignment and contributing to thermal rollover. The

control of the design parameters is not a trivial matter, as was highlighted by Schulz
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et al [2], where the simultaneous control of the gain offset, output coupler

transmission, and number of QWs is necessary to optimise the device.

Thermal evaluations of SDL devices have been well documented, with some leading
investigations performed at the Institute of Photonics. There are two main methods
employed in device thermal management. The first of which has been thinning or
removal of the semiconductor chip substrate to aid in heat removal from the back of
the structure also referred to as thin disk. The second was the use of a highly
conductive platelet attached to the front of the structure (confinement window),
commonly termed as an intracavity heatspreader. Key topics in this area include
comparisons made between the aforementioned thin disk devices and heatspreaders,
the best material choices of an intracavity heatspreader and thermal lensing effects in
SDLs.

Early investigations performed by Hastie et al. [3] had used silicon carbide and
sapphire as heatspreader materials resulting in output powers ~100mW for both. The
thermal conductivity value for silicon carbide is ksic=0.49W/(mmK) and for sapphire
Ksapphire=0.044W/(mmK). Further improvements were found using the more thermally
conductive silicon carbide in an 850 nm GaAs/AlGaAs SDL achieving >0.5W [4].
As a progression towards the most effective heatspreader material Kemp et al. [5]
examined the use of diamond with thermal conductivity Kgiamong=2W/(mmK), such as
that used in a ~1.3um GalnNAs/GaAs SDL [6], in comparison with silicon carbide
and sapphire, as well as the thin disk approach. In a similar study Giet et al. [7]
corroborates the previous analysis, showing that overall the heatspreader was
superior to the thin disk, with higher output powers, better efficiency and lower
thermal resistance, with improved results using diamond compared to those of silicon
carbide. Parallel investigations performed by Lindberg et al. [8] had focused on InP-
based SDLs for operation at long wavelengths. Their results comparing substrate
thinning with the heatspreader approach, found an overwhelming benefit to the
heatspreader with preference given to diamond use compared with silicon. In more
recent modeling evaluations performed on an InGaAs SDL, Zhang et al. [9]
proposed the partial removal of the substrate was sufficient to reduce heat in the

device with diamond again preferred over silicon carbide. However, as a cost saving
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alternative silicon carbide would suffice. Having established diamond as the
frontrunner in heatspreader material choice, performance related evaluations were

used to test the limits on SDL devices.

Maclean et al. [10] had used modeling techniques in combination with experimental
results to examine the output powers and efficiencies, using diamond heatspreader
and thin disk devices across a range of pump spot sizes. Results have highlighted the
limitations to power scaling through non-axial heat flow in the heatspreader, which
in turn increases the temperature in the gain region with increasing pump spot size,
as shown in Figure 3-1. This further limits the device efficiency, which was
consistent with the theoretical model of reduced quantum efficiency at higher

temperatures and carrier densities.
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Figure 3-1: Graph of temperature rises in the gain section employing the thin disk
(thinned device) or heatspreader thermal management techniques, for increasing pump
spot radii at constant power intensity of 32 W/cm? [10].

Thermal lensing in an SDL has been explored by Kemp et al. [11], in light of the
response by doped-dielectric lasers using a microchip design. Successful operation of

such lasers has been largely attributed to thermal lensing, due to the self-alignment
capability brought about from the thermo-optic coefficient (Z_;l) of the material. The

thermal expansion alters the refractive index of the material, thereby altering the
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focal length within the 3D gain medium. Applying this analysis to the SDL in similar
microchip geometry has provided an indication that due to the near-planar absorption
region, thermal lensing has not been found to contribute significantly to device
performance. Generally the inclusion of the diamond heatspreader has provided a
superior thermal environment with improved beam quality, thus reducing the impact
of thermal lensing [11]. Through the development of microlensed microchip SDLs
by Laurand et al. [12, 13], more detailed investigations were possible to determine
thermal lensing effects on a much smaller scaled device. Their findings provide
further evidence that thermal lensing is not a major contributor to the laser cavity
design, in terms of influencing the focal length of the microlens formed on top of the
diamond heatspreader. Using a similar strategy, Chapter 6 delves into the effects of
thermal lensing on the design of a frequency doubled microchip SDL. These
investigations are worthwhile to fully explore the impact of heating effects on the
device performance, but also in light of corresponding results obtained by Laurain et
al [14]. Their high outputs using no intracavity elements in a plane-plane cavity
design has been largely attributed to the thermal lensing within the optically pumped
SDL, justifying that thermal lensing should not be completely ruled out during
design considerations.

The following sections shall explore the performance of the SDL device using

simulations and material evaluations.
3.3 Thermal Model Foundations

The models used here originate from those developed by Kemp et al. [5] and
Lindberg et al. [8]. In real systems the complex layering of the semiconductor
material through a range of scales (nanometers, microns, millimeters) requires more
computer processing power than is available for this project, in order to mesh all the
resolvable points for detailed simulations. Therefore, a more simplistic model is used
in which the composite materials have been blocked together, each representing the
main regions, such as the diamond heatspreader, the confinement window, the active

region, the DBR and the substrate. A general configuration to illustrate these main
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regions is given in Figure 3-2 assuming axial symmetry in the device; however it will
be evident in later sections that the orientation and components may alter in
accordance with pumping configuration and device specifications. Included within
these models is indium foil, which is typically used in a real device, to aid

conduction of heat away from the sample.
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Figure 3-2: Diagram of thermal model system, including the window, gain and DBR,
with the diamond heatspreader adjacent to the confinement window and the substrate
under the DBR mirror, with indium foil at the intermediate layer to the submount.

Heat conduction plays a central role in these models. COMSOL Multiphysics™
software was used to solve the standard heat equation, expressed in Equation (3.1.2),
where k denotes the conductivity, VT is the temperature gradient and Q is the total
thermal load density in the material [15]. The minus sign ensures that the heat flow is
down the temperature gradient, i.e. from high to low temperature regions.

—V(k.VT) =Q (3.1.2)

As heat builds up, effective heat removal towards the heatsink and heatspreader are
vital to cool the device and maintain high levels of operation. In these structures,
with composite layers of semiconductor materials, the transfer of heat across

boundaries adheres to the conservation of energy, as given in Equation (3.1.3) with
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heat flow related to the difference in thermal conductivities and temperature

gradients between the two adjacent materials k,VT; and k,VT,.

The management of calculations governing thermal conductivity in regions such as
the DBR, based on superlattices, is accounted for in the axial k, and radial k,
directions. Equations (3.1.4) and (3.1.5) include summations of each of the epitaxial

layers, where the thickness of the ith layer is denoted t; and material conductivity k;.

it

k, = = (3.1.4)
(&)
_ Xitik;

k, = it (3.1.5)

In a similar manner, the composite absorption coefficient o is calculated using the
expression given in Equation (3.1.6), where «; is the absorption coefficient of the

epitaxial layer i.

_ Ziait;

2iti (316

The thermal resistance of the device is the average temperature rise in terms of
absorbed power in the axial z and radial r directions within the pumped volume V,,.

Ilfy, (T=To)P(r.z)av

2
n| {1, Pr2av]

(3.1.7)

th =

The orientation of the device design, used for simulation purposes, must be factored
into the calculations governing the heat loads in the regions. In the case of front
pumping, the pump beam is incident onto the top of the structure at the confinement
window. Here the heat load Qgain Within the gain section is given by the relationship
in Equation (3.1.8) based on co-ordinates in the axial (z) and radial (r) directions.
The definitions for the variables used in the equation are provided in Table 3.1.
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The expression describing the heat load in the DBR region Qpgr is given in Equation
(3.1.9).

2apBR —2r2

2
mup

QDBR (T, Z) = Pabsexp ( ) exp(_againzgain)exp (_aDBR (Zwindow - Zgain - Z)) (319)

wp
When the device has been orientated for back or end pumping, the pump beam is
incident onto the DBR, and the heat load in the DBR section has been set to 0. The
expression for Qgain is Now changed in line with the appropriate co-ordinates as given
in Equation (3.2.0).

2xgqin —2r2
Quain(r,2) = 225 Pypsexp (2 ) exp (tguin(zosn +2))  (320)

Table 3.1: Typical parameters used in thermal simulations.

Definition
Zuindow Window thickness 2.48x10" mm
Zgain Gain region thickness 9.361x10*mm
ZoBR DBR thickness 4.741x10°mm
Zsub Substrate thickness 0.35 mm
Zdia Diamond heatspreader thickness 0.25 mm
Kuwindow Window thermal conductivity 0.012 W/(mm.K)
Kactive Active region thermal conductivity 0.044 W/(mm.K)[16]
Koers DBR axial thermal conductivity 0.0612 W/(mm.K)[17, 18]
Kogrr DBR radial thermal conductivity 0.0697 W/(mm.K)[17, 18]
Ksub Substrate thermal conductivity 0.044 W/(mm.K)[16]
Kaia Diamond heatspreader thermal conductivity 2 W/(mm.K)[19]
Kindium Indium foil thermal conductivity 0.082 W/(mm.K)
®p Pump spot radius 0.05mm
Olgain Pump absorption coefficient in the gain 1430 mm™*
Pabs Absorbed power contributing to heat 5W
Tsub Substrate temperature 0°C

The average temperature T,g across the gain region is calculated according to
Equation (3.2.1), where a high concentration of heat has been generated. The

temperature is based on the integral over the volume Vg, 0of the pumped region.
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The following section examines the gain materials in the SDL devices used

throughout this thesis.

3.4 Thermal Response of the Material System:
GalnNAs/Ga(N)As

Fundamental values often listed regarding the thermal properties of materials include
specific heat capacity, thermal expansion and conductivity (resistance). In the case of
SDLs, the heat generation and dissipation are at the core of power scalability.
Referring to the heat capacity is useful to describe the diffusivity of the material,
conversely the thermal expansion can influence the thermal lensing associated with
the device, as described previously. The pertinent values used here to describe the
SDL thermal response during operation, are conductivity and the all important

optical absorption coefficient.

It is evident that there is a symbiotic relationship between the thermal loads and the
absorbed pump radiation, therefore it can be categorised as one of the main
contributors to heat generation within the gain region. Focusing on the SDL designs
using the GalnNAs/GaNAs/GaAs gain material system, as described in detail within
Chapter 2, the absorption coefficients of each of the materials has been measured.
Calculations are based on those given by Chuang [20] with the absorption as a

function of the pump energy a(%w) given in Equation (3.2.2).
a(hw) = Co=2xlé - Pevl? 8(Ec — By — h) (,(K) — fe(K))  (3.2.2)

me? h2k2 h2k2

with CO = m ) Ec = Eg + Z_mZ’ Ev = — 2, (323)
1 1
and f"(k) = 1+eEv(K)—Fy)/kpgT fc(k) = 1+eEc(O-Fc)/kpT (3-2-4)
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The material bandgap is given as Eg, with the relative effective mass m,” found from

1 1 1 . . * . . * .
- =—+—1n which me is the effective electron mass and my, is

my  mg h

the relationship

the effective hole mass. The expression for Cy is provided in Equation (3.2.3) where
the material refractive index is n,, free space permittivity &, speed of light c,
electronic charge e, free electron rest mass my and angular frequency w. The
expressions in Equation (3.2.4) refer to the Fermi-Dirac distributions of electrons in

the conduction band f; and valence band f, respectively.

In the case of bulk material, the momentum matrix element |é - p.,|> =My’ is further
evaluated in Equation (3.2.5) where A is the slit off energy in the valence band.
Mg = (28— 1) mofallyrd) (3.2.5)
b \mg 6(Eg+20) -
In the case of a quantum well however, the optical matrix elements are modified in
accordance with the polarisation components. In the case of TE polarisation, the

upward transition from the heavy-hole band to conduction band is provided in
Equation (3.2.6).

16 Deol? = (18 - Meopnl?) = (1% - Me_pl?) = 2 (3.2.6)

Figure 3-3 shows the absorption response of materials within the gain region of the
SDL, with GaAs as the barrier, GaNAs strain compensating layers (SCL) and
GalnNAs QWs. The evaluations for the barrier material have been based on bulk
material due to the thicker barriers or spacer layers; however both the GaNAs and

GalnNAs were treated as QWSs in the TE polarisation case.
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Figure 3-3: Absorption coefficients for GaAs, GaNAs and GalnNAs over a range of
pump wavelengths.

The results obtained for a pump at 808 nm were 14266 cm™ for GaAs, 12696 cm™
for GaNgo11As and 25079 cm™ for GalngssNogo7As. The use of barrier pumping
provides adequate absorption in the longer GaAs regions, with slightly lower
absorption in the thin SCLs. The flat response of the GalnNAs QW absorption is due
to the much lower bandgap energy, allowing higher absorption across a wider range
of pump wavelengths. In the context of modeling of these devices, the absorption in
the gain region uses that of GaAs due to the larger volume of material compared with
such thin layers of ~7 nm GalnNAs QWs and ~4 nm GaNAs SCLs, as indicated in
Figure 3-4.
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Figure 3-4: Schematic of pumping with 5W pump power, incident onto the confinement
window and absorbed in the gain region, predominantly composed of GaAs
absorption/spacer layers with 7 nm GalnNAs QWSs and 4 nm GaNAs SCLs.

As a whole, the amount of pump power absorbed by the system is influenced by

mechanisms intrinsic to the material and pumping regime. In general, these are
. . : . A

recognised as the fraction of pump power that contributes to heating nqzl-l—”, based
l

on the discrepancy between the pump and laser wavelengths, as well as intrinsic #;
properties to the material as given in Equation (3.2.7). Amongst these intrinsic

effects are Auger and defect related recombination processes [21].
Paps = NgNiPy (3.2.7)

Turning now to heat dissipation away from the areas of high thermal loads, we
concentrate on the conductivity characteristics of the materials. The materials of
particular interest used in the design of the SDLs listed in Chapter 2, Section 2.4,
include Al,GaAs for the confinement window, In,GaixNyAs;.,/Ga(N)As gain
material and the AIAs/GaAs DBR. The position of the confinement window,
adjacent to the gain region where the majority of heat is generated, requires adequate
thermal conductivity and diffusion. Likewise high conductivity from the DBR aids
heat removal from the back of the structure to the heatsink. Figure 3-5 presents a
graphic of the simulation results generated by COMSOL software using a

Galng 033No.007AS/GaNg 011AS/GaAs structure design for operation at 1220 nm, with
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an Aly3GaAs window and AlAs/GaAs DBR. The heat flux lines are visible in the
figure, with heat conduction away from the highest concentration of heat in the gain
region towards the heatsink.

Figure 3-5: COMSOL Muliphysics™ plot showing the simulation results for a
Galng33Ngo07AS/GaNg 11AS/GaAs SDL designed for 1220 nm operation, using
AlAs/GaAs DBR and Aly;GaAs confinement window. (Darkest red region corresponds
to maximum heat graduating to darker blue areas of lowest temperature.)

The conductivity calculations for ternary and quaternary material systems have been
based on those developed by Adachi [22] and Nakwaski [23]. In Equation (3.2.8) the
inverse resistivity values R are used to calculate the thermal conductivity « for the
ternary material Al,GaAs.

K(x) = (XRaias + (1 = X)Rgaas + x(1 — x)Cai6a) ™" (3.2.8)

The expression in Equation (3.2.9) was used to calculate thermal conductivity « for

the quaternary material In,GaNyAs.

k(x,¥) = (Rppas + (1 = 0)[(1 = ¥)Rgaas + YRgan] + x(1 = ) [yCoarn + (1 = y)Cyas) ™"
(3.2.9)
The parameters used in the above equations are provided in Table 3.2.
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Table 3.2: Resistivity Rag values of 111-V materials used in calculations with alloy
disorder parameters Cxg [22].

Material Parameters Value

Resistivity
Raas 1.10 (cmK/W)
RGaAs 2.22 (ch/\N)
Rinas 3.3 (ch/W)
Rean 0.51 (cmK/W)
Disorder Parameters
Caica 32 (cmK/W)
Caain 72 (ch/W)
Cuas 12 (cmK/W)

The InGaAsP/InP material systems for 1300 nm telecoms applications are widely
used and these devices add an interesting contrast to the studied InGaNAs/GaAs
SDLs. In Figure 3-6 InGaAsP has a comparatively low thermal conductivity to that
of InGaNAs, with a steep increase as the material approaches InP having a
conductivity value x;,p=0.68 W/cmK. The InGaNAs thermal conductivity curve has
been generated starting with a high indium concentration, Ing4GaAs with
progressive increases in nitrogen concentrations and decreased indium, ending with

INo.09GaNp g15AS.

In the case of a DBR designed for 1300 nm operation consisting of the
Ino.6sGan 32AS0.68P0.32/INP  material system, low thermal conductivity prevents
effective heat flow from the active region through to the heatsink. This further
highlights the effectiveness of AlAs/GaAs DBRs, having thermal conductivities
kaias=0.91 W/ecmK and xgaas=0.44 W/cmK respectively.
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Figure 3-6: Thermal conductivity comparing materials systems InGaNAs, InGaAsP
and AlGaAs.

The thermal diffusivity, defined as the relationship between the thermal conductivity
x and the specific heat capacity C, of the material at constant pressure, is given in
Equation (3.3.0) [22].
=

D= s (3.3.0)
The inverse diffusivity profiles of the Al,GaAs material compared with
(GaAs)«(InP)1.x are shown in Figure 3-7, in terms of crystal density g of the material.
Due to the inverse relationship, the larger bowing of GaAsInP shows lower diffusion
compared with AlGaAs. Therefore, the AlAs/GaAs material shows superior
performance to InGaAsP/InP, further confounded by the thinner DBR due to fewer

material pairs to improve heat removal as explained in Chapter 2.
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Figure 3-7: Inverse thermal diffusivity of Al,GaAs (red solid) compared with
(GaAs),(InP), (blue dashed), with the extreme ends of the curve corresponding to
GaAs/AlAs and InP/GaAs respectively [22].

To summarise the distinctive materials used in the design of SDL devices studied
throughout this thesis, Table 3.3 indicates some material properties relevant to
thermal performance.

Table 3.3: Material parameters of SDL devices.

Material Specific Heat Thermal Optical Absorption
Capacity, C, conductivity, Coefficient, «
(808nm)
Confinement Window
Aly;GaAs [ 0.3596 (J/g K) [24] | 0.116(W/mmK) E
Gain Region
GaAs 0.35 (J/g K) [25] 0.44(W/mmK) 14266 (cm™)
GaNo o1 AS 0.32 (J/g K) [26] 0.429(W/mmK) 12696 (cm™)
Galng.ssNooorAs | 0.34 (J/g K) [22] 0.188(W/mmK) 25079 (cm™)
DBR

AlAs 0.452 (J/g K) [25] 0.909(W/mmK) 20424 (cm™)
GaAs 0.35 (J/g K) [25] 0.44(W/mmK) 14266 (cm™)

Thermal Management Components (HS/TD)
Diamond 0.5169 (J/g K) 2 (W/mmK) -
Solder (Sn-9Zn) | 0.252 (J/g K) [27] 0.0573(W/mmK) -
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A comparison of GalnNAs devices studied at the Institute of Photonics, along with
alternative SDLs based on InGaAsP gain system was performed in order to
determine whether GalnNAs devices would also benefit from advantageous heat
dissipation properties. Further motivating the use of this material system for
operation in the 1150 — 1600 nm region. An analysis was performed comparing SDL
designs based on InGaNAs and InP material systems, for operation across a range of
wavelengths as shown in Figure 3-8. The results clearly indicate a distinction
between the low thermal resistance (<5K/W) obtained for devices using a
heatspreader (HS) compared with thin disk (TD) devices. In addition there was high
thermal impedance associated with devices including solder, having a 3 um thickness
and conductivity of 0.0573 W/mmK.
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Figure 3-8: Thermal resistance of InGaNAs and InP-based SDL devices, designed
across a range of operational wavelengths implementing a heatspreader (HS), thin disk
(TD) with solder and without solder, using a pump spot radius of 50 pm.

The COMSOL simulation tool was further used to compare different pump

configurations.
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3.5 Thermal Response to Pumping Regime

The thermal performance of SDL devices has been explored in this section, for
different design architectures using both front and end pumping regimes. For
comparative purposes all SDL device designs in this study have used the
InGaAs/GaAs material system designed for 1060 nm operation using an excitation

wavelength of 808 nm.

3.5.1 Pumping Architectures

(a) (c) (d)
Indium Foil
| ] 1] ]
Window Diamond Diamond
DBR
Solder Diamond
Substrate
| [T ]

Indium Foil

Figure 3-9: (a) Front pumped device employing a diamond heatspreader and soldered

onto the substrate, (b) thin disk device front or end pumped, (c) thin disk device with

the substrate which can be partially removed (end pumped via hole) or fully removed

(front pumped) and (d) thin disk device ‘sandwiched’ between diamond heatspreaders
front or end pumped [28].

Figure 3.9 is a schematic of the variation of pumping regimes discussed in this
section. At one end of the thermal spectrum, the highest expected thermal loads in
the device would occur when no thermal management techniques have been
employed. Focusing on Figure 3-9 (a), a device without the presence of the diamond
heatspreader and solder results in a maximum temperature rise of ~127°C, with

Pans=4.95W using a pump spot radius w, of 50 pm.
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As a comparison, certain circumstances dictate that a wafer fusion technique is
chosen. An example of which is provided by Lyytikdinen et al. [29] for an
AlGalnP/InP based SDL designed at 1.3 pum operation fused with an AlGaAs/GaAs
DBR grown onto a GaAs substrate. This aims to capitalise on the advantages
afforded AlGaAs mirrors, of high reflective power using fewer number of mirror
pairs whilst reaching the operating wavelength of 1.3 um, as outlined in Chapter 2.
Wafer fusion involves the device soldered onto a substrate, as shown in Figure 3-9
(@ which includes a 3 um thick layer of AuSn solder between the DBR and
substrate, resulting in a maximum temperature rise of ~182°C. This result is in
agreement with those presented in Figure 3-8, showing the high thermal impedance
caused by the solder, resulting in much higher temperatures within the active region.

The thin disk configuration, through the removal of the substrate, is illustrated in
Figure 3-9 (b). The front pumping configuration has been demonstrated by Moloney
et al. [30] with simulation results yielding an unexpectedly high ~170°C, implying
high thermal impedance associated with the DBR. An end pumping regime has the
intended advantage of avoiding angled pumping, with its elliptical shaped pump spot
incident onto the semiconductor chip contributing to lower beam quality. Kuznetsov
et al. [1] had provided some means to compensate for this elliptical spot through use
of various lenses. However, devices implementing end pumping with the laser and
pump beam all in the same plane, have been realised by Samsung [31, 32]. Their
SDL devices were based on the InGaAs/GaAsP/GaAs material system, achieving
~9W CW at 1080 nm with operation in the TEMg, Gaussian mode. The experimental
setup is shown in Figure 3-10, where the diamond heatspreader has been bonded to
the back of the thin disk device. An extension to this end pumping configuration has
incorporated frequency doubling, to produce green and blue laser outputs [33]. These
results help to strengthen the argument towards microchip designs for frequency
doubled SDLs, such as those explored in Chapter 6, to allow pumping along the

same plane as the laser output.
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Figure 3-10: Design of an end pumped SDL as used by Lee et al [32] to achieve 9.1W
CW power.

The simulation performed to identify the thermal response of Samsung’s system, is
shown in Figure 3-11. The maximum temperature rise in the device of ~23°C was
obtained using a pump spot size of 150 um, as used in the experiment. However
using a smaller pump radius such as 50 um, used throughout this set of simulations,

dramatically increases this maximum temperature to ~145°C.

Max: 144.487

Diamond

‘Window

Figure 3-11: End pumped simulation with the diamond bonded onto the back of the
thin disk SDL.
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Further devices based on end pumping architectures were developed by Kim et al.
[34] to study the effects that the location of the heatspreader has on its performance.
The two devices compared were that of the heatspreader bonded to the back of the
chip, such as that shown in Figure 3-10 and Figure 3-9 (b), and another with the
heatspreader bonded to the top as in Figure 3-9 (c). They found differences in
absorption efficiencies between the two systems and speculate that thermal lens
effects are a factor of the pump beam focusing.

The most commonly used pumping configuration adopted in SDL operation is that of
front pumping using a heatspreader, however combining the heatspreader with the
thin disk is illustrated in Figure 3-9 (c). In this way, heat extraction from the active
region has only the window layer as a barrier to the heatspreader, which proves more
efficient than extraction through the DBR which is much thicker, as demonstrated
previously. Results here provide a maximum temperature rise of 58°C. By
comparison, end pumping of the device through a ‘hole’ made in the substrate has

resulted in maximum temperatures of 85°C.

Finally, capitalising on the successful use of the diamond heatspreader was
developed one step further, taking the thin disk device and sandwich it between two
heatspreaders as shown in Figure 3-9 (d). The simulated results in the front pumping
regime gave a maximum temperature rise of ~41°C, as opposed to ~51°C using end
pumping. The challenges in implementing such a device lie in the processing of the
thin disk material for double bonding. Extreme care would be necessary not to
damage the material on such thin scales. It remains to be seen if it could withstand
the bonding methods, unless improvements to the technique allow for more efficient

means of execution with minimal material handling.

3.5.2 Results and Recommendations for Best Performance

The designs presented in the previous section form the basis of thermal resistance
calculations. These were performed for increasing pump spot sizes, from 50 um to
500 um 1/e? radius of the Gaussian beam pump profile, as given in Figure 3-12. This

is an extension of the study performed by Maclean et al. [10], as shown in Figure 3-
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1. Understandably the HS-TD-HS ‘sandwich’ arrangement has the least thermal
resistance, with the heatspreader acting on the top and bottom as the most effective
means of heat removal from the active area. However in all other cases there is a
limit to the pump spot size, above which the TD approach has an improved thermal

resistance response.

—+End Pumped HS-TD
End Pumped TD-HS
—-=End Pumped via Hole
—+-End Pumped HS-TD-HS
—~Front Pumped
—~FrontPumped HS-TD-HS
Front Pumped TD with solder
Front Pumped TD no solder

.

40 400
Pump Spot Radius, w, (um)

—
]

Thermal Resistance (K/W)

0.1

Figure 3-12: Pump-dependent average thermal resistances for both front and end
pumped architectures, using InGaAs/GaAs 1060 nm designed devices with the diamond
heatspreader (HS) and /or thin disk (TD) approaches.

The results for the soldered TD encountered lower thermal resistance for pump spot
radii >~260 — 320 um due to the solder acting to raise the thermal impedance. The
direct TD device has a lower thermal resistance for spot radii >~150 - 280um as

given in Table 3.4.

Table 3.4: Crossover points of the pump spot radii, above these values the TD approach
is favoured over the HS.

Pumping Regime Direct TD Soldered TD ‘
Back Pumped via Hole 152um 258um
Back Pumped 184pum 310pm
Front Pumped 279um 320pm
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There are similarities to the thermal resistance responses to the front pumping
regimes compared with end pumping, with the exception of the TD-HS configuration
given in Figure 3-14. This emphasises the importance of the location of the HS,
given the chosen pumping architecture. The end pumping with the HS bonded to the
TD gives an indication as to the higher thermal impedance of the DBR, compared

with HS bonding to the top of the device.

The double bond configuration has not been implemented at time of writing this
thesis, but has the best potential performance for thermal extraction. Further
investigations may be warranted into the feasibility of such a device and possible

improvements in terms of power scaling.

3.6 Heatspreader Bonding and Heatsink Mounting of
an SDL

In light of the preceding evaluations regarding thermal management, the SDLs used
throughout the experimental work for this project have employed the heatspreader
approach. The semiconductor wafer sample was bonded to the diamond heatspreader

and mounted onto a copper heatsink.

Investigations by Millar et al. [35] contrasting natural and synthetic diamond
materials as a heatspreader, have emphasised the polarisation attributes similar to
those introduced by Van Loon et al. [36]. The synthetic diamond was found to
exhibit low birefringence, enabling lower losses in polarisation selective cavities.
These results are particularly relevant for frequency doubling of an SDL, with use of
an intracavity nonlinear crystal such as was demonstrated by Maclean et al. [37] and
also in Chapter 6 of this thesis, for a microchip frequency doubled SDL. It must also
be pointed out that the intracavity diamond heatspreader has been discovered to act
as an intracavity etalon. This limits wavelength selection when using a birefringent
filter, where the wavelength peaks are determined by the etalon mode spacing.
Further demonstrations of this shall be given in Chapter 4, showing stepped

tunablility of the GalnNAs-based SDL devices. A solution to obtain continuous

93



tuning has been given by Maclean et al. [37] through use of a wedged anti-reflection

coated heatspreader.

The semiconductor wafer produced from the MBE fabrication has typical dimensions
of 100 mm in diameter. A smaller segment must be chosen for bonding and
subsequent mounting, with dimensions typically ~5 mm? taken from the wafer. This
was achieved by cleaving a small sample with these dimensions, selected from near
the centre of the wafer where usually more uniform growth occurs. In practice
variations across the wafer have been found to result in a change in wavelength
output and laser performance. The variations of growth result in changes to the
epitaxial layer thicknesses which in turn affects the length of the gain region of the
structure impacting upon the micro-cavity resonance and gain offset as described in
Chapter 2, Section 2.3.2.

The first stage of the bonding process involves cleaning the surfaces of the diamond
heatspreader and semiconductor chip. This was achieved by administering a few
drops of Acetone onto a piece of lens tissue, then gently wiping once across the
surfaces. The same procedure was then performed using Methanol. For all SDL
devices this cleaning technique was adopted. Since this time, advances have been
made to improve the prospects of consistently achieving successful bonds.
Investigations have focused on the properties of the diamond, particularly the
lipophilic characteristic whereby greasy or oily films readily collect on the surface in
conjunction with the hydrophobic quality which repels water. This understanding has
channeled efforts into using alternative cleaning agents, to avoid the lipophilic
response. A group in Heriot-Watt University has therefore proposed using acid to
clean the diamond surface, which immediately can be bonded to the semiconductor

chip.

However, the bonding of the two surfaces in reference to this work uses the
established practice of liquid capillary bonding [38] between the diamond and the
chip. This technique exploits the Van der Waals forces experienced by the two

surfaces during the expulsion of the liquid joining them. The bonding is dependent
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upon the hydrostatic pressure P from the liquid surface tension coefficient a and the

gap formed between the two surfaces A, illustrated in Figure 3-13.

p== (3.3.1)

Figure 3-13: Illustration of forces due to stress exerted between two surfaces 7’ and the
hydrostatic pressure P during liquid capillary bonding [38], with the radius of
curvature R of the material.

The required strength of the liquid surface tension to bond the surfaces must be
greater than the relationship in Equation (3.3.2) to the Young’s modulus of the
material E, the thickness dimension of the wafer d and the radius of curvature R of
the material.

Ed3

a >
32R2

(3.3.2)

Ideally both surfaces should be flat; however there can often be a slight curvature to
one, or both of the surfaces. The suitability of either DI water with a surface tension
of 72.8 dyn/cm or methanol with 22.5 dyn/cm can be established along with an
acceptable thickness d of the sample by using the condition from Equation (3.3.2).
The evaluation of the semiconductor chip used the Young’s Modulus value for the
GaAs substrate material, Egaas=8.53x10-11 dyn/cm, due to the larger proportion of

material in relation to the epitaxial structure grown on top. The value for A=0.25um

2
was provided by the supplier. Using the relationship for R = ;—A in this evaluation,

Figure 3-14 presents the graphical results for the surface tension of the
semiconductor chip for three cleaved lengths L of the material, 3 mm, 4 mm and 5

mm, with the diamond heatspreader of lengths 3 mm and 5 mm. It is apparent from
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this graph that cleaved samples that have a length of 3 mm, and material thickness
>340 um will not bond using methanol, likewise if the sample is 4 mm and >500 pm.
However, DI water has bonding capability up to a material thickness of ~500 um for

all lengths.

In the context of the thin disk ‘sandwich’ configuration indicated in Figure 3-9 (d),
the best opportunity for success would be the employment of large diamond lengths
> 5 mm matched by the same dimension of semiconductor chip. Additionally, both

DI water and methanol act as suitable solutions to facilitate capillary bonding.

150, T T
— 3mm

348.28 514.19

Smm
--=-- Diamond 5mm
Diamond 3mm

100~

Surface Tension, a (dyn/cm)

DI Water
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50 -
Methanol
—————————————————————————————————————————————————————————————————————————————————— AT 325
0 —— s = . P T —gmrimrme St B
100 200 300 400 500 600

Thickness of Material, d (um)

Figure 3-14: The surface tension of GaAs based material across a range of thicknesses,
for lengths L=3mm,4mm and 5mm and of diamond heatspreader having length of 3mm
and 5mm. Indicated are the surface tension values for DI water (72.8dyn/cm) and
Methanol (22.5 dyn/cm).

Evidence of differences in surface flatness have appeared as partial bonds, as shown
in Figure 3-15, clearly indicating the bonded area as a solid dark section with fringes
appearing in the un-bonded area. It is likely that the diamond curvature effects, in

combination with its smaller dimensions, may be a result of this partial bond.
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Figure 3-15: 1180 nm Sample AnN2596 bonded to CVD synthetic diamond.

The bonded sample was mounted onto a backplane cooled copper heatsink, designed
for water cooling. In order to aid heat conduction away from the back and partial
front of the sample, a ~0.1 mm thick piece of indium foil was placed between the
sample and the copper mount. Figure 3-16 illustrates a cross-section of the mounted
sample with a picture in the laboratory provided in Figure 3-17.

Diamond
Heatspreader

Indium
Foil

J—
Semiconductor
Chip

Water Cooled

Figure 3-16: Schematic of the water cooled copper heatsink, with the diamond bonded
semiconductor chip and indium foil.
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Figure 3-17: (a) Front view of copper mount of the SDL indicating the pump window
cut into the cap of the mount. (b) Side view of the mount to show the connection to the
water cooling pvc tubing.

The water cooling temperature was generally kept at ~10°C during operation, as this
was sufficient to aid thermal management whilst avoiding condensation appearing on
the device. Every effort was given to ensure that the temperature and humidity in the
laboratory was kept above the dew point, since condensation disrupts operation
through the presence of water droplets on the surface of the heatspreader. In addition,

the bond may be compromised leading to device failure.

Periodic monitoring of the mounted sample was carried out throughout experimental
work, in particular a visual check on the integrity of the bond. Included in the
maintenance of the mounted sample was the cleaning of the diamond heatspreader
surface, and all mirror surfaces, to ensure that performance was not impeded by any

dust build-up on the bonded sample.
3.7 Conclusions

The aim of this chapter has been to explain the practical implications of thermal
management of devices. Justification for use of GalnNAs based SDLs has been
given, operating at wavelengths 1180 nm to 1300 nm over equivalent InP-based
devices. The pumping regime employed has demonstrated a marginal improvement
using front pumping compared with end pumping, due to the thermal impedance of
the DBR resulting in elevated device temperatures. Overwhelming evidence point

towards incorporation of the TD sandwiched between two heatspreaders
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configuration, achieving the lowest thermal response. This provides a possible future

development, on the condition that the integrity of the device remains intact

following substrate removal and bonding procedures. The next chapter shall present

the performance results of GalnNAs/Ga(N)As SDL devices, implementing the

heatspreader thermal management technique alongside the water cooled copper

heatsink.
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Chapter 4

SDL Characterisation and
Performance

4.1 Introduction

Previous chapters have explored the design parameters of SDLs, with thermal
management considerations and performance expectations of GalnNAs devices. This
chapter shall present the characterisation and performance results of physical

devices, based on the previous design criteria.

Methods evaluating the integrity of the design include photoluminescence and
reflectivity measurements, with Scanning Electron Microscopy (SEM) employed as a
means to visually inspect the samples. The photoluminescence (PL) measurement
obtains the excitation output of the MBE grown material. The intensity of the PL
reflects the quality of the growth. Obtaining sufficiently high intensity profiles
provides a reasonable expectation that the material will perform well when
implemented into an SDL device. In addition, the output wavelength establishes the
efficacy of design for target wavelengths expected. The reflectivity results show the
overall reflectance power of the DBR at the design wavelength, with insight into the
effects of the sub-cavity resonance. Further, SEM is a useful technique to examine

the structure of the devices.

The laser cavity configuration plays a key role in the performance output. Due
consideration has been given to achieve mode matching within the cavity in order to
attain the best possible output powers and beam quality. The method by which beam
quality is measured employs a scanning detector, capturing the beam profile along its
propagation. This is known as an M? measurement, allowing the beam divergence to

be compared with that of an ideal Gaussian beam with an M%~/.

103



Wavelength tuning using an intracavity birefringent filter was used to establish the
extent of wavelength coverage of these GaInNAs/GaAs SDL devices. Furthermore
the filter enabled spectral narrowing, which has been practical for the use of SDLs as

an excitation source for other systems, as described in Chapter 5.

The final section of this chapter applies the evaluation techniques for power transfers
and wavelength tuning, to obtain the thermal resistance of an 1190 nm SDL. Thermal
simulations, similar to those presented in Chapter 3, provide a means to test the

accuracy of simulation to empirical results.
4.2 Characterisation

The proceeding fabrication methods, as described in Chapter 2, result in a
semiconductor wafer that was characterised to assess the performance according to
its design parameters. The methods employed for characterisation measurements

encompass Reflectivity, Photoluminescence and SEM.

4.2.1 Reflectivity Measurements

The characterisation measurements of Reflectivity used the experimental setup
illustrated in Figure 4-1. The sample was illuminated with a white light source in the
form of a tungsten/halogen lamp providing a broad spectral range from ~360nm to
~2500nm. The reflectivity response of the sample was captured by the spectrometer
and measured using Spectramax'™ software, the same as was used for PL

measurements.
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Figure 4-1: Reflectivity experimental setup.

An initial calibration measurement was obtained using a plane mirror that was placed
adjacent to the sample. The mount was then moved to illuminate the semiconductor
material to perform a reading. It is worth noting that there were small variations in
height between the plane mirror and the sample, which introduces an approximate
1% error into the results. Using the Spectramax™ software the recorded results
subtracted the initial reference signal from the mirror calibration measurement to

obtain the final signal.

The analysis of the reflectivity response highlights two important features, as
indicated in Figure 4-2 for the 1220 nm AsN2527 sample measured at room
temperature, ~20°C. The first of which is the stop band, providing data on the
refractive index contrast of the DBR material stack. The wider the stop band
indicates a high index contrast in the DBR as described in Chapter 2, Section 2.3.1.4.
In this sample the stop band is ~135 nm and centre wavelength 1248 nm for the

material system, based on 30 pairs of AlAs/GaAs. Using the equations from Section

2.3.1.4 the variable gq==incdent =0 997, which results in an overall reflectivity

Nexit
Rpsr=99.98%. The second feature highlighted in Figure 4-2 is the dip in the

reflectivity spectrum which is due to the sub-cavity resonance. Using a Mathcad™
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programme developed by Dr. S. Calvez, to calculate the reflectivity of this system,

the results are in keeping with the experimental results obtained. The surface PL
measurement coincides with the location of the subcavity resonance.

100~

Sub-cavity .
Resonance

Calculated
----PL

Experiment

cmm -

Stop band

P

50

Reflectivity (%o)

I
—-m—-—=
-

Wavelength (nm)

Figure 4-2: Reflectivity measured at 20°C of sample AsN2527 (red), indicating the
stopband and sub-cavity resonance dip, compared with the calculated reflectivity of a
10 QW 1220 nm SDL is included (blue). Included is PL spectra at 20°C (black dashed

line).

4.2.2 Photoluminescence Measurements

Two different types of Photoluminescence (PL) measurements were carried out on a
1220 nm designed SDL chip, edge and surface PL. Edge PL was a means to
characterise the emission of the active region within the structure, without the

modification associated with the subcavity resonance. The surface PL measurement
examines the entire structure, including these resonance effects.

4.2.2.1 Edge PL

The edge PL measurements were performed by focusing a 670 nm excitation laser at
the cleaved edge of the sample. The emission was captured by the Jobin Yvon
HR460 Spectrometer and analysed using Spectamax™ commercial software. Figure
4-3 is an illustration of the experimental set-up to perform edge PL. Included is the

temperature controller, allowing the sample to be heated to assess the QW
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performance across a range of temperatures. The structure under examination was a
10 QW GalnNAs/GaNAs/GaAs active region designed for operation at ~1220 nm.
The GalnNAs QWs were 7 nm thick with 4 nm GaNAs strain compensating layers
on either side of the QW. All spectra were measured under the same slit width and

time constants, with a resolution of 1 nm.

Temperature
Controller

Jobin Yvon Spex

HR460 Spectrometer
RG850
Filter
Sample —— I
Lenses ; =
Aperture —— slig
Chopper A/D
‘("”\'m
Fol. | ]

670nm

Lock-in Amplifier
Laser

Figure 4-3: Edge PL measurement setup.
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Figure 4-4: Edge PL for AsN2527 1220 nm sample, from 20°C to 90°C, with an
included Reflectivity spectrum measurement at 20°C.
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There were three noticeable features in the spectra results shown in Figure 4-4. The
first shows three wavelength regions with peak PL intensities; ~1164 nm (1.066eV),
~1186 nm (1.046eV) and ~1252 nm (0.991eV). Studies performed by Fan et al. [1]
have found that the transition energy in a GaInNAs QW decreases with increasing
bowing parameter and tensile strain effect. However, using the equations presented
in Chapter 2 for a strained 7 nm Galng 3No007AS/GaAs QW, gave a calculated result
of 1.045eV which is in close agreement with the peak found at ~1186 nm in the
experimental results. This PL peak also shows close alignment with the subcavity
resonance dip in the Reflectivity spectrum measured at a corresponding temperature
of 20°C. The PL peak at ~1164 nm may be attributed to the edge of the DBR

structure.

The second feature relates to the changing intensities of the PL peaks. A steady
decrease was found for peaks around the 1160-1190 nm regions, with a broadening
of the ~1190 nm peak. This relates to thermal broadening and thermal quenching of
the system as described by Sun et al. [2] for nonradiative recombination of
delocalised carriers at higher temperatures in GalnNAs/GaAs QW systems.
However, the PL peak at ~1250 nm increases with increasing temperature. This can
be explained by a subcavity resonance effect due to the angle of the excitation beam
not precisely targeting the active region within the structure. The increase in
temperature is enhancing the subcavity resonance by increasing the interaction
between the excitonic emission and cavity mode, whilst shifting the PL output to
higher wavelengths. In Figure 4-5 the edge PL is compared with the surface PL at the
two extremes of temperature, showing that the surface PL occurs between the edge

PL emission peaks and the subcavity resonance.
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Figure 4-5: Comparison of Edge and Surface PL for measurements taken at 20°C and
90°C, indicated are the intensity peak wavelengths.

The third feature is a red shifting of the PL with increasing temperatures. This is in
accordance with the bandgap shift in semiconductor materials as recognised by
Varshni [3].

4.2.2.2 Surface PL

The experimental setup to perform surface PL is shown in Figure 4-6, using the same
670 nm excitation laser as for Edge PL. As mentioned the output has been influenced
by the sub-cavity resonance due to the excitation field passing through all epitaxial
layers from the top surface. The resonantly designed device exhibits pump
absorption from the 670 nm source in line with the condition that E, (1.852 eV) >
Eqg(cans) (1.424 eV) > Egycainno.o1as) (1.214 eV), the pump energy is greater than both
the bandgap of the GaAs barriers and GalnNAs QWs. The subcavity resonance
contributes to a peak around that wavelength.
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Figure 4-6: Photoluminescence experimental setup.

The sample was mounted with a Peltier cooler and temperature controller, as shown
in Figure 4-6. The thermal variation effects of the device were measured, to gauge
the device response during operation in an optical pumping regime. Ideally the
resonant periodic gain wavelength matches the QW gain spectrum; however thermal
variations exist causing a mismatch as discussed in Chapters 2 and 3. PL
measurement results from the 1220nm designed AsN2527 sample is shown in Figure
4-7, over a temperature range from 20°C to 100°C.

1.60E-03 - —50c |
—30C

=
& 1.20E-03 A S0C
= —60C ¢
‘2 1.00E-03 - —70C
% —80C
~  8.00E-04 - —90C
g —100C),
S 6.00E-04 - -
2
£ 400E-04 -
= 4
=
£ 2.00E-04 -
[=]
=
&~ 0.00E+00 - ~ ‘

1100 1300

Wavelength (nm)

Figure 4-7: Photoluminescence results for sample AsN2527 designed with 1220 nm
output, over a range of temperatures.
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To accompany Figure 4-7, the PL peak intensity variation curve is presented in
Figure 4-8, with the peak at 50°C corresponding to the alignment of the peak RPG
subcavity resonance and the QW emission, indicating an optimum chip operating
temperature. The curve representative of the wavelength shift with increasing
temperature in Figure 4-8, has two different ANMAT regions. The reason for these
different shift rates is due to the influence of the gain bandwidth on the PL and
subcavity resonance. This corroborates earlier observations [4], with broader
bandwidth the PL is influenced by the subcavity resonance, however with narrow
bandwidth the QW gain is more dominant. The results are therefore expected to be
roughly between ~0.1 nm/°C and ~0.3 nm/°C inferred from Figure 2-16, Chapter 2,
Section 2.3.2.2. The experimental data here presents 0.5 nm/°C < 30°C and 0.2
nm/°C > 40°C.
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Figure 4-8: PL intensity and wavelength shift with respect to increasing temperature.

The PL intensity profile also provides an indication of the effectiveness of the wafer
for use in an SDL. This latter point was particularly highlighted during the
characterisation of a batch of wafers grown with different design specifications,
comparing 4, 6 and 8 QWs and QW gain materials GalnAs and GalnNAs. The
wafers exhibiting the highest PL intensities were capable of providing laser output,
as opposed to those with extremely weak PL, which failed as SDL devices.
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Figure 4-9: Photoluminescence intensity profiles comparing 5 different structures; (a)
4QW GalnAs Vn1381, (b) 6QW GalnNAs Vn1567, (c) 4QW GalnNAs Vn1534, (d)
8QW GalnAs Vn1399 and (e) 8QW GalnNAs Vn1536.

Figure 4-9 illustrates the PL intensities for the series of wafers from the same
supplier, using the same MBE machine. In this analysis sample Vn1381, PL plot (a)
in Figure 4-9, exhibiting the highest intensity profile was the only sample from that
batch that was implemented in an SDL. It was short lived as a device; however it
invited an investigation into the cause of device failure. The evidence was revealed

through SEM images of each of the wafers.

4.2.3 Scanning Electron Microscopy (SEM)

The Scanning Electron Microscope at the Strathclyde University Physics Department

was used with courtesy of Professor Robert Martin and Dr. Paul Edwards.

The PL spectrum responses shown in Figure 4-9 in the previous section correspond
to the SEM images obtained for each the devices in Figure 4-10 from (a) to (e),
respectively. The most successful growth appears in Figure 4-10 (a) for sample
Vn1381 of a 4 QW GalnAs/GaAs wafer which delivered a device with the highest
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PL peak response. Within the DBR section of the SEM images, the dark regions
correspond to AlAs material whilst the lighter regions are GaAs.

Examination of the other samples revealed some interesting features which may
contribute to the weak PL performance. In Figure 4-10 (b) the 6 QW GalnNAs/GaAs
structure exhibits noticeable voids or sections of no contact between layers and along
the plane of growth. These are prevalent in the DBR section, which implies that the
AlAs/GaAs MBE growth using these elements had encountered some issue during
the process. The 4 QW GalnNAs/GaAs structure in Figure 4-10 (c) shows a different
feature, which may be dislocations due to stresses in the material although the
cleaving of the sample may have not been optimal. The DBR stack does not appear
as uniform as samples shown in (a), (b) and (d). The AlAs/GaAs material stack lacks
cohesion, which makes it appear ‘brittle’. In Figure 4-10 (d), again the cleaving of
the sample may be in question due to the diagonal markings between the 8 QW
GalnAs/GaAs materials. Yet these markings may also be a consequence of uneven
MBE growth of the GaAs barriers, which might explain the low peak PL for this
sample. Finally, the 8 QW GalnNAs/GaAs sample in Figure 4-8 (e) shows the same
occurrence of voids in the DBR structure, with what appear to be islands or quantum
dots (QD) which have formed around the QWs. Uneven growth patterns of the
barrier material are visible for the two QWSs above the DBR section. Similar to the
sample shown in (c), the DBR section in this sample also appears to lack cohesion
with large voids along the growth plane. The results from these SEM images were
provided to the MBE grower in order to identify the cause of these growth anomalies
and improve the quality for future wafer growth.
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dislocations

4 QWs

Figure 4-10: SEM images of (a) 4 QW GalnAs/GaAs Vn1381, (b) 6 QW GalnNAs/GaAs
Vn1567, (c) 4 QW GalnNAs/GaAs Vnl1534, (d) 8 QW GalnAs/GaAs Vn1399 and (e) 8
QW GalnNAs/GaAs Vn1536.
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It must be noted that the majority of devices that were MBE grown and implemented

for use in this thesis were of a high quality, which is reflected in laser performance.
4.3 Laser Performance

In this section, experimental techniques to provide a measure of the highest
achievable output powers, the beam profile and extent of spectral coverage were
performed. The initial laser cavity design has a major influence upon this
performance, thus due consideration has been given to mode matching.

4.3.1 Mode Matching

In the set up of the SDL and alignment of the cavity, the aim is to attain an optimal
configuration. One of the methods to achieve this aim is to employ the mode
matching technique, due to its impact on the overall efficiency, beam quality and
potential output powers achievable. The objective of mode matching is to maximise
the extraction of gain from the pumped semiconductor chip. The management of
these is possible through the choice of pump delivery optics to achieve an effective
pump spot area on the semiconductor chip, and the laser cavity design to modify the
mode area. This is significant, because if the pump spot size is larger than the mode
size there will be gain available for higher order modes to oscillate thus reducing the
beam quality. In the case of a smaller pump spot size and larger fundamental cavity
mode, it will experience loss at the edges and be less efficient. The selection of the
pump spot size should take into consideration the thermal variations within the
semiconductor material, causing fluctuations in the cavity mode size with an effect

on the threshold pump powers needed for excitation.

The length of the gain section in the SDL chip has such small dimensions (Lcavity < 2
pum) that it can be considered a planar absorber, as mentioned previously in Chapter
2, Section 2.2.2.4. In light of this, mode-matching is in a single plane which is
advantageous for consideration of pump geometric multiplexing. This technique was
demonstrated by Fan et al [5, 6] in solid-state laser systems in which multiple diode

pump lasers were used to increase the available pump power delivered to the gain
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medium. Therefore in the case of an SDL, the focusing of the multiple pump beams
is onto a planar gain region, reducing the three-dimensional overlap required when

focusing into a gain crystal.

A software tool used during this project to aid with the cavity design was Winlase™.
The software provided a means to simulate the cavity performance using various
optics and under specific performance constraints, to create a visual interpretation of
the beam profile within the laser cavity. This is based on implementing ABCD matrix
evaluations for all cavity components. A summary of the optical elements with the

corresponding 2x2 ABCD matrix is provided in Table 4.1.

Table 4.1: Optical elements and the ABCD matrix equivalent [7].

Optical Element ABCD Matrix
Propagation through a medium having index-of-refraction | |1 d/n
n and length d 0 1
Refraction at a spherical boundary of radius R, entering a 1 0
medium of index #, from a medium of index n;. R is _homoon
positive if the center of curvature lies in the positive | R n
direction of ray propagation. _
Transmission through a thin lens of focal length f 1 0
-1/ f 1
Reflection from a spherical mirror having radius R. Ris | [ | 0
positive if the center of curvature lies in the positive | |2/ R 1
direction of incident ray propagation. -

ABCD simulations use the convention of calculating components as they are
encountered within the cavity. Figure 4-11 shows a Winlase™ plot of the evolution
of the beam width within the SDL three mirror cavity, with the SDL chip on the left
followed by the curved folding mirror in the middle and finally the output coupler
mirror on the far right. The distances are D1=54 mm from the SDL to the folding
mirror M1 at a 5° angle to the output coupler, with a Radius of Curvature (ROC)=-
100mm, and a distance D2=200 mm between the folding mirror and the plane output
coupler mirror M2. The result of this simulation provides a measure of ~52 um mode

radius incident on the SDL gain chip. The stability of the laser cavity adheres to the

condition as set out in Hunziker et al. [8] using the g parameters for g, g, = %where
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the parameters are related to the mode radii on the semiconductor material w; and on

the output coupler mirror w, shown in Equation (4.1.1).

1W2

glziﬁ

and g, = i%x—: (4.1.1)

)
w1

Using this criteria and the mode sizes calculated for the cavity in Figure 4-11 has

w;=52um and w,=320um, providing a product of g;g>=0.5 indicating a stable cavity.
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Figure 4-11: Winlase™ simulation of a cavity designed for 1220nm operation, indicated
are the locations of the SDL chip, folding mirror M1 and output coupler mirror M2 as
shown in the cavity configuration.

The method in which mode matching can be achieved is through varying the
distances D1 and D2, and changing the radius of curvature R. of the folding mirror in
order to match the pump spot size on the semiconductor chip. The pump radiation
was delivered through a 100 um core fibre, with the spot size on the chip determined
by the focusing optics. Equation (4.1.2) provides a means to calculate the mode
radius wy on the chip, based upon the laser operating wavelength Ajasr, the cavity

length L. and the radius of curvature of the mirror R¢ [9].

W12 — 4digserle |(Rc—Lc)
T L¢

(4.1.2)

The simulation results, using this equation are shown in Figure 4-12.
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Figure 4-12: Mathcad™ simulation of the mode radius w over a range of cavity lengths
L., using a folding mirror radius of curvature R, = 100 mm.

The two stability zones in Figure 4-12 correspond to the full width stability ranges in
the expressions shown in Equation (4.1.3) [8], where z; is the Rayleigh range with d;

and d, the intracavity distances.

2
AdTY =2z, and AdfY =24 (4.1.3)

Z1

For the SDL with an operating wavelength A=7.22um, and intracavity distances
d;=200mm, d,=54mm and the mode radii w;=320um and w,=52um, therefore
AdJ™ = 303mm. The full width stability range for Ad]" is dependent upon the

Rayleigh range of the beam from the folding mirror within the cavity.

4.3.2 Power Transfer

The power scaling of SDLs has been one of the main attributes used to benchmark
these devices. High output powers imply a good quality device, in terms of growth,
optimised design and effective thermal management. The data presented for the
devices here have all used three mirror cavity configurations, as shown in Figure 4-

13. The output coupler was a dichroic mirror, selected to have transmission powers
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for High Reflectance (HR) at the design wavelength, through to a 1%, 2% and in
some cases >3% transmission powers.

100 pm Fibre
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Figure 4-13: SDL in a three-mirror cavity configuration showing the beam path (red),
the laser cavity is formed between the SDL, M1 and M2.

The output power was measured against increasing input powers, resulting in the

power transfer curves as shown in Figure 4-14, for a 1220 nm designed SDL.
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Figure 4-14: Power transfer curves of AsN2527 1220nm SDL with Output Couplers
(OC) High Reflectance (HR), 1% and 2% transmissions.
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Figure 4-15 summarises the best performance obtained with all GaInNAs based SDL

devices that were characterised during this research work.
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: Highest achieved power transfer curves for all devices measured,

indicating the device design wavelengths.

An overall assessment of the maximum powers achieved for each of the devices is

shown in Figure 4-16, with inclusion of the maximum slope efficiencies. There is a

division between the performances of devices operating at wavelengths between

1180 nm — 1220 nm indicated in area A compared with 1230 nm — 1300 nm in area

B.
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Figure 4-16: Comparison of maximum output powers (blue diamond) and slope
efficiencies (red squares) for all samples.

Contributing factors which may have influenced the laser performance include the
quantum efficiency as well as the strain effects of the material system. It is noticeable
that the quantum efficiency (17q=Apump/Aiaser) USiNg 808 nm diode pump lasers is
slightly higher in the A devices with values of 68%-66%, but ranging between 65%-
62% in the B laser devices. This is a reasonable expectation, however it highlights
the pump laser design considerations needed for devices which operate further into
the infrared emission in order to maximise the quantum efficiency [10]. Furthermore
the region A devices have included strain compensating layers of GaNAs as part of
the active region design compared to those of B which have none. The high level of
performance attributed to the 1220 nm device might account for the amount of
nitrogen in the GalInNAs QW, which is much lower at ~0.6-0.7% compared to the
other devices. This provides some correlation between performance and the nitrogen
content, indicating that low concentrations of nitrogen in the material enables a lower

probability of quantum defects such as those described in Chapter 2 in Section 2.5.
The results in Figure 4-17 provides the threshold pump powers and slope efficiencies

for the 1220 nm device using different output coupler transmission powers. It is

evident that increasing the output coupler transmission tends to a higher slope
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efficiency and output power. Meanwhile the threshold pump power shows an initial

increase.
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Figure 4-17: Threshold pump powers (blue) and slope efficiencies (red) across a range
of output couplers T=1%, 2% and 3.5% for sample AsN2527 1220 nm.

The analysis of pump threshold and slope efficiency has been extended across a
range of cooling temperatures from 5°C to 45°C, using the AsN2592 1200 nm SDL.
Figure 4-18 shows that increasing the temperature results in ~50% decrease in slope
efficiency with ~20% increase in threshold pump power. The slope efficiency at
device cooling temperatures <20°C experience higher efficiencies with a more
gradual drop-off rate compared with those >20°C. This further verifies how

significant the thermal effects are in relation to SDL performance.
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Figure 4-18: Normalised slope efficiency and threshold pump powers over a range of
temperatures for the AsN2592 1200 nm device [11].

The two devices which exhibited the best performance in terms of output powers and
slope efficiency were AsN2527 1220 nm and AsN2596 1180(1190) nm. These were
chosen for use as pump sources, as described in Chapter 5 and also for frequency
doubling in Chapter 6.

4.3.3 Beam Profile Measurements

The beam quality of a laser has been quantified using a benchmark called the M?
measurement. This refers to the Beam Parameter Product (BPP) which is a ratio of
the beam divergence measurement in comparison to a diffraction-limited Gaussian
beam, at the design wavelength. A desirable M? value is ~1, which indicates a beam

on a par with the ideal Gaussian beam profile.

M? measurements were performed using a BeamMaster scanning detector, which
operates by alignment of the detector head with the SDL output beam and sliding the
detector along its propagation direction. The BeamMaster scans the beam and
captures its sagittal and tangential aspects. The profile was then shown using the
computer software, as illustrated in Figure 4-19.
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Figure 4-19: Schematic of M? measurement apparatus using the BeamMaster scanning
detector.

The SDL used for these measurements was a 1220 nm device, with cavity
dimensions d1 = 58 mm to the folding mirror with ROC = -100 mm, and d2 = 403
mm to the output coupler with 2% transmission power. The maximum output power
of the SDL was 760 mW, but to prevent damage to the detector a HR mirror was
placed before the focusing lens. The tolerance for the detector was <10 mW of input

beam power.

The beam waist as a function of the spatial component along the z-axis, can be
evaluated using Equation (4.1.4) [12, 13].

w(z) = w, /1 + (M2 i)z (4.1.4)

The Rayleigh range, zy = "ng and the half-angle of the Gaussian beam is 6 =

Mzﬁ. Through the collection of data captured by the BeamMaster computer

0

programme, the 1/e® radius Gaussian beam values are recorded, and used as w(z) in
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Equation (4.1.3). The results are shown in Figure 4-20; including the tangential,
sagittal and ideal Gaussian beam curves, with a 10% error incumbent on these
figures. The error associated with these types of measurements stem from the
precision of alignment at the centre of the detector head. Any deviation consequently

affects the beam shape and may not follow perfectly along the central axis of the

beam.
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Figure 4-20: Beam profile plots for the tangential M?~2 and sagittal M°~1.7, compared
with the Gaussian beam.

These results achieved an M?, tangential = 1.97 and sagittal = 1.71. This SDL was
subsequently used as a pump source for a thulium-doped glass laser, as described in
Chapter 5.

4.3.4 Wavelength Tuning Ranges

Wavelength tuning and in particular the ability to select a specific wavelength are an
important function in SDL operation. The tuning ranges give an indication of the
gain bandwidth of the material, based on design and material constraints. The
wavelength selection of the device gives functionality to target specific absorption or

excitation spectral regions in other material systems. Specific examples of this are
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presented in Chapter 5, using a wavelength selected SDL to pump a thulium-doped

glass laser system.

Wavelength tuning techniques include the use of prisms, gratings, intra-cavity
etalons and birefringent filters. For the work presented in this thesis, a birefringent
filter (BRF) was employed for wavelength selection. The material of the filter was
composed of crystalline quartz, used for its birefringent (uniaxial) crystal properties,
and mounted intracavity at Brewster’s angle. The thickness and orientation of the
BRF provide the mechanism to allow one frequency within the gain curve of the
laser to be chosen. It is that frequency that suffers minimum loss since its
polarisation is unaffected, while all other frequencies are suppressed. By changing
the orientation of the filter the frequency experiencing minimum loss is altered,
thereby tuning the filter.

The two important attributes of the filter include wavelength selectivity and its free
spectral range (FSR) capability. The geometry of the filter is key in the selection
process, and Figure 4-21 represents the path of the refracted incident beam as it

passes through the filter.

RAY AXIS

Figure 4-21: Birefringent filter illustration to show the angular dependence of the
incident beam though the filter with thickness d, at an incident angle 0, rotation angle
¢, angle between the refracted ray and the optic axis f§, and the angle between the
refracted ray and the plate angle o [14].
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Using the evaluations presented by Zhu [15] the birefringent filter selectivity is
represented by the single pass transmittance of the filter |T| expressed in Equation

(4.1.5), with the condition that the internal angle a=45°.

(1+q?) cos 64/ (1+q?)? cos? §-4q>
2

TN d,¢) = (4.1.5)

2n

(1+n
expressed in Equation (4.1.6), as a function of the wavelength 4, the thickness of the

The transmission factor of the filter g = 5 and the phase of the beam is

filter d and the tuning angle ¢, in which the polar angle B changes with tuning such
that S(p)=arccos(CospCost). The birefringence of the filter An=ne-n,.

6(1, d, ¢) _ —nAaniiI:lZH(B(QD)) (4.1.6)

The transmission of the 4 mm thick filter for five different tuning angles is shown in

Figure 4-22, providing a wavelength coverage capability of ~42 nm, peak-to-peak at

each angle.
T I
N E I . 3 N 7
K ot MRS sl
v catl R R 4
gL nal s PR
e " 3o B
87 Nt it apl Y
R BRI, s T STH
= | R SRt N ik
& 1 B | ReESAN | R sH T
= " St T ey SRS
e % B i SR e
- san ey EH HELEL
Q KR K] . Chowe ' bt
= Pas i S u R
= P 4 i H
! ' bt R
! ' ] i K 1y
’ M H ] . '
OS 1 1
1x10° 1.1x10° 1.2410° 1.3x10°
Wavelength (nm)
— 41deg 43deg 45deg
----- 42deg -.-.. 44deg

Figure 4-22: Transmission of a 4 mm BRF with rotational angles ¢=41°-45°.
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The free spectral range of the filter A/ is represented in Equation (4.1.7) [15] and
shown in Figure 4-23 across a range of filter thicknesses, set at a wavelength A=1220
nm.

A%sin @

A= And sinZ(B())

(4.1.7)

200 T
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Free Spectral Range, Ak (nm)

Filter Thickness, d (mm)

Figure 4-23: Free spectral range capability over a range of filter thicknesses, indicating
AA=42nm for a 4 mm thick BRF at a tuning angle ¢p=41°.

The SDL device using the MBE grown semiconductor material AsSN2527 designed to
operate at 1220 nm, shall be used as an example to present the results obtained using
these wavelength tuning and selection techniques. Figure 4-24 (a) shows a free-
running wavelength spectrum obtained from an optical spectrum analyser (OSA),
whilst insertion of the BRF into the laser cavity enabled the spectral narrowing to

obtain 1213 nm, as shown in (b).
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Figure 4-24: (a) Spectrum of a free-running AsN2527 1220 nm SDL, and (b) BRF
selection of 1213 nm output wavelength.

The BRF was rotated to select wavelengths with the results shown in Figure 4-25,
where the wavelength interval, A4 between two consecutive peaks was ~2 nm. This
step-like selection of wavelengths is due to the plane-plane diamond heatspreader
acting as an etalon within the cavity. The wavelength interval is found through the
relationship A/ = 4%/2nL where the 2=1220 nm, the refractive index n=2.42 and the
thickness is ~200 pum resulting in a calculated value of 1.54 nm.

A suggested method to allow continuous wavelength tuning has been proposed by
Maclean et al. [16], in which a wedged anti-reflection coated diamond heatspreader
had been bonded to the semiconductor sample. However, this method has not been

employed in this research work.
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Figure 4-25: Wavelength tuning spectra, from 1195.5 nm to 1223.48 nm, indicated is
the peak-to-peak wavelength separation AA=2nm.

The results presented in Figure 4-26 provide the wavelength coverage with respect to

output powers achieved, for three output coupler transmissions 1%, 2% and 3.5%.

The average wavelength covered for this device ~27 nm.
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Figure 4-26: Wavelength tuning results for the AsN2527 1220 nm SDL, for output
coupler transmissions 1%, 2% and 3.5%.

Cumulatively, SDL devices based on GalnNAs gain material have encompassed

~1170 nm to ~1340 nm, as shown in Figure 4-27.
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Figure 4-27: Wavelength tuning ranges for SDL devices AsSN2596 (1190 nm), AsN2527
(1220 nm), AsN2809 (1230 nm) and AsN660 (1300 nm).

In a wider context the applications requiring lasers operating in these wavelength
regimes span a variety of disciplines. Included are astronomy for frequency doubled
1180 nm in laser guide star applications [17], 1200 nm lasers for spectroscopy [18]
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and gasoline octane detection [19], 1220 nm — 1240 nm lasers are required for tissue
welding applications [20] and 1300 nm — 1340 nm of the O-band region for

telecommunications [21].

4.4 Thermal Resistance Evaluation of an 1190 nm
SDL

Using the techniques described in the previous sections, the 1190 nm SDL was
assessed across a range of cooling temperatures from 5°C to 50°C. The data gathered
was used to provide a measurement for the thermal resistance of the SDL. In Chapter
3, the importance and the techniques of thermal management were discussed, with
the heatspreader approach providing the most effective way to dissipate heat within
the device. The experimental methods described here vary the temperature cooling
conditions of the device over a range of input powers, whilst maintaining the same
pump spot size. The thermal resistance evaluation uses the variation response of the

output based on thermal effects.

The mode radius onto the SDL chip was calculated to be ~40 um. The pump beam
was delivered by a fibre with a ~100 um core diameter and optical elements of an 11
mm collimating lens followed by an 8 mm focusing lens, resulting in a pump spot
radius of ~35 pum. This conforms to mode matching conditions, as described in
Section 4.3.1.

The angle of the incident pump beam impacts the amount of reflected power at the
air/diamond interface of the heatspreader. A more detailed mathematical description
of reflectance and transmission of incident pump light at an oblique angle can be
found through consulting MacLeod [22]. The expressions for these variables are
shown in Equations (4.1.8) and (4.1.9).

2
No—M
R = (ﬁ) (4.1.8)
_ A4Anen:
N (Mo+n1)? (4.1.9)
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The variables in these expressions for ngand n; are dependent upon the polarisation

of the beam and can be substituted appropriately. The transverse electric (TE) or s-
polarised light has n, = n; (\/%) cos @ and the transverse magnetic (TM) or p-
0

i fie)
Ho
C

os 6

polarised light has 7, = , with g and o the relative permittivity and

permeability constants respectively. The refractive index term in these expressions n;
relates to the refractive index of the medium of the material, for example ny=1 for air,

and n;=2.432 for the CVD diamond heatspreader.

Figure 4-28 shows the reflectance over a range of incident angles for the TE and TM
response. The point at which the TM polarisation response falls to zero corresponds
to Brewster’s Angle (~70°). At a typical 45° incident pump angle the system

experiences a ~18% reflectance.
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Figure 4-28: Reflectance of TE, TM and average TE+TM/2 of an incident beam from
air, n=1to a CVD diamond heatspreader n=2.432 over a range of incident angles.

Figure 4-29 are the power transfer curves obtained through measuring the output
power across the range of temperatures. The increase in temperature adversely
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affects the maximum achievable output powers, due to the different rates that the
peak of the QW gain and the resonant-periodic-gain (RPG) shift with temperature.
The misalignment between them can ultimately force the system to rollover.
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Figure 4-29: Power transfer curves ranging in temperature from 5°C to 50°C.

The relationship between the absorbed power P4, and output power Pgy is shown in
Equation (4.2.0), where P, is the incident pump power, xaps is the fraction of
absorbed power and Rgiamong IS the reflectance from the diamond heatspreader
surface, taken to be ~18% based on the calculated values obtained above and verified

in the analysis performed by Giet et al. [23].
Paps = Pp(l - Rdiamond)(l — Haps) — Pour (4.2.0)

The spectral analysis of the device provided a means by which to equate the

absorbed power Pqps with the change in wavelength, and is shown in Figure 4-30.
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Figure 4-30: Wavelength variation with respect to the absorbed power across all
temperatures.

The range of spectral wavelengths was red-shifted by ~0.2 nm/°C, which is evident
in Figure 4-31. This shift lies in between the expected gain (0.3 nm/°C) and sub-
cavity resonance (0.1 nm/°C) shifts due to temperature, thus their contributions may

influence the spectral response of the device.
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Figure 4-31: Wavelength variation across all temperatures at different incident pump
powers.
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The thermal resistance analysis was performed to take into consideration the output
power changes due to temperature, as is clearly evident in Figure 4-31 showing a
decrease by ~464 mW at the highest temperature 50°C with an incident pump power
~10 W. The absorbed power of the device shows a trend of decreasing, with

increases to both temperature and the incident pump power, as shown in Figure 4-32.
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Figure 4-32: Absorbed power variation across the temperature range.

These variations are captured in Equation (4.2.1), in which the changes in

wavelength variation are reduced by the absorbed power.

Ra =3 = (%) (5) (42.1)

ar ~ \aa) \ap

The results using this equation show a thermal resistance Ry, = 8.7 K/W.

A simulation of this type of device was performed using COMSOL Multiphysics™
software, using the conditions set out as part of the experimental design having a
front pumped SDL with a diamond heatspreader. The results using a pump spot

radius w, = 40 pm, are shown in Figure 4-33.
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Figure 4-33: COMSOL Multiphysics™ simulation results of the GalnNAs SDL,
indicating a maximum temperature of 84.089°C.

The pump power in this simulation was 5W, and the average thermal resistance was
calculated using Equation (4.2.2) [23].

fffva (T(r,2)=Tsubstrate) (Pp(1)dV

1 fva P,(r)av

Rip ave = (4-2-2)

The result for the average thermal resistance was 9 K/W, and is in good agreement
with the experimental data taking into account the accuracy of pump spot size onto
the sample.

4.5 Conclusions

The characterisation and performance evaluations regarding GalnNAs SDL devices
have been presented in this chapter. The results for GaInNAs/GaAs SDLs have
achieved output powers > 2.5W, with a maximum slope efficiency of g ~16%
operating at room temperature (7=300K). The beam quality with an M? < 2,
demonstrates that these devices can attain near diffraction limited output beams. In a
wider context, the spectral coverage of these SDLs extends from ~1170 nm up to
~1340 nm, which demonstrates their usefulness for a wide variety of applications. In
the following chapter SDLs shall be applied as pump sources for a Tm-doped glass

laser and in Raman amplification.
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Implementations of the experimental techniques were carried out to measure the

thermal resistance of the 1190 nm SDL. The result of 8.7 K/W was compared with

that from simulation of ~9 K/W, in which the discrepancy was accounted for by the

accuracy of beam size determinations.
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Chapter 5

Semiconductor Disk Laser Applied as
a Pump Source

5.1 Introduction

The high optical power and good beam quality capability of SDL devices provides an
attractive alternative in applications typically using bulky and expensive solid-state
or gas lasers [1, 2]. In the present chapter the SDL shall be used as a pump source in
two distinct material systems. The first involves bulk rare earth doped dielectrics, in
the form of tellurite optical glasses and tungstate crystal material. These have been
singly doped with thulium (Tm*®") or co-doped with thulium and holmium
(Tm** Ho>") providing laser emission wavelengths at ~2 pm. The second uses a
single-mode silica fibre to produce Raman amplification in the region of 1.3 um, an

important wavelength for optical telecommunications networks.
5.2 Tm**(,Ho*")-(co)doped Laser Systems

The demand for lasers operating with ~2 pm emission spans a wide range of
disciplines. In the field of medicine, the water molecule experiences high absorption
at that wavelength which has enabled lasers to be successfully applied in laser
surgery [3-5]. Light Detection and Ranging (LIDAR) which is a remote sensing
technology, has been used to monitor and detect trace gasses in the atmosphere [6].
NASA has a particular interest in 2 um lasers for differential absorption LIDAR
(DIAL) in the measurement of CO, concentrations in the atmosphere and wind
velocities [7]. For free space optical communication networks, the useful eye safe
wavelength of 2 um has been used to broadcast across distances over 8 km using a
pulsed laser [8]. Finally, material processing applications in the form of producing

High Spatial Frequency Ripples (HSFR) on GaAs semiconductor material has been
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demonstrated, with the long term goal of applying this to directional biological cell

growth on laminar surfaces and for surface structuring of photovoltaic devices [9].

The supply of 2 um lasers has generally been dominated by Tm-doped and Tm,Ho-
co-doped dielectrics [10] including the recent development of a Tm-doped tellurite
microsphere laser [11]. However, the European funded project VERTIGO (Versatile
Two Micron Light Source) [12] has expanded the portfolio of 2 um lasers to include
GaShb-based optically pumped SDLs using a GalnAsSb/AlGaAsSb gain material
system [13-16]. The highest output powers achieved have been ~5W in CW
operation, cooled to -15°C [17] with the most recent results reporting a 200 kHz laser

linewidth and 118 nm tuning range at 200mW CW output power [16].

The experimental work presented in this thesis has been performed in close
collaboration with Professor Wilson Sibbett’s group at St Andrews University, and in
particular Dr. Flavio Fusari. Supply of their bulk materials; Tm**-doped and
Tm?** Ho**-co-doped tellurite glasses along with a Tm** Ho**-co-doped potassium
yttrium tungstate (Tm**,Ho®*":KY(WOs),) crystal has enabled the first demonstration
of ~2 um laser systems pumped by an SDL.

The optical glasses were produced at the University of Leeds, under the guidance of
Professor Animesh Jha at the Institute of Material Research. The spectroscopic
properties and laser development of KYW crystal has been previously reported for
Tm?**-doped [18] and Tm**,Ho**-co-doped [19] laser systems.

5.2.1 Material Properties and Previous Results

Tellurium oxide, TeO, optical glasses used throughout these experiments have been
chosen due to their proven record in successful IR laser generation. They have
exhibited low phonon energies [20] with a much improved solubility of the rare-earth
dopants compared with other glasses such as silica and germanium [21]. There were
two bulk glass samples that were used, having molar % compositions 75 TeO,-10
Zn0-10 Na,O-5 GeO, (TZNG) doped with 2wt% Tm,03; and 80 TeO,-10 ZnO-10
Na,O (TZN) doped with 2wt% Tm,O3zand 0.2wt% Ho,03. A more rigorous analysis
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into the production of these glasses can be found by consulting the PhD thesis of F.
Fusari [22]. The Tm*",Ho®*":KYW crystal material was grown using the flux growth
technique in which the crystal materials were grown from flux in a platinum crucible
using K;W-,0y7 as the solvent [19]. The doping levels in the crystal were 0.014 wt%
(5 at.%) Tm,03 and 0.0011 wt% (0.4 at.%) Ho,0s3,

Table 5.1: Summary of Tm(,Ho)-(co)doped laser material parameters.

Dopants Concentrations Host Material Length
Ho®>* (All materials were
(Wt%) Brewster Cut)
5 mm
Thulium and Holmium 2 0.2 TZN glass 4.5 mm
(Tm3+,H03+)
Thulium and Holmium 0.014 |0.0011 | KYW crystal 1.5mm
(Tm3+,H03+)

The absorption spectra of these samples have been obtained at the University of
Leeds, using a Perkin Elmer Lambda 950 UV/VIS Spectrophotometer. Figure 5-1
shows the absorption coefficient spectrum for singly doped Tm®" material and Figure

5-2 for co-doped Tm*" and Ho®* material.
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Figure 5-1: Absorption coefficient spectra for the Tm2%wt: TZNG bulk glass sample
indicating the energy transitions and respective wavelengths [23].

25 4 H(°F;)465nm
s 2.0 -
E —
2 ]
O ]
£ 157 544nm
3 i H(532’5F4)
s 11/
'..5_ 1.0 N Y 6(2F )
o T 5)687
2 1 TCF o ~1950nm
2 . ; 23)  ~I1200nm
0.5 1 3 5 3 ~1680nm 51,)
1 ﬁ T H4) H( lg)+T(®Hs) 10
:.” l T(°F,) ’\\
U u\m L
400 6(;0 800 1000 1200 1400 1600 1800 2000

Wavelength, nm

Figure 5-2: Absorption coefficient spectra for the Tm2%wt,Ho0.2%wt:TZN bulk glass
sample [23].

The two absorption regions of interest here are 793 nm and ~1200 nm. Examining

the energy transitions occurring within the material creates a clearer picture as to the
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expected emission wavelengths from the system. These may also aid our
understanding of comparable performance between one pumping regime and
another, especially in terms of efficiency. Relying upon detailed spectroscopic
studies made by Fusari et al. [24], Lagatsky et al. [19] and Richards et al. [23] using
these material systems, allows us to infer the ~1200 nm pumping response predicated

by the more widely used ~800 nm pumping regime.

In order to depict the complex nature of the energy transitions, energy level diagrams
shall be used based upon those originally developed by G. H. Dieke [25]. Through
the process of optical pumping, energy is transferred to the active ions through
ground state absorption (GSA) and excited state absorption (ESA), the latter
considered a parasitic process. Energy is then redistributed within the material
producing energy transitions, with promotion to higher states and relaxation to lower
energy levels. The presence of other ions gives an added complexity to the system,
allowing energy to be transferred to neighbouring ions in donor and acceptor roles.

Turning our attention initially to GSA of *Hg— °H. 793 nm pumping, Figure 5-3
illustrates the transitions taking place within a singly-doped Tm*" sample, such as the
TZNG glass sample used in these experiments. The population of the *H, energy
level facilitates a process known as upconversion (UC), in which the relaxation
3H,— °Hg transfers energy, enabling the G4 energy level to be populated. As a
consequence weak 480 nm fluorescence has been observed, through transition *G,—
3Hg in the material, a demonstration of this blue ¢ glow’ within the glass is shown in
Figure 5-6. Another aspect to the ~800 nm pumping is the Cross Relaxation (CR),
which takes place when the relaxation from *H, serves to populate the *F; lasing level
whilst promoting a neighbouring Tm** ion (acceptor) transition from the ground state
%Hg —°F4. This process results in a 200% quantum efficiency [23], with output
centred ~1800 nm.
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Figure 5-3: Tm® energy transitions from a 793 nm excitation source, with
upconversion (UC) processes (purple), nonradiative decay (black dashed), cross-
relaxation (CR) (orange dashed) and emission transitions of 480 nm, 1470 nm and 1800
nm.

The Tm**, Ho** co-doped materials, in the form of the TZN glass and KYW crystal,
forms a more complex energy transition network in which the Tm*®" acts as a donor
with the Ho>* as acceptor. The energy transitions present through 793 nm pumping
are illustrated in Figure 5-4. The many energy transfers (ET) and UC processes
between the two ions serve to populate higher energy levels in Ho**. The UC from
transition *Hs—>Hg in Tm*" enables ESA °ls—°F3in Ho>* to produce green ~550 nm
fluorescence in the material, with ET processes populating the °1; lasing level in Ho**

allowing 1950 nm radiative emission.
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cross-relaxation (CR) (orange lines), energy transfers (ET) between Tm*" and Ho**

(pink arrows), upconversion (UC) and excited-state absorption (ESA) (purple lines),
nonradiative decay (black dashed) and emission transitions 550 nm and 1950 nm.

Previous results using a Ti:Sapphire laser as the pump source have been reported for
the same tellurite glasses and tungstate crystal material used in the experimental
work presented in this chapter. Table 5.2 results indicate the capability of these
material systems, and shall be used as a comparison with the SDL ~1200 nm

pumping results presented in Section 5.2.3.

Table 5.2: Results of ~800 nm pumped Tm**-doped TZNG glass, Tm*",Ho**-codoped
TZN glass, and Tm**,Ho*"-codoped KYW crystal.

Laser System Output Central Optimum | Slope Wavelength Reference

Tm**: TZNG Glass
(Tm 2 wt%)

Power
(mW)

124

Wavelength

QL)

1960

Output
Coupler
(%)

6.1

Efficiency
n (%)

28.4

Tuning
Range,
AAgwrim (NM)
135

[24]

Tm* Ho®*:TZN
Glass

(Tm 2 wt%,Ho 0.2
Wt%)

25

2020

0.8

9.5

80

[26]

Tm** Ho™" :KYW
Crystal

(Tm 5 at.%, Ho 0.4
at.%)

460

2056

44

190

[19]
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In the case of the *Hg—>Hs pumping scheme provided by the ~1200 nm SDL, the
energy level transitions for Tm** are illustrated in Figure 5-5. Notably there is no
ion-ion interaction taking place in this scenario, with ESA processes enabling
fluorescence at ~480 nm in the material. With the upper state lifetime in *Hs found to

be ~300 ps compared with 1.3 ms in the F; lasing level [26], laser emission ~1800

nm occurs through *F,—>Hs.

1G,

ESA

480nm

3F2,3

3H,
ESA

3H5 A T

3F,

1211nm 1800nm
- \N\-
3H6 + v

Tm3+

Figure 5-5: Tm*" energy transitions using a 1211 nm excitation source, with excited-
state absorption (ESA) (purple lines), and emission transitions of 480 nm and ~1800 nm.

The observance of blue fluorescence at ~450 nm as a result of UC, is shown in

Figure 5-6 during ~1211 nm SDL pumping.
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Figure 5-6: Tm*": TZNG glass sample in a brass mount, with visible blue fluorescence
due to upconversion along the incident pump radiation within the glass.

This scheme aims to promote more efficient lasing with an aim to reduce ESA by
more closely targeting the 1200 nm absorption region of the material, in comparison
to alternatively used ~1060 nm pumping, as referenced in Table 5.3. It may not
achieve the same quantum efficiency expected with ~800 nm excitation; however it
has the potential of a more simplistic and compact system, using the semiconductor

thin disk approach.

Finally, the energy transitions for Tm** and Ho®*" codoped material pumped by
~1200 nm are illustrated in Figure 5-7. Similar to the singly doped Tm*" material,
ESA processes are present in both Tm*" and Ho®* enabling energy transitions to
populate the Ho®* °F; level with consequential 550 nm fluorescence. More
importantly the energy transfers from °F, (Tm*") to the lasing level °I; (Ho®")

facilitates radiative emission at ~1950 nm.
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Figure 5-7: Tm* and Ho® energy transitions using a 1200 nm pumping scheme, with
excited-state absorption (ESA) and upconversion (UC) processes (purple), energy
transfers (ET) between Tm*" and Ho®" (pink arrows), nonradiative decay (black dashed),
and emission transitions 550 nm and 1950 nm.

Scarce pump resources available to target the ~1200 nm absorption region in the
material, presents a solution in the form of SDL devices with their flexible design
and wavelength tunability. Table 5.3 provides a list of previous pump sources aimed

at transitions into the Hs level.

To date ~1200 nm pump sources have mainly used cascaded Raman fibre lasers as a
means to generate laser emission at this wavelength. Three cascading fibre systems
were used to ultimately produce the required ~2 um laser output. In both examples
given, ytterbium (Yb) doped fibre lasers are used to pump the silica-based fibres,
exploiting the stimulated Raman scattering in the material. In this way a suitable
stokes shifted frequency can serve as the output to pump the Tm(,Ho)-doped silica
fibre laser. The available pump power had been up to 20W capability through use of
a one-stage phosphosilicate-based Raman fibre at 1231 nm. The advantage to this
method is the integration of an all-fibre based system. However, in the case of

Tm(,Ho)-(co)doped bulk lasers, the Raman fibre laser would not provide the same
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level of effectiveness, requiring efficient coupling out from the fibre laser and into

the bulk material.

When pumping in the ~1200 nm regime, an area of most concern is that of ESA
losses. However upconversion lasers exploit this process, which is considered
detrimental to ~2 pm lasers, to produce lasers with blue emission based on
transitions 'G4—>Hs in Tm-doped materials. Examples are given in Table 5.3,
including the use of a Nd**:YAG laser as the pump source providing emission at
1123 nm, by implementing dichroic mirrors to suppress the 1064 nm laser line
thereby targeting the upconversion in a blue Tm*":ZBLAN (ZrF,-BaF,-LaFs-AlFs-
NaF) fibre laser.

The next closest alternative to 1200 nm has been to use more readily available ~1060
nm sources. An interesting array of methods has been employed, mainly involving
dual pumping regimes such as 1064 nm with 795 nm or 645 nm. These systems are
not targeting ~2 um emission but aim for transitions at ~800 nm and 455 nm in the
material, similarly in the case of 1123 nm pumping. For example, Brunet et al. [27]
has capitalised on 455 nm laser emission using a Tm**:ZBLAN fibre laser, with dual
pumping at 1064 nm and 645 nm. However, 1060 nm is in the tail absorption profile
of the gain medium which may be acceptable for Tm**-doped fibres but may not be
appropriate for bulk materials. Included amongst the 1060 nm pumping examples is a
theoretical model, indicating the capability of 1060 nm pumping using an
aluminosilicate fibre as the host to the thulium dopant, to increase the quantum

efficiency of the system.

Finally, the 1050 nm diode laser examples provide by Jackson et al. [28] have been
promising, with outputs measured at 1.74W with a slope efficiency of 51% for
unidirectional pumping in the fibre, scaling to 4.77W when both fibre ends are
pumped. In this system, as with those using 1060 nm and 1123 nm pump
wavelengths, highlight the motivation to reduce ESA through the pursuit of ~1200

nm pump sources.
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Table 5.3: Synopsis of previous pumping schemes of Tm*-doped and Tm**,Ho*"-codoped laser systems

Pump Scheme Laser System Results Comments Reference

~1200 nm Pumping
Raman Fibre Laser: 1064 nm Yb-doped Tm* ,Ho*"-codoped | Using 270cm long silica | e Dopant levels were 9000 ppm [29]
fibre laser 8.4 W CW pumping a 1km SMF | silica fibre laser fibre, achieved P, =450 wt Tm** ions and 1500 ppm wt
with 3 cascading cavities using Fibre Bragg mW at 1970 nm, Ho**ions
Gratings with reflectivity at the 1% stoke Nstope=3 1%, Nopt-opt=18%, | e used fusion splicing to
(1120 nm), 2™ stoke (1180 nm) and 3™ Threshold P,=1.12W minimize losses
stoke (1212 nm) (output coupler 15% at e report negligible ESA using this
1212 nm). pump scheme
Raman Fibre Laser: 1058 nm Yb-doped Tm**-doped Using 50m length o Dopants of silica fibre 4wt% [30, 31]
fibre laser 32W CW pumping a one-stage aluminosilicate aluminosilicate fibre, Al,O3, 1.5Wt% GeO,, and
Raman phosphosilicate fibre of 50m length | fibre laser Pou=7W at 1956 nm 0.8wt% Tm,03,
using built-in Fibre Bragg Gratings with with 56% quantum e Achieved single mode output
reflectivity at the 1% stoke (1058 nm), 2™ efficiency with up to of 7W at 1956 nm
stoke (1231 nm) and 3" stoke (1956 nm) 20W 1231 nm pumping | e pumping using shorter
(output coupler at 1231 nm) wavelengths <1200nm in this

absorption band *Hs, ESA
prevents efficient lasing.

~1123 nm Pumping

Nd**:YAG pumped by 7-W 807 nm diode | Tm**-doped Targeting blue ¢ Doping level was 1000 ppm [32, 33]

bar, dichroic mirrors used to suppress 1064
nm lasing, gain medium length 10 mm, up
to 1.6W at 1123 nm achieved.

fluorozirconate
(ZBLAN) fibre
laser

upconversion emission,
using 2.2 m long
ZBLAN fibre,
Poui=—230mW at 481
nm, Ngiepe=18.5% (at
120mW output)

Tm®* ions,

« Diode pump beam M?~20,40
requiring beamshaper for input
to Nd*:YAG,

e Suppression of 1064nm, ~15
times higher than 1123 nm.
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Pump Scheme Laser System Results Comments Reference
~1060 nm Pumping
Theoretical Modeling: 1060 nm pumping | Tm**-doped Silica- | Targeting 810 nm e Disadvantages of fluoride fibres | [34]
regime based alumina- emission of the include low pump power
doped Fibre Lasers | *Hg—H, transition, damage threshold,
predicted Po,=2W using | hygroscopicity and difficulties
5W 1060 nm pump, with fabrication,
with >30nm tunability | e Alumina co-dopant provides a 4
times increased quantum
efficiency compared to pure
silica host
Dual Pumped: 1064 nm Nd:YAG laser + Tm**-doped 7dB gain with gain e Tellurite fibre preferred over [35]
795 nm Ti:Sapphire Tellurite single- slope of 1064 nm ~0.17 fluorides due to extended gain
mode fibre laser dB/mw to longer wavelengths
(~1520nm)
¢ Using 1064 nm pump, some
ions removed from °F, level,
and signal ESA is reduced
Dual Pumped: 1064 nm + 645 nm Tm**-doped Targeting 455 nm e Dopant level was 1000 ppm [27]

ZBLAN fibre laser

output, achieving Py ~3
mW launching 104 mW
1064 nm and ~300 mwW
645 nm.

Tm*" ions

e Transition *D,—>H, provides
455 nm emission

¢ 455 nm Pout and threshold
strongly depend on 1064 nm
pump power
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Pump Scheme Laser System Results Comments Reference

~1050 nm Pumping

Diode Lasers: 1050 nm pump source
consisting of InGaAs QWs, with GaAs
waveguides and AlGaAs cladding layers
with TE polarisation

Tm>*-doped Silica | Using 3.3m length silica

fibre laser

fibre, with
unidirectional pumping
achieved Py,=1.74W at
2.03 um and
Nslope=51%, scaling to
Poui=4.77W with bi-
directional pumping

« Doping level was 3 wt% Tm**
ions,

« High concentration of Tm**
allows CR process to redirect
excitation back to upper lasing
level thereby limiting additional
pump ESA losses.

[28]




Theoretical evaluations performed by Jackson et al. [36] based on Tm**-doped silica
fibre lasers, have made direct comparisons between an ~800 nm pumping regime and
that of ~1200 nm. Figure 5-8 (b) indicates improved slope efficiencies of ~55% using
~1200 nm pump wavelengths in comparison to the curves in (a) showing ~38% with
~790 nm pumping. This stark contrast has raised expectations for the provision of

1200 nm SDL pumping.
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Figure 5-8: Calculated results for Tm**-doped silica fibres, showing the estimated slope
efficiency and threshold pump power for (a) *F, absorption band pumping and (b) *Hs
absorption band pumping [36].
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5.2.2 SDL Requirements for Use as a Pump Source

In order to fulfil its role as an excitation source for the Tm-doped and Tm,Ho-
codoped laser systems, the SDL must adhere to some operational specifications.
Importantly it must target the correct wavelength, be power scalable with good beam
quality, maintain operational stability and be reasonably reliable such that the Tm
laser system is not disadvantaged by the performance of its pump source. Many of
the experimental techniques described in Chapter 4 used to evaluate the performance

of the SDL such as wavelength tuning and M? measurements, have been used here.

The target power threshold for the Tm glass laser was found to be ~100 mW and ~50
mW for the Tm:KYW crystal laser, based on the previous ~800 nm pumping results
[19]. The power transfer curves obtained for sample AsN2527 the
GalnNAs/GaNAs/GaAs 10 QW SDL, are shown in Figure 5-9. The maximum output
power achieved was 1.35W, using a 2% power transmission output coupler (OC) and
650 mW with the inclusion of the birefringent filter tuned to ~1212 nm, as shown in
Figure 5-10. These have provided a more than adequate level of threshold power for

each of the doped dielectric systems.

1600

—~HR OC
1400 1 2% OC Ngope = 12.4%
-+1%0C PR
1200 1 *2%0C e
1000 - e

1% OC Ngope = 9.6%

Output Power (m'W)
[=)) [=,2]
g 8

=
=
=]

[
(=}
(=}

=

=l (=) [} =] — — =2} o = o =t [ad = — [ (=)

= = — o - — = (o] oo — o o — “o o f=2)

S 2 ¥ =% a4 ® ¥ % 5 5 % & o« = = =

= = = — (e ] [an] =t W =] [ o0 [ = — [an] o
Incident Pump Power (W)

Figure 5-9: Power transfer curves of AsN2527 1220 nm SDL with Output Couplers
(OC) High Reflectance (HR), 1% and 2% transmissions.
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Figure 5-10: Power transfer results of the SDL with an intracavity birefringent filter
(BRF), tuned to 1212 nm.

The wavelength coverage of this laser extended across ~23 nm at FWHM, as
indicated in Figure 5-11. The provision to target the absorption region of ~1200 nm

in the material systems has therefore been achieved.
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Figure 5-11: Wavelength tuning range for AsN2527 1220 nm SDL.
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The M? measurement results, obtained using a scanning detector are given in Figure
5-12. An optimal M? was required, in order to allow the best performance from the
Tm-doped laser system. Unlike the SDL, which may use a beam of low quality from
the diode pump and transforms it into a higher quality output beam, the Tm-doped
laser requires the best input in order to achieve reasonable gain, additionally a tighter

focus into the gain medium.
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Figure 5-12: M? measurements for AsN2527 1220 nm SDL with cavity dimensions
D1=59 mm and D2=225 mm.

It must be stated that these were optimal M? results, obtained during the
characterisation of the ~1211 nm SDL pump source. During experimentation, the M?
had been >2 as a consequence of higher operational output powers, which ultimately

impacts upon the ~2 um laser output.

5.2.3 Experimental Set-up

An illustration of the two V-folded laser cavities is provided in Figure 5-13. The
thermal management of the SDL used water cooling, as explained previously in
Chapter 3. The Tm(,Ho)-(co)doped glass and crystal samples were wrapped in
indium foil and placed in a brass mount especially designed for these samples, and
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shown in Figure 5-6. The materials were temperature controlled to ~15°C using a
thermo-electric cooler, to optimise laser performance and minimise any opportunity
for damage especially to the glass samples as a consequence of the optical pumping.
Furthermore a chopper was positioned prior to the Tm(,Ho) laser cavity, indicated in
Figure 5-13, to reduce by 50% the maximum power incident onto the glass/crystal.
This served to suppress thermal lensing effects and prevent damage, particularly to
the glass samples which were prone to cracking due to the high heat loads deposited
in the material through optical pumping.
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Figure 5-13: Schematic of the SDL pumping of the Tm-doped glass laser, using the
Tm®*:TZNG glass sample that was Brewster cut with length 5 mm.

The incident pump power measurements at ~1200 nm were taken immediately after
the relay mirrors, incurring cumulative losses of approximately 10%. These mirrors
were necessary to enable more control over the alignment of the beam into the Tm-
doped gain medium. The recorded incident pump power and power values behind the
glass/crystal provided the means to calculate the absorbed power, Py, of the system,
thereby allowing the internal efficiency of the system to be measured. The
experimental set up illustrated in Figure 5-13 includes the Tm**:TZNG glass sample,
however the material was swapped out for the Tm**Ho**:TZN glass and
Tm** Ho**:KYW crystal samples over the course of experimentation with slight
adjustments made to the ~2 um cavity. However, no changes were made to the cavity
of the SDL pump source throughout all experiments. It should also be noted that the
performance of the SDL remained consistent throughout the period of its required

operation, which was in the region of one month, providing a reliable and stable
pump source.
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5.2.4 Results and Discussion

The power transfer curves for all three laser systems are given in Figure 5-14, using

the absorbed power results. There is a clear distinction between the results obtained

for the glass lasers compared with those of the crystal, which is consistent with those

obtained previously using the ~800 nm pumping regime. Much higher output powers

were achieved in the KYW crystal of ~200 mW, as opposed to ~60 mW from the

TZNG glass laser. Likewise the slope efficiencies (internal efficiencies) follow suit,
with 34.8% obtained for KYW compared with 22.4% for the TZNG glass.
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Figure 5-14: ~2 um output power as a function of absorbed power results for (a)
Tm*:TZNG, (b) Tm* ,Ho**:TZNG and (c) Tm* Ho*:KYW.

Table 5.4 summarises the pump power thresholds and slope efficiencies for each of

the output coupler transmission powers used in the set of experiments. These values
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are of particular interest for the analysis on resonator losses. Major sources of loss in
such a cavity include reflection losses at the surfaces of the Brewster cut glass/crystal
and at the mirrors, as well as the intracavity birefringent filter BRF2 (when included).

Table 5.4: Experimental results obtained of the lasing thresholds and slope efficiencies
at the respective output coupler (OC) transmissions.

OC Transmission, Toc (%) Lasing Threshold (mW) Slope Efficiency, n (%)

Tm*>*: TZNG
1 149 9.2
2.5 198 16.5
4 277 22.4
Tm** Ho>*:TZN
0.1 170 1.3
1 186 5.3
2 289 7.2
Tm** Ho**:KYW
1 42 16
2.5 48 28.5
4 57 34.8

Caird analysis [37] was performed on the results, to determine the resonator
efficiency and losses for all three doped-dielectric systems. Equation (5.1.1)
expresses the slope efficiency » obtained with the corresponding output coupler
transmissions Toc from Table 5.4 relating to the maximum possible slope efficiency

no and losses L.

T
n=Tor (5.1.1)

. _ o . 1
Equation (5.1.1) has been re-organised and given in Equation (5.1.2). Plots of; as a

function of — have been generated and given in Figure 5-14, as a means to evaluate

Toc
no and L, with the best fit linear regression used again here.
1 1 L (1
SEEREN 512
n Mo 7o \Toc
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Figure 5-15: Caird analysis using inverse slope efficiencies as a function of the inverse
of the output coupler transmission Toc, results for Tm** Ho*: TZN, Tm*: TZNG and
Tm® Ho*:KYW.

The results generated using the Caird approach have provided losses of 2.4%
(TZNG), 0.6% (TZN) and 2.6% (KYW). Based on this analysis, the maximum
attainable slope efficiencies were calculated to be 36%, 9% and 58% for TZNG,
TZN and KYW respectively.

The insertion of a birefringent filter (BRF2) into the ~2 um laser cavity, as illustrated
in Figure 5-13, enabled wavelength tuning to be carried out for each of the lasers.
The results of the tuning curves are shown in Figure 5-16 below, each obtained using
a 1% output coupler. A noticeable ‘dip’ at ~1900 nm was observed in the wavelength
tuning range results for the Tm**,Ho**:K'YW crystal laser, which happens to coincide
with a decreased absorption cross-section and gain in the material at that wavelength
[19].
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Figure 5-16: Wavelength tuning curve results using 1% output couplers (OC) for (a)
Tm®*:TZNG glass, (b) Tm**Ho**: TZN glass and (c) Tm*" Ho*:KYW crystal.

A synopsis of all ~1211 nm and ~800 nm pumping results are provided in Table 5.5,
indicating TZNG as the best performing glass sample, whilst the crystal outperforms
glass. As expected crystal is a more robust material, able to withstand higher
pumping powers and higher concentrations of heat, with the glasses visibly showing

signs of cracking during experiments.

Examining the results side-by-side between the two pumping schemes, highlights
some similarities especially in terms of slope efficiencies and tuning ranges. The
Ti:Sapphire pump source however, has been able to supply better beam quality at
high powers, resulting in twice the maximum achievable output powers to those
obtained through SDL pumping.
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Table 5.5: Summary of results of ~1211 nm pumped Tm*'-doped TZNG and TZN
glasses, and Tm** Ho**-codoped KYW crystal compared with ~800 nm pumping.

Laser System

Max Output

Power

Slope

Efficiency,n

~1211 nm Pumping

AAFWH M

o

Tm*>*:TZNG Glass 60 mW at 1942 nm | 22.4% using 115nm | 36% | 2.4%
(Tm 2 wt%) 4%0C
Tm** Ho**:TZN Glass | 12 mW at 1967 nm | 7.2% using 28nm | 8.7% | 0.6%
(Tm 2 wt%, Ho 0.2 2%0C
wit%)
Tm** Ho*":KYW 200 mW at 1963 34.8% using 156 nm | 58% | 2.6%
Crystal nm 4%0C
(Tm5 at.%, Ho 0.4
at.%)

~800 nm Pumping
Tm**:TZNG Glass 124 mW at 1960 28.4% using 6.1% | 135nm | 35% | 1.5%
(Tm 2 wt%) nm oC
Tm3+,H03+:TZN Glass | 25 mW at 2020 nm | 9.5% using 0.8% | 80 nm 30% | 0.9%
(Tm 2 wt%, Ho 0.2 OoC
wit%)
Tm3+,H03+:KYW 460 mW at 2056 44% using 1% 190nm | 61% | 0.3%
Crystal nm oC
(Tm5 at.%, Ho 0.4
at.%)

The impact the pump beam M? parameter has on the beam profile inside the gain
medium was estimated, based on evaluations by Augé et al. [38]. In Equation (5.1.3)
the pump wavelength A, and the focused pump beam radius wyo values were taken
from experimental results relating to the Tm*":TZNG glass sample expressed in [22]
and listed in Table 5.6.

M? (z—zo)lp)z
mupo()lp)n

w2(2) = 0o (A,) + ( (5.1.3)

Table 5.6: Parameters used in pump beam evaluation inside Tm:TZNG laser medium
[22].

Parameter Description Value
n Refractive Index 2

®po (Ap=793 NM) Pump beam radius for 793 nm pump wavelength 33 um
®po (A,=1211 nm) Pump beam radius for 1211 nm pump wavelength 25 pm
20 Offset distance inside the medium 2.5 mm
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The 793 nm and 1211 nm pump wavelengths were compared, both using a near
diffraction limited input beam of M?=1.2 and a larger M?=3 value. Based on these
estimates, there is a larger divergence experienced in the 1211 nm beam compared
with that of the 793 nm, as shown in Figure 5-17. This ultimately impacts on the
mode matching capability and overall efficiencies of the ~2 um, and thus may

contribute to the disparity between results.

7 T T J '
— 3,=793nm, M?=1.2

N 3,=793nm, VP=3
oo 3;=1211nm, M?=1.2 .
= N e J,=1211nm, M’=3
< 3=1950nm, M2=1.2
- . !

- A ’ 7]
g
= . .
3 N . '.t T

.. \ ’ -
E b Sl . T
é Teell N ’ o
‘e S poee”
S e ceet
= k' r3 2. : ’A
- .
A 30 ., "/ i
. - N ~ - . s
20 ' ' l l
0 1 2 3 ¢ >

Tm3*": TZNG Glass sample length, z (mm)

Figure 5-17: Comparison of 793 nm and 1211 nm pumping, with varying M?
parameters showing the pump beam radii inside the Tm*": TZNG glass sample of length
5 mm. Included is the 1950 nm laser beam profile through the crystal with M?=1.2.

Variation in results obtained for the ~800 nm pumping compared to ~1200 nm may
also come from the differences in pump location within the material. The doping
concentrations within the glasses may exhibit forms of inhomogeneity, having a

knock on effect upon the consistency of performance.
It must be stressed that the SDL pump source offers an alternative and less

complicated means to target excitation into the *Hs energy level, compared to the

previously shown cascading Raman fibre lasers.
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In the next section, the SDL shall again be used as a pump source, but to achieve

fibre Raman amplification.
5.3 Raman Amplification in a Silica Fibre

Increasing demands for bandwidth across telecommunication networks creates an
environment receptive to new opportunities which can build upon existing
technologies. The existence of fibre optic communication links has been around
since the late 1960’s; having first established optical waveguide capability [39] to
improvements of the fibre glass purity [40, 41] and finally implementing telecom
networks across mainland US cities [42]. A major engineering achievement came in
1988 with the connection of Tuckerton, New Jersey to both Widemouth, England
and Penmarche, France through the deployment of over 5,600 km of fibre optic cable
called TAT-8 [43]. Over such large distances, emerging technologies such as fibre
optic amplifiers allowed the capability of boosting optical signals without the need
for electro-optic regeneration of the signal in the form of repeaters. These amplifiers
have proven most useful for wavelength division multiplexing (WDM) with the

simultaneous amplification of multi-channel lightwave signals.

The most widely used method to amplify the signal has been Erbium-doped Fibre
Amplifiers (EDFA) [44]. However, such a mature technology is coming close to its
limit of development design, thus competition to continue expanding bandwidth
comes in the form of Raman fibre amplifiers [45]. Benefits to this approach include;
simplicity of amplifier architecture, since the signal amplification uses the
transmission fibre itself; flexibility in signal wavelengths, as the Raman gain depends
on the pump wavelength; low noise [46]; and larger gain bandwidths possible
through use of multiple pump sources [47-49]. Table 5.7 provides a comparison of
two available commercial systems of Raman Fibre Amplifier and EDFA in the
conventional C-band. This band covers the telecommunications wavelength region
1530 — 1565 nm, which is referred to as the ‘erbium window’ [50] due to energy of

photons in this band coinciding with the energy level of erbium ions.
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Table 5.7: Data relating to commercially available Raman Fibre Amplifiers and EDFA
[51].

System Pump Power Gain Noise Figure
Raman Fibre . . .
Amplifier 500 mW typical 10dB typical -1.0 dB typical
>32dB (small signal | ~5.5 dB (typical of
EDFA 35mwW gain at 1550 nm) ~3dBm input signal)

It is clear from Table 5.7 that in order to achieve Raman fibre amplification, high
power laser sources are required. In addition it is evident the exclusive use of EDFAs
in the C-band, provides further opportunities in fibre amplifier development within
the O-band (1260 — 1360 nm) region. The focus of the work presented in this section
is to demonstrate the application of an SDL designed for 1220 nm emission as the

pump source of a 26.6 km length of single mode (SM) silica core fibre.

5.3.1 Raman Gain Principles and System Requirements

Stimulated Raman scattering in the material forms the foundation for Raman
amplification. The incoming photon is either red-shifted (Stokes shift) or blue-shifted
(anti-Stokes shift) through the interaction with the medium. In the case of the Stokes
shift the final energy level of the molecule is lower than the incoming energy, with
the opposite true for anti-Stokes. It is the Stokes shift that has relevance in these
experiments, as the system aims to reach longer wavelengths around 1.3 pm. An
illustration is given in Figure 5-17 of stimulated Raman scattering. The difference in
the frequencies, between the pump and signal corresponds to the Stokes shift (7v,-
hvs).
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Figure 5-18: Schematic of the stimulated Raman scattering process.

An added advantage in using a silica fibre for Raman amplification has been the
wealth of simulation and experimental studies available on this material [52-54]. As
a basis for this study, the models used to describe the system comprise mainly those
of Agrawal [55, 56] and Hollenbeck et al. [54].

Considering signal and pump beam co-propagation through the silica fibre, the
power of the Raman scattered signal grows proportionally with the pump P, and
signal Ps power, as given in Equation (5.1.4). The variable yg corresponds to the
probability of stimulating Raman scattering in the medium, with Ag the effective
core area in the fibre where Agr=nw?, in which w is the field mode radius.

= ()RR = iR (5.1.4)
The Raman gain coefficient gy is a significant parameter, which has been often used
to describe the Raman gain spectrum of the fibre system. In the analysis presented by
Walrafen and Krishnan [57], they had proposed a set of Gaussian components to
model the performance of the Raman spectrum of fused silica fibres. In their model,

they have decomposed the spectrum into 13 Gaussians to describe the vibrational

spectrum in the material. Extended use of this model was presented by Hollenbeck et
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al. [54] in which the Raman response function and gain spectrum were successfully
demonstrated. Using their methods Equation (5.1.5) evaluates the spectral response
of the fibre output, where 75 corresponds to the Gaussian linewidths, A;’ the modal
amplitudes, and ®,; relates to the vibrational frequencies. Values for these
parameters were based on those from the Hollenbeck paper. The frequency w is the

difference associated with the pump and signal wavelengths, given w = (,11 - %)
1] S

!

13 _4; (w—wvi)2
9r = Xi exp ' (5.1.5)

=12wy, ri?

A Mathcad programme developed by Dr. S. Calvez has been written based on this
platform, and used to simulate the proposed system. Power transfers taking place in
the material are depicted in Equations (5.1.6), (5.1.7) and (5.1.8), in which the power
of forward travelling beams for the pump and signal are given as pr and P
respectively, whilst the backward direction for the signal is given P%. As the pump is
unidirectional, backward pump power has not been included in these calculations.
Attenuation coefficients of the pump a, and signal as, are wavelength dependent due

to the response of the silica material.

f(pfpb
f f AsgrPy (Ps +Ps)
tp = —a:pPp - (W (516)
fpf
f_ f 9RrPp P
ty = —agb; +<—Aeff ) (5.1.7)
p/pb
th = q.PP — (‘“—”) (5.1.8)
Aeff

Figure 5-19 depicts the cross-section of the silica fibre, to illustrate the pump and
signal beams travelling through a section of the fibre governed by the above

equations.
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L

Figure 5-19: Schematic of the silica fibre in a section i over a distance Az, in which the
forward pump power pr,i and the signal power in the forward direction P';and

backwards direction P’;are shown.

Parameters used in the evaluation are given in Table 5.8.

Table 5.8: Parameters used for calculating the Raman gain spectrum.

Parameter  Definition Value

0lp Ols Attenuation coefficient at the pump, signal wavelength (1 1.2 dB/km
dB/km)

Ao Pump wavelength 1220 nm

As Signal wavelength 1289 nm

P Signal power 1w

Aci(w=5um) | Effective mode area 78.5 pm’

Using this model the simulated Raman gain spectrum is shown in Figure 5-20,

spanning across wavlengths 1235 nm to 1350 nm.
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Figure 5-20: Simulated results of the Raman gain spectrum for the silica fibre pumped
by a 1220 nm source.

In amorphous silica fibres the main peak of the Stokes shift occurs around 440 cm™
(13.2 THz) [52]. Effectively the Raman gain spectrum experiences gain at a
frequency ~13 THz below the pump frequency, therefore the use of the pump laser
designed for 1220 nm operation expects to produce a Stokes shifted wavelength of
between 1280 - 1320 nm [58].

Due to the pump absorption, there is an effective interaction length known as the
Raman effective length given in Equation (5.1.9), which is dependent upon the

attenuation coefficient of the fibre material at the pump wavelength a, [56].

_ (1—exp(—apL))

Lesr = E— (5.1.9)
Using a solution of the small-signal power based on the expression given by Agrawal
[56], an expression for the signal output power at the end of the fibre length Pg(L) is
given in Equation (5.2.0). The pump input at front facet of the fibre, at z=0 is Py(0)
with the signal given as Pg(0), with the attenuation at the signal wavelength given as

Os.
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P(L) = P(0)exp|grBy(0)Lesy — asL] (5.2.0)

Through differentiation of the exponential in the above expression, an estimation of
the optimum length of the fibre can be made using Equation (5.2.1), using the
attenuation coefficients for the pump a, and signal as wavelengths given in Table
5.8.

ln(%ffb(o))

ap

Loptimum = (5.2.1)
Figure 5-21 gives an indication that the 26.6 km of silica fibre used in these
experiments requires a minimum of ~450 mW to achieve any level of Raman

amplification.

Optimum Raman length (km)

T T T T T T ‘ T — T ‘ T
0 100 200 300 400 500 600
Pump Power (mW)

Figure 5-21: Optimum Raman fibre length as a function of pump power.

An important requirement of a Raman pump laser is stability, in terms of wavelength
and power. Fluctuations in pump laser power can be transferred to the Raman gain
response, likewise with such a strong dependency upon the pump wavelength any
drift will ultimately impact on the gain spectrum. A measurement of the time-
dependent performance of the SDL was carried out, which had formed part of the
analysis of pumping of the Tm*"(,Ho*")-(co)doped laser systems but is valid since it

pertains to the same SDL device, with the results presented in Figure 5-22 [59]. The
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noise in the laser signal had exhibited a root-mean square deviation of 0.9% over a
period of 24 seconds. During this measurement no special efforts were made to
neither improve the mechanical stability nor apply electrical shielding, which implies

possible improvements to the relative noise intensity (RIN) of the SDL.
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Figure 5-22: Time-dependent performance of 1220 nm SDL operating at full power
[59].

5.3.2 Experimental Set-up

808 nm Diode
Pump
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Figure 5-23: Raman amplification setup. The optically pumped V-cavity SDL uses a
2% output coupler (OC) and intracavity birefringent filter (BRF). The tuneable source
and pump beams are coupled into a single mode fibre (SMF), which has been connected

to the 26.6km Raman fibre with the output collected by the optical spectrum analyser
(OSA).
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The supply of the extensive 26.6 km length of silica fibre used in this experiment
came from the Centre for Photonic Systems, Engineering Department, University of
Cambridge. The fibre was completely enclosed within a sealed box, therefore two
connecting SMF-28 fibres were needed to couple the pump and signal into the fibre,
and output to the OSA.

The maximum coupling efficiency achieved into the first stage of SMF had been
42%, providing ~540mW input to the 26.6km Raman fibre from ~1.3W SDL pump
power. A series of measurements were performed, in which the source was tuned
across a range from 1270 nm to 1310 nm, with the spectral response recorded using

the optical spectrum analyser (OSA).

The experiments conducted have been performed on the premise of the small-signal
regime, with the tunable source input to the fibre typically no larger than 32dBm
(1.5mW). In this respect the gain was determined by the pump power and fibre
properties. Using the technique described by Agrawal [55] in which the on/off
Raman gain Ga given in Equation (5.2.2), provides the amplifier signal gain

distribution along the length of the fibre L.

Ps with pump on—Noise with pump on _ Ps with pump on

= exp(gRPpL)
(5.2.2)

Gy (As) =

Ps; with pump of f—Noise with pump of f - Ps; with pump of f

Through the course of processing the experimental data points, the inherent noise
signal of the OSA was recorded and subsequently subtracted from each of the Py
measurements. This was carried out to ensure a more accurate representation of the

Raman gain results.

5.3.3 Raman Gain Results

Figure 5-24 shows the response recorded by the OSA, clearly indicating the spectra
of the 1216 nm SDL pump and the signal tuned to 1286 nm. The pump on/off
technique was employed providing a means to measure the small signal Raman gain

output from the Raman fibre.
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Figure 5-24: Spectra measured using the OSA with a resolution of 0.06 nm, showing the

1216 nm SDL pump, 1286 nm signal and noise level measured in the absence of both
signal and pump. Inset is the result showing the small signal gain, found through the
difference between the (Ps with pump on - Pump,.s,) and (Ps with pump off- Noise).

Overall results are given in Figure 5-25, alongside the simulated Raman gain spectra.
It was found that the filtered pump, with the SDL operating at 1216 nm, had
provided the highest gain at 4.6dB compared with the free running system obtaining
a maximum of 2.9dB. It is expected that the overall Raman on/off gain increases as

the pump wavelength increases [60]
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Figure 5-25: Empirical Raman gain results for free running pump (brown triangles)
and filtered pump (black crosses) at 1216 nm pump wavelength, compared with
simulated spectral gain results (red solid line) (Programme Courtesy of Dr. S. Calvez).

The broadened and diminished Raman gain profile of the free running results follow
suit with the broadening of the pump laser linewidth through the fibre, as presented
in Figures 5-26 and 5-27. It is expected that the free-running pump would ultimately
provide better performance, since at increasing pump powers the filtered pump
system would experience Stimulated Brillouin Scattering (SBS), with backscattering
of light in the medium. This is a limitation for optical fibres, and usually avoided by
broadening the laser spectrum (free running) above the width of the Brillouin line,
which is typically 20-100 MHz in silica fibres [61]. It was proposed by Marconi et
al. [62] that the addition of strain distributions along the fibre would act to solve the

SBS problem, whilst allowing narrower pump laser linewidths.
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Figure 5-26: Simulation of 0.38 W Pump power with a variable Gaussian spectral
distribution in the Raman fibre, across pump laser linewidths AA, = 0.1nm, 5 nm and
15nm (Programme Courtesy of Dr. S. Calvez).
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Figure 5-27: Simulation gain profile at the end of the Raman fibre, across pump laser
linewidths AA, = 0.1nm, 5 nm and 15nm (Programme Courtesy of Dr. S. Calvez).

Large disparity between the two results may be accounted for by improvements to

the overall set up during transitions between each set of measurements. Over the

176



period in which these measurements were taken, breakages occurred in the SMF and
connectors, thus changing the continuity. However the trend of the results follows
that of the simulation spectra, especially in the case of the filtered pump.

It should be noted that there were limits on the tunable source range, restricted to
between 1250 — 1320 nm. In addition the HR mirror bandwidth had a cut-off
wavelength at 1270 nm. These provide some explanation as to the distribution of

measured results shown in Figure 5-25.

To improve upon these results, it would be prudent to control the polarisation
orientation of the two inputs, which had not been done on the present system. It has
been recognised that co-polarised beams would enable a more efficient and higher
yielding gain result [55].

As a final note, parallel investigations performed by Chamorovskiy et al. [63]
employing the same principles using 1.22 um SDLs, have yielded higher Raman gain
results due to better quality of laser gain material. Their results have confounded the
successful employment of SDL pumping to achieve Raman amplification, and

further in the development of fibre Raman lasers [64].
5.4 Conclusions

The motivation for this work has been to explore the potential for SDL devices,
expanding functionality and exploiting the benefits from their flexible wavelength
design and high output capability. This chapter has successfully demonstrated the
novel approach to applying a ~1220 nm SDL as an excitation source. Slope
efficiency results obtained in the ~2 um rare earth doped dielectric laser systems
have been on a par with those found using the ~800 nm Ti:Sapphire as the pump
source. This creates an opportunity previously unseen in SDL applications. Further,
the Raman amplification in a single-mode silica fibre has also opened up more

potential uses for SDLs.

As a continuation of this theme, the application of a frequency doubled microchip

SDL design shall be explored in the next chapter.
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Chapter 6

Towards a Microchip Frequency
Doubled Semiconductor Disk Laser

6.1 Introduction

In this chapter the provision of frequency doubling an SDL device shall be merged
with the concept of a microchip laser configuration. The benefits of a compact
frequency doubled device include a system needing no alignment, which requires

less packaging and has the potential to become a mobile product.

The nonlinear effect in producing the second harmonic has been a common
technique to access the visible and UV spectral ranges, which have been difficult to
obtain directly. In Section 6.2 the variety of research in frequency doubled SDLs
shall be presented, which extends over a 12 year period. In light of the capability
with regards to spectral coverage of the GalnNAs/GaAs SDLs presented throughout
this thesis, the ~1180 nm SDL shall be used to target the yellow/orange (~590 nm)
visible wavelength. Yellow/orange laser light has gained interest in recent years due
to its application in the treatment of diabetic retinopathy [1-3] and to act as a sodium

guide star in astronomy [4-7].

The experimental work presented in Section 6.3 explores a route towards a microchip
configuration with the compact design of a double bond arrangement between the

nonlinear crystal, the heatspreader and the semiconductor chip.
6.2 Frequency Doubling in SDLs

Accessing the visible spectrum has a significant importance for a wide range of
applications, including medical [8-10], display for laser TV/projection [11, 12],
astronomical [4] and spectroscopy [13]. The frequency doubling process, also known

as second harmonic generation (SHG), has been a successful method over the last 50
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years to produce lasers that operate in the UV and visible spectrum ranges. SDLs
were a logical source for frequency doubling due to their versatility in accessing such
a large range of wavelengths through careful choice of gain material and QW

composition, as discussed previously in Chapter 2.

6.2.1 Prior Results of Frequency Doubled SDLs

The progress and variation of experimental work utilising frequency doubled SDLs is
presented in Table 6.1. Typical cavity configurations which have been used are those

represented in Figure 6-1.
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Figure 6-1: Cavity configurations for frequency doubled SDLs (a) incorporating a
shaped SHG crystal [14], (b) 4-mirror (Z-cavity) [15] and (c) 3-mirror (V-Cavity) [16].

A majority of these devices have targeted the green (495 nm — 560 nm) visible region
covering a diverse range of applications to include projection displays, bio-

photonics, pump sources for other laser systems and micro-machining. The next
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popular visible region has been blue (450 nm — 495 nm), which has also been applied

to projection displays and bio-photonics, and also in data storage.

The wavelength range 560 nm — 635 nm (yellow/orange), which forms the focus of
this work, is of particular interest for medical applications, specifically the treatment
of retinal vascular disease [8]. These studies have shown, through use of a dye laser,
the successful treatment for macular edema in diabetic retinopathy whereby micro-
aneurisms were focally closed using the laser operating around 577 nm. This specific
wavelength also has been used for dye and drug delivery in the presence of blood
[17] as 577 nm is the peak absorption wavelength of haemoglobin. In the field of
forensics, lasers operating in the visible spectrum are used to examine biological
evidence. Coherent Inc. have developed in 2006 a product called TracER™, a
portable forensics laser device weighing <1kg designed to operate with 6-8W green
(542 nm), 3-5W yellow (577 nm) and 2W blue (460 nm) with a retail value between
$41k and $48k [18].

Another application which has attracted considerable interest for yellow/orange laser
development has been the sodium guide star, to aid astronomical telescopes with
atmospheric corrections. The sodium atoms, which occur in the mesosphere at an
altitude of ~90km, absorb at 589.2 nm and emit fluorescence at the same wavelength
thus providing a signal from an artificial star that the telescope can analyse and
implement adaptive optic corrections. The development of lasers operating at 1178
nm with the capability of narrow linewidth frequency doubled 589 nm at high output
powers has been explored by Héarkonen et al. [19], Holzlohner et al. [7] and Fallahi
et al. [16].

The Gerster et al [20] approach to produce frequency doubled 610 nm used an
intracavity LBO crystal with a thin disk GaAsSb/GaAs based SDL in a two mirror
cavity configuration. The crystal and laser were cooled to -15°C, to achieve a
maximum fundamental output power of 68 mW and 30 mW at the second harmonic.
Similarly an InGaAs/GaAs thin disk device with an intracavity LBO crystal were
used by Fallahi et al. [16] in a three mirror cavity configuration. The operating

temperatures in these experiments were much higher at 15°C and 25°C, with output

185



powers of 8W at the fundamental 1175 nm and 5W at 585-589 nm. It becomes
apparent that the choice in SDL gain material is key in the design of a high power,
frequency doubled laser system. Demonstrations of yellow/orange frequency doubled
SDLs based on GaInNAs/GaAs have been shown by Harkonen et al. [21], Korpijérvi
et al. [22] and Leinonen et al. [23].

This frequency doubled SDL approach had been identified with commercial potential
by two initial patents from Coherent, Inc in 1999. The first was from Caprara et al.
[24] swiftly followed by Spinelli [25], both describing intracavity frequency doubled
optically pumped SDLs. The market potential for laser TV and projection displays
motivated patents from Novalux, Inc. in 2005 [26] for red, green and blue laser
displays and in 2006 [27] for frequency stabilised external cavity lasers. This was
closely followed by Samsung Electronics Co. Ltd. in 2007 with a patent from Kim
[28] for an optically pumped SDL, whilst a colleague Cho [29] filed a patent the
same year for mirror coated nonlinear crystals within an SDL for more efficient
frequency doubling. In contrast an electrically pumped SDL targeting the green
wavelength region was patented by Baier and Weichmann in 2008 [30]. All patents
broadly encapsulate nonlinear medium; periodically-poled lithium niobate (PPLN),
periodically-poled potassium titanyl phosphate (PPKTP), beta-barium borate (f-
BBO), bismuth borate (BiBO), potassium titanyl phosphate (KTP) and lithium
triborate (LBO).
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Table 6.1: Frequency doubling using SDLs between 1999 and 2011.

Year Nonlinear Crystal SDL Gain Wavelength Conversion SHG Output Conversion  References

Powers Efficiencies

1999 KNbO; InGaAs/ GaAsP/GaAs 980nm to 490nm 5mwW 1.5% [14]
2000 KNbO, GaAs/AlGaAs 860nm to 430nm 11.6mwW [31]
2003 LBO GaAsSh/GaAs 1220nm to 610nm 30mw [20]
2003 PP KTP (1x5x10mm°) | InGaAs/GaAsP/GaAs* | 980nm to 480nm 42mw 1.3% [32]
2005 BiBO (4mm length) InGaAs/GaAs 1040nm to 520nm 0.7W 10% [33]
2005 LBO (5mm length) InGaAs/GaAs ** 978nm to 489nm MW (Payg) [34]
MgO-doped PPLN « | 1064nmto 532nm 34mw
2005 (PPKTP) INGaASIGAASPIGaAS ™ | 500m to 460nm) (20mW) 3]
2006 KNbO; InGaAs/GaAs 1003nm to 501nm 62mw 0.6% [36]
2006 BBO (3x3x7 mm®) AllnGaP 675nm to 388nm 120mw [37]
2006 BBO (3x3x8 mm?®) InGaAs/GaAsP/GaAs 1060nm to 535nm W 27% [38]
2006 LBO InGaAs 920nm to 460nm 2W 10% [39]
2007 BiBO (3x3x4mm°) InGaAs/GaAs 1050nm to 529nm 220mwW 52% [40]
1160-1108nm to 580-554nm | 100mW
2007 LBO InGaAs/GaAsP/GaAs (1150nm to 575nm) (85W) [41]
1064nm to 535nm*** 55W
2007 LBO (5mm length) InGaAs/GaAsP/GaAs (980nm to 488nm) (15W) [42]
2007 BBO (4 mm length) GalnNAs/GaAs 1230nm to 615nm 172mwW [21]




88T

Nonlinear Crystal SDL Gain Wavelength Conversion SHG Output Conversion References
Powers Efficiencies
2008 LBO (3x3x15mm°®) | InGaAs/GaAs 977nm to 488nm 480mw 8.5% [43]
2008 LBO (2x2x5mm®) InGaAs/GaAs 1080nm to 540nm 12mwW 30% [44]
2008 LBO (3x3x10mm?) InGaAs/GaAs 1175nm to 587nm 5w [16]
2009 PPLN InGaAs * 980nm to 490nm 250mwW [45]
2009 LBO (10mm length) InGaAs/ GaAsP/GaAs 1178nm to 589nm 2W [46]
2010 BBO (4mm length) GalnNAs/GaNAs/GaAs | 1180nm to 590nm 6.2W [22]
2010 LBO (15mm length) GalnNAs/GaNAs/GaAs | 1180nm to 590nm (562;/\\/IV282°°(C3:) 2525;/02) [23]
2011 BiBO (3x3x5mm®) InGaAs/GaAsP/GaAs 920nm to 460nm 1.61W 14.5% [47]

*Electrically pumped SDL, **Modelocked SDL, ***Implemented 3 SDL chips



A common theme to achieve these results has been to place the nonlinear crystal
intracavity. The reason for this approach has been to capitalise on the high
intracavity power densities of these devices, providing an efficient means to promote
the second harmonic within the crystal [48]. In addition the short (ns) gain lifetime

reduces ‘green’ noise compared to doped dielectric versions [40, 49, 50].

6.2.2 Frequency Doubling in a Microchip SDL

The frequency doubling process occurs when the energy of an optical wave with
frequency w propagates through a nonlinear crystal, inducing an electric polarisation
component oscillating at frequency 2w. The polarisation effect has a significant
contribution to the nonlinear optical process by the charges oscillating in the material
due to the incident oscillating electric field and re-radiating, thereby adding to the
field. The relationship between polarisation of a system and the strength of the

electric field E [51] is expressed as a power series in Equation (6.1.1).
P = 60X1E + 60X2E2 + 60X3E3 + .- (611)

Within this equation the permittivity of free space is given as €,, and the first, second
and third order susceptibilities y;, ¥, x5 are proportionality constants to the system.
Due to the small higher order susceptibilities (x2,xs) compared with x;, nonlinear
optical effects come into play only for high energy fields, such as those experienced
by an SDL intracavity. In the case of frequency doubling the nonlinear polarisation
P, expression is given in Equation (6.1.2), where the electromagnetic wave is twice

the frequency 2w of the incident wave.
P, = 2€0x2EE™ + 2€0x, E?e ™29t + 2¢e,x, E*2e 120t (6.1.2)

The second-order nonlinear susceptibility y,, relates to the symmetry of the crystal.

Conventional notation [51] [52] uses the tensor

dijx = %Xijk (6.1.3)
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to evaluate the susceptibility, where the ijk indices correspond to the permutation
symmetry of the light waves inside the crystal structure. This tensor is also referred
to as the nonlinear coefficient, and is used in describing the strength of the higher
order nonlinear effect. In the case of a centrosymmetric crystal or one that possesses
inversion symmetry, the nonlinear coefficient di=0 and there are no second-order
nonlinearity effects. Thus only non-centrosymmetric crystals can be used to achieve
frequency doubling, such as those listed in Table 6.1.

6.2.2.1 Phase Matching Conditions

Phase matching is an important aspect of frequency doubling but can be difficult to
achieve due to dispersion in the crystal material. A general term for an
electromagnetic wave in relation to the refractive index in the material and its

angular frequency is expressed in Equation (6.1.4) as a propagation vector k.

_ Ny _ N2yu2w
ka) - ¢ rkZa) - c

(6.1.4)

The mismatch of the momentum associated with the electromagnetic waves is

presented in Equation (6.1.5).
Ak = kye — 2k = =2 (2 — M) (6.1.5)

The phase matching condition occurs when Ak = 0, thus n,,, = n,,. However, due to
dispersion usually n,,, # n,. There are two types of phase matching that can be

achieved for frequency doubling, critical and non-critical.

Angular phase matching or critical phase matching is achieved by a particular
orientation of the uniaxial crystal with respect to the propagation direction of the
incident beam. Equation (6.1.6) relates to the geometry for critical phase matching,
as illustrated in Figure 6-2 with the index ellipsoid.

1 sin?8 . cos?@
n2 2 2
ne(6") ne No

(6.1.6)
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Optic Axis

. 2w)
n,(2w)

Figure 6-2: Refractive index ellipsoid indicating the ordinary and extraordinary indices
for the fundamental, w and doubled frequency, 2w. Included is the frequency doubled
propagating wave vector, k;, and its phase matching angle 8 with the optic axis.

In order to satisfy the phase matching condition, Ak =0, the value of & can be
calculated under the conditions ne(®@") = ne for #=90° and ne(@") = n, for 6'=0.
Therefore using Equation (6.2.0) and the conditions listed in Figure 6-3, an
evaluation is performed in the case of a negative type | uniaxial crystal such as that
of the chosen B-BBO. The fundamental frequency w with an ordinary index produces
frequency doubled 2« and an extraordinary index. Through substitution of the

correct variables, Equation (6.1.6) introduces the phase matching angle 6.

1 sin?6, |, cos?Op
No(@)?2 Me(w)? = ny(2w)? (6.1.7)

Through substitution using the trigonometric relationship cos? 8 = 1 —sin? 8 the

Equation (6.1.7) reduces to Equation (6.1.8), resolving the phase matching angle.

nEz(w)—naz(Zw) (618)

nz2Q2w)-ny22w)

sin?@,, =
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Type 1 Type 11

positive
nlwy + n2w, =ndw; niw +niw, =ndw;

1 .
n,(6,w) = n,(2w)  EMc) 7Me(20) =3[n(w) +n,(6,w)]

negative

nlw +niw, =ndw; nlw, + niw, =ndw;

] 1. )
ns‘:ar 2w) = ne(w) (P.MC) n,(6,2w) = E[na‘-w) +n,(6, w)]

O.A.

Fundamental / Second Harmonic
O-ray AR E-ray
o al o oala o o o o o >
i YV ovey
/ Phase Matching

Figure 6-3: Uniaxial crystal phase-matching methods and phase matching conditions
(P.M.C) for Type I and Type Il crystals, for positive (n, < n,) and negative (n, < n,).
The insert diagram shows an example of a negative Type | uniaxial crystal, indicating
the phase matching angle, & made with the optic axis, (0.A).[51] [52]

An aspect associated with nonlinear crystals is something known as the beam walk-
off angle. This angle is made between the ordinary and extraordinary beams that
have the same phase velocity but travel in different directions, as illustrated in Figure
6-6. The angle p from the diagram can be formulated based on previous evaluations
using the ordinary and extraordinary indices [52].

(n2-n3)sin26 ) _ n%(9)

1 1 .
nZcos? +n2sin20) 2 (n_(z,_n_g) sin 260 (6.1.9)

tan p =%(

When the phase matching angle @ is 90° then the walk-off angle p is 0, this condition
is referred to as 90° phase matching or non-critical phase matching (NCPM). The
usefulness of NCPM is prevalent in nonlinear crystals that have their refractive
indices tuned through temperature control. An advantage to this is potentially high
conversion efficiencies due to the fact that the beam can be much more tightly
focussed into the crystal and beam alignment is not as critical. For other crystals that
are not temperature sensitive, the walk-off angle has the potential to limit the
conversion efficiency, since the orientation of the crystal must be precise to

maximise nonlinear interaction within the crystal. The acceptance length I, as
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shown in Figure 6-4, is the point at which the frequency doubled beam deviates from

the fundamental beam and they no longer overlap.

s

Nonlinear crystal ()ptn. Axis

z (beam
propagation
direction)
20
‘. ............. .
]ﬂ' cC
‘. ................................. ..
L crys

Figure 6-4: The beam walk-off angle p with respect to the phase matching angle # and
the optic axis in a nonlinear crystal, where the input k wavevector and fundamental
frequency w with frequency doubled 2@ outputs. The acceptance length, I, indicated is
the length before the frequency doubled beam ‘walks-off’ the fundamental beam.

The length of the crystal is the space through which the fundamental beam interacts
with the material to produce frequency doubled output. However, the fundamental
and second harmonics travel at different speeds due to the wavelength dependent
refraction through the material. The second harmonic will have reduced efficiency
when it is out of phase with the fundamental. Therefore in order to achieve phase

matching, the coherence length needs to have a phase difference of © between the
two beams, i.e. when % = 1. The coherence length, I, of the crystal at normal
incidence is calculated using Equation (6.1.5) such that [, = A”—k and is the distance at

which the frequency doubled power is at its maximum. The second harmonic is

suppressed when the crystal length Lcys=mlc, where m=2n+1.
The intensity of the frequency doubled beam at a distance | inside the nonlinear

crystal is described in Equation (6.2.0) [55]. The Ak is the same as in Equation

(6.1.5), c and & are constants, n implies the refractive indices (which can be included
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as no, Ny and ne for a type | negative uniaxial crystal), de is the effective nonlinear

coefficient and the fundamental beam intensity is |,.

202dZpp1% sinz(ATkl)
IZ(.U = n3c3e, w (ﬂ)z
2

(6.2.0)

Considering the fundamental input as a propagating Gaussian beam, having a radial
intensity distribution, the waist size and its location in the crystal along with the
divergence angle are important parameters to evaluate conversion. The relationship
between intensity and power is shown in Equation (6.2.1) with w, corresponding to
the 1/e? half width of the intensity beam.

Py

2
Tw§

I, = (6.2.1)
The conversion efficiency [55] over the length of the crystal Lerys is given in equation
(6.2.2).

2w2d% ¢ L2 rys ) AkLcrys
n= %ﬁ)ylw sinc? (Ty) (6.2.2)
In phase matching, the efficiency of nonlinear conversion is limited to a finite
frequency spectrum of the interacting fundamental and second harmonic waves. The
consequences in deviating from the phase matching condition at a fixed length of
nonlinear crystal, is a reduction of the SHG power which is given in Equation (6.2.3)
[56].

Py _ .. 2 AkLcrys

220 = sinc? (—=r) (6.2.3)

max
PZ(JJ

This deviation from the phase matching angle, A6=6-6y, is shown in Figure 6-5. The
values used for the calculation refer to a f-BBO negative type | nonlinear crystal
with a fundamental wavelength of 1180 nm, phase matching angle &, of 21.4°, using
a crystal of length 2 mm, having refractive indices no(w)=1.65, no(2w)=1.67 and
Ne(2w)=1.55 found using Equation (6.2.2). The full width at half maximum (FWHM)

value of the AO, acceptance angle using these parameters results in 0.3 mrad-cm,
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which is comparable with ~0.7 mrad-cm for conversion from 1080 nm to 540 nm
[57].
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Figure 6-5: Second harmonic power as a function of the deviation from the phase
matching angle.

6.2.2.2 Nonlinear Crystal Choice for a Microchip Laser

The selection of a nonlinear crystal is not a trivial matter, and is based on the
performance constraints of the crystal for the required application. In this instance
the requirement is for use in a frequency doubled quasi-monolithic SDL operating at
the fundamental wavelength ~1180 nm. The crystal must therefore have transparency

across both the fundamental and second harmonic wavelengths.

Due to the integration of the doubling crystal with the SDL in a double bond
arrangement, this introduces the constraint on beam positioning within the crystal.
The fundamental beam shall not be focussed into the centre of the crystal, but shall
remain planar with roughly the same diameter as that of the mode size onto the SDL
chip, as illustrated in Figure 6-8. The crystal must therefore have a low sensitivity to

angular alignment.
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The dimensions of the crystal are key, particularly the length which needs to be thin
enough to allow for bonding to the diamond heatspreader, yet requires sufficient
length to provide conversion from the infra-red to the yellow/orange. Therefore the
crystal should have a large effective nonlinear coefficient to enable frequency
doubling to take place over shorter distances. Microchip lasers such as those
developed in St Andrews University by Sinclair et al. [53] have highlighted some
issues with regards compact cavity configurations and SHG. One such issue refers to
the stability of their plane-plane cavity, where thermal loads within the gain medium
induced a thermal lens effect which acted to self-align the laser. In an SDL with the
length of the gain region < 2um, thermal lensing may have some contribution
towards the cavity but it is the overall laser cavity length between the DBR mirror
and external mirror which influences the laser mode size. The stability depends upon
the radius of curvature of the external mirror, with any additional thermal lensing
contributions. Therefore with the nonlinear crystal taking up a large proportion of the
cavity, the length must be factored into the laser design. Drawing from the
evaluations for optimal nonlinear crystal length developed by Smith [48], losses need
to be kept to a minimum to provide high intracavity powers to enable good
conversion efficiency. Therefore a low loss cavity requires a shorter length of

nonlinear crystal.

Furthermore, the crystal does not have a separate temperature controller, but shall be
at the temperature determined by the interface with the diamond heatspreader. In this
respect the crystal should not be thermally sensitive, but should favour critical phase
matching operation.

196



Table 6.2: Specifications for nonlinear crystals KNbO3, LBO and -BBO[54].

Nonlinear Crystal Material KNbO; LBO p-BBO
Crystal Type Biaxial Biaxial Uniaxial
Phase Matching Type I-CPM I-CPM I-CPM
Transparency Range (nm) 450 - 4500 160 - 2600 190 - 3500
Effective Nonlinear Coefficient, de, 12.9 0.85 2.1
(pm/V) (6,9) (6=25.5,$=90) | (6=90, $=4.1) | (6=21.4, $=0)
Acceptance Angle, AB (mrad/cm) 687.5 1136 974
Spectral Acceptance, AL (nm/cm) 0.38 7.13 3
Walk-off Angle (mrad) 56 <2.6 54
Temperature Acceptance, AT (°C/cm) ~0.6 5.2 51
Hygroscopic Susceptibility Low Low Very Low

Table 6.2 provides a comparison between three of the nonlinear crystals for SHG
operation at the 1180 nm fundamental wavelength. The KNbO3; material has been
typically used in non-critical phase matching conditions, which has benefits for not
requiring angular precision, yet in this application temperature management of the
crystal cannot be performed due to the cavity configuration. Added to this, the low
hygroscopic property of the material may impede the bonding procedure to the
heatspreader, thus making it an undesirable candidate for this application. The LBO
crystal and B-BBO are close choices, with the LBO having a larger acceptance angle
and smaller walk-off but a smaller effective nonlinear coefficient. As this is an
important parameter for a thin enough crystal for bonding purposes as well as the
lower hygroscopic property, the B-BBO crystal was chosen for use in the microchip

SDL configuration.

6.2.2.3 Laser Cavity Configurations

The model developed by Kim et al. [58] for V-cavity configuration frequency
doubled SDL, shall be adopted for use here. The inclusion of the BRF and the second
harmonic generation crystal in combination with a CVD diamond heatspreader has

been shown to introduce significant loss mechanisms into the cavity. A 7% reduction
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in output power has been measured by Kim et al. [59], which conveys the
importance in correct alignment of the birefringent sensitive elements in the cavity to

achieve optimal output.
Yellow/Orange Pump LD B-BBO SHG Crystal
Output ﬂ Diamond HS

o
SDL Chip

FoM

IR Output

FM (OC)

Figure 6-6: The V-cavity configuration based on Kim et al [60], adapted with the
double bonded SDL chip, Diamond HS and -BBO nonlinear crystal. Includes are the
birefringent filter BRF between the folding mirror FoM and the output coupler/Flat
mirror FM (OC).

The model calculates the second harmonic power Psy given in Equation (6.2.4)
based on its mode size Ashg and nonlinear coupling coefficient K, which is expressed
in Equation (6.2.5). The variables used in these equations are based on the system
described above, where the mode size is close to that of the fundamental due to its
proximity next to the SDL chip, the pump wavelength 4, is 808 nm, the fundamental
wavelength 4, is 1180 nm, the length of the gain medium Iy is 2 pm, the pump
threshold Py, is taken as 600 mW, the absorption efficiency #aps and the confinement

factor I" use the values 0.66 and 2 respectively.

2
1 Iabs(Pp=Ptn) Ap
Psye = 4K< 1+ Jl + 4K “Aunglgar Az) Agng (6.2.4)
The variables used in the expression for the nonlinear coupling coefficient K for
Equation (6.2.5) include the permeability U and permittivity g, coefficients in free
space, the speed of light c, the fundamental angular frequency sy, and associated

crystal variables; the crystal length Lys; effective nonlinear coefficient desr; ordinary

198



no and extraordinary ne refractive indices; and the phase matching condition Ak from

Equation (6.1.5).

wdZ ;L2 ) AKL
K=4 ’?% sinc? (%) (6.2.5)
0

o'te

SHG Output Power, Py (W)

Incident Pump Power, P, (W)

Figure 6-7: Simulated SHG output power for loss a, values of 0.5%, 1% and 2%.

The mode diameter sizes within the region of the bonded components of the
semiconductor chip, the diamond heatspreader and the 3-BBO crystal are illustrated
in Figure 6-8. The mode size within the nonlinear crystal was marginally larger at

78.7 um compared with 77.5 pm incident onto the chip.

Diamond
HS
Semiconductor
Chip

Figure 6-8: Beam incident onto the semiconductor chip, and at the centre of the BBO
crystal, indicating the beam diameters.
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With the conversion efficiency directly proportional to the fundamental intensity 1,
as stated in Equation (6.2.2), the power density into the crystal is therefore an
important factor for conversion. Using the relationship between the intensity and

. P, .. .
mode size from I, = n—;’z the efficiency was calculated for a range of mode sizes as
o

shown in Figure 6-9. The crystal length was kept at 2 mm with an effective nonlinear
coefficient value for the negative type 1 $-BBO crystal of 2.1 pm/V. From this
evaluation the mode radius of 40 pm inside the crystal for this V-cavity

configuration, has an expected conversion efficiency >40%.

80~

40

Conversion Efficiency, 1 (%0)

20 40 60 80

Fundamental mode radius, @, (um)

Figur 6-9: Theoretical conversion efficiencies across a range of fundamental mode
radius sizes, for powers P,=15W, 20W and 30W.

In order to achieve higher efficiencies, reduced mode sizes with increased
fundamental power would be necessary, which highlights the need to keep
intracavity losses to a minimum. Furthermore the curved external mirror must be

designed to allow a smaller mode size, whilst maintaining laser cavity stability.

Turning our attention to the microchip SDL, a possible configuration is illustrated in
Figure 6-10. There are many variables to consider for this more complex cavity
design. The inclusion of the microlens at the top surface of the nonlinear crystal
introduces some limitation as to the focusing lengths of the beams within the

compact cavity. This has been demonstrated by Laurand et al. [61] in studies using
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microlensed microchip SDLs, in which their deposition technique limited the height
h of the lens to that of ~0.75um. Furthermore the mode matching conditions of the
fundamental mode size and the pump beam spot radius onto the semiconductor chip
should be <2wq for TEMgo output, above this higher order modes are allowed to
oscillate. The pump beam conventionally is fibre delivered, thus mode matching
relies on the selection of the pump delivery optics and focusing lens. In addition, the
required specifications of coatings deposited onto the microlens should be anti-
reflective at the pump wavelength of 808 nm, whilst highly reflective for the
fundamental 1180 nm and provide sufficient output coupling of the 590 nm SHG
light.

1180nm

Diamond
HS Fundamental

808nm Pump

Focussing
Microlens [ ens
A

Semiconductor
Chip

808nm
Pump Beam

..... : Low-pass
Filter

590nm
SHG

Figure 6-10: Microchip configuration indicating an 808nm pump beam (purple) at
normal incidence focused onto the semiconductor chip, with the 1180 nm fundamental
(red) within the micro-cavity and the 590 nm (orange) SHG output.

Laser stability for the microchip configuration, as presented in Figure 6-10, has the
length of the cavity composed entirely of the heatspreader and the nonlinear crystal.
As described in Chapter 4, the stability shows interdependency on the radius of
curvature of the external mirror which is exhibited in the region of zone I in Figure 4-
12, where L, < R.. Figure 6-11 illustrates the mode radius profiles for a range of
microlens R values based on different lens diameters. These curves stem from the
microlensed system [61, 62] evaluations using Equation (6.2.6) to determine the

microlens radius of curvature and Equation (6.2.7) for the mode radius. For these
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calculations, the microlens diameter is d with the height h limited to ~0.75 um, the
length of the cavity L. and using the refractive index provided by the B-BBO crystal
No(4r)=1.652due to its contribution to a larger proportion of the cavity.

d?+4h?
R, = o (6.2.6)

Wy = j (% /”Li - 1) (6.2.7)

=== 150 pm
— 100pmm ____.__3 ...................
----- 90 um e i

80 pm PR

10F

Mode Size Radius at Micolens, ¢, (um)

1 1 ;
0 1 2 3

Length of Cavity, L, (mm)

Figure 6-11: Microlens mode sizes with lens diameters d 150 um, 100 pum, 90 um and 80
KUm over a range of cavity lengths for a frequency doubled microcavity SDL.

Based on these estimates, it is possible to obtain a mode size of ~16um onto the SDL
chip using the microlens approach for a cavity with a 2 mm long crystal and 250 pm
diamond heatspreader. This enhances the prospect for higher conversion efficiencies
within the nonlinear crystal. However such high powers concentrated into a smaller
mode area may have consequences with regards higher thermal loads, which shall be

explored in the next section.
6.2.2.4 Thermal Considerations of the Microchip

In solid state laser systems, thermal lensing has been known to distort the transverse
mode and limit power scaling. However, in doped dielectric microchip lasers the
thermal lensing can create a self alignment between the cavity and gain which
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contributes to the overall success of such devices [53]. The thermal effects
experienced in the frequency doubled microchip SDL may have an impact on the
stability of the laser, in the same way that Magni [63] realised in solid-state laser
design. Resonators experiencing a variable lens or thermal lens can operate in
dynamic stability within certain cavity stability zones, and the mode spot size in the
gain medium was insensitive to these lens variations. Due to the thermal sensitivity
inherent in SDL operation, it is important to gauge the thermal response of the
device, with the inclusion of the nonlinear crystal. Using finite element analysis the
effect that the bonded B-BBO has on the thermal performance was explored. The

parameters used for simulations are listed in Table 6.3.

Table 6.3: Finite element analysis parameters used in simulations

Symbol Definition Value

Zuindow Window thickness 2.7x10"mm

Zactive Active region thickness 9.361x10*mm
ZoBR DBR thickness 4.741x10°mm
Zsub Substrate thickness 0.35 mm

Zdia Diamond heatspreader thickness 0.25 mm

ZBEO BBO nonlinear crystal thickness 2 mm

Kwindow Window thermal conductivity 0.012 W/(mm.K)
Kactive Active region thermal conductivity 0.044 W/(mm.K)
Kpgrz DBR axial thermal conductivity 0.0611 W/(mm.K)
Kpgrr DBR radial thermal conductivity 0.0698 W/(mm.K)
Ksub Substrate thermal conductivity 0.044 W/(mm.K)
Kaia Diamond heatspreader thermal conductivity 2 W/(mm.K)

Kego BBO nonlinear crystal thermal conductivity 0.0016 W/ (mm.K)
Kindium Indium foil thermal conductivity 0.082 W/(mm.K)
o Pump absorption coefficient in the gain 1430 mm™*

P Absorbed power contributing to heat 5W

Tew Substrate temperature 0°C

The active region experiences a slight increase in temperature due to the bonded B-

BBO crystal acting as a barrier for heat extraction, which is apparent in Figure 6-12

(b).

203




2] - 1
(a) ! No [3-BBO !
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Figure 6-12: (a) Finite Element Analysis indicating the the heat flux paths (red lines) for
the 1180 nm 10 QW GalnNAs/GaNAs/GaAs SDL with a diamond HS and pump spot
radius w,= 40 um, (b) the same sample with the inclusion of the bonded -BBO
nonlinear crystal.

The increase in thermal resistance was found to be marginal at ~0.5 K/W between

the two systems, as shown in Figure 6-13.
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Figure 6-13: Thermal resistance comparison based on simulations of the 1180 nm
GalnNAs SDL and the double bonded 3-BBO SDL.

A thermal lens investigation was performed based on the above thermal simulations,
to ascertain how much of a contribution this has to the stability of the microchip
SDL, in terms of the microlens R.. The axially averaged temperature change was
used to convert to an equivalent optical path length using the thickness of the

material, t and its thermo-optic coefficient Z—;l used in Equation (6.2.8), where dTayg is

the axial average temperature and o is the thermal expansion coefficient of the

material.

OL = [t + (adTayyt)] [n + Z—:dTavg] (6.2.8)

The thermal lensing effects in most solid-state lasers manifest as refractive index
changes and surface deformation to provide cavity stability [53]. The optical path
length difference [64] [62] due to the thermo-optic effects in the SDL active region
alters the point of overlap between the fundamental and second harmonic. The
thermal focal length fy, relationship to the optical path length is expressed in
Equation (6.2.9), where the optical path length at r=0 is OL(0) and at a radial
distance r is OL(r).

OLD(r) = OL(0) — OL(r) = E (6.2.9)
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In an attempt to mode match the microcavity, the pump spot sizes were chosen to
align with the calculated mode sizes using Equation (6.2.5). Given that the
relationship of the focal length of the microlens with its radius of curvature R; is
f=(nR./n-1) [62], the total focal length of the system has been formulated to account
for the contribution of the thermal lens. Table 6.4 presents the results of the
calculated microlens and simulated thermal focal lengths, which provides an initial
indication that the thermal lens effect has a significant role in this application of a
frequency doubled microlensed system. In light of these results, further analysis
would be needed to assess how much of an impact this has on the system, with

perhaps more accurate mode matching capability by factoring in thermal lens effects.

Table 6.4: Calculated results of wy and f for a microlensed frequency doubled SDL,
compared with simulated results using w, to obtain fy,, giving the total focal length of
the system f, (Microlens height, h=0.75um, diameters d=100um, 150pum and 200um for
wo=16m, 26.5um and 32um respectively).

Calculated Calculated Pump mode Thermal Total focal length,
Microlens Mode microlens focal  radius, w, lensfocal  fiw

i 1 1 1
Radius, mq length, f length, fy, (fmmz = + E)[65]
16 um 4.22 mm 16 um 3.2 mm 1.8 mm
26.5 um 9.5 mm 25 um 4.6 mm 3.1 mm
32 um 16.9 mm 30 um 5.5 mm 4.2 mm

6.3 A Microchip Frequency Doubled SDL Operating
in Yellow/Orange

Building upon the SDL microchip design, the following sections describe the
construction and generation of yellow/orange laser light.

6.3.1 Double Bond: SDL Chip-Diamond Heatspreader-BBO
Crystal

The bonding process was performed using the liquid capillary technique [66] as
described in Chapter 3. Sample AsN2906 was used with a GaInNAs/GaNAs/GaAs 10
QW material system, designed to operate around 1180 nm having been grown at

ORC, Tampere, Finland. The semiconductor sample was cleaved to have dimensions
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of approximately 3 mm?, and bonded to a circular CVD diamond with diameter 4
mm and thickness ~250 um. During this bonding procedure DI water was used to
perform the bond. Due to the hygroscopic property of the nonlinear crystal 3-BBO,
methanol was used to perform the next stage of bonding to the crystal with
dimensions 5x5x2mm?. Figure 6-14 shows the bonded sample from three different
perspectives, to illustrate the layering of the device and its dimensions. It is
noticeable that the bond between the semiconductor and diamond heatspreader was a
partial bond, with the fringes visible in the unbonded area as previously described in
Chapter 3.

Figure 6-14: (a) Top view of the double bond between AsN2906 GalnNAs/GaAs
semiconductor chip, diamond heatspreader and the B-BBO crystal, (b) back view of the
device and (c) side view with the marked ‘arrow’ on the side indicating the
AR@1180&590&808nm coating.

The bonded structure was placed into the water cooled copper mount, using the
indium foil to aid thermal conduction. Orientation of the 3-BBO crystal inside the
mount was based upon markings provided by the supplier. A dot was placed on one
edge of the crystal which corresponds to the surface which is parallel to the IR beam
propagation plane. The crystal used in this experiment was cut with #=21.3° and

»=0° PM orientation.

The polarisation direction attributed to the fundamental beam of the SDL needs to be
considered, to ultimately provide the best operation at the second harmonic. The
beams must be orthogonal, in line with the type | second harmonic operation
associated with the B-BBO uniaxial crystal. The semiconductor chip has intrinsic

crystal birefringence associated with its growth axes, and in turn there is a QW gain
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dichroism between the axes in the QW plane induced by elliptical pumping.
Garnache et al. [67, 68] has explored this gain dichroism phenomenon in VCSEL
and VECSEL devices. Notable observations were made into the effect of an elliptical
pump spot onto the device due to the angled pump delivery method, which has also
been adopted here. In the case of a circular pump spot incident onto the
semiconductor chip, only one polarisation state is favoured. However, the elliptical
spot allows any of the two polarisation states to be absorbed thereby increasing the

associated gain.

6.3.2 Experimental Set-up

The laser was constructed as a three mirror cavity. The bonded structure had been
placed in the water cooled copper mount and set up as shown in Figure 6-15 with a

picture of the structure and folding mirror in Figure 6-16.

Fibre
Delivered
Pump

E o B
Fundamental
Filter

Lens
HR@1175nm HR@1175nm
HT@588&808nm HT@588&808nm
ROC-100mm
Fundamental
SHG Detector

Detector

Figure 6-15: Schematic diagram of the SDL cavity consisting of an 808nm pump diode
laser, the mounted double bonded chip-diamond-BBO structure, with HR cavity
mirrors M1 and M2, and the birefringent filter BRF in the long arm of the cavity.
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Figure 6-16: Picture of the 808 nm diode pump delivery through fibre and lenses, the
mounted double bonded structure on the right and the folding mirror, M1 on the left.
(Photo courtesy of Dr. S. Calvez)

The SDL was optically pumped using a 50W 808 nm diode pump laser, delivered
through a fibre with a 100 pm diameter core. The output from the fibre was
collimated and focused with a pair of lenses, 14 mm and 11 mm respectively. The
spot size radius of the pump was measured to be ~38 um in air, which was aimed
onto the surface of the semiconductor chip through both the p-BBO and Diamond
heatspreader. The folding mirror, M1 was placed at a distance D1=62 mm from the
structure and the mirror M2 placed D2=222 mm away, as indicated in Figure 6-13.
The water cooling system was kept at a temperature of 10°C to ensure the best
performance at the fundamental wavelength as explained in Chapter 3. Notably no

separate temperature control element was used for the nonlinear crystal.

During the course of experiments a 4 mm thick BRF, then separately a 1 mm thick
uncoated slide were placed into the long arm of the cavity at Brewster’s Angle,
approximately 57° [69]. The uncoated slide provided a polarisation state
discrimination element into the cavity, to select light with horizontal polarisation (i.e.
state in the plane parallel to the optical table). The BRF was inserted to act as a
wavelength selective element. These additional elements provided a platform to test
the relationship between the fundamental and frequency doubled outputs.
Consequently this also provides supporting data as to the effectiveness of the f-BBO

crystal integrated as an SDL microchip device.
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6.3.3 Results and Discussion
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Figure 6-17: SHG output as a function of the Fundamental Leakage Power, inset (a) the
SHG spectrum showing a peak at 592 nm and (b) photo of the yellow/orange laser
output at the SDL folding mirror and immediately behind, focussing optics to the

detector.

Figure 6-17 provides the free running output power of the microchip SDL operating
at ~590 nm. Throughout the course of these experiments the distances between the
cavity elements remained relatively stationary, with only slight modifications

required for beam alignment.

The polarisation of the two signals was established using a calcite Glan Thomson
polarising beamsplitter cube. The cube was 20 mm?® in dimension in a manual
rotational mount. The mode of operation of the cube splits a beam into two
orthogonal polarised beams. Knowing the angle of the cube corresponding to
horizontal and parallel polarisation directions can verify the polarised direction of the
beams. The cube was placed at the output, external to the cavity, and rotated. Figure

6-18 presents the results for both the frequency doubled and fundamental outputs in
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free running mode. The term free running refers to the laser output with no

intracavity elements such as the BRF or uncoated slide.
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Figure 6-18: Graph of the transmitted powers of the fundamental and frequency
doubled beams through 180° rotation of the polarisation cube.

It is apparent from the graph that the outputs have crossed polarisations as expected
for this type | SHG.

The free running spectrum of the fundamental output was captured using an Agilent
86142B Optical Spectrum Analyser. The fundamental wavelength shift with
increasing pump power is shown in Figure 6-19, using the power weighted averages

of the fundamental beam spectra.
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Figure 6-19: Wavelength shift with increasing incident pump power for free running
fundamental output from the SDL.

The spectral output from the frequency doubled beam was captured using an Avantes
Spectrum Analyser connected to the master input port, having a 1.5 nm resolution. A
laptop having the associated software Avasoft 7.3 installed was used to record the
results. The frequency doubled signal was captured using a multi-mode fibre. To
avoid saturation of the signal, the beam was offset with respect to the in-coupling

fibre tip.
Wavelength tuning of the two outputs was performed through the insertion of the

BRF approximately 80 mm from mirror M2, and rotated. The wavelength tuning

spectra for the two beams is shown in Figure 6-20.
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Figure 6-20: (a) Wavelength tuning spectra of the fundamental from 1178 nm to 1212

nm, (b) tuning spectra of the second harmonic from 588 nm to 610 nm.

213



The results are shown in the graph of Figure 6-21, spanning 34 nm wavelength
tuning range. The fundamental leakage power was used as a measure of the
increasing intracavity power. These results indicate a peak in power at 1209 nm for
the frequency doubled output. This implies that the crystal was cut for preferred
performance of 1209nm instead of 1180nm, with a calculated phase matching angle
of 6 = 21.1° at 1209 nm, instead of 21.4° for 1180 nm fundamental operation. The
wavelength acceptance A4 is calculated to be = 6 nm from this data over a 0.2 cm (2
mm) crystal length, which is comparable to 3 nm/cm, with the specification

information provided in Table 6.5, Section 6.2.3 for this f-BBO crystal.
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Figure 6-21: Graph of wavelength tuning using a 4 mm thick BRF.

The power transfer of the input pump power versus the outputs for both frequencies
was performed in three cases; for a free running laser with no elements in the laser
cavity, with an uncoated slide inserted at Brewster’s Angle and finally with a BRF

placed at Brewster’s Angle and tuned to 1187nm.
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Figure 6-22: Power transfer curves for the (a) fundamental and (b) SHG, in free
running mode, wavelength tuned using the BRF to 1187 nm (fundamental frequency)
and with an uncoated slide.

On the assumption that the HR mirrors have a ~0.05% transmission, it is estimated
that the intracavity power of the fundamental is ~19W, providing a maximum single-

pass conversion efficiency to the second harmonic of ~0.07%. The inclusion of the
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slide into the cavity reduces the fundamental output power by 35% and further
reduction of 53% upon addition of the BRF. Thus inclusion of the BRF and slide add
significant losses to the system, as shown in Table 6.5 with much higher threshold

pump powers and lower slope efficiencies.

Table 6.5: Summary of Power Transfer Results for the Fundamental and SHG
emissions

Operation Max Output Power, Threshold Power, Slope Efficiency,
P max Pin Nslope
Fundamental
Free Running 49 mW 25W 0.3%
Slide Intracavity 32 mW 54W 0.16%
BRF Intracavity 23 mW 6.9 W 0.15%
SHG
Free Running 25 mW 6.9 W 0.2%
Slide Intracavity 16 mW 9.8 W 0.14%
BRF Intracavity 6 mW 9.8 W 0.05%

The relationship between the frequency doubled intensity and that of the fundamental
beam was given in Equation (6.2.3), where 1,,=al,? with o representing the beam
propagation variable. Figure 6-23 shows a plot of the natural logarithm In of the
frequency doubled output power with respect to the fundamental output power,
providing the relationship In(l,,)=In(c)+2In(l,,) on the assumption that the beam size
remains constant. The power values are related to intensity through the expression in
Equation (6.2.4), which shows an inverse relationship to the mode size of the beam.
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Figure 6-23: Graph of the relationship between the In(P,) and In(P,) for the free
running laser, an uncoated slide and a BRF tuned to 1187nm wavelength. The linear
regression of this data provides the slope to evaluate In(l,,)=aln(,)+In(c).

These results indicate that the relationship between the second harmonic intensity
and that of the fundamental do not have the expected squared relationship as
described in the equations. Instead the intensity adheres to that of Equation (6.3.0).

I,,, < IZ sinc? Rklerys 6.3.0
2

The variation in « is correlated to the changing mode size of the fundamental beam
during multimode operation. The losses within the system from sources such as the
intracavity element alignments, including their polarisation directions, may also
contribute to mode size instabilities. Figure 6-24 shows the yellow/orange output
beam reflected onto the optical bench divider. The beam shape may be attributed to
the beam walk-off, which was relatively high at 54 mrads for a f-BBO doubling
crystal. The ‘tilting’ effect may be attributed to wedged optics used within the laser
cavity.
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Figure 6-24: Picture of the yellow/orange frequency doubled output beam indicating a
multimode profile.

The calculated external conversion efficiency of this system was found to be ~45%,
based on Equation (6.2.5) and shown graphically in Figure 6-9 with a beam waist of
40um, circulating fundamental power inside the cavity of 19 W and all HR mirrors at
~1180 nm. The maximum achievable conversion efficiency was ~0.1% with yellow
output powers of ~25mW, obtaining a wavelength tuning range of ~22 nm. The
disparity between calculated efficiency and empirical results highlight the
improvements necessary in the fabrication and experimental set up, in order to
achieve an optimum output. The solution will seek to improve conversion efficiency
by selecting an SDL chip and nonlinear crystal that are better spectrally matched, in
terms of gain control wavelength, emission linewidth, peak nonlinear conversion
wavelength and acceptance bandwidth. Further, by ensuring that the laser operates in
single lateral mode with low cavity losses. In addition, the true microchip
configuration which eliminates the associated mirror reflections, but also creates a
different mode of operation for the device, merits further investigation out-with the

timeframe of this thesis.

218



6.4 Conclusions

The novelty of this research uses a GalnNAs/GaAs SDL in combination with a
compact laser cavity design to produce yellow/orange laser output. The results have
indicated the successful use of the double-bonded configuration, between the SDL
chip, diamond heatspreader and nonlinear crystal, achieving ~25mW of
yellow/orange laser light over a ~22 nm wavelength tuning range. Future prospects
of such a device include the use of microlenses as described within this Chapter, with
expected improvements to beam quality, yellow output powers and conversion

efficiency.
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Chapter 7

Summary and Future Developments
7.1 Summary of Thesis

This thesis presented the multi-faceted design aspects of SDL devices with the aim of
applying them in novel system configurations. Central to the design has been the
GalnNAs gain material, providing the wavelength engineering capability for device

emissions spanning ~1150 nm to ~1350 nm.

Due to the thermal sensitivity inherent to SDLs, special attention was given to the
thermal management strategy and characterisation of the specific material system.
Use of COMSOL Multiphysics™ software enabled simulations across various
platforms of material compositions and incumbent wavelength operation, as well as
pumping regimes. Results using both GalnNAs and comparable InP-based devices
have highlighted an improved thermal resistance performance using a heatspreader
as opposed to the thin disk approach. Indications were also given of an improved
thermal response with heatspreaders for pump spot radii below ~200 pum, above
which thin disk SDL devices performed better, in either front or end pumping
regimes. It was proposed that use of a double bonded thin disk SDL has the best
potential effectiveness at heat removal, but may provide challenges in processing due
to the physical dimensions of the semiconductor chip. Employing the intracavity
diamond heatspreader thermal management technique, which was bonded directly to
the semiconductor chip for all GalnNAs/Ga(N)As SDL devices, has enabled
maximum achievable output powers in excess of 2.5W, with an external slope

efficiency ~15% for a ~1220 nm emitting device.

The application of an SDL designed for emission ~1220 nm as a pump source was
given in Chapter 5. In a collaborative effort with St Andrews University, the SDL
was employed to pump Tm**-doped and Tm**,Ho**-codoped tellurite glasses, as well
as a Tm**,Ho>*-codoped tungstate crystal. The provision of an SDL designed for

operation and tuning capability to target ~1200 nm absorption in the doped-dielectric
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media, has resulted in internal slope efficiencies similar to those obtained from
previous demonstrations using a ~800 nm Ti:Sapphire pump source. However, the
~2 pm emission output powers of the Tm**(,Ho>*)-(co)doped laser systems pumped
by ~1200 nm SDL were about half those obtained by Ti:Sapphire pumping due to
improved beam quality at high pump powers. As a first demonstration, this has
shown the adaptability of SDLs and opened up a new opportunity to advance this
technology. Additionally, the SDL has been demonstrated as a pump source
alongside a tunable signal source, to achieve ~5dB gain in a ~26km single mode
silica fibre. Raman amplification in fibres has significance in the advancement of

optical telecommunication networks.

In Chapter 6 the foundations for a novel compact laser device operating in the visible
spectral range have been explored. Initial operation had been based upon the standard
V-cavity laser configuration, achieving ~25mW of yellow laser light with a tuning
range of ~22 nm. However the conversion efficiency results had proven quite low, at
~0.1% with the main contributing factor identified to be the spectral mismatch
between the gain and the nonlinear crystal, alongside the tendency to operate in
multi-lateral mode regime. As a first proof of concept, this has demonstrated the
capability of the double-bonded nonlinear crystal with diamond heatspreader and
chip. True miniaturisation of the device would involve a monolithic structure, which
has been examined through modeling techniques. The implementation of a microlens
onto the nonlinear crystal has shown limitations as to the mode size onto the
semiconductor chip. Adhering to the mode matching condition, a reduced pump spot
size would concentrate the excitation beam into a smaller area with consequences to
the thermal response of the device. Simulations were performed to measure thermal
lensing effects, with results showing a significant contribution to the focal length of
the system. Key indications provided by these models show great promise to this
microchip SDL design, with further scope for improvements.

7.2 Future Development Work

Over the course of this PhD project there are a number of areas identified for future

development which may be of interest. Three special topics are introduced below,
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each focusing on specific aspects of the SDL device design and possible

improvements to its performance.

7.2.1 Heatspreader Bonding Technique

The successful method for effective thermal management of SDLs has been
demonstrated in Chapter 3, through the device bonding to a diamond heatspreader.
Throughout the course of these experiments the cleaning and subsequent liquid
capillary bonding method had frequently resulted in a partial bond. The clear
disadvantages presented by the present technique include;
¢ a limitation of the device operating longevity with a higher probability of the
device de-bonding, resulting in device failure;
e having a smaller bonded area requires careful targeting of the pump beam
location onto the sample, with more time needed for manual alignment; and

e the process results are inconsistent, a reliable method that is repeatable would
be a great benefit to the construction of the laser device.

The direct-bonding technique outlined in the PhD thesis of C. B. E. Gawith [1] draws
parallels with the present methods using Van der Waals forces to bond two materials.
However, chemical polishing and extensive cleaning were performed to fabricate
LiNbO3; waveguides. Immediate bonding occurred using a dry-surface method in
which an inert gas completely dries the materials to help facilitate the bond. A key
factor to the successful bond appears to lie in the thorough cleaning of the two
surfaces. A patent presented in 1999 by Tong et al. [2], uses periodic acid as a
cleaning agent to bond two semiconductor wafers together.

Another method is that of compression bonding [3] which may factor into
commercial development of SDL devices (Solus-Technology Ltd [4], Samsung
Advanced Institute of Technology [5]). A suitable force applied to bond the
heatspreader and semiconductor chip might offer an alternative to liquid capillary
bonding, but might require the correct apparatus to facilitate a successful bond

without damaging the materials.
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Taking inspiration from these previous methods may solve the partial bonding issue,
by combining the use of a strong cleaning agent immediately followed by the dry-
surface method or compression bonding. Further, these types of bonds may also

prove sustainable whilst creating a more consistent assembly process.

7.2.2 Incorporation of Dielectric Mirrors into an SDL
Design

Alternative arrangements to the DBR mirror in an SDL design were discussed in
Chapter 2. Previous examples have been demonstrated in the use of dielectric mirrors
implemented in VCSEL devices, forming part of the top mirror of the structure [6].
Similarly, dielectric mirror coatings onto the top surface of a diamond heatspreader
bonded to an SDL chip gave proven results to facilitate microchip configurations [7].
The advantages to dielectric mirrors provide much higher reflectivity using fewer
layers with low absorption properties. Typically these mirrors display poor thermal
conductivity; however MgO/Si [8] and Al,O3/Si [9] have shown more promising

results.

Exploring the possibilities presented by alternate mirror materials may improve upon
existing semiconductor DBRs. The main challenges lie in the processing capability.
Suitable materials with higher thermal conductivities to aid cooling of the device
must use deposition methods which are compatible with the semiconductor materials
used in laser production. Existing deposition methods include the following;

e thermal evaporation used for amorphous chalcogenide Sh-Se/Ge-S mirrors
[10];

e pulsed laser deposition to produce ZnO/MgO DBRs, mainly focusing on UV
and blue light emitting devices [11]

e RF magnetron sputtering in the creation of SiC/MgO DBRs [12], which may

prove useful to aid in thermal extraction for an integrated SDL mirror.

These examples aim to highlight a previously unexplored area of potential

development for SDL devices.
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7.2.3 SHG Yellow Microchip SDL Laser

The initial concept of the yellow SDL microchip design has been demonstrated in
Chapter 6. To further develop this device as it was intended there are many avenues
to explore such as the already mentioned laser cavity, capitalising on the micro-
lensed microchip concept as an adaptation of the work performed by Laurand et al.
[13]. There are also opportunities to thin the nonlinear crystal, or perhaps try
different geometries to more easily facilitate optical pumping. In terms of thermal
management, miniaturising the device warrants other cooling methods other than the
demonstrated water cooling. Ideally the heat extraction from the laser gain medium
would be highly efficient, yet the energy may be channeled back into the device to
perhaps optimise the efficiency of a temperature sensitive nonlinear crystal.
Maintaining functionality of the laser, with single frequency output and broadly
tunable, may require the incorporation of a filter or perhaps exploit the etalon
function of the heatspreader as demonstrated by Lindberg et al. [14] and Laurain et
al. [15]. Future prospects for such a device show great promise, not only applied to
yellow laser output but paving the way for a selection of wavelength engineered
devices capable of operation across the UV and wider visible spectrum.

It must be noted that this laser forms the platform for a recently awarded
Entrepreneurial Fellowship by SU2P, with developmental work undertaken at both
Stanford University and the University of Strathclyde. The project is scheduled to
commence in the Autumn/Winter of 2011.
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Appendix B

Glossary of Acronyms and
Abbreviations

AlAs - Aluminium Arsenide

AlGaAs — Aluminium Gallium Arsenide
AlGaAsSDh - Aluminium Gallium Arsenide Antimonide
AlInGaAs — Aluminium Indium Gallium Arsenide
AlInGaP - Aluminium Indium Gallium Phosphide
Al;03 - Aluminium Oxide

at.% - Atomic Percentage

BAC — Band Anti-Crossing

Ba(NO3), — Barium Nitrate

-BBO - Beta Barium Borate, 3-BaB,0,

BiBO - Bismuth Borate, BiB30g

Bi - Bismuth

BRF — Birefringent Filter

CB — Conduction Band

C-Band — Conventional-Band in telecom networks
cm — Centimetre, 10°m

CO,— Carbon Dioxide

CR — Cross Relaxation

Cr?*:ZnSe — Chromium doped Zinc Selenide

CVD - Chemical Vapour Deposition

CW — Continuous Wave

dB - Decibel

DBR — Distributed Bragg Reflector

DI — De-ionised Water

DIAL — Differential Absorption LIDAR

DPSSL — Diode Pumped Solid-State Laser
DWELL — Dots-in-a-Well
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dyn - Dyne

EDFA — Erbium Doped Fibre Amplifiers

Er — Erbium

ESA — Excited State Absorption

ET — Energy Transfer

eV — Electron Volt

FSR — Free Spectral Range

FWHM - Full Width at Half Maximum

Ga - Gallium

GaAs — Gallium Arsenide

GalnAs — Gallium Indium Arsenide

GalnAsSb - Gallium Indium Arsenide Antimonide
GalnNAs — Gallium Indium Nitrogen Arsenide
GaN — Gallium Nitride

GaNAs — Gallium Nitrogen Arsenide

Ge - Germanium

GSA — Ground State Absorption

hh — Heavy Hole

Ho** - Holmium ion

HR — High Reflectance

HT — High Transmission

HS — Heatspreader

HSFR — High Spatial Frequency Ripples

In - Indium

InGaAs - Indium Gallium Arsenide

InGaAsP — Indium Gallium Arsenide Phosphide
InP — Indium Phosphide

IR — Infrared

K - Kelvin

KDP - Potassium Dihydrogen Phosphate, KH,PO4
kg — Kilogramme, 10%g

KGW - Potassium Gadolinium Tungstate, KGd(WOQ,).

234



Appendix B — Glossary of Acronyms and Abbreviations

kHz — Kilohertz, 10°Hz

km — Kilometre, 10°m

KNbOj3; - Potassium Niobate, KNbO3

KTP - Potassium Titanyl Phosphate, KTiOPO,

KYW — Potassium Yttrium Tungstate, KY (WO3),4
LBO - Lithium Triborate, LiB3Os

LD — Laser Diode

LED — Light Emitting Diode

LGS - Lithium Gallium Sulphide, LiGaS;

LIDAR - Light Detection and Ranging

LiNbO3 — Lithium Niobate

Ih — Light Hole

LilOs - Lithium lodate

MBE — Molecular Beam Epitaxy

MgO - Magnesium oxide

MHz — Megahertz, 10°Hz

mm — Millimetre, 10°m

MMF — Multimode Fibre

MOCVD — Metalorganic Chemical VVapour Deposition
MOPA — Master Oscillator Power Amplifier

MQW — Multiple Quantum Well

mrad — Milliradian, 10 %radian

mW — Milliwatt, 10° W

N — Nitrogen

NASA — National Aeronautical and Space Administration
NCPM — Non-Critical Phase Matching

Nd:YAG — Neodymium doped Yttrium Aluminium Garnet, Y3Als01,
Nd:YVO, — Neodymium doped Yttrium Orthovanadate
nm — Nanometre, 10°m

OA — Optical Axis

O-Band — Ordinary-band in telecom networks

OC — Output Coupler
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OPA — Optical Parametric Amplifier

ORC — Optical Research Centre, Tampere, Finland
OSA - Optical Spectrum Analyser

PbWQ, — Lead Tungstate

PL — Photoluminescence

pm — Picometre, 10%m

PPKTP - Periodically Poled Potassium Titanyl Phosphate, KTiOPO,4
PPLN - Periodically Poled Lithium Niobate, LiNbO3
PPSLT - Periodically Poled Stoichiometric Lithium Tantalate
QCSE — Quantum Confined Stark Effect

QD — Quantum Dot

QW — Quantum Well

RF — Radio Frequency

RHEED - Reflection High Energy Electron Diffraction
RIN — Relative Intensity Noise

ROC — Radius of Curvature

RPG — Resonant Periodic Gain

RTA — Rapid Thermal Annealing

S — Sulfur

Sb - Antimonide

SBS — Stimulated Brillouin Scattering

SCL — Strain Compensating Layer

SDL — Semiconductor Disk Laser

Se - Selenium

SEM — Scanning Electron Microscope

SFM — Sum Frequency Mixing

SHG - Second Harmonic Generation

Si —Silicon

SiC — Silicon Carbide

SiO;, — Silicon Dioxide

SMF — Single Mode Fibre

TD — Thin Disk
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Appendix B — Glossary of Acronyms and Abbreviations

TE — Transverse Electric

THz — Terrahertz, 10%Hz

TM — Transverse Magnetic

Tm** - Thulium ion

TV - Television

TZN - TeO,— ZnO—-Na,O

TZNG - TeO,— ZnO-Na,0-GeO;
UC - Upconversion

UV — Ultraviolet

um — Micron, 10°m

us — Microsecond, 10

V - Volt

VB - Valence Band

VCSEL - Vertical-Cavity Surface-Emitting Laser

VECSEL — Vertical External-Cavity Surface-Emitting Laser

VERTIGO - Versatile Two Micron Light Source
W — Watt

WDM —Wavelength Division Multiplexing
wt.% - Weight Percentage

Yb - Ytterbium

Yb:YAB - Ytterbium doped Yttrium Aluminium Tetraborate,YAl3(BO3),

ZBLAN - ZrF,-BaF,-LaF3-AlF;-NaF
ZnO — Zinc Oxide

ZrO, — Zirconium Dioxide, Zirconia

237



