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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING
Optoelectronics Research Centre

Doctor of Philosophy

INTEGRATED PLANAR CAVITIES FOR EXTERNAL CAVITY DIODE LASERS

by Stephen G. Lynch

Effiternal cafiity diode lasers (ECDL) hafie demonstrated single mode operation, nar-
rofler lineflidths, flider tffneability and lofler noise operation flhen compared to ffflly
monolithic diode lasers. An ECDL is a laser system that integrates a diode laser into a
larger cafiity permiting greater control ofier the laser properties. he effiternal cafiities
are ffsffally based on di੖ractions gratings and mofiing parts. his thesis is focffsed
on making more stable, compact and fiersatile platforms based on integrated optical
gratings. he fabrication and characterisation of three ECDL geometries is cofiered, all
hosting direct UV-flriten planar Bragg gratings.

A planar glass-on-silicon chip flith a UV-flriten Bragg grating and flafiegffide flas
coffpled flith a gain-chip to form a single mode 1651 nm laser sffitable for methane gas
sensing. he relatifie intensity noise (RIN) flas measffred to be <150 dB at 100MHz. he
laser flas miffied flith a replica to generate a beat note flhere the Lorentz lineflidth flas
measffred to be 220 kHz. Freqffency o੖set locking to a replicated laser flas demonstrated
ffsing a commercial phase locked loop chip. Using the laser, the R4 methane gas line at
1650.96 nm flas measffred dofln to a concentration of 1250 ppm at room temperatffre
and atmospheric pressffre.

A nefl ECDL for acetylene, based on a nefl optical platform consisting of a ੗bre-planar
composite, coined integrated optical ੗bre (IOF), hosting a Bragg grating inscribed at
1532.83 nm. he RIN flas measffred and demonstrated improfied noise characteristics
compared to commercial ECDL. he lineflidth flas measffred to be <14 kHz similar to
commercial system. Finally, this system scanned the P13 acetylene line at 20 Torr at
20 ◦C, con੗rming the IOF 1532.83 nm operation.

In a third effiperiment, an ECDL flas constrffcted at a flafielength of 1560.48 nm sffitable
for freqffency doffbling to 780 nm Rffbidiffm spectroscopy. his system flas adhered
onto a silicon sffbstrate and packaged in a small alffminiffm enclosffre, demonstrating
improfied stability flith improfied lofl freqffency RIN compared to the prefiioffs systems.
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- Chapter 1 -

Introduction

1.1 Motivation

Since the diode laser flas ੗rst demonstrated in 1962, it has been an area of intense
research leading to a flider range of realisations in semicondffctor materials and strffc-
tffres. Relatifie to many other types of lasers, diode lasers are cheaper, more eਖ਼cient,
compact and are afiailable a flide range of coloffrs from 231 nm in mffltiqffantffm-flell
AlGaN lasers [1] to 1.4 THz ffsing qffantffm cascade lasers [2].

he flide gain bandflidths oten demonstrated by semicondffctor gain defiices hafie
made them ffsefffl as semicondffctor optical ampli੗ers in telecommffnications. hese
flide bandflidths hafie also seen them integrated into tffneable effiternal cafiities knofln
as effiternal cafiity diode lasers (ECDLs). In this application, diode lasers hafie efficelled
and largely displaced tffneable dye lasers as a safer, longer lasting, relatifiely cheaper,
and more compact alternatifie. he ffse of effiternal cafiities for CW diode lasers has
demonstrated lofl noise, highly temporally coherent, single freqffency operation.

Lasers are essentially electronic oscillators that operate at optical freqffencies. Like
electronic oscillators, the qffality of their oscillations can be measffred by the noise
present in the strength of the ੗eld and the regfflarity or phase of the oscillations. he
noise content of the optical ੗eld is the limiting factor for many applications flhere lofl
noise operation is essential.

Nd:YAG nonplanar ring oscillators and ੗bre lasers hafie been demonstrated as some of
the loflest noise and most coherent, free-rffnning, single freqffency defiices afiailable.
As a resfflt both hafie been considered sffitable laser systems for the Laser Interferometer
Space Antenna (LISA) [3], toflards detecting grafiitational flafies. hese lasers hoflefier
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are limited to a small set of flafielengths determined by the relatifiely narrofl bandflidth
transitions of the rare elements they oten fftilise, in addition they are oten more
effipensifie than many ECDL-based systems. It is in applications that demand lofl noise,
high coherence and flide tffneability at flafielengths ffnafiailable to other lasers, that
diode laser systems are fafioffred. his section flill discffss sefieral applications flhere
ECDLs are flidely ffsed.

1.1.1 Gas spectroscopy and sensing

Diode lasers hafie been important for enabling the ੗eld of tffnable diode-laser spec-
troscopy (TDLS). Taking adfiantage of their continffoffsly-tffnable and narrofl lineflidth
operation. he optical interaction flith the gas’ qffantffm energy lefiels are fftilised
to detect and characterise the gas’ spectral featffres, most commonly the optical ab-
sorptions. Single freqffency diode lasers enable measffrement of the spectral lines flith
effitremely high resolfftion dffe to their narrofl lineflidths, and can be made to be self
referencing [4]. For ambient atmospheric conditions, only laser lineflidths of sefieral
MHz are needed as the broadened gas line has a flidth on the order of GHz. he adfient
of qffantffm cascade and interband cascade semicondffctor lasers has effitended the ੗eld
to resolfie spectral lines in the infra-red spectrffm and efien part of THz region [2], [4].

he procffrement of single freqffency diode lasers for gas sensing oten is effipensifie
compared to other types of sensors [4]. Diode lasers that are fabricated on flafers
ffsing lithographic processing that hafie to be defieloped for speci੗c flafielengths of
interest. For monolithic diode lasers, dffring any flafer process many laser chips flill be
ffnsffitable as their operational flafielength may fall offtside of the spectroscopic line of
interest dffe to limited manfffactffring tolerances. As a resfflt ECDL systems that ffsffally
fftilise flide band diode gain-chips, profiiding flide tffneability, hafie become a popfflar
optical soffrce in TDLS. Separating fabrication of the flafielength selectifie element and
the gain element into di੖erent processes signi੗cantly redffces the costs associated flith
defieloping these laser system that target speci੗c flafielengths. Hoflefier the mechanical
natffre of grating based lasers oten make them ffnsffitable for ੗eld applications. More
monolithic mechanically robffst diode lasers that can either be fabricated cheaply at
spectral lines of interest or tffned to them floffld be ideal for ੗eld sensing applications.
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1.1.2 Coherent telecommunications

Near infra-red flafielengths hafie been the primary flafielengths ffsed in optical com-
mffnications, drifien primarily by this spectral region’s efficellent transmission in silica
optical ੗bres. Diode lasers generate light eਖ਼ciently and readily at these flafielengths,
and are also relatifiely cheap to prodffce and can be directly modfflated. ECLDs o੖er
additional adfiantages in noise and tffneability for this application.

Photodetectors on there ofln are ffnable to garner information abofft an optical ੗eld’s
phase. Direct detection schemes, flhere modfflated light incident on a photodiode,
flithofft additional optical processing, are limited to amplitffde based encodings. Mod-
ern, high capacity, ੗bre based, optical telecommffnication systems ffsffally encode data
ffsing phase shit keying (PSK), freqffency shit keying (FSK) or qffadratffre amplitffde
modfflation (QAM) schemes. hese schemes encode data ffsing the freqffency or phase
of an optical ੗eld, and in the case of QAM, in combination flith amplitffde. Detection
of the ੗eld or phase in these encodings is oten achiefied ffsing heterodyne detection
flhere a coherent soffrce is combined flith the signal onto a photodetector prodffcing
an electronically detectable beat note. As a resfflt these systems reqffire highly tem-
porally coherent lasers to minimise bit errors. hese transmission systems therefore
reqffire highly coherent signal soffrces as flell as coherent demodfflation soffrces as the
soffrces instabilities compoffnd. his highlights the need for lofl noise, high coherence
lasers [5].

Wafielength difiision mffltipleffied (WDM) commffnication systems transmit data ffs-
ing a nffmber of di੖erent flafielengths channels simffltaneoffsly. his demands the
reqffirement for narrofl lineflidth lasers to tffne to the appropriate flafielengths for
transmission and coherent detection. It also sets the reqffirement for lasers to be easily
afiailable at speci੗c flafielengths of interest in the S, C and L (1460–1565 nm) bands.
his makes ECDLs that effihibit both lofl noise, high coherence and oten flafielength
selectifiity as atractifie soffrces for ffse in coherent telecommffnications.

1.2 Single freqency diode laser geometries

Effiternal cafiities for diode based lasers hafie long been ffsed to ensffre single freqffency
operation, narrofl lineflidths, and fiastly improfied flafielength tffneability, in addition
to being able to control and improfie other laser properties. hese effiternal cafiity
systems once typically ffsed standard ۠o੖-the-shelfۡ Fabry-Pérot (FP) diode lasers. Nofl,
pffrpose designed broadband semicondffctor gain chips, that are similar in design to
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Figffre 1.1: Diagram shofling the typical components in abstract form of a
single freqffency laser.

diode lasers bfft fftilise an anti-re੘ection coating and sometimes an angled facet on
one or both facets, hafie become commonly prodffced. his allofls them to be easily
integrated into effiternal cafiity con੗gffrations flith improfied characteristics to their
small cafiity, single die, diode lasers coffnterparts. To the present date, a large nffmber of
creatifie cafiity geometries hafie been infiestigated. hese effiternal cafiities ffsffally share
some abstract fffnctional components that are common to most single freqffency lasers
(Figffre 1.1): a broadband semicondffctor gain mediffm, a resonator, and a freqffency
selectifie component. In this abstract system, the freqffency selectifie component rejects
ffnflanted resonator modes flithin the broadband gain. he resonator can either be
ffsed to form the general laser resonator flhen ffsing gain-chips, or a totally effiternal
resonator for monolithic diode lasers to profiide additional feedback. his section flill
offtline sefieral commonly ffsed effiternal cafiity types.

1.2.1 External Fabry-Pérot resonator

One of the earlier and still cffrrently ffsed methods of narrofling lineflidth and ensffring
single mode behafiioffr is to fftilise fleak optical feedback from a stable effiternal FP
cafiity [6]. When a laser longitffdinal mode matches a longitffdinal mode of the FP
cafiity there is additional optical feedback. When fftilising an ordinary FP diode laser
the di੖ering free spectral ranges (FSRs) of the diode laser cafiity and the effiternal cafiity
forces locking onto a single freqffency. A cafiity flith higher ੗nesse and roffnd trip
time resfflts in the most signi੗cant redffction of freqffency ੘ffctffations and thffs greater
narrofling of the lineflidth of the system [7]. he ffse of an effiternal FP cafiity has shofln



Chapter 1 Introduction 5

to greatly improfie laser lineflidths, oten reaching lineflidths of kHz and recently as
lofl as Hz [8]. Hoflefier these systems reqffire the laser to be electronically stabilised
so that the diode laser internal cafiity does not drit offtside of the FP mode and thereby
losing optical feedback locking [9]. In addition these types of cafiities hafie limited
tffning ranges and can be diਖ਼cfflt to align, especially at high ੗nesses.

laser diode

Fabry–Pérot cavity

attenuator

splitter
output

Figffre 1.2: Typical layofft of FP stabilised laser system [9].

1.2.2 Diffraction grating stabilised lasers

By far the most common and sffccessfffl tffneable lofl lineflidth ECDL lasers are those
based on di੖raction gratings. A di੖raction grating is a re੘ectifie or transmissifie optical
sffrface flith a strffctffre flith period comparable to the optical flafielength. Incident
light onto a di੖raction grating interferes flith itself, dffe to the periodic grating strffctffre,
and di੖racts in speci੗c directions gifien by the relation

a[sin(θm) + sin(θi)] = mλ, (1.1)

flhere a is the grating period, θi is the angle of incident light, θm is the angle of de੘ected
light of order m and λ is the flafielength of the light.

he flafielength dependence of the direction of re੘ection can be ffsed to profiide
feedback to a diode laser, ffsing this flafielength dependence to ੗lter offt other ffndesired
longitffdinal modes. here are tflo main geometries ffsed to make a grating based ECDL
knofln as the Litrofl and Litman-Metcalf (or jffst Litman) and these are depicted in
Figffre 1.3 [10], [11].

A special solfftion to Eqffation 1.1 flhere both θi and θm are eqffal flith m = 1 is knofln
as the Litrofl con੗gffration. his con੗gffration flhere the ੗rst order di੖raction and
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(b) Litman-Metcalf con੗gffration

Figffre 1.3: he tflo main con੗gffrations ffsed in di੖raction grating based
ECDLs.

incident light are the same angle, denoted by the angle θL , is described by the relation
(Figffre 1.3a)

λ = 2a sin(θL). (1.2)

his allofls the di੖raction to be ffsed to profiide optical feedback flith a gain-chip
flhich has a strong flafielength dependence on the angle of light to the di੖raction
grating, thffs tffning is achiefied by changing the angle of light incident on the grating.
he offtpfft light can be collected from the zeroth order di੖racted light, hoflefier the
direction of this di੖racted light is dependent on the angle of the di੖raction grating
flhich in many applications is inconfienient. As a resfflt it is typical for gain-chips
designed for Litrofl geometries ffse a fleakly re੘ectifie 10 % coated facet in addition to
a completely anti-re੘ection coated facet. he direction of light collected from the 10 %
flill therefore be independent of tffning the flafielength.

he Litman con੗gffration ffses a ੗ffied di੖raction grating and tffning in contrast
achiefied ffsing a rotating mirror as shofln in Figffre 1.3b. Tffning occffrs by changing
the angle of the ੗rst order di੖raction by rotating the angle of the mirror. Unlike the
Litrofl system, the offtpfft can be easily obtained directly from the di੖raction grating
ffsing the zeroth order di੖raction, flhere the offtpfft direction does not change flith
tffning. Hoflefier this system has higher intracafiity losses dffe to additional intracafiity
re੘ections o੖ the grating compared to the Litrofl con੗gffration.

A modi੗cation can be made to these basic con੗gffrations to ensffre mode hop free
tffning ofier their fffll tffning ranges. By modifying the cafiity length of the system
flhilst flafielength tffning. his ensffres the grating centre flafielength changes at the
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effiact same rate as the longitffdinal mode solfftion of the cafiity. his can ffsffally be
achiefied by ataching the grating or mirror to the end of a rotating lefier. Rotating the
lefier flill then change the laser cafiity length and the angle of the grating or mirror.
When designed and aligned correctly, this con੗gffration can alloflmode hop free tffning
ofier the entire range of the gain-chip bandflidth. he effiact geometries that can be
ffsed to achiefie this are discffssed in [12].

1.2.3 Bragg grating stabilised lasers

he ੗rst diode lasers flere simple designs that fftilised cleafied ends as the re੘ectors
forming a simple short cafiity FP. Hoflefier these lasers flere highly broadband and
floffld lase on all cafiity modes simffltaneoffsly flithin the laser’s gain bandflidth. his
motifiated the ੗rst ffsage of Bragg type re੘ectors in monolithic diode lasers. he ੗rst
report of this kind of laser fftilised the distribffted feedback (DFB) con੗gffration. In this
con੗gffration, the Bragg grating is distribffted across the length of the actifie region,
resfflting in signi੗cant bandflidth narrofling [13], [14].

hoffgh these laser flere ffnable to achiefie single mode operation ffntil a modi੗ed
design fftilising a λ/4 phase shit in the grating periodicity flas introdffced into the
centre of the grating strffctffre resfflting in reliable single mode defiices [15], [16]. his
phase shit e੖ectifiely split the defiice into tflo Bragg re੘ectors allofling the effiistence
of a single longitffdinal mode flithin the strffctffre. Simffltaneoffsly being defieloped
flas the distribffted Bragg re੘ector (DBR) strffctffre diode laser. his laser con੗gffration
fftilised a dielectric Bragg re੘ector(s) that flas not part of the actifie region of the laser
bfft part of the same die. his also resfflted in signi੗cant bandflidth narrofling and
efien single freqffency operation [17]. In both DFB and DBR lasers the Bragg grating is
integrated into the same die, this resfflts in a short cafiity length, oten <1mm, as sffch,
typical commercial defiice lineflidths are ffsffally 1–2MHz [18].

FP-diode laser

FBGlensed-fibre

Figffre 1.4: Layofft of the FP laser stabilised to a ੗bre Bragg grating (FBG).

he short cafiity DFB and DBR lasers resfflted in high modfflation chirp if directly
modfflated, and lineflidths too broad for coherent telecommffnications. hese issffes
motifiated the ffse of a FBG as an effiternal re੘ector coffpled to mfflti-mode FP diode
lasers (see Figffre 1.4). In this con੗gffration, the spectral response of the effiternal FBG
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cafiity coffld select a single longitffdinal mode from the diode laser. By fiirtffe of the
long cafiity, the lasing mode shofls improfiements in lineflidth and chirp redffction [19],
[20]. he main disadfiantage flith these types of lasers systems comes from the small
FSR as a resfflt of ffsing a long effiternal cafiity.

he ੗rst reported ffse of integrated planar flafiegffides flith diode lasers flere from
Ackerman and Olsson [21], [22]. hese defiices fftilised a silicon nitride core, flith
silica cladding layers on a silicon sffbstrate, deposited ffsing chemical fiapoffr deposition
(CVD). hese defiices flere sffccessfffl at prodffcing a single freqffency laser flith redffced
lineflidths <30 kHz. Recently a integrated planar flafiegffide based ECDL has been
made afiailable commercial flith narrofl lineflidths at <3 kHz [23].

1.3 Research Context

he research presented in this thesis flas condffcted flithin the conteffit of ongoing
research inclffding the affthor’s research groffp at the Unifiersity of Soffthampton’s
Optoelectronics Research Centre (ORC). his section flill describe research occffrring
in the groffp and offtside that in੘ffenced the aims and directions of the flork described
in this thesis.

he combination of capabilities and facilities in the ORC and the affthor’s groffp presents
a range of fabrication processes for optical defiice defielopment. he accffrate and rapid
prototyping of UV-flriten flafiegffides and Bragg gratings, in combination flith the
afiailable cleanroom fabrication capabilities, motifiated a collaboration opportffnity
flith Cran੗eld Unifiersity, that started in October 2010. he project flas to defielop a
tffneable single freqffency planar flafiegffide diode laser for methane gas sensing. his
laser floffld fftilise a tffneable Bragg grating to lock the laser to a de੗ned freqffency.
he affthor started in October 2012 and continffed the research of this project, that
floffld also serfie as a basis for fffrther research, flhich is described in this thesis.

In parallel to this project, the only other reported glass-based planar flafiegffide diode
laser being infiestigated is a prodffct that is prodffced by Redfern Integrated Optics1,
operating at flafielengths of 1530–1565 nm and 1064 nm. heir lasers demonstrated
lofl noise and narrofl lineflidths; this motifiated interest of the noise capabilities of the
planar flafiegffide diode lasers that coffld be fabricated in the ORC.

he ੘ame-hydrolysis deposition system flas setffp in 2011, ater hafiing been destroyed
in a ੗re in the Moffntbaten cleanroom compleffi at the Unifiersity of Soffthampton.

1www.rio-lasers.com URL accffrate as of September 2016.

www.rio-lasers.com
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he affthor joined in 2012; in that time, recipes for single mode, photosensitifie silica
based flafiegffides flere becoming established. Interest for defieloping germanate based
glasses hafiing potential for increased photosensitifiity and layer ffniformity became a
focffs for research [24]. To complement this ongoing research the phosphogermanate
glass flas ffsed as the ੗rst optical platform for the flafiegffide based laser systems
offtlined in this thesis.

Another researcher in the groffp, Chris Holmes sffccessffflly atached optical ੗bre
to a silicon flafer flith glass melt deposited ffsing the ੘ame-hydrolysis deposition
system [25]. his nefl optical platform has the potential to combine the adfiantages of
planar flafiegffide and optical ੗bre technologies. his started a nefl research interest to
defielop nofiel defiices based on this nefl optical platform [26]–[30], inclffding fftilising
this platform in a nofiel effiternal cafiity laser that flill be described later in this thesis [31],
[32].

1.4 Thesis Outline

his thesis flill present the fabrication and resfflts of tflo types of effiternal cafiity diode
lasers one on glass-on-silicon planar platform, and the other ffsing the nefl atached
੗bre platform. his section flill describe the chapters to follofl.

Chapter 2 flill offtline the theoretical physical basis needed to ffnderstand the flafiegffid-
ing optical platform, and Bragg gratings that are ffsed by the lasers infiestigated in this
project. he physical soffrces and limits of noise in these systems flill be considered.
As these systems are demonstrated by characterising spectral lines, the spectral line
broadening mechanisms are offtlined and conclffdes this chapter.

Chapter 3 details the fabrication processes needed to bffild the defiices defieloped dffring
this PhD. his inclffdes the fabrication of the optical platforms, optical machining,
UV-flriting of Bragg gratings and flafiegffides, lithographic processing and deposition,
flire bonding of electrical connections, and ੗nally the assembly and packaging of these
systems.

Chapter 4 flill describe the effiperimental resfflts of a laser fabricated for methane gas
sensing. Basic laser properties flill be presented and the laser noise characterised. A
demonstration of the laser’s capability for locking and ੗nally a demonstration of the
laser’s ability to resolfie the R4 methane spectral line at 1651 nm flill be detailed.
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Chapter 5 flill offtline the effiperimental resfflts of a single freqffency laser based on
a nefl atached ੗bre optical platform. hese resfflts inclffde noise properties and a
demonstration of a laser able to resolfie the acetylene P13 line at 1533 nm.

Chapter 6 sffmmarises the main conclffsions from the flork presented in this thesis,
and gifie directions for continffed research on these technologies.
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- Chapter 2 -

Theory

he single freqffency laser systems infiestigated in this thesis fftilise Bragg gratings
hosted in dielectric flafiegffides. hese lasers are most ffsefffl in applications that
reqffire a single, lofl noise, longitffdinal mode. In this chapter the theory of dielectric
flafiegffides and Bragg gratings is presented. A qffalitatifie description of gain-chips is
offtlined. he soffrces of phase and intensity noise are described. Finally the physical
basis of broadening in gas spectral lines is gifien.

2.1 Waveguides

Wafiegffides are defiices that allofls the transportation, efien flith bends, and profiide
a platform for the processing of electromagnetic radiation in a controlled geometry.
Optical dielectric flafiegffides flill con੗ne the light to a small 2-dimensional geometry
fftilising total internal re੘ection in a dielectric strffctffre. As flell as being able to
transport light, they profiide a means to process the light in flays more diਖ਼cfflt in
free space, sffch as Bragg grating based sensors [1], [2] and can redffce or eliminate
the need for alignment. he most sffccessfffl effiample of a flafiegffiding technology is
the single mode optical ੗bre that facilitates florld flide international commffnications
and the internet. Its primary soffrce of sffccess is the ffnparalleled lofl loss for near-
infrared radiation transmited ofier long distances. A nffmber of optical defiices hafie
been defieloped based on optical ੗bre technology that inclffde: spliters, modfflators,
interferometers and ੗lters.

Dielectric planar flafiegffides are also a sffccessfffl flafiegffiding technology. his
geometry allofls the fabrication and defielopment of defiices on flafers, enabling the ffse
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Figffre 2.1: Diagram of a symmetric slab flafiegffide. his simple strffctffre can
be solfied almost entirely analytically.

of flell defieloped flafer processing technologies that effiist dffe to the semicondffctor
indffstry. Tflo of the most sffccessfffl effiamples are the ੗bre coffpled electro-optic
modfflator (EOM) ffsed in telecommffnications that fftilises the nonlinear crystal lithiffm
niobate [3] as the host of single mode planar flafiegffides and the arrayed flafiegffide
grating ffsed in flafielength difiision mffltipleffiing systems [4]. Planar flafiegffides
hafie also been incorporated into a nffmber of sensors and microelectromechanical
systems [1].

2.1.1 Slab waveguide

To ffnderstand hofl light can be con੗ned ffsing a dielectric flafiegffide fle can consider
the simple symmetric dielectric strffctffre as seen in Figffre 2.1 flhere z is the affiis of
propagation. In this strffctffre the refractifie indeffi pro੗le fiaries only in the y-affiis. his
strffctffre can be solfied by applying the macroscopic Maffiflell eqffations in di੖erential
form:

∇ · D = ρ f , (2.1)

∇ · B = 0, (2.2)

∇ × E = −
∂B

∂t
, (2.3)

∇ × H = J f +
∂D

∂t
, (2.4)

flhere E is the electric ੗eld, B is the magnetic ੗eld, D is the electric displacement,
the eqffifialent magnetic qffantity is H , ρ f is the free charge density, and J is the free
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cffrrent density. E, D, B and H are related in a dielectric mediffm by the follofling
relationships:

D = ε0εrE ≃ ε0n
2E, (2.5)

B = µ0µrH ≃ µ0H , (2.6)

flhere ε0 and µ0 are the permitifiity and permeability of free space, εr and µr are the
relatifie permitifiity and permeability of a material respectifiely and n is the refractifie
indeffi of a material. It is assffmed that in a dielectric that εr ≈ n2 and µr ≈ 1. In this
dielectric strffctffre there are no free charge or cffrrent densities, and the refractifie
indeffi can be assffmed to be piece-flise constant. Maffiflell’s eqffations can then be
reflriten as:

∇ · E = 0, (2.7)

∇ · H = 0, (2.8)

∇ × E = −µ0
∂H

∂t
, (2.9)

∇ × H = ε0n
2(y)
∂E

∂t
, (2.10)

flhere refractifie indeffi pro੗le n(y) of the flafiegffide is de੗ned by

n(y) ≡


n1 y > |d/2|

n2 y 6 |d/2|
(2.11)

flhere d is the thickness of the core, n1 and n2 are the cladding and core refractifie
indices respectifiely. With these modi੗cations, Maffiflell’s eqffations can be rearranged
to form the flafie eqffations

∇2E = ε0µ0n
2(y)
∂2E

∂t2
, (2.12)

∇2H = ε0µ0n
2(y)
∂2H

∂t2
. (2.13)

Solfftions to each component of the electric ੗eld fiector E = Ex i + Ey j + Ezk and
magnetic ੗eld fiector H = Hx i + Hy j + Hzk are assffmed to hafie the form

E j (y) = E j (y)ei(ωt−β j z), (2.14)

H j (y) = H j (y)ei(ωt−β j z), (2.15)
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flhere E j andH j are the electric and magnetic ੗eld amplitffdes in y for affiis j ∈ {x, y, z},
flith angfflar freqffency ω and propagation constant β. Consider the solfftion of an
oscillating electric ੗eld aligned to the x-affiis by sffbstitffting Ex (y) into Eqffation 2.12,
fle obtain the ordinary di੖erential eqffation (ODE)

d2Ex

dy2
= (β2 − k20n2(y)) Ex (y), (2.16)

flhere flafie nffmber k0 is de੗ned as

k0 ≡
ω

c
=

2πν
c
, (2.17)

and
β ≡ neffk0. (2.18)

he solfftions to Eqffation 2.16 can be difiided into three parts for the three di੖erent
layers. Assffming that β < k0n for the central layer and the β > k0n for the sffrroffnding
layers leads to the general solfftions

Ex (y) =



Ae−αSWy
y > d/2

B cos(κSWy) + C sin(κSWy) −d/2 < y 6 d/2

DeαSWy
y 6 −d/2

, (2.19)

flhere A, B, C, D, αSW and κSW are constants to be solfied. From the symmetry of the
slab flafiegffide fle can see that solfftions flill be either an efien or odd fffnction, allofling
ffs to simplify offr analysis to the cos(κSWy) and sin(κSWy) terms of Eqffation 2.19
independently. Applying the continffity condition at the boffndary d/2 to E x and
dE x/dy leads to the follofling eqffations

Ae−αSW
d
2 = B cos

(

κSW
d

2

)

, (2.20)

AαSWe−αSW
d
2 = BκSW sin

(

κSW
d

2

)

. (2.21)

Taking the ratio of the eqffations and mffltiplying by d/2 leads to the relation

αSWd

2 =

κSWd

2 tan
(

κSWd

2

)

, (2.22)
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and applying the same analysis to the solfftion

αSWd

2 = −
κSWd

2 cot
(

κSWd

2

)

. (2.23)

hese transcendental eqffations cannot be simffltaneoffsly solfied as they come from
orthogonal components to the general solfftion of E x . If Eqffation 2.19 is sffbstitffted
into Eqffation 2.16 to obtain

κSW
2
= k20n22 − β

2, (2.24)

αSW
2
= β2 − k20n21, (2.25)

and these can be rearranged into

V ≡
√

κSW2d2
+ αSW2d2

= k0d

√

n22 − n21 (2.26)

flhere V is called the normalised freqffency. his is a dimensionless parameter that
completely characterises the entire slab geometry shofln in Figffre 2.1. his relates
κSW, αSW, n1 and n2. Rearranging flith Eqffation 2.22 and Eqffation 2.23 fle obtain the
eqffations

κSWd

2 tan
(

κSWd

2

)

=

√

V

4 −
κSW2d2

4 , (2.27)

−
κSWd

2 cot
(

κSWd

2

)

=

√

V

4 −
κSW2d2

4 , (2.28)

flhich profiiding the efien and odd mode solfftions respectifiely parametrised by V . his
can be solfied graphically as seen in Figffre 2.2 by ploting the let hand side (LHS)
against the right hand side (RHS) of Eqffations 2.27 and 2.28. Intercepts betfleen cffrfies
represent fialid solfftions to the flafie eqffation. It can be seen from Eqffation 2.26 that
V and thffs the nffmber of solfftions to the flafie eqffation increases flith the size of the
core of the slab, as flell as a greater refractifie indeffi di੖erence betfleen the core and
cladding. From these graphical solfftions it can be seen that to achiefie a single mode
flafiegffide V mffst be less than the zero intercept of Eqffation 2.23 leading to V 6 π.
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Figffre 2.2: Geometric solfftion to the slab flafiegffide. he orange is the semi-
circle generated by the LHS of Eqffations 2.27 (efien) and green for LHS of
Eqffation 2.28 (odd). he blffe solid and dashed lines indicate the cffrfies gener-
ated by the RHS Eqffations 2.27 and 2.28 for fialffesV = 4 andV = 8 respectifiely.
Intercepts of the blffe cffrfies flith other cffrfies indicate fialid solfftions to the
flafie eqffation.

To obtain the magnetic ੗eld of the flafiegffide apply Eqffation 2.9 to the electric ੗eld
gifiing

*...,
Hx

Hy

Hz

+///-
=

*...,
−
βx
µ0ω

Ex

0
1

iωµ0
∂Ex

∂y

+///-
. (2.29)

he mode solfied in this flafiegffide is knofln as transfierse-electric (TE) as the elec-
tric ੗eld fiector has no z-affiis component bfft a small magnetic one. Using the same
procedffre described abofie to solfie the TE mode solfftion can be ffsed to determine
transfierse-magnetic (TM) solfftion starting flith a magnetic ੗eld efficiting in the x-affiis
plane. As the TE and TM modes hafie perpendicfflar polarisations, a freqffent abffse of
langffage and confiention in the literatffre is to refer to the linear polarisation of the
electric ੗eld to the horizontal and fiertical planes as TE and TM respectifiely.
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2.2 Bragg gratings

he effiternal cafiities that are considered in this thesis ffse a Bragg re੘ector to form
part of the ofierall cafiity strffctffre and act as the freqffency selectifie element in the
cafiity. his section presents a simpli੗ed flafie fiector argffment for Bragg gratings to
ffnderstand their origin. To ffnderstand the relationship betfleen flafielength spectrffm
and the Bragg grating strffctffre, the coffpled mode eqffations are derified that can be
ffsed to ffnderstand and predict their spectra.

A Bragg grating is a spatially periodic strffctffre of refractifie indeffi changes in a dielectric
material as depicted in Figffre 2.3. Light incident on this strffctffre, normal to the grating
periods, ffndergoes a nffmber of Fresnel re੘ections at the interfaces betfleen changes
of the refractifie indices. he light flill ffndergo nffmeroffs internal re੘ections in both
the forflard and refierse directions. Depending on the light’s flafielength, the incident
and re੘ected optical ੗eld phases can add ffp constrffctifiely forming a strong re੘ection
at resonance; this flafielength is knofln as the Bragg flafielength. O੖ resonance, the
light passes almost completely ffnre੘ected, as most of the re੘ected ੗elds interfere
constrffctifiely and destrffctifiely in a qffasi-random manner, leading to a total ੗eld that
is ofierall fiery fleak in the refierse direction. he design of the Bragg grating’s indeffi
strffctffre can be engineered to control the spectral featffres and phase response of the
Bragg grating.

Λ

n1 n2 n1 n2 n1 n2 n1 n2 n1 n2 n1 n2n1 n2 n1 n2 n1 n2 n1 n2 n1 n2n1 n2 n1 n2 n1

Figffre 2.3: Broadband light, incident from the let, indicated by the blffe, green
and red arrofls is selectifiely re੘ected. When flafielength of the light and
the grating period Λ satisfy the phase matching condition Eqffation 3.4 it is
re੘ected.

It is this flafielength dependence that makes Bragg gratings so ffsefffl as they can be ffsed
to make optical bandstop and bandpass ੗lters, the later flhen ffsed flith a circfflator.
In realised defiices, the material host of the Bragg grating is typically sensitifie to a
nffmber of enfiironmental physical properties resfflting in a change in the response of
the Bragg grating, making them ideal for ffse in sensing applications. Most relefiant to
this research, Bragg gratings effihibit efficellent properties to be ffsed as the feedback
re੘ector in an effiternal cafiity diode laser, dffe to their flafielength dependent re੘ection
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and the ability to tailor that re੘ection to the design of the cafiity. As a resfflt this
research fftilises Bragg gratings as the essential flafielength dependent re੘ector the for
effiternal cafiities. An ffnderstanding of Bragg grating theory is reqffired to ffnderstand
the re੘ection spectra and featffres.

2.2.1 The Bragg Condition

he condition at flhich peak resonance occffrs in a Bragg grating is knofln as the Bragg
condition. his condition is fffl੗lled flhen the flafie fiectors of the incident optical ੗eld
ki , and the flafie fiector of the re੘ected optical ੗eld kr , relate to the Bragg grating
k-fiector KBr flith the relation

ki − kr = KBr, (2.30)

flhere the fiectors ki and kr indicate the incident and re੘ected flafies of a flafiegffide
flith e੖ectifie indeffi neff, kq is de੗ned as

k ≡ neffk0 ûq, (2.31)

flhere q ∈ {i,r } and the Bragg grating fiector is de੗ned by

KBr ≡
2π
Λ
. (2.32)

flhere Λ is the grating period. If fle consider the case of collimated light incident on
a grating, that is parallel to the Bragg grating fiector, caffsing a parallel bfft coffnter
propagating re੘ected flafie leads to the Bragg condition

λBragg = 2neffΛ, (2.33)

flhere fle hafie rede੗ned λBragg as the phase matched flafielength.

2.2.2 Coupled mode theory

he Bragg condition from Eqffation 2.33 only de੗nes the flafielength point of peak
re੘ection of the Bragg grating for an ffnchirped fleak grating. In reality a Bragg grating
has a ੗nite spectral flidth, and can be fabricated flith arbitrary chirp pro੗les leading to
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Figffre 2.4: An effiample of an indeffi pro੗le that can be solfied ffsing coffpled
mode theory.

more compleffi spectral responses. here are a nffmber of methods that can be ffsed to
predict and ffnderstand the spectral responses of these gratings. On of these methods
is knofln as coffpled mode theory. his theory models modes that hafie been solfied by
the flafie eqffation and looks at the coffpling betfleen speci੗c modes in the presence of
a pertffrbation sffch as a Bragg grating. In this sitffation a Bragg grating coffples light
betfleen forflard and backflard con੗ned modes of a flafiegffide and can be effitended
to mffltimode flafiegffides. he derifiation of the coffpled mode eqffations gifien in
this section is based o੖ methods cofiered by [5]–[7] bfft has adapted to the bffried
single mode UV-flriten flafiegffides prodffced by the direct UV-flriting method and
demonstrate some of basic spectral responses prodffced.

he e੖ectifie indeffi of a single mode flafiegffide can be described by

neff(r ) ≡ neff + ∆n(r ), (2.34)

flhere neff is the steady state e੖ectifie indeffi of the flafiegffide itself and ∆n(r ) is de੗ned
by

∆n(r ) ≡ δn(r ) cos
( 2π
Λ
+ φ(z)

)

, (2.35)

flhere δn is the sinffsoidal amplitffde component of the e੖ectifie indeffi pro੗le and φ is the
chirp pro੗le. he polarisation is related linearly flith εr (r ) flhich can be approffiimated
by εr ≃ n2. We can therefore flrite the relatifie permitifiity assffming ∆nn ≪ neff

εr (r ) = (neff + ∆n(r ))2

= n2eff + 2neff∆n(r ) + ∆n2(r )

≈ n2eff + 2neff∆n(r ),

(2.36)
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From this effipansion fle can consider the problem a pertffrbation to a steady state
relatifie permitifiity. herefore, the ofierall polarisation P indffced by the electric ੗eld
E can therefore be de੗ned as

P(r ) ≡ Pffnpert + PBr (2.37)

flhere

Pffnpert ≡ ε0n
2
effE (2.38)

PBr ≡ 2ε0neff∆n(r )E (2.39)

. (2.40)

Reflriting the theflafie eqffation of the electric ੗eld inmater in terms of the polarisation
leads ffs to

∇2E = µ0ε0
∂2E

∂t2
+ µ0
∂2Pffnpert

∂t2
︸                                    ︷︷                                    ︸

Unpertffrbed flafie eqffation

+ µ0
∂2PBr
∂t2

︸    ︷︷    ︸
Pertffrbation

, (2.41)

he ffnpertffrbed part of Eqffation 2.41 is an eqffifialent flay of representing the flafie
eqffation described in Eqffation 2.12. he solfftions for a dielectric flafiegffide, for the
ffnpertffrbed flafie eqffation indicated in Eqffation 2.41 can be flriten as

E(r , t) =
1
2
∑

u

[
Mu(z)Eu(x, y)ei(ωt−βu z)

+ Nu(z)Eu(x, y)ei(ωt+βu z)
]

+

∫ ∞

0 M ρ(z)Eρe
i(ωt−βρ z)

+ N ρ(z)Eρe
i(ωt+βρ z) dρ,

(2.42)

flhere Mu(z) and Nu(z) are the enfielope fffnctions of the forflard and backflard
propagating modes in z of the uth con੗ned mode flhere u is an integer, ρ indeffies the
cladding modes flhere ρ is a continffoffs nffmber, Eu and E ρ are the transfierse ੗eld
distribfftions. Only a single mode flafiegffide flill be considered and coffpling into
cladding modes flill be assffmed to be negligible and therefore disregarded. he factor
1/2 is necessary as fle are ffsing compleffi forms of the ੗elds and carrying the conjffgate
implicitly. Sffbstitffting Eqffation 2.42 into Eqffation 2.41, and considering only a single
mode, fle can identify that the groffp

∇2
(

E (x, y)ei(ωt−βz)
)

− µ0ε0n
2
eff
∂2

∂t2

(

E (x, y)ei(ωt−βz)
)

= 0, (2.43)
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as it is a solfftion to the homogeneoffs flafie eqffation. hen by applying the sloflly
fiarying flafie approffiimation (∂2Mu/∂z2 ≪ βu ∂Mu/∂z) fle arrifie at

− i β
dM

dz
E (x, y)ei(ωt−βz)

+ i β
dN

dz
E (x, y)ei(ωt+βz)

= µ0
∂2PBr
∂t2
. (2.44)

he time afieraged Poynting fiector 〈Sz〉 can be flriten for a TE solfftion as

〈Sz〉 =
1
2
! ∞

−∞
Ex H∗

y
dx dy. (2.45)

For confienience fle set the fialffe E sffch that the z-component of the time afieraged
Poynting fiector is 1W leading to the normalisation condition

−
β

2µ0ω
! ∞

−∞
E (x, y)E∗(x, y) dx dy = δ(n,m), (2.46)

flhere δ(n,m) is the Kronecker delta fffnction. To remofie the E (x, y) terms from the
LHS of Eqffation 2.44 fle fftilise the normalisation condition Eqffation 2.46, by mffltiply-
ing Eqffation 2.44 by a test ੗eld E (x, y)∗ and then integrating ofier the transfierse area
of the mode to gifie

dM

dz
ei(ωt−βz) −

dN

dz
ei(ωt+βz)

= −
i

2ω
! ∞

−∞

∂2PBr
∂t2
E∗(x, y) dx dy. (2.47)

Sffbstitffting Eqffation 2.39 into Eqffation 2.47 and effipanding the electric ੗eld E(t)

gifies

dM

dz
e−i βz −

dN

dz
ei βz

= iωε0neff cos
( 2π
Λ

z + φ(z)

)

[M (z)e−i βz
+ N (z)ei βz]

! ∞

−∞
|E2(x, y) |δn(r ) dx dy.

(2.48)

From this eqffation fle can see that all terms contain rapidly oscillating factors, hoflefier
some groffps of terms oscillate in phase together. Taking the synchronoffs groffps offt
into separate eqffations is called the synchronous approximation [8]. his is done by
mffltiplying Eqffation 2.48 by ei βz , then applying the rotating flafie approffiimation to
eliminate remaining rapidly oscillating terms. his process is applied again to the same



26 Chapter 2 heory

eqffations by mffltiplying flith e−i βz thereby profiiding the tflo coffpled mode eqffations

dM

dz
= iκN (z)ei[∆βz−φ(z)], (2.49)

dN

dz
= −iκM (z)e−i[∆βz−φ(z)], (2.50)

flhere

∆β ≡ 2β − 2π
Λ
, (2.51)

κ ≡
ωε0neff

2
! ∞

−∞
|E2(x, y) |δn(r ) dx dy. (2.52)

From Eqffations 2.49 and 2.50 it can be seen that maffiimffm coffpling is achiefied flhen
the argffment of the rapidly rotating terms is zero. his leads to the eqffation

2β = 2π
Λ
+ φ(z). (2.53)

For an ffnchirped grating flhere the chirp parameter φ(z) = 0, fle can see that this is
simply solfied to gifie ffs the Bragg condition Eqffation 2.33 fle solfied earlier ffsing a
fiector argffment.

To eliminate the rapidly rotating compleffi terms the eqffation is recast ffsing nefl
fiariables that encapsfflate the rapidly rotating terms, simplifying the eqffations and
making them more eਖ਼cient to solfie nffmerically. he nefl fiariables are de੗ned
Rcm(z) ≡ M (z) effip(i 12[∆βz − φ(z)]) and Scm(z) ≡ N (z) effip(−i 12[∆βz − φ(z)]) and
then reflriting Eqffations 2.49 and 2.50 in terms of Rcm(z) and Scm(z) gifies the ੗nal
form of the coffpled mode eqffations

dRcm
dz
= −iσRcm(z) + iκScm(z), (2.54)

dScm
dz
= −iκRcm(z) + iσScm(z), (2.55)

flhere
κ(z) ≡

1
2∆β −

1
2

dφ

dz
. (2.56)
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2.2.2.1 Solving the coupled mode equations

here are a nffmber of di੖erent approaches to solfiing the coffpled mode eqffations
(Eqffation 2.54). For a grating flhose refractifie indeffi modfflation amplitffde is constant,
and the grating fringes are constant period, can be solfied analytically. Hoflefier for
many gratings flhere an arbitrary apodisation fffnction is fftilised, flhere the apodisation
fffnction refers to the refractifie indeffi modfflation amplitffde, prefients the grating from
being solfied analytically. In these sitffations the apodised grating can be discretised
into short ffniform gratings of di੖erent strengths to approffiimate the shape of the
apodisation fffnction. Another approach, and the approach ffsed in this thesis, is to
solfie the eqffations by nffmerically integrating them.

Initially it may seem that these eqffations are most appropriately solfied as boffndary
fialffe eqffations. Hoflefier if fle recognise that fle are only interested in the re੘ectifiity
and transmission of these gratings fle can solfie the eqffations as an initial fialffe problem.
Casting the problem this flay allofl ffs to ffse more eਖ਼cient nffmerical integrators sffch
as the Rffnge-Kffta method for initial fialffe problems.

R(0) = 1

S(0) = 0 S(L) = q

R(L) = p

Length L

Figffre 2.5: Indeffi pro੗le of grating shofling boffndary conditions ffsed to solfie
the coffpled mode eqffations as an initial fialffe problem.

Figffre 2.5 illffstrates hofl this can be solfied as an initial fialffe problem. If fle consider
a forflard trafielling mode incident on a Bragg grating of length flhere Rcm(0) = 1 and
a refierse trafielling flafie flhere Scm(0) = 0. Solfiing the modes to obtain Rcm(L) = p

and Scm(L) = q, the pofler re੘ected can be determined from |p/q |2 and the pofler
transmited from 1 − |p/q |2. Figffre 2.6 shofls some effiamples of the re੘ection spectra
of solfied gratings. It can be seen that the apodisation fffnction has a profoffnd e੖ect,
in the case of a Gaffssian, the side lopes are sffppressed signi੗cantly at the effipense of a
lofler re੘ectifiity and a broadening of the central lobe.
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(a) An ffnapodised or ffniform grating.
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(b) A Gaffssian apodised grating.

Figffre 2.6: Coffpled mode eqffations solfied ffsing the Rffnge-Kffta method.
Both gratings flere length 5mm, flith δn is 4.5 × 10−5 and centre flafielength
1550 nm.

2.3 Semiconductor gain chips

Semicondffctor gain defiices or chips ffsed in effiternal cafiity diode lasers (ECDLs)
operate almost identically to diode laser chips flith minor di੖erences. Diode lasers are
defiices that ffse injected carriers, namely electrons and holes, in semicondffctors to
achiefie popfflation infiersion allofling for ampli੗cation by stimfflated emission. As
injected carriers are ffsed this e੖ectifiely means the defiices are pffmped ffsing a simple
electrical cffrrent making these defiices highly confienient in many applications. he
primary di੖erence of gain chips to diode lasers is there is bffilt-in optical feedback and
therefore it is ffnable to lase on its ofln. In this thesis mffltiple qffantffm flell gain chips
are ffsed as the optical ampli੗er in all ECDL defiices and so a brief qffalitatifie offtline
of semicondffctor band theory pertaining to gain chips is presented in this section. A
more detailed description of band theory and semicondffctor lasers can be foffnd in
these references [9]–[11].

2.3.1 Band theory of semiconductors

he distinction of semicondffctors from condffctors and insfflators can be ffnderstood
by considering flhat is knofln as their band strffctffre. An indifiidffal atom has discrete
energy lefiels that its electrons can occffpy that are determined from solfftions to
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Figffre 2.7: Band-gap diagram of metals, semicondffctors and insfflators. Met-
als hafie high condffctifiity dffe to ofierlapping condffction and fialance bands,
flhereas insfflators hafie fiery large band gaps. Diagram modi੗ed from indffc-
tifieload ffsed ffnder CC BY-SA 2.5.

Schrödinger’s eqffation. If fle consider mffltiple identical atoms cofialently bonded into
a crystal latice, the nffmber of afiailable energy lefiels mffltiplies flith the nffmber of
atoms in the system. hese nefl energy lefiels do not occffpy the same energy lefiels
bfft detffne and band aroffnd the energies of a 1-atom system. At macroscopic scales
these bands of energy lefiels can be modelled as a continffffm of states simplifying their
analysis.

he fialance and condffction bands are the bands of most interest in semicondffctors as
these gofiern most of the properties of interest in semicondffctor defiices. he fialance
band is de੗ned as the highest energy band that is ffflly occffpied flith electrons at
0 K. he condffction band is similarly de੗ned as the loflest energy band that is ffflly
occffpied flith holes (absences of electrons) at 0 K. At higher temperatffres electron
carriers are efficited from the fialence band to the condffction band leafiing a fiacancy
knofln as a hole carrier, a type of qffasiparticle, in the fialance band. he statistics of
these efficitations can be described ffsing the Fermi-Dirac distribfftion. In condffctors
the bands ofierlap so that carriers (holes and electrons) can easily transition betfleen
adjacent energy lefiels flhen efficited by a static electric ੗eld. Semicondffctors occffr
flhen the bands are separated by a relatifiely small energy gap knofln as the band gap;
as there are still a small nffmber of thermally efficited electrons in the condffction band
(and holes in the fialence band), the material is still able to condffct albeit flith higher
resistance. Insfflators are materials that hafie fiery large band gaps sffch that fiirtffally
none of the carriers hafie been efficited across the band leafiing fefl adjacent transitions
afiailable for electrical condffction. hese material types are indicated in Figffre 2.7

Photons can efficite electrons from an occffpied state to a fiacant state. To satisfy lafls of
conserfiation of energy and momentffm, the di੖erence betfleen the tflo energy lefiels

https://commons.wikimedia.org/wiki/File:Band_gap_comparison.svg
https://commons.wikimedia.org/wiki/File:Band_gap_comparison.svg
https://creativecommons.org/licenses/by-sa/2.5/
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infiolfied mffst effiactly match the energy and momentffm of the photon. To consider this
fle mffst obserfie the Energy momentffm diagram of tflo di੖erent types semicondffctors
Figffre 2.8.
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(a) In direct semicondffctors, the momentffms
of the energy minima and maffiima of the con-
dffction and the fialance bands respectifiely
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(b) In indirect semicondffctors, the momen-
tffms of the energy minima and maffiima of the
condffction and the fialance bands respectifiely
are di੖erent.

Figffre 2.8: Energy-momentffm plots of direct and indirect semicondffctors.

Direct band gap semicondffctors are de੗ned by hafiing identical energy minima and
maffiima of the condffction and fialance bands respectifiely. Indirect band gaps hafie
di੖erent energy minimas and maffiimas. Optical transitions at the band gap energy are
mffch more likely in direct semicondffctors as photons hafie a fiery small momentffm
compared to their energy so easily satisfy conserfiation lafls for transitions in direct
semicondffctors. Indirect semicondffctors ffsffally reqffire both a photon and phonon
interaction to satisfy the conserfiation lafls, phonons hafie comparatifiely mffch higher
momentffms compared to their energy; as both a photon and a phonon are needed in
this kind of interaction it is signi੗cantly less likely to occffr.

Most optical semicondffctors defiices are fabricated ffsing direct semicondffctormaterials
dffe to the energy-momentffm relationship. Most direct semicondffctor materials are
groffp III-V compoffnd semicondffctor sffch as GaAs and InP. As direct band gap
materials can eਖ਼ciently absorb and generate photons they are alflays ffsed to make
light emiting diode (LED)s and lasers.

2.3.2 Heterostructures and qantum wells

he band strffctffre of an optoelectronic defiice can be engineered in order to con੗ne
electrons to desired parts of the defiice, promote popfflation infiersion conditions, and
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make radiatifie recombination (the combination of an electron and hole pair carriers
across the band gap) more likely. his ffsffally infiolfies engineering the bands to trap
electrons flithin the actifie region of the defiice at an intended set of energy states.
For eਖ਼cient laser and gain defiices it is also important to engineer the refractifie indeffi
of semicondffctors to con੗ne light to the actifie region, the region flhere radiatifie
recombination occffrs, maffiimising the ofierlap of the optical mode and the actifie
region.

To this end one of the most ffbiqffitoffs optoelectronic band strffctffres ffsed in diode
lasers is knofln as the doffble heterodyne strffctffre. his type of defiice sandfliches a
lofler band gap material betfleen tflo higher band gap materials. he resfflting bands
shofl a drop in potential in the actifie region of the defiice forming a potential flell.
Injected electrons (and holes) flill be trapped in the potential flell in a small fiolffme
of material rather than di੖ffsing elseflhere and recombining. Trapping of electron
and holes in the this small region leads to a large popfflation infiersion necessary for
laser defiices. Additionally this type of strffctffre means generated photons effiperience
a higher refractifie indeffi in the actifie region than offtside leading to con੗nement of
the optical mode profiiding efficellent ofierlap flith the actifie region.

As mentioned before, band theory models the densely packed states as a continffffm,
hoflefier the states flithin a band are not ffniformly distribffted across the band. Bands
hoflefier can be described by a density of states distribfftion fffnction as seen in Figffre 2.9.
For lofl threshold and eਖ਼cient lasing a high density of states needs to effiist at the
operating photon energy. In bfflk lasers sffch as a standard doffble heterostrffctffre laser
the density of states increases approffiimately flith the sqffare root of the energy lefiel
as seen in Figffre 2.9. As the defiice has carriers injected the loflest energy states of the
condffction band hafie to ੗ll ffp ੗rst. hese states are too lofl density to sffpport laser
action bfft mffst be ੗lled ੗rst before the states of the operating laser photon energy are
੗lled.

uantffm flells are a strffctffre that can greatly improfie the eਖ਼ciency of semicondffctor
ampli੗ers. hese strffctffres are a potential flell flhose flidth is similar to the de Broglie
flafielength thffs con੗ning electrons to a 2-dimensional plane. his alters the density
of states fffnction fafioffrably by making the fffnction step-flise flith energy, also
shofln in Figffre 2.9. As there is a high density of states at the band gap edge, injected
carriers immediately contribffte to lasing action improfiing the laser threshold and
eਖ਼ciency, additionally the qffantffm flell atracts a higher concentration of carriers. By
comparison, in bfflk semicondffctors, the density of states at the band edge is zero. A
੗nal adfiantage of these strffctffres is they allofl tffning of the defiice bandgap flidth
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Figffre 2.9: Density of states plot comparing the density of states in bfflk
semicondffctor to qffantffm flell strffctffre that con੗nes electrons to a plane.

by fiarying the flidth of the qffantffm flell mofiing the steps in the stair-case fffnction.
hese strffctffres are implemented as a type of heterostrffctffre by fledging a narrofler
direct band gap material betfleen tflo flider band gap materials. As the qffantffm flell
strffctffres are so thin they do not profiide a large actifie area so there is relatifiely small
ofierlap flith the defiice’s optical mode. To optimise the eਖ਼ciency of these defiices
mffltiple qffantffm flells can be implemented in series improfiing the ofierlap flith
the optical mode and compoffnding the the nffmber of afiailable states at the band
edge improfiing the defiice eਖ਼ciency, these defiices are knofln as mffltiple qffantffm
flells (MQW). he qffantffm flells in a MQW defiice mffst be separated flith enoffgh
flidth to prefient qffantffm tffnnelling betfleen flells (Figffre 2.10).
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(b) A mffltiple qffantffm flell defiice. Mffltiple
qffantffmflells allofl greater ofierlapflith opti-
cal mode as flell as compoffnding the nffmber
of states afiailable at the band edge.

Figffre 2.10: Illffstrations of band strffctffres of single and mfflti qffantffm flell
strffctffres.

2.4 Laser noise

Like any engineered system, noise is an important atribffte in lasers as it a੖ects the
performance of the system in fiarioffs applications, for effiample in telecommffnications
it flill directly a੖ect the bit error rate (BER). Typically, modfflation schemes flill employ
phase or amplitffde based modfflation, or both in the case of qffadratffre amplitffde
modfflation (QAM). his emphasises the importance of properly characterising the
noise properties in a laser as this flill limit its applications.

In this section the mathematical de੗nitions and assffmptions needed to analyse laser
noise are gifien. Relatifie intensity noise flill be de੗ned and some of the physical
processes offtlined. Finally phase noise and lineflidth flill considered, their mathemati-
cal relationship de੗ned, and an offtline of some of the ffnderlying physical processes
described.

2.4.1 Mathematical formulation

A laser can be considered as the optical analogffe of an electronic radio freqffency (RF)
oscillator. Indeed the analysis techniqffes ffsed on electronic oscillators hafie been
adopted by the optics commffnity for the analysis of CW laser noise. he laser is treated
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simply as an electronic oscillator that effihibits ੘ffctffations of its flafie amplitffde and
੘ffctffations of its phase oscillations.

In this analysis, it is florth de੗ning some mathematical qffantities and de੗nitions
to rigoroffsly and meaningffflly model laser or oscillator noise. For confienience of
analysis the noise present in a signal flill be considered a randomflalk that is flide-sense
stationary and ergodic. ualitatifiely, a flide-sense stationary signal is one flhere the
effipectation of the process and its afftocorrelation is time independent, flhere the
afftocorrelation fffnction Rx (τ) is de੗ned by

Rx (τ) ≡
∫ ∞

−∞
x(t)x(t + τ) dt. (2.57)

he ergodicity reqffirement, refers to ability to estimate a random process’ statistical
moments from a single instance of that random process. As it happens these are
qffite accffrate assffmptions to make abofft real florld processes and the processes that
flill come ffnder consideration in this research. Freqffently throffghofft this thesis a
random process flill be analysed throffgh its pofler spectral density (PSD) fffnction.
his fffnction profiides the effipected pofler distribfftion flith freqffency f of the random
process. As sffch the PSD Rx of a random process x(t) is de੗ned as

Sx ≡ lim
T→∞
E

[
1
T

����
∫ T

0 x(t)e2πi f t dt
����
2]
, (2.58)

flhere E is the effipectation operator, t is time, f is freqffency, and T is the integration
time. Typically the PSD is gifien in ffnits of Hz−1, representing the pofler contained in
a 1Hz idealised bandpass ੗lter.

In practice there are a nffmber of flays in flhich the PSD in eqffation Eqffation 2.58
can be estimated. For effiample, a radio-freqffency Spectrffm-Analyzer (RFSA) sfleeps
a bandpass ੗lter across a gifien noise electrical signal prodffcing a PSD. An RFSA
flill rarely hafie a bandpass ੗lter flith 1Hz bandflidth, hoflefier this can be corrected
to prodffce a more accffrate estimate. For most of the signals in this research the
signal is a digitally sampled signal and is digitally post processed, fftilising the fast
Foffrier-transform (FFT), to prodffce an estimated PSD.

When considering the analysis of noise from an optical signal from a single freqffency
laser, sffch as the lasers considered in this thesis, at any point in space the optical ੗eld
E(t) can be modelled as

E(t) = E0[1 + α(t)] cos(2πν0t + φ(t)), (2.59)
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flhere ν0 is central optical freqffency, α(t) and φ(t) are instantaneoffs amplitffde and
phase ੘ffctffations. It is these tflo terms that contribffte to the noise of the optical ੗eld
and are flhat gofierns its sffitability for fiarioffs applications flhere noise is a limiting
factor. Lasers, in addition to these properties also effihibit polarisation instability,
hoflefier this flill not be considered as this is ffsffally only a signi੗cant issffe in fiertical
cafiity sffrface emiting lasers (VCSELs) flhere their polarisation selectifiity is fleak.
In contrast, for edge emiting defiices that are considered here, effihibit a strong gain
dependence on the polarisation resfflting in a highly polarised offtpfft.

he standard metric that is gifien for ੘ffctffations in intensity (α(t)) is knofln as relatifie
intensity noise (RIN). Phase ੘ffctffations (φ(t)) ffses sefieral metrics, the tflo most
common gifien is the phase noise PSD, and more commonly the lineflidth. It is these
noise metrics that flill be offtlined in this section.

2.4.2 Relative intensity noise

Intensity noise is an important limiting properties for many laser applications; for
effiample in amplitffde modfflation schemes for telecommffnications the intensity noise
directly a੖ects the resolfiable resolfftion and thffs the nffmber of distinct qffantisation
lefiels that the laser amplitffde can be difiided into.

he intensity signal of a laser can be effipressed by

P (t) = P + δP (t), (2.60)

flhere P(t) is the laser pofler offtpfft in time, P is the mean optical pofler offtpfft and
δP (t) is the additifie optical intensity noise in time t flith a mean of 0.

he most common metric of intensity noise for a single freqffency laser is gifien by a
RIN PSD flhere the noise pofler PSD is normalised to the sqffare of the afierage pofler
and is therefore de੗ned as

RIN ≡ Rδi ( f )

Ipd
=

RδP ( f )

P
, (2.61)

flhere Sδi is the PSD of the photocffrrent noise flith freqffency f , Ipd is the mean
photocffrrent, SδP is the PSD of the additifie optical power noise, and P is the mean
optical pofler. he RIN is ffsffally gifien in ffnits of dBc/Hz. A point of confffsion is hofl
the RIN is presented since the noise PSD measffres the spectral density of the sqffare of
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the optical noise pofler. his is done for confienience as typically the measffrement is
performed by ffsing a RFSA to measffre the spectrffm of the generated photocffrrent.

here are sefieral physical origins of intensity noise, inclffding spontaneoffs emission
noise from the laser gain-mediffm itself, and shot noise introdffced from the qffantised
natffre of the optical ੗eld. hese e੖ectifiely act as flhite noise soffrces that introdffce
small signal modfflation to the cafiity photons and carriers, leading to noise featffres
determined by the small signal response of the laser dynamics, ffsffally prodffcing
a strong noise featffre at the relaffiation oscillation resonance. 1/ f noise foffnd at
lofler freqffencies has been atribffted in lasers to mode partition noise, flhich is most
signi੗cant in lasers that hafie other competing modes, flhere pofler ੘ffctffates betfleen
the actifie modes [12]. hese noise e੖ects are more prominent noise in diode lasers
flithofft effiternal cafiities, inclffding distribffted Bragg re੘ector (DBR) and distribffted
feedback (DFB) as they oten hafie a lofler side-mode sffppression-ratio (SMSR) and a
stronger relaffiation oscillation peak dffe to the short cafiities compared to ECDLs.

In effiternal cafiity diode lasers, these noise featffres hafie been obserfied to be sffppressed.
his sffppression oten inclffdes the redffction of the relaffiation oscillation resonance
that is additionally oten shited to mffch higher freqffencies >2GHz [13], [14], similar
behafiioffr has been shofln in simfflated feedback regimes [15]. he more dominant
soffrces of noise oten come from fiibrations and thermal effipansion from changes in
the enfiironment. his has led to great e੖orts to isolate effiternal cafiity diode lasers
from enfiironmental e੖ects. In some effitreme effiamples ECDLs for ffse in optical clocks
hafie combined measffres sffch as encapsfflation in a solid rigid shell, fiibration isolation,
Infiar components, thermal stabilisation, and fiacffffm chambers [13], [16].

he noise and instabilities from optical feedback is important as many applications
may reqffire immffnity to this kind of noise for effiample, laser diodes ffsed in optical
disk drifies get back-re੘ections from the disk. hese form ffnflanted effiternal cafiity
modes, that can caffse signi੗cantly greater ੘ffctffations betfleen competing modes [12],
[17]. hese soffrces of noise can be solfied simply throffgh sffਖ਼cient isolation oten as
high as >50 dB, flhich can be achiefied ffsing Faraday isolation.

2.4.2.1 Shot noise limit

At high freqffencies, ffsffally higher than the relaffiation oscillation resonance, the RIN
is oten limited by the shot noise limit also knofln as the standard qffantffm limit. his
limit arises from the discrete natffre of photons and it is also encoffntered in electronics
dffe to the discretisation of charge. he optical pofler can be fiisffalised as a train of
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trafielling photons. When incident throffgh a partially re੘ectifie sffrface, for effiample,
the train mffst be partitioned into photons that flere either transmited or re੘ected.
his partitioning, if assffmed to be ffniformly random, leads to a Poisson process. In the
case of a laser’s offtpfft coffpler, the mean nffmber of transmited photons and fiariance
is the afierage pofler P, leading to a shot noise PSD of

SP = 2hνP∆ f . (2.62)

Where ∆ f is the noise bandflidth. hen ffsing the de੗nition of RIN this gifies

RINshot =
2hν∆ f

P
. (2.63)

An alternatifie derifiation that ffses more rigoroffs qffantffm mechanical argffment to
describe the shot noise or partitioning noise is gifien by [18].

2.4.3 Linewidth and phase noise

Lineflidth and phase noise are tflo intimately related metrics that are both determined
entirely from the φ(t) term foffnd in Eqffation 2.59. For applications that fftilise lasers
in interferometers or spectroscopy the characterisation of φ(t) can determine the
capability of laser for application. In this section, the fffndamental soffrce of lineflidth
flill be offtlined, the e੖ects of effiternal feedback, and other soffrces of instability flill be
cofiered, ੗nally a discffssion of ffsing the phase noise PSD as a comprehensifie measffre
of the lineflidth and its relationship to fffndamental lineflidth.

2.4.3.1 he Schawlow-Townes linewidth

he lineflidth of the laser has been the traditional metric for determining the phase
੘ffctffations φ(t). When a laser’s spectral line is fiiefled ffsing an optical spectrffm
analyzer (OSA) the laser might appear as a perfectly monochromatic line flithin the
limits of the OSA resolfftion. In reality, flith arbitrarily good resolfftion, a laser ۠lineۡ
floffld in fact hafie a shape and ੗nite flidth, its lineflidth. hoffgh stimfflated emission
generates photons flith the effiact same phase and direction as the incident ੗eld, the
presence of spontaneoffs emission pertffrbs the ੗eld leading to a qffantffm limit on the
lineflidth.
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he ੗rst theory of qffantffm limited laser phase noise and lineflidth defieloped before
efien the ੗rst optical laser is knofln as the Schafllofl-Toflnes lineflidth [19]. It flas
foffnd that this qffantffm limit prodffced a line shape fffnction that flas Lorentzian in
shape.

δνST =
hν βLtotToc
2πτrtPofft

, (2.64)

flhere δνST is the fffll-flidth at half-maffiimffm (FWHM) of the resfflting Lorentz fffnc-
tion, ν is the freqffency of the laser, Ltot is the total losses, Toc is the offtpfft coffpler
transmission, τrt is the resonator roffnd trip time, and Pofft is the offtpfft pofler of the
laser.

In reality it is fiery diਖ਼cfflt to measffre the Schafllofl-Toflnes limit of a laser dffe to
other stronger noise soffrces on the laser noise. In addition, it flas later foffnd by
Henry that in diode lasers the Schafllofl-Toflnes limit is enhanced dffe to the coffpling
betfleen the diode laser gain and refractifie indeffi [20]. A spontaneoffs emission efient
floffld change the concentration of photons flithin the cafiity. his efient pertffrbs the
laser cafiity pofler aflay from steady state, in response the laser atempts to restore
the cafiity pofler back, flhich is re੘ected by a change of the laser’s gain. he coffpling
betfleen gain and refractifie indeffi in the laser gain mediffm leads to an additional
change of refractifie indeffi indffcing a phase shit to the ofierall laser ੗eld. his phase
pertffrbation has no restoring force ffnlike the intensity, so the phase of laser’s optical
੗eld ffndergoes a random flalk. he relationship betfleen the gain and the refractifie
indeffi of the laser gain mediffm is effipressed by

α ≡
dn

dn′
, (2.65)

flhere n′ is the imaginary indeffi and accoffnts for the gain of the cafiity. Taking this
coffpling e੖ect into accoffnt, the modi੗ed Schafllofl-Toflnes limit changes to [20]

δνST =
hν βLtotToc

4πτrtPofft(1 + α2)
, (2.66)

flhere α is the lineflidth enhancement factor that accoffnts for the relationship betfleen
gain and refractifie indeffi. Accoffnting for this coffpling betfleen gain and refractifie
indeffi has gifien mffch beter agreement flith effiperiment. Hoflefier there are still
other factors that oten effiaggerate the lineflidth beyond flhat is typically measffred.
When the Lorentzian lineflidth is measffred effiperimentally it is oten referred to in the
literatffre as the fundamental linewidth or intrinsic linewidth.
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2.4.3.2 External feedback effects

Weak optical feedback also has a hffge impact on the lineflidth of a diode laser. Diode
lasers can be sensitifie to feedbacks > − 50 dB of the offtpfft. his sffggests that efien
in a pigtailed laser, ffsing clean and flell polished ੘at facet ੗bres flith retffrn losses
as lofl as 50 dB, can be too high. Depending on the amoffnt of optical feedback and
the phase, a fleak optical feedback can resfflt in either a narrofled or broadened
lineflidth. A nffmber of behafiioffr regimes hafie been obserfied for a laser receifiing
fleak optical feedback [21], [22]. If designed properly, fleak optical feedback can
resfflt in signi੗cantly redffced lineflidths. Uncontrolled optical feedback from effiternal
components motifiates the ffse for properly isolating the laser ffsing a Faraday isolator.

Hoflefier strong optical feedback, sffch as in an effiternal cafiity diode laser fftilising an
anti-re੘ection coated facet, shofls improfied stable lineflidths. From Eqffation 2.66 the
roffnd trip time of a diode laser flill be proportional to cafiity length La. If the diode
laser has an anti-re੘ection coating applied to one facet and its length effitended by an
effiternal cafiity of length Leffit, this flill resfflt in a lineflidth redffction according to

δν = δν0
δν′

∆La
×
∆La
δν
=

L2
a

(La + Leffit)2
, (2.67)

flhere δν0 represents the original lineflidth of diode laser, and δν is narrofled lineflidth [9].
From Eqffation 2.67 it is clear that the lengthening of the cafiity flill resfflt in a sig-
ni੗cant redffction in the lineflidth. For a gain-chip that is length La =1mm and an
effiternal cafiity that is length Leffit =10mm the redffction in the lineflidth floffld be
∼120. Laser diodes on their ofln typically hafie lineflidths of MHz, so a diode laser
flith a 1MHz lineflidth in its ofln right, if incorporated into an 10mm long effiternal
cafiity flith an anti-re੘ection coating, it flill hafie a lineflidth ∼8 kHz.

A longer cafiity also redffces the sensitifiity of the cafiity to fiariations in its length.
Sffch fiariations can occffr as a resfflt of longer term instabilities sffch as those caffse
by fiibrations and thermal drit. his can be seen if fle consider a small change in the
length L of a cafiity and its e੖ect on a longitffdinal mode solfftion freqffency ν

|dν | =
ν

L
|dL | (2.68)

flhere dν is a change longitffdinal mode freqffency, and dL is a change in the cafi-
ity length. he additional length gained by ffsing effiternal cafiities demonstrate an
improfiement in freqffency stability.



40 Chapter 2 heory

2.4.3.3 Other Stability Factors

It is rare to obtain a measffrement of the lineflidth that is limited to the fialffe of
the modi੗ed Schafllofl-Toflnes lineflidth (Eqffation 2.66), especially if the lineflidth
measffrement is made ۠directlyۡ throffgh ੗ting of the intensity distribfftion of beating
tflo laser lines. Effiternal optical feedback can play a signi੗cant role in the measffred
lineflidth of the laser. In addition to these soffrces of noise, perhaps the most signi੗cant
soffrce of phase instability, especially at lofler freqffencies, is dffe to fiibrations and
thermal drit. his is a limiting factor in many ECDLs that fftilise mofiing mechanical
parts sffch as the Litrofl and Litman con੗gffrations. In these systems there are many
entry points for noise to interact flith the system; these inclffde thermal effipansion
of the materials especially metallic materials, large fiibrationally condffctifie parts
are sffsceptible to acoffstic fiibrations caffsing cafiity length fiariation, and noise from
actffators. hese soffrces of instability hafie motifiated improfied geometries [23],
enfiironmental isolation [16], [24], and nefl optical platforms for ECDLs, to obtain
highly stable ECDLs [14].

2.4.3.4 Phase noise

he phase noise metric refers to determining the PSD of φ(t). Both the lineflidth and
phase noise PSD metrics are derified from the same term φ(t), hoflefier the phase noise
profiides a more comprehensifie measffrement and can be ffsed to ffflly determine the
fffndamental lineflidth of a laser. If α(t) from Eqffation 2.59 is assffmed to be zero, in
single freqffency lasers this a reasonable assffmption dffe to their lofl intensity noise,
the afftocorrelation fffnction RE (τ) of Eqffation 2.59 becomes [25], [26]

RE (τ) = E2
0ei2π f0τe

−2
∫ ∞

0 Sδ _φ ( f )
sin2(π f τ)

f 2 df (2.69)

flhere δ _φ is the ੘ffctffations in freqffency that is de੗ned as the derifiatifie of φ(t) flith
t, also knofln as the frequency noise. he Foffrier transform of Eqffation 2.69

R(ν) = 2
∫ ∞

−∞
RE (τ)e−2πντdτ, (2.70)

flhere ν is the optical freqffency. he Wiener–Khinchin theorem states that the Foffrier
transform of a fffnction’s afftocorrelation gifies the PSD of that fffnction. It is diਖ਼cfflt
hoflefier to integrate Eqffation 2.70 analytically. Hoflefier if fle consider a flhite
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Figffre 2.11: A fiisffalisation of hofl the fffndamental line mofies and resfflts in
a flider apparent fffndamental line. he blffe fffndamental line is depicted at
di੖erent time instants t1, t2 and t3, resfflting in an ofierall measffred line shape
shofln in black [27]

.

freqffency noise spectrffm Sδ _φ =
δν
π
, a Lorentzian line shape is obtained flith FWHM of

δν [26].

With the knoflledge that a flhite noise spectrffm in the freqffency noise PSD, flhich is
δν
π f 2 in phase noise, can be ffsed to determine the fffndamental lineflidth from phase
noise PSDs. Atempts to measffre the fffndamental lineflidth directly ffsffally profiide
ofierestimates of the lineflidth. he reason for this, is that the fffndamental line can be
thoffght of as ۠mofiingۡ in time dffring the measffrement, resfflting in a smeared line
shape, as depicted in Figffre 2.11.

If the phase noise PSD can be measffred, the fffndamental lineflidth can be determined
independently of any ੘ffctffations. A simple method to compffte the lineflidth from a
phase noise PSD is to ੗t to a noise model sffch as [27]

Rφ( f ) =
δν

π f 2
+

k f

π f 3
+

kr

π f 4
, (2.71)

flhere k f is the ੘icker noise, and kr is the random flalk. Representing the phase
੘ffctffations ffsing a PSD of the phase noise imparts the most information. his repre-
sentation makes it clear flhat freqffency or phase modfflation schemes coffld be ffsed to
achiefie the greatest signal-to-noise ratio (SNR), for instance, in telecommffnications.
In addition it is simple to determine the Lorentz lineflidth flith high accffracy. his is a
freqffently qffoted metric, as large bfft slofl drits that are typical in free rffnning lasers
generally do not distort the cffrfie ੗ting of the phase or freqffency noise PSD.
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2.5 Infrared spectroscopy

Electrons con੗ned in amolecffle display a discrete set of energy lefiels that are permited.
hese energy lefiels are predicted by the Schrödinger eqffation. Optical spectroscopy is
concerned flith the interaction betfleen molecffles and electromagnetic radiation. A
photon incident on a molecffle can be absorbed flhen the energy di੖erence matches
the photon energy:

hν = En − Em, (2.72)

flhere En and Em are tflo energy lefiels. Hoflefier not all transitions are allofled and
depend on the particfflar pair of transitions as gofierned by transition rffles. In the
fiisible spectrffm these optical absorption typically efficite electronic transitions. Infrared
spectroscopy, hoflefier, is concerned flith fiibrational and rotational mode efficitations.

hese spectral resonances are narrofl and speci੗c. his speci੗city makes them ffsefffl
as flafielength references and profiides an efficellent means to optically detect gas
flithofft the ffncertainty introdffced from crosstalk flhich is a common problem in
electrochemical based gas sensors. A laser flith a sffਖ਼ciently narrofl lineflidth (~MHz)
andmatchingflafielengthflill be strongly absorbed by a target gas inferring its presence.

A class of techniqffes of particfflar interest in sensing and spectroscopy is knofln as
tffnable diode-laser spectroscopy (TDLS). hese techniqffes fftilise the tffneabiltiy, lofl
RIN and narrofl lineflidths of diode lasers to scan and interrogate gas samples. hoffgh
the techniqffes ffsffally ffse single freqffency lasers, they are not limited to them. his
type of gas sensing has the potential to sense ffltra lofl concentrations (as lofl as ppb)
and is ffsffally gas speci੗c [28].

Tflo standard techniqffes in TDLS can either be a simple relatifiely slofler sfleep of
the laser across the spectral line, looking for the dip in intensity. Dffe to the lofler
freqffencies of scanning, this can be limited by the higher noise (ffsffally 1/ f noise)
typically foffnd in lasers near DC freqffencies, thoffgh it is possible to post process
throffgh afieraging and carefffl digital ੗ltering to redffce the backgroffnd noise. To
fiastly improfie the signal to noise ratio a freqffency modfflation techniqffe can be
employed. he techniqffe applies a small sinffsoidal modfflation to the signal as it
sfleeps sloflly across the absorption line, harmonics of the modfflation signal can be
lock-in detected [28], [29]. his has the adfiantage of mofiing signal detection aflay from
the higher DC noise region by detecting harmonics and making it easier to modfflate
at higher freqffencies as a triangle flafie is not ffsed that contains higher harmonic
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components. An additional adfiantage is the ffse of lock-in detection that e੖ectifiely
limits detection to a narrofl band ੗lter rejecting most noise (Figffre 2.12).
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Figffre 2.12: System diagram of a common TDLS setffp. Both direct scanning
and flafielength modfflation methods are inclffded. In direct scanning method
the sine generator is simply tffrned o੖ (a) Signal obtained from direct scanning,
dip shofls location of line. (b) Signal obtained from looking at the second
harmonic of the gas line ffsing a freqffency modfflated diode-laser. Figffre
inspired from [28]

A small freqffency modfflated signal is applied to the absorption line and pfft throffgh
a photodiode connected to a lock-in ampli੗er. he lock-in ampli੗er flill be able to
detect harmonics of the signal. his can be reasoned by effipressing the absorption flith
a Taylor series effipansion abofft the fffndamental freqffency ω0

αab(ω) = αab(ω0) + αab
′(ω0)(ω − ω0) + αab

′′(ω0)(ω − ω0)
2
+ · · · (2.73)

flhere αab is the coeਖ਼cient of absorption. If the fffndamental freqffency is located at
the peak of the absorption line, the second term of Eq. 2.73 flill be strongest dffe to the
parabolic shape of the peak. A freqffency modfflation of A sin(ωfmt) at ω0 flill lead to
A2 sin2(ωfmt), flhich ffsing simple trigonometric identities gifies a second harmonic
2ω f m term that can be detected on a lock-in ampli੗er. Since the system is being
modfflated at a freqffency ωfm, the system is distanced from the high noise 1/ f region.

2.5.1 Broadening mechanisms

Spectral absorption lines are not perfectly sharp and hafie a non-zero flidth dffe to a
nffmber of broadening mechanisms. Fffndamentally, gas lines are broadened dffe to
the qffantffm ffncertainty of atomic energy lefiels. In practice hoflefier this broadening
mechanism is small and the most signi੗cant broadening mechanisms are collision and
Doppler broadening, flhich arise from the dynamic motions of molecffles and can be
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reasoned classically. In this section a theoretical description of the these broadening
mechanisms flill be described.

2.5.1.1 Natural broadening

hoffgh the fffndamental natffre of natffral broadening is qffantffm, it can be modelled
classically by considering the emiting electron as a damped oscillator. Dffring an
electron transition to a lofler energy state a ੗eld is emited. We consider this ੗eld to
decay effiponentially flith time. Taking the Foffrier transform of the decaying ੗eld fle
obtain a Lorentzian pro੗le

IL(ω) = I0
γnω

(ω2
0 − ω

2)2 + (γn/2)2
(2.74)

Where γn is the FWHM of the natffral broadened pro੗le. his type of broadening
is knofln as natffral or lifetime broadening. It is the most fffndamental broadening
mechanism. Generally this broadening mechanism is not the dominant broadening
mechanism and can only be obserfied flhen other broadening mechanisms hafie been
eliminated.

2.5.1.2 Collision broadening

Collision broadening, also knofln as pressffre broadening or self broadening is the resfflt
of collisions betfleen emiting molecffles in a gas. When a molecffle is ffndergoing an
emission and collides flith another molecffle it flill ffndergo an abrffpt and random
phase change to its emited ੗eld. As the pressffre or density of a gas e੖ects hofl likely
a molecffle is to collide the FWHM, γc, of this broadening mechanism is oten gifien in
ffnits of cm−1 atm−1 (note that the flafie nffmber ffnit cm−1 is a common ffnit ffsed in
spectroscopy for describing spectra in the freqffency domain). his type of broadening
can be thoffght of being similar to natffral broadening as it is e੖ectifiely reasoned as
the afierage lifetime an emiting molecffle has to radiate before a collision efient occffrs
disrffpting the phase. As a conseqffence it is also described flith a Lorentzian line shape.
his type of broadening is generally the most dominant type at atmospheric pressffres
and room temperatffres.
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2.5.1.3 Doppler broadening

Doppler broadening arises from the Doppler freqffency shits of the molecffles mofiing
flithin the gas as a resfflt of their thermal kinetic energy. As emission and absorption
spectra are measffred along a linear path, fle consider the one-dimensional Doppler
shited freqffency

ω = ω0

(

1 + v

c

)

, (2.75)

flhere ω0 is the ffnshited angfflar freqffency, v is the molecfflar fielocity. At a tempera-
tffre T the kinetic energy distribfftion of the molecffles in a gas are described by the
Maffiflell-Boltzmann distribfftion [30]

nat(v) dv = Nat

√

m

2πkT
e−

mv2
2kT , (2.76)

flhere nat(v) dv is the nffmber of atoms flithin the fielocity span dv, Nat is the total
nffmber of atoms, m is the mass of a molecffle, T is the temperatffre and k is the
Boltzmann constant. he emission strength of a transition flill be proportional to
the nffmber of atoms at the shited freqffency (I ∝ nat(v)(ω) dω). hffs combining
Eqffations 2.75 and 2.76 leads to the emission distribfftion

IG(ω) = I0e
−

mc2(ω−ω0)2

2kTω2
0 , (2.77)

flhich has FWHM of

∆ωG =
2ω0

c

√

2 ln 2 kT

m
. (2.78)

2.5.2 Voigt spectral profile

A simple method to determine the ofierall spectral pro੗le flhere there are mffltiple
signi੗cant broadening mechanisms, is to compffte the confiolfftion integral betfleen
each of the di੖erent broadening mechanisms. he confiolfftion of the Lorentzian line
shapes as a resfflt of natffral and collision broadening is also a Lorentzian, leading to a
simple FWHM effipression of ∆ωL = γn + γc.

At lofler pressffres Doppler and pressffre broadening e੖ects can be comparable. At
these pressffres the line shape can neither be described as a Lorentzian or Gaffssian bfft
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the confiolfftion of the tflo distribfftions. his distribfftion is knofln as a Voigt pro੗le

IVoigt(ω) =
∫ ∞

−∞
IGaffssian(ω′)ILorentz(ω − ω

′) dω′. (2.79)

he integral in this pro੗le cannot be compffted analytically. Hoflefier ffsing an empirical
formffla the FWHM can be accffrately approffiimated by [31]

∆ω ≃ 0.5346∆ωL +
√

0.2166∆ω2
L + ∆ω

2
G. (2.80)

2.6 Conclusion

he theoretical concepts featffred in this chapter gifie an ffnderstanding of the physics
that ffnderpin fabrication and effiperimental resfflts considered in this thesis.

he basics of flafie gffidance has been considered flith an effiample of a simple solfftion
to a slab flafiegffide. An ffnderstanding of this theory is essential as it ffnderpins
the gffidance mechanisms ffsed in this thesis. he relationships betfleen flafiegffide
geometry, the e੖ect on single mode gffidance and the e੖ectifie indeffi that are solfied
for slab flafiegffides, approffiimately illffstrate the similar relationships in the channel
flafiegffides fabricated in this thesis.

he natffre of Bragg grating re੘ection has been considered. A simple flafie fiector
model has been gifien to shofl the phase matching conditions and derifie the Bragg
condition. To ffnderstand hofl to model and predict the re੘ection and transmission
spectra of a Bragg grating, a derifiation of coffpled mode theory has been gifien, derified
fromMaffiflell’s eqffations, flith some effiamples of simfflated grating spectra of di੖erent
apodisations. his theory flas ffsed to help design and predict the re੘ectifiity and
spectral shapes of laser re੘ectors ffsed in this thesis.

he physical origins of laser noise has been considered for both intensity and phase
noise. he relationship betfleen phase noise and lineflidth has been discffssed. he
natffre of the spontaneoffs noise contribfftion to phase noise has also been cofiered.
A discffssion of enfiironmental noise soffrces flas gifien to effiplain the noise seen in
practice.

he physical natffre of spectral lines flas discffssed. Some effiperimental methods that
can be ffsed to characterise them. Finally, natffral, pressffre and Doppler broadening
processes and their aggregation are discffssed to indicate the physical origin of the spec-
tral line shapes obserfied in this thesis. he neffit chapters flill present the effiperimental
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flork performed for this thesis. Chapter 3 flill offtline all the fabrication methods ffsed
in this research, Chapters 4 and 5 flill cofier the characterisation of the assembled
effiternal cafiity diode lasers.
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- Chapter 3 -

Fabrication

3.1 Introduction

his chapter details the processes ffsed to fabricate the optical platforms ffsed in this
research; precision optical dicing of the defiices, fabrication of UV-flriten Bragg grat-
ings and flafiegffides, the fabrication of micro-heating elements ffsed for Bragg flafie-
length tffning, assembly of the effiternal Bragg re੘ector into an effiternal cafiity diode
laser (ECDL) system, and ੗nally the miniatffrisation of these systems into a small,
compact and stable packages.

It is florth noting that in this section and throffghofft the rest of thesis, reference is
oten made to the external cavity. his oten refers to the chip hosting the re੘ector that
forms a cafiity in conjffnction flith the gain chip, neither of flhich are cafiities in their
ofln rights, thoffgh the conteffit flill make this clear.

First the ੘ame-hydrolysis deposition process flill be described. his is the process that
is ffsed to fabricate the glass layers ffsed in the planar platform and has been recently
defieloped to prodffce the planar-੗bre composite platform knofln as integrated optical
੗bre (IOF). hese platforms form the basis for the laser effiternal cafiities demonstrated
in this thesis. he chemical composition, process steps, and optimisation techniqffes
flill be described for both of these platforms.

he dicing and shaping of the flafers into the appropriate geometry for the chips flill
be cofiered. In addition the techniqffe ffsed to dice the facets of the chips to achiefie
an optical qffality facet flill be detailed. Characterisation of the chips’ facets ffsing
flhite light interferometry flill be discffssed. he section also infiestigates process
optimisations needed for the IOF platform.
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he follofl section describes the UV-flriting process that is ffsed to inscribe flafiegffides
and Bragg gratings simffltaneoffsly into the planar and IOF platforms flill be discffssed.
he process flill be described in detail, inclffding the characterisation of the platform
hosting the inscribed gratings.

he design and fabrication of the micro-heating system ffsed to tffne the Bragg flafie-
length of the effiternal cafiity flill be cofiered. his system consists of small heating
elements deposited in close proffiimity to the core containing the grating strffctffre. his
section flill, in addition, describe the modelled thermal characteristics of the system.

Finally the assembly of the fiarioffs prototype systems flill be discffssed. Details of the
assembly procedffre flill be cofiered on packaging the defiice into a compact hoffsing
and the reasoning for doing so.

3.2 Flame hydrolysis deposition

he ੘ame-hydrolysis deposition (FHD) process is similar to and based on the sffccessfffl
approach to the flell-established ੗bre preform fabrication processes. Fibre preforms
are fabricated ffsing tflo common techniqffes knofln as modi੗ed chemical fiapoffr
deposition (MCVD) and offtside fiapoffr deposition (OVD). hese processes are fafioffred
as the precffrsors are liqffid and can be easily pffri੗ed throffgh fractional distillation
(<1 ppm) and allofling for high pffrity preforms to be fabricated [1]. hese processes
ffse offiidisation or hydrolysis of the precffrsors forming offiide aerosols that are deposited
onto the preform as a type of soot. he soot is then sintered into a ffniform glass layer
at high temperatffre. Silica for effiample is formed by the offiidation or hydrolysis of
SiCl4 throffgh the eqffations

SiCl4 + O2 −−−→ SiO2 + 2Cl2 (3.1)

SiCl4 + 2H2O −−−→ SiO2 + 4HCl · (3.2)

he planar flafiegffide analogffe of these processes is knofln as FHD and it is most
similar to the OVD process that ffses a hydrogen-offiygen ੘ame to form the offiide
aerosols that are deposited onto the sffbstrate. FHD is the process ffsed in this research
for the deposition of glass layers to form the fiertical strffctffres of the planar flafiegffides.
Usffally the glass layers are deposited on silicon flafers flith a thermally grofln silica
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layer that acts as the ffnderclading layer of a flafiegffide. he same FHD process is ffsed
to atach ੗bres for the IOF platform.

he deposition of glass layers onto prefabricated thermally grofln silica-on-silicon
flafers flas carried offt by the affthor inclffding the discffssed optimisation of layer
design discffssed in Section 3.2.3.1. In addition, the affthor helped pioneer and optimise
the process for integrated optical ੗bre fabrication process.

3.2.1 System overview

In this process the system is made ffp of three main components: the gas delifiery
system, the FHD chamber and the fffrnace.

he gas delifier system contains the fiarioffs precffrsors ffsed in the process. hese
precffrsors are kept as liqffids in glass bffbblers flhere nitrogen gas is fed or ۠bffbbledۡ
throffgh a glass fiessel containing the liqffid precffrsor that carries some as a fiapoffr
and is then transported to the hydrogen offiygen ੘ame at the torch. he nitrogen gas
for each bffbbler ffses a mass ੘ofl controller (MFC) that allofls the carefffl control of
the feed rate of each precffrsor. According to the desired recipe the precffrsors ffsed are
SiCl4, PCl3, GeCl4, that are liqffid and can be transported as fiapoffr ffsing bffbblers and
BCl3 flhich is gaseoffs and readily offiidises and hydrolyses to GeO2.

he FHD chamber contains the tffrntable and torch as depicted in Figffre 3.1. he
precffrsors are deposited as offiide soot onto the tffrntable and flafers, flhilst fienting
the other gas as flaste. he tffrntable is heated to 180 ◦C to prefient flater and HCl from
condensing and ensffre they are fiented. Moistffre bffild ffp on the tffrntable can caffse
the soot to crystallise and introdffce an ffnflanted infrared (IR) absorbing OH groffps
into the glass latice flhen later sintered. he tffrntable itself is made of silicon carbide
and can hold siffi 15 cm flafers. Whilst in operation the tffrntable rotates and the ੘ame
is translated radially betfleen the centre of the tffrntable and the table edge. he radial
and rotational speed is controlled to ensffre ffniform distribfftion of soot onto the table.
he nffmber of passes flhich is the nffmber of times the ੘ame is translated across the
table in a recipe, can be ffsed to determine the thickness of the glass melt ater sintering.

Ater the process is ੗nished, the flafers are then transferred to a fffrnace flhere the
soot is sintered into an ffniform glass latice. he temperatffre pro੗le of the fffrnace
has important conseqffences on the properties of the sintered glass layer as flill be
discffssed in the neffit section.
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Hydogen oxygen
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Figffre 3.1: Labelled photograph of the FHD chamber. he photo depicts the
tffrntable holding 6 flafers flith the torch depositing precffrsor offiides onto the
sffrface. he ੘ame is bffrns green as a resfflt of the strong green emission lines
dffe to the presence of boron in one of the precffrsors.

3.2.2 Control of wafer properties

he FHD system allofls the control of nffmeroffs properties of the layers. Layer thick-
ness, layer refractifie indeffi, melt temperatffre and photosensitifiity can all be controlled
by modifying fiarioffs aspects of recipes. Where photosensitifiity refers to capability of
the material to change its refractifie indeffi flhen effiposed to UV light and is cofiered in
more detail in Section 3.4.1. hoffgh it is knofln hofl changing fiarioffs parameters in a
process a੖ect the properties of the ੗nal flafer it is diਖ਼cfflt to predict to flhat effitent
and so recipes mffst be defieloped empirically from prefiioffs FHD depositions.

Controlling the concentration of fiarioffs dopants has the greatest e੖ects on the ofierall
properties of the flafer fiarying efiery property of the layer. Germaniffm can be ffsed
to make the layer highly photosensitifie by introdffcing bond defects into the glass
latice. hese defects introdffce an absorbing band at 240 nm, that flhen effiposed to UV
light at this flafielength, caffses a permanent increase to the refractifie indeffi [2]. he
e੖ects on the ੗nal glass properties of each layer are indicated in Table 3.1. By carefffl
consideration and iteratifie defielopment, recipes can control layer refractifie indeffi,
glass transition temperatffre (Tg) and photosensitifie independently. It is possible, for
effiample, to fabricate a three layer flafer flhere the core layer is highly photosensitifie
despite no refractifie indeffi di੖erence betfleen layers. his strffctffre is knofln as a zero
∆n flafiegffide and is ffsefffl for mode matching to silica ੗bres.

he fffrnace mffst reach a sffਖ਼cient temperatffre so that the soot can phase change to a
melt. High temperatffre and long sintering times allofl the melt to re੘ofl and form a
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Dopant Refractifie Indeffi Glass Transition Temperatffre Photographsensitifiity
Boron - - - +*
Germaniffm + - + +
Phosphorffs + - -

*Only in the presence of Germaniffm

Table 3.1: Table indicating the fiarioffs e੖ects as a resfflt of adding the dopant
to the silica glass. As the e੖ects are nonlinear and highly dependent on other
recipe parameters only the general e੖ects are indicated. - indicates a loflered
fialffe, - - signi੗cantly loflered, + an increased fialffe, and + + signi੗cantly
increased fialffe.

ffniform layer. Holding the melt at high temperatffres for too long hoflefier can lead
to dopants, particfflarly phosphorffs, di੖ffsing into lofler layers resfflting in indistinct
layers. To help redffce this di੖ffsion the recipe for a layer is designed so that sffbseqffent
layers melt at lofler temperatffres fffrther redffcing the migration of precffrsors into
other layers. Effitended sintering can also lead to ffnflanted crystallization of the glass.

his process can be repeated for mffltiple layers, for effiample creating a core and ffpper
cladding layer. Normally an ffnderclad is not deposited as the thermally grofln silica
layer is ffsed instead knofln a thermally offiidised (THOX) flafer. his silica layer is
effitremely pffre and so only melts at high temperatffres (>1600 ◦C) prefienting dopants
from di੖ffsing into the layer forming helping to form distinct layers.

he layer thickness are checked and measffred ffsing a prism coffpling system from
the Metricon Corporation. his system coffples 633 nm laser light fiia a prism into the
top layers of the FHD prodffced flafers. As fiarioffs angles are tried di੖erent lefiels of
coffpling are achiefied depending on the refractifie indeffi of the layer and the thickness
of the layer.

3.2.3 Planar phosphogermanate optical platform

For the defiices based on the planar platform, the glasses ffsed in the fabrication of the
planar flafer that flill later be processed to form the effiternal cafiity chip, ffse a phos-
phogermanate glass for the core and a doped silicate as the ofierclad. As stated earlier
germaniffm typically increases photosensitifiity hoflefier there is a limit to the qffantity
of germaniffm that can be added to silicate glasses. Alternatifiely phosphogermanate
that is free of silicon, allofls for a high concentration of germaniffm and also has a
lofl Tg of ∼550 ◦C [3]. Photosensitifiity is critical for the core layer as it corresponds to
greater refractifie indeffi changes flhen effiposed to UV light dffring UV-flriting. he
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UV-flriting process flill be discffssed in Section 3.4. he P2O5 present in the glass
signi੗cantly decreases the Tg and fiiscosity of the glass dffring sintering allofling for
effitremely ffniform layers in terms of layer smoothness and ੘atness. he ffniformity is
an important factor flhen considering losses as a signi੗cant soffrce of losses in planar
flafiegffides comes from scatering of light dffe to flafiegffide fiariation. he ffniformity
is also essential for the repeatability of UV-flriting of flafiegffide and Bragg grating
strffctffres.

he THOX silicon flafers are pffrchased commercially as grofling these is a costly
process that takes ofier a fleek for layers thicker than 10 µm ffsing a high temperatffre
fffrnace in an atmosphere of H2O [4]. he sffbstrate flafers are ∼1mm thick flith a
∼15 µm thermally grofln silica layer that acts as the ffnderclad of the flafiegffide. he
layer mffst be sffਖ਼ciently thick to prefient the e੖erfiescent ੗eld of the propagating
mode from interacting flith the high indeffi and silicon introdffcing a high propagation
loss.

Once the phosphogermanate layer is sintered the ofierclad mffst be deposited. his
is a silicate based recipe that ffses phosphoroffs and boron dopants to redffce the
sintering temperatffre and lofler the refractifie indeffi belofl the phosphogermanate
layer. Althoffgh the ofierclad has a signi੗cantly higher Tg and mffst be sintered at a
higher temperatffre than the phosphogermanate coreTg, there is litle di੖ffsion betfleen
the layers.

3.2.3.1 FHD design optimisation

he flafiegffides prodffced for the planar defiices from the combined FHD and UV-
flriting processes can be modelled ffsing a package called FIMMWAVE1. he ੗lm mode
matching (FMM) method flas ffsed to solfie the flafiegffides. his solfier is a semi-
analytic method that is most sffitable for strffctffres that can be accffrately described as a
stack of layers sffch as the UV-flriten, FHD fabricated planar flafiegffides. his method
is oten more eਖ਼cient than others that rely ffpon discretising the entire strffctffre, sffch
as the ੗nite element and ੗nite di੖erence methods. A theoretical description is beyond
the scope of this thesis, and the affthor recommends [5] for fffrther reading.

Semicondffctor based flafiegffides in lasers ffsffally hafie a comparably small mode-੗eld
diameter (MFD) dffe to high indices typical of semicondffctors flhen compared flith
dielectric glasses. he gain chips ffsed in this research are InP based defiices afiailable
fromhorlabs. he chip flill need to bfft coffple into the effiternal cafiity chip so that

1Prodffct URL accffrate as of September 2016: www.photond.com/products/fimmwave

www.photond.com/products/fimmwave
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efien flith perfect optical alignment and sffrface roffghnesses, the di੖erence in mode
੗elds betfleen both chips ensffres there flill be signi੗cant losses. he FHD process
allofls for the control of the core layer thickness in the phosphogermanate based
effiternal cafiities, and therefore can be optimised to profiide maffiimal coffpling to the
gain chip. To determine the optimal strffctffre of the ੗nal flafiegffide strffctffre once the
FHD and UV-flriting processes are done, the complete effipected flafiegffide strffctffre
flas modelled for fiarioffs fialffes of refractifie indeffi and layer thickness that coffld be
deposited ffsing FHD.

he mode ੗eld of the gain chip flas approffiimated ffsing a simple elliptical Gaffssian
model, rather than empirically determined or ffsing a nffmerically solfied description
dffe to a lack of knoflledge of the effiact strffctffre. Using the angfflar difiergence fialffes
of the offtpfft beam from the gain chip speci੗cations, an estimate of the near ੗eld
elliptical Gaffssian ੗eld coffld be determined. By compffting ofierlap integrals ffsing the
elliptical Gaffssian model for the gain chip flith the solfied mode ੗eld ffsing the FMM
method, for all reasonable parameters that coffld be fabricated ffsing FHD, an optimal
design coffld be determined (Figffre 3.2).
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Figffre 3.2: Coloffr map indicating coffpling eਖ਼ciencies for fiarioffs core layer
thicknesses and core refractifie indices flhere the cladding indeffi is 1.445. Only
thicknesses and refractifie indices that coffld be reasonably deposited ffsing
FHD and that maintained single mode behafiioffr flere considered.
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From Figffre 3.2 it is clear that the FHD process is limited as the highest sffggested
mode coffpling is 40 %. Where there is no distinction of refractifie indeffi betfleen layers
(i.e. flhere the core indeffi is 1.445) leads to a mffch lofler coffpling eਖ਼ciencies. As the
core refractifie indeffi is increased, the coffpling eਖ਼ciency also rapidly increases and
setles flith litle change ater an indeffi of 1.452. Decreasing core thicknesses generally
improfies coffpling eਖ਼ciency dffe to the decreasing size of the MFD. he plot shofls an
optimffm at a core refractifie indeffi of 1.458 and a core thickness of 3.5 µm hoflefier in
reality there flill be di੖ffsion ffp betfleen layers dffring sintering e੖ectifiely enlarging
the intended MFD. With this in mind, rather than trying to achiefie the precise optimal
fialffes prodffced in the plot, the most e੖ectifie approach floffld be to aim for a strffctffre
flith a small core and the highest core refractifie indeffi achiefiable on the FHD system.
hoffgh a coffpling eਖ਼ciency of 40 % is sffggested it is ffnlikely the fialffe flill actffally be
this high dffe to the aforementioned di੖ffsion, bfft also alignment errors and imperfect
sffrface roffghness betfleen the facets.

3.2.4 Planar-fibre composite optical platform

he atached ੗bre to flafer composite coined as integrated optical ੗bre (IOF) ffses the
FHD process to atach a ੗bre ffsing a glass melt. his is a recently defieloped platform
that takes adfiantage of the highly matffre ੗bre fabrication flhilst incorporating it into
a planar layer fftilising planar adfiantages sffch as its rigidity, mechanical strength and
thermal stability [6].

he FHD process steps for IOF are similar to confientional planar flafiegffide fabrication.
he IOF sffbstrate is a thermally-offiidised silicon flafer that has a ∼6 µm thick silica
layer. his layer is necessary to prefient certain precffrsors that are deposited dffring the
FHD process from reacting flith the silicon sffbstrate leading to a britle and deformed
sffrface that does not sffccessffflly sinter into a glass layer. A silica based cladding
recipe is ffsed for the melt as this has less photosensitifiity, permiting more UV light to
penetrate into the core of the ੗bre. he recipe is also designed to sinter into a glass at
lofler temperatffres. If the ੗bre is taken to too high a temperatffre the ੗bre becomes
britle and ffnsffitable, this is likely to be dffe to defiitri੗cation of the glass [7], [8]. he
FHD deposition appears to protect the ੗bre someflhat from the e੖ects of defiitri੗cation,
this coffld be a resfflt of the precffrsors migrating into the ੗bre latice changing the
conditions that it defiitri੗es. Another possibility is the presence of the soot prefients
nffcleation on the sffrface. he ੗bre ffsed is a highly photosensitifie optical ੗bre sold
by horlabs called GF4A. his ੗bre, ffnlike the planar flafiegffides, does not need to
be hydrogen loaded to increase its photosensitifiity since its intrinsic photosensitifiity
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is sffਖ਼cient for UV-flriting. Hydrogen loading flill be discffssed in more detail in
Section 3.4.1.

he recipe for fabricating IOF flafers is as follofls:

1. he ੗bres are cfft into lengths slightly shorter than the flafer so the ੗bres do not
protrffde ofier. If too long they can be knocked o੖ more easily or simply do not
੗t in the fffrnace.

2. he ੗bres are mechanically stripped of their protectifie polymer coating ffsing
੗bre strippers. Soaking in acetone to ease stripping is not preferable as this
resfflts in a residffe that appears to redffce ੗bre adhesion to the flafer flhilst
sintering and indffces nffcleation points caffsing defiitri੗cation [8].

3. Fibres are cleaned flith lens tissffe soaked in propanol or methanol as neither
of these leafie polymer residffes. Whilst the ੗bre is being held, minimal contact
mffst be made as this transfers impffrities to the ੗bre that leads to defiitri੗cation.

4. Fibres are careffflly held flith tfleezers by the end ofier the flafer and dropped
onto the flafers minimising organic contamination from the tfleezers. Dropping
the ੗bres allofls them to relaffi and remain as straight as possible. he ੗bres
appear to electrostatically atract to the flafer and so adjffsting the ੗bres to
straighten them sffcceeds only to kink the ੗bres making UV-flriting process
diਖ਼cfflt and can likely to introdffce contaminants onto the ੗bre that contribffte
to defiitri੗cation.

5. he remainder of the FHD process is performed as ffsffal hoflefier only ffsing
sefieral FHD passes of the ੘ame as a thick layer of glass is ffnnecessary follofled
by sintering of the soot in the fffrnace ffsing the ffsffal recipe for the blend of
precffrsor. In the case of phosphogermanate only 3 layers are ffsed ffsing the a
standard core fffrnace recipe that goes ffp to 1200 ◦C.

Once taken offt of the fffrnace the ੗bres shoffld be adhered to the flafers. As they are
bonded flith glass they are rigid and maintain a high lefiel of mechanical strength that
makes them sffitable for physical machining flithofft damage. GF4A Photosensitifie
੗bres are ffsed in this research and the photosensitifiity is preserfied ater processing.
Photosensitifiity and UV-flriting flill be discffssed later in Chapter 3.4
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3.3 Precision dicing of optical platforms

Once the FHD process is completed the flafer flill need to be cfft into a sffitable
geometry. heflafers are cfft into shape ffsing a dicing process, a standard process in the
semicondffctor indffstry. heflafer dicingmachine ffsed is a LoadpointMicroAce 3 ffsing
nickel-bonded diamond-grit blades soffrced fromDISCO.hemachine is fiersatile and as
flell as dicing flafers into rectangfflar chips that are sffitable for fffrther processing, the
dicing procedffre and parameters can be optimised to achiefie a dicing regime knofln as
dffctile dicing that is characterised by efficellent sffrface roffghness of the diced material
flalls, afioiding the need for a polishing process step [9].

In this section the geometrical reqffirements of the effiternal cafiity chips flill be discffssed
and hofl dicing is ffsed to achiefie this. he dffctile dicing process flill then be discffssed
and hofl that is ffsed to obtained efficellent sffrface roffghness on the facets of the
effiternal cafiities flithofft the need for polishing.

All physical machining and the characterisation of sffrface roffghnesses discffssed in
this section flere all ffndertaken by the affthor. he dffctile dicing process for optical
flafiegffides flas defieloped by Leflis Carpenter [9].

3.3.1 Geometrical shaping

he dicing safl can be accffrate to aroffnd 10 µm and is ideal for machining the desired
geometrical shape of the fiarioffs defiices ffsed in this research. All the geometrical
shaping of the defiices flas cfft ffsing a commercial nickel bonded diamond blade. he
diamond grit size ffsed for the geometrical shaping is <6.4 µm. his allofled for qffick
machining of the desired shape. In this research tflo types of effiternal cafiity chips
flere fabricated, the ੗rst defiice ffsed UV-flriten flafiegffides and Bragg gratings in
a planar glass-on-silicon strffctffre, the second type ffsed UV-flriten gratings in the
photosensitifie atached ੗bre of the IOF platform.

Ater FHD processing the flafer is diced ffp into a nffmber of rectangfflar chips. In the
case of planar flafiegffides almost the entire flafer is difiided ffp into rectangfflar chips
of fiarioffs sizes, a typical chip dimensions floffld be 20 × 10mm, thoffgh many other
sizes are ffsed only limited by the size of the flafer. Ater this stage the appropriate
diced chips go throffgh fffrther processing, ffsffally UV-flriting, thoffgh depending on
the intended defiice processing can inclffde photolithography, deposition, or etching.
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Figffre 3.3: Diagram shofling approffiimate geometry of the internal flafiegffide
of the 1650 nm gain chip die. One edge is coated to hafie high re੘ectifiity, the
other emission end is antire੘ection coated. he radiation of the primary emis-
sion side also effiits at an angle to prefient back-re੘ections into the flafiegffide.

In the ੗nal laser defiice the silicon-on-silica effiternal cafiity chip flill be bfft-coffpled to
the gain chip. As a resfflt the ੗nal re੘ector defiice needs to accommodate a nffmber of
geometrical constraints. he gain chip is a 1.5 × 1.5 × 0.64mm chip that is moffnted
on a metallic heat-sink. he gain chip flas designed to only re੘ect at one interface, to
achiefie this an anti-re੘ection coating is added to one facet and the flafiegffide effiits
at an angle to prefient re੘ection from coffpling back into the flafiegffide as seen in
Figffre 3.3. he angled facet to the flafiegffide has the adfiantage that flhen the gain chip
is operated as a laser it prefients an ffnflanted internal cafiity from forming as the only
desired cafiity shoffld be formed by the 90% end facet re੘ector and the Bragg-re੘ector.
To properly coffple betfleen the gain and grating chips, the grating chip mffst be angle
cfft according to Snell’s lafl to maffiimise angfflar coffpling. he effiit angle of the gain
chip is speci੗ed and taking into consideration the indeffi of the effiternal cafiity the angle
compfftes to 17.7° for the 1651 nm planar laser and the 13.3° for the lasers at 1533 nm
and 1560 nm.

To collect radiation offtcoffpled from the Bragg re੘ector eਖ਼ciently and independently
of drit, a commercial V-groofie assembly angle polished to 8°, is adhered to the effiternal
cafiity defiice ffsing optically transparent UV cffring adhesifie. he 8° angle is essential
to prefient re੘ections coffpling back into the laser. his reqffired an additional angled
interface to be diced, gifien the refractifie indices are flell matched the angle is also 8°.
his dice flas not dffctile as the adhesifie refractifie indeffi is flell matched, redffcing
the refractifie indeffi contrast of any roffghness on the facet flhich helps to prefient
scatering losses on at the facet.

As stated before the gain chip does not emit orthogonally from the facet as a conseqffence
of minimising the amoffnt of light re੘ected from the facet into the gain chip. he gain
chip comes premoffnted to a metal heatsink plinth-like strffctffre and is moffnted flith
a tilt sffch that emission from the gain chip is orthogonal to the heatsink plinth as can
be seen in Figffre 3.6. As the gain chip itself is not sqffare against the edge of the plinth
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Figffre 3.4: CAD drafling of the 1651 nm planar-flafiegffide effiternal cafiity
chips. he front facet is angled at 17.7° in order to correctly satisfy Snell’s
lafl flith the 1650 nm gain chip. he stepped strffcfftffre helps accommodate
the gain-chip heat-sink. his defiice ffses a ∼150 µm deep, dffctile dice cfft to
achiefie a optical qffality facet. All measffrement are in ffnits of mm ffnless
otherflise speci੗ed.

there is a step that protrffdes from ffnderneath the gain chip. he geometrical shape of
the effiternal cafiity mffst clear the heat sink flhen it is bfft-coffpled to the gain chip. he
gain chip is 780 µm thick and so the tip of the effiternal cafiity defiice mffst be thinner
than this if it is to clear the heatsink, so a 1mm × 0.5mm step is diced offt as can be
seen in Figffre 6.1. he flidth of the tip of the gain chip needed to be narrofled so as to
clear the flall of the heat sink that the gain chip is moffnted against. he ੗nal prodffct
ater dicing can be seen in Figffre 3.5 as flell as the gain-chip it is bfft coffpled to.

On fffrther iterations of the design of the effiternal cafiity chips, the corners of the side
that floffld bfft-coffple to the gain chip flere befielled. his gifies greater clearance
to compensate for any angfflar error ater machining dffring the alignment procedffre.
he befiels can been seen in the CAD drafling of the IOF chip (Figffre 3.7).
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(a) he ੗nal prodffct of the diced chip flith
thermal heaters is shofln, the angles and
step in the strffctffre can be seen, these are
needed to clear the gain chip heat sink

(b) A photograph of the grating-chip bfft
coffpled to the gain chip. he flafiegffide
of the effiternal cafiity chip on the let are
aligned to the flafiegffide on the gain chip.

Figffre 3.5: Photographs of planar effiternal cafiity.

3.3.2 Facet preparation

3.3.2.1 Surface roughness

he qffality of a sffrface plays a fffndamental role in the transmission and re੘ection
of optical beams interacting flith the sffrface. Small scale irregfflarities (<20 nm) in
the sffrface present the optical beam flith an imperfect sffrface caffsing ffncontrolled
scatering of the optical beam, e੖ectifiely creating an insertion loss. hese irregfflar-
ities are referred to as sffrface roffghness. his has important conseqffences for the
transmission of light betfleen interfaces of tflo materials flith signi੗cantly di੖ering
refractifie indeffies. For effiample transmiting light betfleen an air and silica interface,
flhere there is a sffbstantial di੖erence of refractifie indeffi, sffrface roffghness coffld
contribffte signi੗cant scatering losses at that interface. his has a direct conseqffence
on the eਖ਼ciency of coffpling light into and offt of a flafiegffide facet.

It is ffsefffl to hafie a metric that can gifie an indication to the magnitffde of facet
roffghness, sffch as the afierage size of the featffres that defiiate from the sffrface.
Consider a straight line pro੗le throffgh a roffgh sffrface that is sampled at a regfflar
interfial gifiing ffs the ۠signalۡ zi,j flhere the indices i and j indicate sample nffmber of
the sffrface in the orthogonal affies. his fffnction can be considered a signal, permiting
the ffse of a nffmber of statistical tools that fle can ffse to derifie a metric for the sffrface
roffghness.
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Figffre 3.6: CAD diagram of the heatsink strffctffre for the gain chip that
operates at 1650 nm. he emission from the gain chip is indicated by the cffrfiy
line, flhich is indicates the lofl non-re੘ectifie facet that flill be bfft-coffpled to
effiternal cafiity defiice. Dffe to the tilt of the gain chip on the heatsink there is
a small step that mffst be accommodated in order to clear the heatsink flhen
aligning the effiternal cafiity defiice to the gain chip. Adapted from [10].

A common metric for measffring sffrface roffghness pro੗les is the Sq parameter that is
de੗ned as

Sq ≡

√√√

1
N + M

N∑

i

M∑

j

z2
i,j
, (3.3)

flhere N and M are the nffmber of points in the x and y affies, zi are the sampled fiertical
points. In this research fle ffse the Sq parameter flhich simply compfftes the fialffes
ofier a pro੗led sffrface. According to theory to minimise the amoffnt of light that is
scatered di੖ffsely the Sq fialffe mffst be a fialffe mffch smaller than the flafielength of
light considered [11].

his metric is qffite limited as it only considers one statistical moment and does not
consider the spatial freqffency components of the sffrface that hafie an a੖ect on the
interaction of light onto the sffrface. Despite the limitations, the metric profiides a
simple method of comparing the relatifie roffghnesses of fiarioffs prepared optical
sffrfaces.
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Figffre 3.7: CAD drafling of both the 1533 nm and 1560 nm IOF effiternal cafiity
chips. he front facet is angled at 13.3° in order to correctly satisfy Snell’s
lafl flith the 1550 nm gain chip. A design improfiement flas introdffced flith
this chip flhere the edges of the facet has befielled corners to profiide greater
clearance dffring alignment. he stepped strffcfftffre helps accommodate the
gain-chip heat-sink. his defiice ffses a∼150 µm deep, dffctile dice cfft to achiefie
a optical qffality facet. All measffrement are in ffnits of mm ffnless otherflise
speci੗ed.

3.3.2.2 Ductile dicing for optical quality facets

dicing roffghness facets are ffsffally achiefied ffsing mechanical polishing techniqffes
and oten inclffdes a chemical-mechanical polishing ੗nish. hoffgh these techniqffes
achiefie efficellent sffrface roffghnesses, as lofl as 0.2 nm, these techniqffes are slofl and
reqffire a great deal of preparation and nffmeroffs process steps, by decrementing the
size of the grit size ffntil the desired roffghness is achiefied. An alternatifie to polishing
is to dice the material in the dffctile regime profiiding comparable sffrface roffghness in
far fefler process steps.

Material remofial dffring dicing can be classed into tflo machining regimes knofln
as the dffctile and britle machining regimes. Britle machining remofies material by
propagating sffbsffrface cracks that intersect, dislodging material and leading to a
high roffghness sffrface flith sffbsffrface damage. In the dffctile regime the material
ffndergoes plastic ੘ofl, this regime is characterised by lofl sffbsffrface damage and lofl
sffrface roffghness. Dffctile regime reqffires precise machining parameters to achiefie,
otherflise britle machining is the most likely regime [12].

he dicing parameters needed to achiefie dffctile dicing hafie largely been determined
in prefiioffs research [9], [12]. he prefiioffs research flas performed on silica layers on
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Figffre 3.8: he diagram shofls a set of three dices to determine the optimal
DoC to ffse. (a) is diced 100 µm past the ੗bre into the silicon layer, (b) is 50 µm
past, and (c) does not dice belofl the ੗bre at all. he dices flere performed flith
a spindle speed of 25 krpm, ffsing a diamond blade flith a translation speed
of 1mm s−1. he pro੗les flere taken ffsing a ZeScope from ZeMetrics, a flhite
light interferometer. he z-scale has been limited to ±40 nm centred on the
core.

silicon, the same as the planar flafiegffide effiternal cafiity defiice being ffsed, hoflefier
some optimisation of the depth of cfft (DoC) flas needed for dffctile dicing of IOF, as
it is not clear hofl the changing the DoC floffld a੖ect maintaining a dffctile dicing
regime. Dicing too deep can prefient the dffctile dicing regime, flhereas dicing only as
deep as the ੗bre height from the sffrface may not profiide enoffgh side flalls to stabilise
the blade dffring cffting. Once the optimal parameters for the dicing recipe hafie been
chosen, the resfflts are highly consistent.

he dffctile dicing test consisted of dicing three cffts, on the same IOF, at three di੖erent
points along the chip. he three cffts flere made ffsing a nickel-bonded diamond-grit
blade. Each cfft flas progressifiely deeper by ∼50 µm. he diamond-grit particle size
flas <5.6 µm, flhich is ੗ner than the blade grit that is ffsed flhen dicing for geometrical
shaping. Before each dice, the blade flas dressed on a commercial dressing board
from soffrced from DISCO. he dressing procedffre consists of dicing a hard sacri੗cial
material sffch as silicon carbide. he dressing is a more aggressifie procedffre than
ffsed in standard cffts, by intentionally flearing the blade, making the blade concentric
thereby eliminating any errors associated flith moffnting and manfffactffring. he
dressing process also flears aflay the bonding material, refiealing fresh diamonds for
cffting [13].

he three di੖erent cffts gafie qffite di੖erent sffrface ੗nishes as seen in Figffre 3.8. Usffally
flhen cffting glass planar flafiegffides there are side flalls at all times that help to
stabilise the blade. he ZeMetrics flhite light interferometer flas ffsed to determine
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(a) (b) (c)

Figffre 3.9: he diagram shofls the same set of three dices as in Figffre 3.8
in respectifie order to determine the optimal DoC to ffse. hese pro੗les are
zoomed onto the core flith a coloffr coded grid ofierlay shofling RMS roffghness.
Each grid sqffare has length 5.16 µm and is linearly lefielled. he afierage Sq
fialffe of the sqffares aroffnd the core for (a) is 0.78 nm, (b) is 12.8 nm, and (c) is
0.84 nm. he are these fialffes are calcfflated ofier represent approffiimately the
area cofiering the majority of the single-mode pro੗le.

sffrface roffghness pro੗les. Figffre 3.9 shofls the zoomed images aroffnd the core flith
a coloffr coded grid ofierlaid. For each grid sqffare the sffrface has a linear defiiation
remofied and then the Sq fialffe compffted ffsing Eqffation 3.3. From the ੗gffre, dicing
∼100 µm into the sffbstrate, leads to optimal dicing conditions. he shalloflest cfft
operates in the dffctile regime as indicated by the Sq fialffe of 0.84 nm, thoffgh there
is damage aroffnd the edge of the ੗bre; this coffld be caffsed by instability from not
hafiing side flalls present dffring dicing. Dicing 50 µm into the sffbstrate leads to the
most damage to the facet, failing to maintain a reliable dffctile regime indicated by the
piting, this coffld also be related to a lack of stability of the dicing blade dffe to short
side flalls.

he best diced sffrface roffghness achiefied flas compared flith the roffghnesses of a
cleafied ੗bre ffsing a Fffjikffra ੗bre-cleafier, and a commercially afiailable polished PM
V-groofie pigtail from OzOptics Figffre 3.10. Both the cleafied ੗bre and commercially
polished V-groofie hafie sffperior sffrface roffghness that are <1 nm. Cleafiing fftilises the
propagation of a fractffre, prodffcing effitremely smooth sffrfaces flhereas the polishing
process of the commercial V-groofie is a highly optimised process. It is important to
note the adfiantage of replacing the time intensifie, and laborioffs polishing process
step flith a relatifiely fast dffctile dicing that can be incorporated flith the other dicing
processing.
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Figffre 3.10: Plots shofling the sffrface pro੗les of fiarioffs facets: (a) diced IOF
flith Sq =2.5 nm (b) cleafied SMF-28 ੗bre flith Sq =0.61 nm (c) polished PM
V-groofie pigtail flith Sq =0.48 nm. he Sq fialffes are compffted ofier a circle
centred on the core, 20 µm in diameter, flhich is approffiimately tflice the MFD
at 1550 nm. In each measffrement the region that is ffsed in the Sq compfftation
has been lefielled ffsing a cffbic sffrface.

3.4 UV-writing

UV-flriting is the process that effiploits the photosensitifiity present in some materials
resfflting in changes of refractifie indeffi. his process can be ffsed to rapidly create
flafiegffides and Bragg gratings in glass-on-silicon flafers or pre-effiisting flafiegffides
sffch as ੗bres.

In this section the natffre of material photosensitifiity in glasses is offtlined, the direct
UV-flriting process ffsed in this thesis effiplained and the hofl the process is ffsed to
prodffce flafiegffides and Bragg gratings in glass-on-silicon chips and the fabrication of
gratings in the IOF platform.

All UV-flriting carried offt in this thesis and effiplained in this section flas done by the
affthor. he original UV-flriting processes flere defieloped by the affthor’s research
groffp in prior flork [14], [15], hoflefier based on Dr Chris Holmes’ flork [6], the affthor
helped defielop and optimise the process to reliably prodffce UV-flriten gratings in the
IOF platform.
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3.4.1 Photosensitivity

Some glass materials flhen effiposed to deep UV-Wafielengths (244 nm), can ffndergo
changes in refractifie indeffi as a resfflt of changes to the latice, typically increasing the
refractifie indeffi. his reaction to UV light is knofln as photosensitifiity. Photosensi-
tifiity can be introdffced by adding germaniffm dopant into the silica latice strffctffre,
introdffcing germaniffm dioffiide defect sites.

Using the FHD process described in Section 3.2 the fiertical strffctffre of the flafiegffides
can be constrffcted sffch that there is germaniffm present in the core layer. In this
research fle ffse a phosphogermanate core layer that allofls a high germaniffm content
of ffp to 80 %. he GeO2 latice defects absorb light at aroffnd 241 nm. When high
intensity light at the same flafielength is introdffced, the material ffndergoes changes
that correspond to changes of the refractifie indeffi [16].

Hydrogen loading can greatly increase the photosensitifiity of a sample. In this tech-
niqffe the sample is let in a high pressffre hydrogen atmosphere [17]. Hydrogen
molecffles di੖ffse into the sample latice ofier time. he physical mechanism of flhy
this increases photosensitifiity is not flell ffnderstood. Hoflefier it has been sffggested
that in the presence of UV light, the hydrogen dissociates and forms Si−OH or Ge−OH
groffps in the latice [18]. As the hydrogen has only di੖ffsed into the glass latice, the
gas molecffles flill efientffally di੖ffse offt of latice once the sample is remofied from
the H2 rich enfiironment into atmosphere, a process knofln as offtgassing. Fortffnately,
this process can be slofled to a negligible rate by storing the sample in a fiery cold en-
fiironment sffch as in a container of liqffid nitrogen (LN2). Once UV-flriting processing
is complete, the refractifie indeffi changes are permanent, and only fiery small changes
to the flriten refractifie indeffi occffr once offtgassing has ੗nished.

3.4.2 Direct UV-writing

he techniqffe described in this research ffses an argon-ion laser that has a strong
transition at 488 nm. his laser line is doffbled to 244 nm ffsing a bariffm borate (BBO)
crystal, flhich is close to the high Ge absorption in the sample. he UV-flriting system
itself focffses tflo beams flhose path lengths di੖erences are flell flithin the coherence
length, onto a single spot flithin the photosensitifie sample core. In order to form a
stable and static set of interference fringes it is important that there is minimal di੖erence
betfleen the arm lengths. hese fringes are ffsed to de੗ne the periodic refractifie indeffi
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change that forms a Bragg grating. he Bragg flafielength λBragg relates to refractifie
indeffi changes of period Λ

λBragg = 2neffΛ, (3.4)

flhere neff is the e੖ectifie indeffi of flafiegffide. his process therefore allofls the UV-
flriting system to simffltaneoffsly flrite Bragg gratings and flafiegffides.

Dffring the flafiegffide flriting process the flriting system translates the sample across,
the spot stays ੗ffied flith a static interference fringe patern. he translation of the
sample e੖ectifiely blffrs offt the interference patern effiposed onto the sffrface, thffs no
periodic refractifie indeffi patern occffr. To sflitch the system into a grating flriting
mode the system can ffse a modfflation scheme to continffoffsly reinforce the effiposed
interference patern as the sample is translated. Tflomodfflation schemes that hafie been
sffccessffflly ffsed are the acoffstic-optic modfflator (AOM) or electro-optic modfflator
(EOM). he AOM scheme is the simplest and rapidly sflitches the laser on and o੖
sffch that the interference patern is alflays constrffctifiely reinforcing the prefiioffs
interference fringes as the sample is translated ffnderneath the spot. Apodisation,
the modfflation of the refractifie indeffi fringe strength, can be achiefied changing a
combination of the sample translation speed and the dffty cycle of the AOM helping to
ensffre ੘ffence matching. he EOM method ffses phase control of one arm of the beam
to control the interference patern of the spot. his method flill be described in more
detail in the neffit section.

he Bragg flafielength of the gratings is de੗ned primarily by the interference patern.
Varying the angle of the beams flhen they interfere can be ffsed to change the spatial
periodicity Λ of the interference patern. his angfflar relationship is gifien by

sin θ = λUV2Λ , (3.5)

flhere θ is the half angle betfleen the tflo beams and λUV is the flafielength of the UV
laser light (244 nm). his method hoflefier is hard to fiary dffring the flriting process
in a stable manner. Hoflefier as the UV-flriting spot is small (5 µm), this allofls for a
flide detffning range. Writing at the Bragg flafielength determined by Eqffation 3.5,
the modfflation freqffency mffst be selected so that at a particfflar translation speed
the flriten indeffi fringes constrffctifiely reinforce. his freqffency hoflefier can be
pertffrbed to flrite gratings at other Bragg flafielengths dffe to the small spot size,
detffning by as mffch as 250 nm [19].
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3.4.3 EOM phase modulation

heEOMmethod that is ffsed in this research changes the beam path length of one of the
arms dffring the UV-flriting process as can be seen in Figffre 3.11. Changing the phase
flill shit the position of the interference fringes on the focffsed spot. By carefffl control
of the phase, like flith the AOM, the fringe positions can be controlled to reinforce
indeffi changes as the sample is translated across. he adfiantage of this approach is
that the techniqffe is intrinsically ੘ffence matched throffghofft the apodisation pro੗le.

Figffre 3.11: Photograph of UV-flriting interferometer bread-board flith false
coloffr ofierlay. he 244 nm laser beam paths are indicated in blffe. Both arms
of the setffp are matched as closely as possible to stay flithin the coherence
length. he interference of the beams prodffces a periodic intensity patern that
is ffsed to de੗ne the Bragg gratings as indicated by the close-ffp inset diagram.
Photograph taken coffrtesy of Dr James Gates.

3.4.4 1651 nm waveguide and grating characterisation

It is important to characterise the flafiegffides and gratings in the tflo planar and IOF
platforms ffsed in this research. Characterisation of the platforms is needed so that
gratings of a particfflar strength and flafielength can be flriten flith high accffracy.
his is especially important flhen the gratings need to match spectroscopic lines sffch
as acetylene or methane.
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Litle prefiioffs research ffsing the UV-flriting system had been made in the past on
phosphogermanate cores and flafielengths close to 1651 nm. his flas a prereqffisite
step before flriting the ੗nal grating re੘ector for the laser in order to match the R2
methane gas line. he grating mffst be placed flithin ∼0.5 nm of 1651 nm and the
re੘ectifiity mffst be high (∼80 %). If the periodic grating strffctffre is too strong or
long the re੘ection peak begins to satffrate, broadening the re੘ection spectrffm. his
places tight tolerances on the grating design so carefffl characterisation of the flafer is
necessary, sffch as ੗nding the dispersion e੖ects of ੘ffence. he dispersion system ffses
a broadband soffrce that is gffided to the sample and the re੘ection is measffred ffsing
an optical spectrffm analyzer (OSA) (Figffre 3.12). With a polarised soffrce the system
ffnder test can be measffred for transfierse-electric (TE) and transfierse-magnetic (TM)
response ffsing a 90° mating-sleefie, all the measffrements in this section ffse this system.

Figffre 3.12: System lefiel diagram of characterisation setffp. Data from the
OSA is collected ofier GPIB to a compffter for data processing. he OSA ffsed
is an ANDO 6317b.

3.4.4.1 Dispersion measurement

he dispersion is perhaps the most important characteristic to determine as this allofls
the fffndamental mode’s e੖ectifie indeffi at 1651 nm to be calcfflated accffrately. With the
e੖ectifie refractifie indeffi knofln the correct grating period can be calcfflated for a grating
at 1651 nm. Characterising dispersion infiolfies flriting a series of Gaffssian-apodised
gratings flith fiarioffs grating-periods based on a estimate of the refractifie indeffi at
1651 nm. he spectra of the flafiegffides containing the gratings are taken, flith this
data Gaffssian fffnctions can be ੗ted to the re੘ection peaks and a mffch more accffrate
fialffe of the refractifie indeffi determined [20]. Figffre 3.13a shofls a typical spectra
of the chip, and ੗gffre 3.13b shofls the calcfflated dispersion aroffnd 1651 nm. his
dispersion of the fialffe of neff is a combination of material and flafiegffide dispersions.
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(a) Rafl grating data collected ffsing
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(b) Dispersion cffrfie, change in neff
flith λBragg. Sellmeier cffrfie has been
੗ted to the data points.

Figffre 3.13: Re੘ection spectrffm and determined dispersion plot.

3.4.4.2 Fluence measurement

Flffence refers to the total UV energy density delifiered to the flafiegffide. he ੘ffence
needs to be characterised to correctly flrite sffitable gratings. he gratings need a
maffiimal re੘ection, flhilst ensffring the spectrffm does not satffrate. Satffration tends
to broaden the fffll-flidth at half-maffiimffm (FWHM) bandflidth of the grating and
flill resfflt in a grating flith a re੘ectifiity near 100 %. Characterising the ੘ffence is
achiefied by flriting a nffmber of flafiegffides flith gratings at di੖erent ੘ffences, then
characterising and nffmerically ੗ting gratings in each flafiegffide. Figffre 3.14 shofls
the resfflts of fiarying the ੘ffence. It is also important to note hofl the neff changes
flith changing ੘ffence, as this flill directly a੖ect the Bragg flafielength of any flriten
gratings, as shofln in Figffre 3.14a. he neff generally shofls litle fiariation betfleen
flafiegffides hoflefier the absolffte re੘ectifiity, as seen in Figffre 3.14b, has high fiariability.
his is largely dffe to fiariation of coffpling losses flhen measffring each flafiegffide in
tffrn. Despite the fiariability it can still be seen that a ੘ffence of 12 kJ cm−2 floffld be
most sffitable as this is the point flhere satffration starts to onset (in ੗gffre 3.14a the
cffrfie gradient starts to decrease and in 3.14b it can be seen that the re੘ectifie pofler
starts to follofl a general decrease).
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(b) Changes in the Bragg grating re-
੘ection flith changes in ੘ffence.

Figffre 3.14: Flffence cffrfies

3.4.4.3 Loss measurement

Bragg gratings can be also ffsed to measffre the loss of a flafiegffide ffsing an in situ
method [21]. Using the same Bragg-grating arrangement as ffsed for a dispersion chip
the strength of each grating is measffred from both ends of the chip. Fiting knofln
loss eqffations to the logarithmic ratio of the amplitffdes of each grating and ffsing the
absolffte locations of each grating the relationship thereof is described by [21]

ln
R′

i

R′′
i

= ln ν − 4αabxi, (3.6)

flhere R′
i
and R′′

i
are the measffred re੘ectifiity of the grating i at position xi . ν inclffdes

factors sffch as losses associated flith coffpling into and offt of the flafiegffide and is
not ffsed in the transmission loss calcfflation. he LHS is ploted against the RHS of
Eqffation 3.6 as seen in Figffre 3.15. From the slope it can be seen that the slope of the
plot is linearly related to the loss by the term −4αabxi . his method has the adfiantage
that it is independent of the e੖ects of insertion loss, losses associated flith detffning and
probe pofler instability, redffcing the error of the fialffe. he primary soffrce of error in
the fialffe comes from ੗ting Gaffssian fffnctions to the data to determine the strength of
the grating, fleak gratings do not tend to ੗t flell dffe to noise from lofl signal-to-noise
ratio (SNR) receified from the OSA. he loss fialffe for phosphogermanate flafiegffides
in this instance is (1.350 ± 0.002) dB cm−1, this is a mffch higher fialffe than effipected
compared to prefiioffsly prodffced flafiegffides in the affthor’s research groffp [22] flith
the loflest fialffe recorded in silica at 0.235 dB cm−1. hese flafiegffides hoflefier ffse a
small core layer, flith higher indices
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Figffre 3.15: Line ੗ting of loss measffrement from data taken on OSA. Once
the ratio of grating amplitffdes hafie been taken, a line is ੗ted flhose slope is
linearly related to the loss.

hoffgh the loss fialffe is qffite high dffe to the short cafiity length the loss contribfftion
from roffnd trip loss of the effiternal cafiity flill be ∼0.9 dB flhich gifien a peak gain of
23 dB is acceptable.

3.4.4.4 Birefringence measurement

he planar flafiegffides deposited ffsing FHD contain stresses betfleen layers, the
flafiegffides flere also designed to hafie strong fiertical con੗nement to improfie coffpling
into the small mode of the gain chip; these tflo e੖ects a੖ect the refractifie indeffi
seen by polarisations of the flafiegffide leading to leading to signi੗cant birefringence.
Characterisation of this birefringence improfies the accffracy that gratings can be
flriten, flhich for instance, is important flhen trying to match spectral lines. Using the
system shofln in Figffre 3.12, the polarisation can be sflitched from the TM mode by
ffsing a 90° mating-sleefie to actifiate the TE mode. Cross-correlation of the TE and TM
spectrffm flas taken shofling clearly the change in flafielength leading to a measffred
birefringence of ∆n ≈ 4.4 × 10−4 (Figffre 3.16).

he birefringence and the small di੖erence in re੘ectifiity betfleen the polarisation
typically has litle e੖ect on the polarisation that laser chooses to lase ffpon. It is typical,
for reasons that flill be discffssed in Section 4.3.1, for diode based lasers to operate on
the TE polarisation.
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(b) Cross correlation of the same
Bragg-grating before and ater the
change in polarisation of light. he
distance from 0 to the peak shofls the
change in the Bragg flafielength as a
resfflt of the change in polarisation.

Figffre 3.16: Birefringence data.

3.4.4.5 Annealing

he thermal stability of gratings is fiitally important if they are to be ffsed in a laser cafiity
and flith thermal tffning. If the grating refractifie indeffi flere to change signi੗cantly it
coffld pffll the grating too far from the methane gas line making it ine੖ectifie for the
pffrposes of methane gas sensing. UV flriten strffctffres hafie prefiioffsly shofln ageing
and that can be accelerated flhen effiposed to high temperatffres [23]. Annealing can
be ffsed to make the gratings stable ofier long time periods and high temperatffres by
thermally ageing them. When annealed sffਖ਼ciently the actffal florking flafielength
flith time and temperatffre flill be far more stable.

As mentioned before a nefl phosphogermanate core flafer flas being ffsed. he thermo-
optical characteristics had not been measffred. Some UV-flriten hydrogen loaded
gratings flere placed in an ofien of 160 ◦C and taken offt periodically to check the
change in Bragg flafielength (sefieral measffrements are shofln in Figffre 3.17).

In prefiioffs flork on hydrogen loaded ੗bre Bragg gratings, a logarithmic relation-
ship is ffsed to ੗t accffrately betfleen the indffced indeffi change and the time spent
annealing [24].

A logarithmic lafl flas assffmed and is sffpported by Baker for hydrogen loaded Bragg
gratings. Effitrapolating the plot to 20 hoffrs leads to a slope of 2.173 pm/h. hese
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Figffre 3.17: he change in flafielength as the grating flas annealed flith
temperatffre of ∼160 ◦C.

annealing time and temperatffre flas decided to be sffਖ਼cient as the trffe core temperatffre
shoffld be lofler and for shorter dffrations.

3.4.5 Writing into IOF

Writing into optical ੗bre presents additional challenges compared to flriting flafieg-
ffides in planar chips. he cylindrical geometry of ੗bre presents a non-planar sffrface
that is astigmatic, making it diਖ਼cfflt to to achiefie optimal focffses of the beam. In
addition the internal flalls of the ੗bre profiide additional re੘ection points thoffgh this
flill be mitigated as FHD processing of the ੗bre flill signi੗cantly redffce the ffniformity
of the offtermost ੗bre flalls. As a resfflt the UV-light flill e੖ectifiely ੗ll the ੗bre
cross-section rather than concentrating the pofler into the core e੖ectifiely increasing
the ੘ffence reqffired to flrite. Nonetheless the laser coherence is maintained and the
system still fabricates fffnctional Bragg gratings. It is likely that a conseqffence of this
floffld be that this floffld lead to a redffction in detffning bandflidth as the e੖ectifie
spot size that interacts flith the core floffld increase dffe to the defocffsing; thoffgh this
reqffires fffrther infiestigation.

Another challenge to flriting into IOF is the straightness of the ੗bre. he UV-flriting
system at the time of flriting this thesis, has no means to compensate for bends in
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the ੗bre it is flriting, so long gratings can rffn o੖ the length of the ੗bre if it bends
sffਖ਼ciently. Efien flhen careffflly placed on the flafer dffring the FHD process there is
typically a shallofl bend that occffrs along the ੗bre.

Despite these challenges the IOF platform profiides a mechanically rigid optical platform
flith a highly ffniform flafiegffide strffctffre along its length that facilitates accffrate
flriting of Bragg gratings.

3.4.5.1 Characterisation of IOF

As flith planar flafiegffides, flriting gratings accffrately at precise flafielengths sffch as
an absorption line for acetylene at 1530.37 nm or at tflice the flafielength of rffbidiffm
at 1560.50 nm reqffires that the ੗bre is characterised accffrately.

he adfiantage of ffsing a ੗bre based platform rather than planar for targeting speci੗c
flafielengths is that they hafie an effitremely ffniform and flell speci੗ed flafiegffide
strffctffre dffe to the flell established and optimised drafling tofler technology ffsed
for their fabrication. Planar flafiegffides shofl a comparatifiely high fiariation of layer
thickness: the stresses in the flafer introdffce a slight bofl to the flafer, additionally
ater the FHD deposited glass has been sintered the layers are not perfectly ੘at and
contain small sffrface fiariations.

he loss and dispersion of the flafiegffide can be established in a single flafiegffide as
they reqffire the same arrangement of gratings for their measffrement. As the losses
are effipected to be lofl, a mffch longer flafiegffide is ffsed; in this research a 9 cm long
flafiegffide is ffsed for increased accffracy in the measffrement.

3.4.5.2 Dispersion measurement

he most important characteristic to determine accffrate flriting of the gratings flas
to determine the dispersion characteristics of the IOF flafiegffide. To determine this
dispersion a series of tflenty 6mm ffnapodised Bragg gratings atempted to be flriten
into ੗bre at fiarioffs nominal flafielengths. Fifie gratings of the tflenty failed to flrite,
likely dffe to impffrities present dffring sintering process ater FHD. he resfflting
dispersion cffrfie can be seen in Figffre 3.18. With this information it shoffld be possible
to accffrately flrite gratings at speci੗c flafielengths.
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Figffre 3.18: Plots shofling the rafl OSA collected data and the compffted
dispersion from the 9 cm long characterisation chip.

3.4.5.3 Loss measurement

As this platform is based on ੗bre it offght to retain the ffltra lofl propagation losses of
੗bre flafiegffides that to date hafie not been obtained in any other UV-flriten planar
research. he loflest loss flafiegffides fabricated in direct UV-flriting are as lofl as
<0.2 dB cm−1 [25]. he GF4A ੗bre sffpplier does not profiide data on the propagation
losses thoffgh it is effipected to be mffch higher than standard telecommffnications
੗bre dffe to the presence of boron in the core to enhance photosensitifie of the ੗bre.
Despite this the propagation losses shoffld be mffch lofler flhen compared to typical
UV-flriten planar flafiegffides. Additional loss flill be effipected ater sintering dffe to
defiitri੗cation, hoflefier the length of ੗bre ffsed in this research is short (<10 cm) so
losses ofier this length, dffe to defiitri੗cation, are ffnlikely to be seen [7].

he loss measffrement techniqffe is the same ffsed as that for planar flafiegffides. To
minimise the error for measffrements, many gratings flere flriten ofier a long chip
>7 cm. he loss flas determined to be <3 × 10−2 dB cm−1, only a ffpper limit of the
losses coffld be determined as the losses flere so small. he losses of this chip flere
contrasted flith the best recorded losses foffnd in offr planar UV-flriten gratings; both
sets of data are ploted in Figffre 3.19.
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Figffre 3.19: A comparison of the losses as light trafiels throffgh the flafiegffide
in IOF compared to be best recorded losses in offr silica flafiegffides [22]. he
IOF has far sffperior losses clearly retaining the adfiantages of the ੗bre based
technology.

3.4.5.4 Birefringence measurement

GF4A, a radially symmetric ੗bre does not hafie any intrinsic birefringence, hoflefier
ater the FHD process, there is an obserfiable birefringence. It is likely that asymmetric
stresses are introdffced ater the soot has been sintered, resfflting in an indffced bire-
fringence throffgh similar mechanism to stress rods in polarisation maintaining (PM)
੗bre. Dffring UV-flriting the beams may not ੗ll the section of core being flriten
ffniformly, breaking the symmetry of the refractifie indeffi strffctffre fffrther a੖ecting
birefringence of the flafiegffide. A sample flith sefieral gratings flriten at a nffmber of
di੖erent ੘ffences flas fabricated; the birefringence of these di੖erent gratings is shofln
in Figffre 3.20. From this plot the birefringence decreases flith UV-flriting strength;
the indffced birefringence from UV-flriting seems to coffnter the intrinsic birefringence
atribffted to ataching the ੗bre to the sffbstrate.
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Figffre 3.20: he change of birefringence as a fffnction of UV-flriting ੘ffence.

3.5 Wavelength tuning micro-heating assembly

his section flill describe the process for fabricating the micro-heaters ffsed for thermal
tffning of a Bragg grating’s florking flafielength, inclffding COMSOL modelling of the
thermal, electrical and temporal responses of the defiice.

he affthor fabricated all micro-heating assemblies discffssed in this thesis inclffding
COMSOL modelling. he fabrication process flas defieloped by the affthor alongside
the affthor’s colleagffe Paolo Mennea, flho also defieloped the mask design.

he florking flafielength of a Bragg grating is a fffnction of refractifie indeffi and
periodicity of the refractifie indeffi strffctffre. his allofls Bragg gratings to be effiploited
for ffse in sensing applications particfflarly in strain and temperatffre sensing [26], [27].
A conseqffence for Bragg gratings is theflorkingflafielength can be intentionallymofied,
in this research the temperatffre is ffsed to manipfflate the flafielength. Temperatffre
a੖ects the refractifie indeffi and grating period by effiploiting the thermo-optic e੖ect and
thermal effipansion respectifiely. he Bragg flafielength change ∆λBragg is related to the
temperatffre change by the eqffation [28]

∆λBragg = λBragg(αL + ξ)∆T, (3.7)

flhere λBragg is the Bragg flafielength, αL is the linear coeਖ਼cient of thermal effipansion,
and ξ is the thermo-optic coeਖ਼cient of the flafiegffide, and αL is the coeਖ਼cient of linear
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thermal effipansion. For silica the fialffe of (αL + ξ) fialffe is approffiimately ∼13 pmK−1,
this fialffe is also similar for the phosphogermanate glass FHD flafer ffsed in this project.

Heating the grating allofls the laser to operate on a flider range of flafielengths by
tffning the grating spectrffm and also shits the actifie longitffdinal mode of the laser.
he heating microstrip is designed so that it can be rapidly modfflated.

he heater design in this defiice consists of a strip of nichrome deposited directly ofier
the Bragg grating of the defiice flhere it is heated flith an electric cffrrent. he silicon
sffbstrate of offr defiice has a high thermal condffctifiity (149Wm−1 K−1) compared
flith silica (1.4Wm−1 K−1). his allofls the silicon sffbstrate to fffnction as a heat sink
rapidly dispersing the heat. As glass has mffch lofler thermal condffctifiity than silicon,
the FHD-deposited ffpper clad flas made to be thin (7 µm) helping to transport the heat
to the flafiegffide. hese steps are important for localised heating of the microstrip and
for rapid modfflation of the flafiegffide.

he heating element is estimated to be 300 nm thick based on sffrface pro੗ling mea-
sffrements taken on the actffal deposited thickness. To obtain an estimation of the
measffrements of the flafiegffide strffctffre a commercial Metricon prism coffpler system
is ffsed to determine the layer thicknesses. he system ffses a glass prism that is pressed
into the sffrface of a clean flafer. Laser light is directed into the prism at a range of
angles. As the angles are sflept the light coffples into the planar flafiegffides at fiarioffs
angles. he points at the flhich coffpling is achiefied can be ffsed to infer the thicknesses
and refractifie indices of the flafiegffide strffctffres. Based on measffrement from the
Metricon system the ffpper cladding, core and ffnder cladding flere estimated to be
7 µm, 3 µm and 15 µm respectifiely.

3.5.1 Modelling heat flow and time response

To aid the design process of the thermal heaters, a COMSOL model flas defieloped of
the effipected cross-section based on a priori knoflledge and measffrements. his model
helped defielop a sffitable geometry that coffld be fabricated practically. Figffre 3.21
shofls a heat-map model of the fabricated heaters. he heat-map represents the steady
state response flhen 0.4W of heat is generated from the heater, leading to an afierage
temperatffre of ∼91 ◦C in the core region.

he time response of heater element flas modelled in COMSOL. Speci੗cally the cross
section of the flafie gffide and heating element is modelled. By modelling hofl the heat
transfers to the core and and hofl flell the heat is sffnk throffgh the rest of the strffctffre
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Figffre 3.21: Heat map of thermal heating of defiice flith heating element. Core
region is sqffare in middle. he fiery thin rectangle at the top is the heating
element itself. he botom rectangle is the silicon sffbstrate.

the freqffency response of the system can be determined. he freqffency response of
this defiice flas determined by modfflating the COMSOL model flith a 200 µs sqffare
pfflse. he afierage heat ofier the area of the core flas ploted in time flhere the time
data flas ੗ted ffsing a linear time-infiariant (LTI) model. he model flas assffmed to
be a simple lofl pass ੗lter model flhich in the time domain is represented as

T0 + Tmaffi

[
H (t)

(

1 − e
t
τ

)

− H (t − tpfflse)

(

1 − e
(t−tpfflse)

τ

) ]
, (3.8)

flhere H (t) is the Heafiiside step fffnction, τ is the time constant, tpfflse the length of
the rectangfflar pfflse, Tss is the steady-state temperatffre of the core reached from this
inpfft pfflse and T0 is the ambient (room) temperatffre. he ੗t of this LTI to the time
data can be seen in Figffre 3.22a.

his model can be transformed into the freqffency domain and has the freqffency
response fffnction

1/τ
2πi f + 1/τ , (3.9)
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Figffre 3.22: Finding the freqffency response of the thermal heater ffsing an LTI
model.

flhere i is the imaginary ffnit, and f is freqffency. he magnitffde of this response
fffnction is shofln in Figffre 3.22b. he 50% of the maffiimffm modfflation depth is foffnd
at ∼500Hz.

he pofler density of the ofierall heating elements flas also modelled ffsing COMSOL.
In this model a tflo dimensional ofierfiiefl of the heater flas infiestigated. his flas to
look at hofl ffniform the heating floffld be across the Bragg grating (Figffre 3.23). Non
ffniformity floffld correspond to chirp, broadening the Bragg spectrffm.

Most of the joffle heating occffrs in the bridges to the central strip, especially at the
cornersflhere the highest fialffes are foffnd. here is a 145mWmm−1 di੖erence betfleen
segments of heating strip of highest and loflest pofler per ffnit length. his is qffite
signi੗cant di੖erence, fortffnately the nichrome strip has a high thermal condffctifiity
(11.3Wm−1 K−1) compared to silica ((∼1Wm−1 K−1)) and acts to help eqffalise the
thermal di੖erences.

he heater modelling demonstrates signi੗cant heating of the core facilitating tffning of
the Bragg grating flafielength. he freqffency response of the heaters is fast enoffgh that
it coffld be sffitable for locking effiperiments and modfflation of the laser flafielength.
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Figffre 3.23: Heat map of pofler density in the defiice. he ffnits are in
mWµm−1.

3.5.2 Photolithography and deposition

he planar platform o੖ers the opportffnity for lithographic processing allofling the
deposition of fiarioffs paterns ofier the flafiegffide defiice. he ੘at sffrface makes it ideal
for contact-photolithography - a process that allofls arbitrary paterns to be de੗ned
onto the sffrface of a sffbstrate that can be later effiploited in fffrther processes sffch as
etching and deposition. In prefiioffs research a nichrome heating element flas fabricated
ofier a cross-coffpler arm for a tffneable photonic Hilbert-transformer defiice [29]. In
this research fle are interested in being able to thermally tffne the Bragg grating ffsing
a heater in close proffiimity and directly ofier the grating.

he photolithography techniqffe ffses UV light flith a mask to selectifiely effipose a
sffbstrate flith a layer of photoresist. he photoresist is a chemical, that ater effiposffre
to UV light, can be selectifiely remofied ffsing a chemical knofln as a defieloper. he
resist is ffsffally dropped on top of the sffbstrate and spffn to make a ffniform layer that
is then baked solid. In contact-photolithography the photomask, a glass plate that has a
desired patern bonded onto it, is placed into direct contact flith the sample selectifiely
masking the sffbstrate from effiposffre. Once the process is complete a sffbstrate is let
flith the photoresist selectifiely protecting the desired regions of the sample.
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Figffre 3.24: Flofl process diagram shofling the steps performed in the clean-
room

he flafiegffide and Bragg grating are ੗rst flriten ffsing the UV-flriting process de-
scribed in Section 3.4 on a 20mm × 20mm chip. he large chip sffrface makes it easier
to place a ffniform coating of photoresist onto the chip.

he samples are scrffbbedflith acetone, then dipped seqffentially in acetone, isopropanol
and then rinsed flith deionized flater. Neffit, ffsing a miffitffre of hydrogen-peroffiide
and sfflphffric acid knofln as piranha solfftion, the sample is cleaned of any organics.
As a ੗nal step, the sample is then cleaned ffsing a plasma-asher, a chamber flith a
lofl-pressffre offiygen atmosphere that ionises remofiing any other organics. hese
cleaning steps ensffre that in the ੗nal deposition stage the nichrome flill adhere.

he sample is processed ffsing contact-photolithography ffsing the mask design shofln
in Figffre 3.25. he photo resist ffsed is S1813 [30] a positifie photoresist flhere the
effiposed resist is remofied ater defieloping ffsing MF-319. he blffe areas in Figffre 3.25
shofl flhere the resist is remofied.

he sample is then transferred to the E-beam deposition tool. his tool ੗res an electron
beam into a crffcible of metal, ffnder high fiacffffm, fiaporising it and depositing it
onto the sffbstrate. In this process tflo metals are deposited: the ੗rst metal is ∼10 nm
chromiffm as an adhesion layer that helps sffbseqffent layers to stick; then the ੗nal
layer is a nichrome (Ni0.2Cr0.8) flhere ∼300 nm of metal is deposited.

he ੗nal process step is knofln as lit-o੖, in this step the sample is placed into a bath
of acetone ffntil the remaining hardened photoresist dissolfies, remofiing all efficess
nichrome deposited and leafiing behind jffst the paterned nichrome heaters. he sample
is then rinsed flith deionised flater.
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Figffre 3.25: Design of heater layofft that is on chrome mask. he design
comprises of 3 pads, the largest is the groffnd pad, the smallest controllers the
phase-shit heater and the larger controls the grating heater.

3.6 Wire bonding electrical connections

Once the heaters hafie been fabricated on the effiternal cafiity chip it is necessary to
hafie a sffitable method to sffpply electrical cffrrent to the heaters. Nichrome forms a
nickel offiide layer on its sffrface that makes it impossible to solder or bond. In addition,
solder floffld also be ffnsffitable as being in close proffiimity to heaters coffld caffse the
solder to melt. Finally the thin ੗lm of nichrome metal coffld easily allofl migration of
the solder metal making it more prone to failffre from chemical changes. One solfftion
is to ੗ffi a sffitable breakofft board in close proffiimity to the defiice that flhere cffrrent is
sffpplied ffsing confientional insfflated flires and then ffsing flire bonds to the heaters
themselfies. Wire bonding is also a key process for the assembly of the cffstom packages
that are described in Section 3.7.3 as the sffpplied gain chips reqffire small electrical
connections to be made, practical only ffsing a flire bonder.

he flire bonding ffsed on the micro-heating assemblies flas carried offt by Dr Hflanjit
Ratanasonti. Wire bonding and optimisation of the process of the packaged defiice
flas carried offt by the affthor.

3.6.1 Wire bonding process

Wire bonds are point-to-point connections ffsing thin, ffsffally 25 µm gold or alffminiffm
flires. here are tflo main types of flire bonding: fledge and ball. In both types a tool
resembling a needle containing a capillary positions a thin flire ofier a bonding pad
and flelds it into place. Ball bonding is a nefler, more fiersatile form of bonding bfft is
limited to gold flire as the ball is formed at high temperatffres ffsing an arc discharge
that floffld offiidise Al.
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(b) Dffe to the ball formed at the tip of the
fledge the strffctffre is a simple capillary flith
a socket to hold the ball. he geometry means
the ball bonding tool can mofie in any direc-
tion ater the ੗rst bond, increasing its ੘effiibil-
ity.

Figffre 3.26: Cross-sectional diagrams of ball and fledge bonding tools.

Dffring the bonding process a flire bonding tool is pressed dofln compressing the flire
betfleen the tool and the pad, flhere the tools are depicted in Figffre 3.26. he tool
then fiibrates ffltrasonically, flhere the ffltrasonic energy caffses the flire to fleld to
the pad it is pressed to. Gold flire reqffires elefiated temperatffres to form bonds ffsing
fledge or ball flire bonding. A description of flire bonding phy mechanisms flill be
not cofiered and the affthor recommends Harman for fffrther details [31].

here are a nffmber of factors that a੖ect the bondability and reliability of a flire bond.
One of the primary diਖ਼cfflties flith flire bonding is the choice of flire and pad materials.
Only certain combinations of materials flill permit reliable bonding, ideally the flire
and pad materials flill be the same profiiding the most reliable connections. Bondability
is also a੖ected by the hardness of the sffbstrate material that the electrical contact is
atached to as it can dissipate ffltrasonic energy, for this ceramics are oten ffsed as a
sffbstrate for their hardness.

In this thesis, alffminiffmfledge bonding flas primarily ffsed. he heating assembly ffsed
a printed circffit board as a breakofft for confientional flires. Alffminiffm flire-bonds
are able to bond to printed circffits boards more easily as the bonding can be formed at
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room temperatffre. At high temperatffres that are ffsed in gold bonding ffsffally take the
plastic sffbstrates ffsed in printed circffits close to or ofier the Tg caffsing the sffbstrate to
soten signi੗cantly, resfflting in too mffch dissipation of the ffltrasonic energy making
the gold bonding diਖ਼cfflt.

Alffminiffm flas also selected to make the connections betfleen the gold contact on
the gain chip and the gold breakofft pads, despite that gold flire-bonds floffld profiide
higher reliability on gold sffrfaces. As flill be described in the neffit section the gain
chip and the flire bondable breakofft contact flas adhered to a silicon moffnt ffsing a
UV-cffrable adhesifie called OP-67-LS [32], flhere the Tg is belofl 150 ◦C. he sotening
of this adhesifie floffld allofl too mffch mofiement dffring flire bonding making it
diਖ਼cfflt to bond. Additionally, it is confienient dffring the packaging for the silicon
moffnt to be atached to the Peltier cooler before flire bonding, flhich can not be heated
to 150 ◦C flithofft damaging the Peltier cooler.

3.7 System assembly

his section flill consider the assembly of the effiternal cafiity chip hosting the Bragg
re੘ector that is coffpled flith gain chip. he importance and consideration taken for
retffrn losses is described. he tflo assemblies ffsed: a linear translation staged based
system, and then a smaller, more portable and stable packaged system flill be offtlined.

All the laser systems assembled on translation stages and also the packaged system
flas ffndertaken by the affthor.

Fibre profiides a confienient means to integrate into larger optical systems, as many
੗bre components can be easily soffrced and conform to standardised connectors. So
light offtpfft from the laser systems considered is coffpled offt ffsing a standard PM ੗bre
pigtail for 1550 nm. he pigtail is a commercial PM ੗bre that is moffnted in an 8° angle
polished, V-groofie assembly for high retffrn losses from Oz-Optics. he V-groofie is
atached to the effiternal cafiity chip ffsing an optical qffality UV-cffring adhesifie (Dymaffi
OP-4 [33]). he MFD of the planar flafiegffides shoffld be flell relatifiely matched to
that of the PM ੗bre (<1 dB loss), flhereas the IOF chip has a considerably smaller
MFD resfflting in considerable loss flhen coffpling light offt of the laser defiice. For the
IOF, assffming the mode ੗elds are approffiimately Gaffssian in shape and assffming a
negligible gap betfleen the tflo defiices the loss dffe to modal ofierlap is 3.5 dB.
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3.7.1 Engineering return losses

A key issffe in lasers and particfflarly in diode laser systems is elimination of ffnflanted
optical feedback. Efien lofl optical feedback from distant re੘ections can make the laser
enter into ffnstable regimes characterised by freqffent mode hoping and optical pofler
੘ffctffations [34]. Diode lasers are fiery sensitifie dffe to their high gain and generation
of carriers flith incident light a੖ecting the gain and indeffi. It is not ffnffsffal for the laser
system to be sensitifie to soffrces of re੘ections efien flhen component retffrn losses are
as high as 50 dB [35]. hoffgh careffflly controlled distant optical feedback can be ffsed
to force the lineflidth to become narrofler [36].

It is essential that laser systems incorporate an optical isolator to atenffate any back-
re੘ections [35]. Typically a Faraday isolator is preferable that is physically near to the
laser system to minimise distance of re੘ections from the isolator itself. Many optical
components hafie signi੗cant retffrn loss, efien matings of ffltra physical contact (PC)
੗bres can contribffte signi੗cant ffnflanted back-re੘ections. Oten the phase of these
re੘ections not be stable stable dffe to enfiironmental fiibrations, thermal ੘ffctffations
etc. occffrring flithin the ۠effiternalۡ cafiity. As a resfflt the laser mode flill be likely to
hop freqffently and ffncontrollably betfleen these parasitic effiternal cafiity modes. In
commercial laser packages it is common for the isolator to be incorporated into the
laser package prior to offtpfft coffpling.

In this system it is been sffਖ਼cient for a ੗bre isolator to be inclffded <50 cm aflay from
the laser flith >40 dB of isolation. his flas achiefied at ੗rst by placing an atenffator
before an isolator as this profiides tflice the atenffation of isolation in addition to the
isolator, for effiample a 10 dB atenffator follofled by a 30 dB isolator profiides 50 dB total
isolation. All optical connections leading to the isolator mffst ffse an APC connector or
be directly spliced.

3.7.2 Linear stage based system

he prototype laser system is bffilt on a set of precision translation stages fromhorlabs.
he effiternal cafiity is moffnted in a ੗bre array holder. he gain chip is pre-moffnted
onto a heatsink flhich has been bolted into a cffstom alffminiffm block that holds a
thermistor. his block has then been adhered onto a Peltier defiice.

he effiternal cafiity is aligned into position by monitoring offt-coffpled optical pofler.
he injection cffrrent is set to a lefiel flhere the laser is ffnlikely to lase bfft there is
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enoffgh pofler to monitor the spontaneoffs emission pofler. he system is diਖ਼cfflt to
align once lasing as the adjffstments a੖ect the cafiity length, hafiing a strong e੖ect on
the offtpfft pofler. Once aligned the pofler can be increased, oten minor adjffstments
are needed to compensate for the e੖ects of thermal effipansion. he ੗nal prototype
system can be seen in Figffre 3.27.

Gain Chip

Heat Sink

Peltier

V-Groove

Assembly

IOF Chip

Figffre 3.27: Photograph of prototype laser system bffilt ffsing linear translation
stages.

3.7.3 Packaging of laser system

Ideally the entire system floffld not hafie to ffse large translation stages that are sffs-
ceptible to thermal drit, bfft integrated onto a single moffnt inside a compact hoffsing.
here are nffmeroffs adfiantages to integration ofier the prototype system:

ۦ Compact and portable - ffsing translation stages for alignment makes the system
large, heafiy and cffmbersome. he small and light size of the laser makes it
simple to mofie and handle.

ۦ Vibrationally stable - Hafiing all the components held rigidly in close proffiimately
eliminates the nffmber of fiibrational modes that can a੖ect the system. he
enclosffre flill also redffce air cffrrents that floffld add additional fiibrations to
the system.

ۦ hermally stable - Like the fiibrational stability, hafiing the components held
closely together flith good thermal condffction. Matching of thermal effipansion
flill redffce drit of components dffe to thermal drit.

ۦ Cleanliness - Enclosing the system prefients the bffild-ffp of dffst on the system
that coffld introdffce signi੗cant loss if particfflates setle on the laser facets.
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ۦ Electrical Isolation - A metallic hoffsing flill redffce effiternal electrical noise
flhilst also redffcing circffit indffctances flhen modfflating the system.

ۦ Protection - he hoffsing profiides a rigid and strong shell to protect from any
accidental impacts.

As the effiternal cafiity is contained in a single mode flafiegffide, and the light is coffpled
offt ffsing a ੗bre pigtail, the entire system is defioid of any confientional free-space
optics. Hafiing no free-space components shoffld improfie the stability of the system as
it limits the capacity for drit betfleen components in the system. A fffrther adfiantage
of lacking free-space components is the increased simplicity of assembly.

Figffre 3.28: CAD drafling shofling the dimensions of the siliconmoffnt that the
defiice flill be bonded to. All dimensions are in mm ffnless speci੗ed otherflise.

In contrast to the stage based system the components are ੗ffied to a silicon moffnt ffsing
lofl shrinkage UV-cffrable adhesifies. he design of the silicon moffnt can be seen in
Figffre 3.28. Silicon flas chosen for the moffnt, as the material is easily machined (ffsing
the MicroAce 3 dicing machine). Silicon has a desirable linear coeਖ਼cient of thermal
effipansion (LCTE) as it is flell matched to the gain chip sffbstrate and has efficellent
thermal condffctifiity. he sffb-moffnt material of the gain chip is silicon carbide, flhich
has an LCTE of 4 × 10−6 ◦C−1 and matching closely to silicon that has an LCTE of
3 × 10−6 ◦C−1. For comparison, alffminiffm as a base-moffnt material has an LCTE of
22.2 × 10−6 ◦C−1; ffsing silicon as the base-moffnt to redffce e੖ects from thermal drit.

he ffnenclosed system is depicted in Figffre 3.29. he follofling steps describes the
assembly process of the packaged laser system. It is assffmed that the effiternal cafiity
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Figffre 3.29: 3D CAD diagram of ffnenclosed laser system on silicon moffnt and
Peltier.

chip is fabricated flith a pigtail atached, ffsing the techniqffes described from Section 3.2
to Section 3.5.

1. he base-moffnt is diced to shape as shofln in Figffre 3.28.

2. he base is placed on top of a Peltier defiice and adhered ffsing a thermally
condffctifie epoffiy. A thermistor is then atached onto the Peltier close to flhere
the gain chip flill be seated.

3. he gain chip is placed onto the silicon base flith thermal paste inserted betfleen
the chip and base. he chip is then bonded in place ffsing a UV-cffrable adhesifie.

4. A set of gold flire-bondable pads is ੗ffied adjacent to the gain chip. 25 µm alff-
miniffm flire is then fledge-bonded betfleen the pads and gain chip. Break offt
flires are then soldered to the pads.

5. he silicon base is then ੗ffied to a platform flhere the effiternal cafiity chip can
be aligned to it ffsing a linear translation stages similar to the prototype design.
he gain chip mffst hafie a small cffrrent sffch that the system remains belofl
threshold. he effiternal cafiity is aligned ffntil it maffiimises optical pofler. A
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small air gap is maintained betfleen the effiternal cafiity and the gain chip to afioid
damage to the gain chip facet dffe to mofiements of either chip.

6. here is a signi੗cant gap betfleen the chip (∼0.5mm) and the silicon base to
accoffnt for higher errors from fiertical position of the dicing system in addition
to profiiding additional room for ੗ne angfflar alignment. hoffgh the UV-cffrable
adhesifie (OP-67 [32]) is designed to be lofl shrinkage (0.08 %) it is not possible to
directly adhere the effiternal cafiity chip directly to the silicon base. his gap flill
allofl for a signi੗cant height change ffpon cffring, misaligning the system, as the
gain chip fiertical mode height is likely to be <2 µm. To minimise this e੖ect, tflo
strffctffral glass bars flith a small amoffnt of UV-adhesifie on one face of each bar
is placed on either side of the cafiity chip flith the adhesifie toffching the sides
of the chip. Glass is ffsed as it is transparent to the cffring light. his ensffres
a small gap betfleen the strffctffral bars and the silicon base. he bars are then
cffred to the silicon base.

7. he alffminiffm enclosffre has a hole drilled for the optical ੗bre offtpfft and a
hole for the electrical feeds. he electrical feed connector is then adhered to the
electrical feed hole.

8. he ੗bre pigtail is cfft and a strain relief boot is atached to the ੗bre. It is then
threaded throffgh the ੗bre optic feed hole in the hoffsing. he laser defiice is
loflered into the enclosffre flhilst threading additional ੗bre throffgh the enclosffre.
he laser defiice is adhered to the base of the enclosffre ffsing a thermal epoffiy.
and the flires soldered to the electrical offtpffts. he ੗bre boot is adhered in place
ffsing epoffiy.

9. he ੗bre end that flas cfft o੖ is fffsion spliced to a Faraday isolator (ensffring
that the connector is APC).

10. he lid is ੗rmly screfled in place.

3.8 Conclusion

his chapter has offtlined the main fabrication processes ffsed to fabricate and assemble
all the defiices ffsed in this thesis. he FHD process flas described that is ffsed to
fabricate the IOF and planar optical platforms ffsed in the constrffction of defiices in
this thesis. he high precision dicing of these optical platforms into sffitable geometries
is described, and the dffctile dicing process to obtain smooth optical sffrfaces and the
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method to characterise roffghness is also cofiered. A description of the UV-flriting
system and process is gifien for IOF and planar geometries, the methods to characterise
UV-flriten gratings to achiefie accffrate flriting are gifien. he fabrication process
steps of the NiCr heating assembly ffsed for flafielength tffning on the planar geometry
are stated. he flire bonding process and factors a੖ecting the reliability of bonds are
offtlined. Finally the steps and considerations of assembling the ECDL systems are
effiplained. In the neffit tflo sections the characterisation of the assembled lasers flill be
offtlined.
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- Chapter 4 -

1651 nm Planar Laser for Methane
Sensing

4.1 Introduction

his chapter flill describe a planar-flafiegffide based effiternal-cafiity diode-laser fabri-
cated ffsing the techniqffes described in Chapter 3. he laser is capable of continffoffsly
scanning and mapping the methane R4 qffadrffplet line at 1651 nm. he effiternal cafiity
is a glass-on-silicon formed flafiegffide incorporating a Bragg grating as a freqffency
dependent re੘ector ffsed to form the effiternal part of the laser resonator. he effiternal
cafiity fftilises thermal micro-heaters that are deposited directly ofier the Bragg grating
profiiding flider coffrse tffning of the laser system. he grating and flafiegffide are
inscribed into the chip ffsing the UV-flriting process. An effiternal cafiity diode laser
can be fabricated to operate at any flafielength profiided there is the afiailability of
gain defiices at the desired flafielengths, and afiailability of transparent, photosensitifie
glass that can be ੘ame-hydrolysis deposition (FHD) deposited. Tffning is possible both
੗nely throffgh injection cffrrent tffning and coarsely by thermo-optically tffning ffsing
the micro-heaters. he concept of ffsing heaters to tffne a planar grating based laser
defiice has has been offtlined in patent [1] and reported in [2], both schemes ffsed
polymer based flafiegffides. To the affthor’s knoflledge no prefiioffs implementation
has been demonstrated on glass flafiegffides. he details of the fabrication are profiided
in Chapter 3. All characterisation described in this chapter flas ffndertaken by the
affthor.

First, the general design considerations flill be considered, follofled by a discffssion of
fiarioffs laser characteristics. hen a detailed description of hofl the relatifie intensity



104 Chapter 4 1651 nm Planar Laser for Methane Sensing

noise (RIN) and phase noise measffrements flere taken, inclffding effiperimental resfflts
are also inclffded. his is follofled by a demonstration of the laser system’s capability
for ffse in locking applications by implementing a freqffency o੖set locking loop flhich
is then ffsed to characterise the heaters. Finally a discffssion on preliminary methane
spectroscopy resfflts flill be cofiered measffring methane gas concentrations betfleen
250 ppm to 25 000 ppm.

4.2 System Overview

4.2.1 Geometry

Gain-chips are semicondffctor laser diodes flhere ffsffally one chip facet does not profiide
optical feed back ffsffally throffgh the ffse of an anti-re੘ection coating. For the laser
systems described in this flork an InP based gain-chip flas ffsed as the gain mediffm,
flhose centre flafielength is 1650 nm, afiailable from horlabs. his centre flafielength
makes the gain-chip especially sffitable for methane gas spectroscopy. One facet has
an anti-re੘ection coating and an angfflar effiit to eliminate optical feedback. he other
facet has a 90 % re੘ectifie coating. An additional adfiantage to ffsing an angfflar effiit
is that it facilitates bfft coffpling, as any adjoining planar flafiegffide flill reqffire an
angled facet to bfft-coffple in close proffiimity redffcing parasitic back re੘ections from
re-entering the flafiegffide. he bfft coffpling can be effipected to be higher than 4 dB
follofling the simfflation and discffssion in Section 3.2.3.1.

he second re੘ector of this laser resonator is formed by a Bragg grating flriten into
a planar flafiegffide and is bfft-coffpled to the gain-chip, see Figffre 4.1 ffsing the
processes described in Chapter 3. his flafiegffide ffses a phosphogermanate core as it
is knofln to profiide more ffniform layers that are important for accffrate and repeatable
flriting of gratings at a particfflar flafielength. In addition this layer as described in
Chapter 3 has been optimised to profiide the smallest possible mode-੗eld diameter to
improfie coffpling to the gain-chip. his effiternal re੘ector chip is atached to a V-groofie
assembly holding a standard telecommffnications panda-type PM ੗bre that serfies to
coffple offt light ffsing standard components. his is then follofled by an atenffator and
then an isolator. he atenffator has higher retffrn losses than the isolator and profiides
additional isolation. he chip mffst be connected to the gain-chip at 17.7° to satisfy
Snell’s lafl as the light effiits the gain-chip at 26.5° and the effiternal cafiity chip has an
e੖ectifie indeffi of 1.45.
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(a) Diagram shofling the strffctffre of the entire defiice
along flith approffiimate re੘ectifiities of re੘ectors

V-Groove Assembly Heating Strip

InP Gain-ChipBreakout PCB Planar Grating Chip

(b) Corresponding photo of one
of the 1651 nm laser systems.

Figffre 4.1: Diagram and photo of prototype system ffsed in characterisation.

Measffring the coffpling loss betfleen the planar flafiegffide and gain chips flas practi-
cally diਖ਼cfflt and instead estimated ffsing a simple elliptical Gaffssian model. Elliptical
Gaffssians flere ffsed dffe as the effiact mode strffctffre flas not knofln. From the angfflar
difiergence fialffes of the offtpfft beam from the gain-chip speci੗cations, an estimate
of the near ੗eld elliptical Gaffssian ੗eld coffld be determined. he most optimal de-
sign that coffld be prodffced ffsing the FHD and UV-flriting processes as discffssed
in Section 3.2.3.1 floffld prodffce an idealised coffpling loss of ∼1 dB. Hoflefier layers
prodffced in the FHD process ffsffally di੖ffse betfleen layers resfflting in a larger mode
than intended, in addition the sffrface roffghness and alignment flill be imperfect so
the loss fialffe flill be >1 dB. he integrated optical ੗bre (IOF) chip has a considerably
smaller mode-੗eld diameter (MFD) compared to the planar flafiegffide improfiing the
coffpling betfleen the effiternal cafiity and the gain chips resfflting in a compffted loss
of approffiimately 1.2 dB. Hoflefier the small MFD resfflts in a higher coffpling loss of
3.5 dB to the polarisation maintaining (PM) ੗bre pigtail thoffgh this loss is less critical
compared to the intracafiity loss of of the gain chip.

4.2.2 Grating Design

he spectral shape of an ffnchirped fleak Bragg grating is approffiimately the Foffrier
transform of the apodisation pro੗le of the grating. he apodisation pro੗le refers to
the strength of the fringe fiisibility of the flriten fringes. A ffniform or ffnapodised
grating has the strongest re੘ection as the fringe fiisibility is at fffll strength throffgh
the span of the grating. Hoflefier the spectral shape of sffch a grating is a sinc-like
pro੗le and profiides the narroflest spectral shape limiting the tffneability of the laser.
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A Gaffssian apodised grating leads to a Gaffssian spectral shape and broadens the
bandflidth of the Bragg grating re੘ection spectrffm. Unfortffnately the re੘ectifiity drops
signi੗cantly as mffch of the fringe fiisibility is redffced. A compromise betfleen the
strong, spectrally narrofl ffniform and fleaker, spectrally broader Gaffssian apodisation
is the sffper-Gaffssian. A sffper-Gaffssian fffnction of order n is de੗ned as

fsg(x) ≡ effip
(

−

[
x2

σ2

] n)

, (4.1)

flhere σ is sffper-Gaffssian flidth. A ੗rst order sffper-Gaffssian is a regfflar Gaffssian.
he decision flas made to ffse a sffper-Gaffssian of order n = 4 as this resfflted in
a strong bfft broader grating flhere an ffnapodised grating or a Gaffssian apodised
grating floffld be too narrofl or too fleak respectifiely. A spectrally broader grating
is necessary to cofier the methane gas line sffitably. his grating apodisation fffnction
floffld also resfflt in a fffll-flidth at half-maffiimffm (FWHM) bandflidth that flas more
comparable to the effipected free spectral range (FSR) ensffring efficellent side-mode
sffppression-ratio (SMSR) and good injection cffrrent tffning range.

he Bragg flafielength of the gratings is intentionally flriten at a lofler flafielength
than the methane gas line at 1650.96 nm as can be seen in Figffre 4.2. his is to take
adfiantage of the tffning capability of the micro-heater to precisely position the grating
ofier the gas line. Since the gas line is spectrally broad (134 pm FWHM) the grating mffst
be precisely positioned to resolfie as mffch of the line as possible flithofft mode-hopping.
he lofler flafielength confers another adfiantage that is to compensate for the Bragg
flafielength shit indffced from the deposition of the NiCr heater flhich shits the
spectral response of the grating to longer flafielengths, probably from a combination
of indffced stresses and interaction flith the tail of the lateral mode ੗eld dffe to the thin
(7 µm) ofierclad layer. he ੗nal measffred re੘ectifiity of the Bragg gratings for both
defiices flas ∼50 %.
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Figffre 4.2: Re੘ectifiity of gratings ffsed to make both laser systems. Both
gratings flere flriten ffsing the same recipe and flent throffgh the same process
steps. he re੘ectifiity is collected ffsing an OSA and the gainchip as the ASE
soffrce for the measffrement. he grating pro੗les hafie strengthened side lobes
ater the deposition of the thermal micro-heaters.

4.3 Laser Characterisation

he laser pofler characteristic flith injection cffrrent is shofln in Figffre 4.3a, flith a
threshold at 140mA. he efiolfftion of the laser spectrffm from threshold, as measffred
on an OSA, is shofln as in Figffre 4.3b. he flafielength shit is caffsed by an increase
in the refractifie indeffi of the gain chip dffe to more injected carriers and changes of
temperatffre. he inset plot demonstrates single mode operation flith a side mode
sffppression ratio of >40 dB. Changes of injection cffrrent can achiefie an SMSR of
55 dB. To the affthor’s knoflledge this SMSR is the highest achiefied compared to fialffes
reported in the literatffre or qffoted on commercial data sheets [3]–[6].

he laser pofler flas measffred at 20 ◦C, 25 ◦C, and 30 ◦C measffred ffsing a thermistor
at the thermoelectric-cooler (TEC). For each temperatffre the laser system had to be
realigned dffe to the thermal effipansion of the heat sink betfleen the TEC and the
gain-chip. As the injection cffrrent is fiaried across the fffll range the laser hops 3 times
as longitffdinal modes are sflept across the grating bandflidth and another longitffdinal
mode becomes more dominant.

he injection cffrrent tffning is shofln in Figffre 4.4. his measffrement flas taken by
adjffsting the cffrrent and measffring the central flafielength fiia the OSA. he cffrrent
tffning demonstrates that it is possible to tffne across the target gas line (>120 pm). he
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Figffre 4.3

thermal heaters flill be ffsed to centre the grating ofier the gas line flafielength, flhich
flill maffiimise the mode-hop free spectral bandflidth the laser can scan.
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Figffre 4.4: Plot shofls the cffrrent tffning flith flafielength and freqffency.
he plot is ੗ted ffsing a second order polynomial. he displayed slope is the
tangential slope measffred at 420mA, the midpoint of the cffrfie approffiimately
betfleen tflo mode hops.

4.3.1 Laser Polarisation

Edge emiting diode lasers tend to be highly polarised defiices dffe to hafiing strong
anisotropic geometry normal to the optical affiis. Edge emiters oten hafie strong Carte-
sian geometry, and in single mode defiices, tflo polarisation modes flith signi੗cantly
di੖erent propagation constants. Vertical con੗nement is achiefied by controlling the
semicondffctor layer refractifie indices and ffsffally resfflts in strong con੗nement to
gifie good ofierlap flith the thin actifie region layer. Many edge emiting defiices ffse
a ridge strffctffre to fleakly gffide light horizontally in the strffctffre. As a resfflt the
mode ੗eld solfftions resfflt in a transfierse-electric (TE) mode flhere the ੗eld is parallel
flith the horizontal affiis, and the transfierse-magnetic (TM) mode is perpendicfflar.

he mode that receifies the loflest losses, flill determine flhat mode the laser flill
lase on. here hafie been a nffmber of mechanisms identi੗ed that contribffte to diode
laser polarisation preferences. Some polarisation dependent physical mechanisms
are: propagation losses, Fresnel re੘ectifiity, gain, stresses, and the con੗nement factor
[7]–[11]. Interestingly, most of these mechanisms fafioffr conditions for lasing action
on a TE mode solfftion, flhich effiplains flhy most diode lasers are ffsffally, bfft not
necessarily, TE polarised. Hoflefier flithofft intricate knoflledge of the gain-chips ffsed
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in this thesis it is diਖ਼cfflt to o੖er a discffssion for the dominant mechanism for the
polarisation selection in this laser.

he laser effiternal cafiity is strongly birefringent dffe to the stronger con੗nement in
the fiertical direction. hroffgh the same mechanism as PM ੗bre the mode shoffld
ffndergo minimal rotation as it propagates throffgh the flafiegffide to the V-groofie
assembly. he V-groofie assembly hoffses a PM ੗bre that coffples offt the light. he
light collimated and transmited in freespace throffgh a polariser. hroffgh manffal
rotation of the polariser the polarisation is TE and the isolation from TM is measffred
at ∼25 dB. he polarisation is likely to be limited by the alignment tolerances betfleen
gain-chip to the effiternal cafiity and :to the PM ੗bre; these misalignments are likely to
actifiate the orthogonal mode resfflting in a slightly elliptical mode.

4.4 Noise Properties

his section flill describe the noise properties of the laser flith regards to relatifie inten-
sity noise (RIN) and phase noise. hese noise properties directly a੖ect the sffitability
of the laser for fiarioffs applications. In particfflar the RIN plays an important role in
the tffnable diode-laser spectroscopy (TDLS) techniqffe ffsed in this report.

4.5 Relative Intensity Noise

he RIN flill a੖ect the performance of the laser for measffring gas lines. Noise dffring
scanning of a gas line can potentially conceal the characteristic dip that is ffsed to
infer the presence of the gas line. In the TDLS techniqffe ffsed in this thesis the laser
flafielength flill scan repeatedly ofier the gas line and the response measffred on a
photodiode. he intensity noise near the scanning freqffencies and its harmonics flill
directly a੖ect the system’s performance.

Tflo measffrement systems flere ffsed for this laser to cofier di੖erent parts of the
freqffency spectrffm. For lofler freqffency measffrements (1Hz to 1 kHz) a horlabs
biased photodiode flas ffsed, follofled by a transimpedance ampli੗er to confiert the
cffrrent signal into a fioltage signal flhilst maintaining high sensitifiity and maintaining
a good freqffency response. For the higher freqffencies (100MHz), a fast ampli੗ed
photodiode is ffsed flith a bffilt-in transimpedance ampli੗er. he signal from this
detector is ampli੗ed in a Minicircffits lofl noise ampli੗er and then fed into a 3GHz
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Figffre 4.5: he system lefiel diagrams of the tflo measffrement systems ffsed to
measffred the RIN. he RF ampli੗er prefiented measffrement ffnder 100MHz,
and no signi੗cant noise flas obserfied dofln to the lofl freqffency limit of the
RFSA. For lofler freqffencies, flhere likely TDLS modfflation schemes flill
be ffsed, a lofl freqffency measffrement system flas ffsed flith cffstom bffilt
transimpedance ampli੗er.

radio-freqffency Spectrffm-Analyzer (RFSA). he measffrement systems ffsed are shofln
in Figffre 4.5.

he higher freqffency noise is limited by a noise ੘oor that is close to the effipected
fialffe of the associated shot noise limit. his is compared to a commercial Agilent
effiternal cafiity diode laser (ECDL) based on a mofiing di੖raction grating as seen in
Figffre 4.6b. he peak at ∼200MHz is caffsed by relaffiation oscillations of the laser, the
laser is then shot noise limited beyond this peak. he lofl freqffency RIN can be seen in
Figffre 4.6a. he lofl freqffency range flas of most interest as this is flhere likely TDLS
modfflation schemes floffld occffr. he lofl freqffencies shofl a nffmber of noise peaks
corresponding to harmonics of mains electrical noise. Many of the other peaks seen
are likely to be caffsed by acoffstical standing flafie modes efficited by enfiironmental
noise, as peaks at a similar band of freqffencies flas sffppressed in a similar system ater
being mofied into a compact enclosffre, discffssed in Chapter 5.
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Figffre 4.6: Relatifie intensity noise traces for lofl and higher freqffencies.

4.6 Phase noise and linewidth

Phase noise and lineflidth measffrements cannot be obtained directly from the photodi-
ode as it is for a RIN measffrement. Light incident on a photodiode confierts photons
to electrons and thffs the derified signal from the photodiode is proportional to the
incident optical pofler and not the ੗eld, and as a conseqffence any phase information
is lost. his electrical response can be considered identical to a response that is eqffal to
the incident ੗eld sqffared flhilst dropping any high freqffency terms. In the coherent
detection con੗gffration, the phase information can be inferred by miffiing the signal of
the defiice ffnder test flith an optical signal of knofln lineflidth or phase noise. he
sqffare lafl response of the detector flill prodffce a signal flhose freqffency and phase
is the di੖erence betfleen freqffencies and phases of the tflo signals, knofln as the beat
note of the signals.

4.6.1 Measurement techniqes

here are many measffrement techniqffes ffsed for determining the lineflidth of a laser.
An OSA coffld be ffsed to measffre the lineflidth of a laser, hoflefier the best OSAs
can only measffre as lofl as 5MHz [12], flhich is still broader than the lineflidth of
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most diode laser systems. he delayed self-heterodyne interferometer, heterodyne
interferometer, optical phase locked loop (OPLL), and the freqffency discriminator are
far more precise techniqffes ffsed to measffre phase noise or lineflidth properties of a
laser [13].

In this section, argffably the most common techniqffe, the delayed self-heterodyne
interferometer flill be discffssed. his is follofled by a discffssion on the heterodyne
interferometer flhich is the techniqffe ffsed in this thesis. Finally an accoffnt of the
signal processing steps ffsed to determine the phase noise in this thesis flill be detailed.

4.6.1.1 Delayed Self-Heterodyne Interferometer

One of the most common and confienient methods for obtaining a lineflidth measffre-
ment is to ffse a delayed self-heterodyne measffrement. his techniqffe splits the laser
offtpfft into tflo. Where one signal is delayed, and the other freqffency shited before
being combined again, so both are incident on a photodiode allofling the beat note at
the freqffency o੖set to be measffred. he delay line is necessary and mffst delay the
laser signal beyond its coherence length [14]. Where the coherence length is de੗ned
by Lcoh ≡ cτcoh. he coherence time τcoh is ffsffally de੗ned in the literatffre by

τcoh =
∫ ∞

−∞

(

RE (τ)

RE (0)

) 2
dτ, (4.2)

flhere RE is the afftocorrelation fffnction of the laser optical ੗eld E(t). he lineflidth
and coherence length are directly linked, ffsing the de੗nition of Eqffation 4.2, the
lineflidth δν is effipressed by τcoh as

δν =
1
πτcoh

=

c

πLcoh
. (4.3)

If the laser is not delayed sffਖ਼ciently beyond Ldelay ≫ Lcoh it leads to calcfflation of
an arti੗cially narrofl lineflidth. For relatifiely lofl lineflidth lasers this can make the
measffrement qffite problematic as many kilometres of delay line may be needed. For
effiample, a 10 kHz lineflidth laser signal flill hafie a coherence length of ∼30 km flhich,
for a fialid measffrement, may reqffire mffch longer delay lines of optical ੗bre to be
sffਖ਼cient [15]. Efien if measffred at 1550 nm, flhere SMF-28 losses are lofl enoffgh for a
measffrement, sffch lengths of ੗bre can be impractical in a lab, reqffiring many spliced,
large bobbins of ੗bre. For many types of lasers, sffch as ੗bre-lasers and ECDLs, there
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are other types of phase noise present beyond the 1/ f 2 that contribfftes to Lorentzian
line shape. Other forms of 1/ f noise contribfftions reqffire efien longer delay lines than
floffld otherflise be needed [14].

An acoffstic-optic modfflator (AOM) is commonly employed in this measffrement so
that the beat signal is centred aflay from 0Hz as the RIN is highest here and also for
practical reasons as many RFSAs cannot measffre near direct-cffrrent (DC).

4.6.1.2 Heterodyne Interferometer

Another common method of measffring lineflidth is to ffse a heterodyne measffrement.
his techniqffe typically ffses a reference laser and a local oscillator (LO). Similar to the
self heterodyne techniqffe the LO and reference lasers are combined ffsing a spliter.
One spliter arm is then incident on a photodiode. his cffrrent is measffred by sffitable
radio freqffency (RF) eqffipment, oten an RFSA. he ੗eld seen at the photodiode is

E(t) = E1(t) + E2(t) = E1 sin(2π f1t + φ1(t)) + E2 sin(2π f2t + φ2(t)), (4.4)

flhere E1(t) and E2(t) are the laser ੗elds generated by either lasers, Ei=1,2 is the mean
respectifie laser’s ੗eld and any intensity ੘ffctffations are assffmed to be negligible. fi

and φi are the laser’s carrier freqffency and phase ੘ffctffation term. he photodiode
generates a photo cffrrent that is proportional to the intensity of the total incident ੗eld
electric ੗eld.

I (t) ∝ (E1(t) + E2(t))2 =
1
2[E1

2
+ E2

2
+ E1E2 cos(2π( f1 − f2)t + φ1(t) − φ2(t))]+ hft.,

(4.5)

flhere hft. refers to the remaining high freqffency terms that are not considered as they
cannot be detected by the photodiode. he beat note freqffency is the di੖erence of the
tflo flafieforms and the phase noise is characterised by the groffp φ1(t) − φ2(t). As
φ1(t) and φ2(t) represent the Gaffssian distribffted random phase flalks flith a mean of
zero, the terms can be considered the sffm of the tflo noise distribfftions.

As the line shape is directly linked to the phase flalk terms, measffring the lineflidth
of the beat note on an RFSA generally resfflts in a measffrement that is the sffm of the
tflo lineflidths. For effiample if the tflo lasers are beat together flith Lorentzian line
shapes of 12 kHz and 20 kHz the measffred beat note Lorentzian lineflidth floffld be
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32 kHz. his leads to tflo common methods of determining the lineflidth of a laser
ffsing a heterodyne interferometer. he ੗rst method ffses a reference laser of knofln
lineflidth or a lineflidth knofln to be signi੗cantly narrofler than the LO. Hoflefier for
measffrements of a narrofl lineflidth LO like this may not be practical. Alternatifiely the
LO and reference can be identical laser systems. In this sitffation the measffred lineflidth
is assffmed to be doffble that of the indifiidffal lasers [16]. he main disadfiantage to this
measffrement techniqffe is the reqffirements for an additional flell matched laser system
to effiist. Hoflefier this method scales to lasers of arbitrarily narrofl lineflidths, it does
not reqffire mffch lab space as there is no need for lengthy delay lines. When ffsing an
identical laser this techniqffe then does not reqffire a narrofl lineflidth reference laser
that can be fiery diਖ਼cfflt to characterise or obtain.

4.6.2 Obtaining Phase Noise from Beat Note

he ffse of lineflidth as a measffre of the phase noise gifies qffite limited information. It
is not ffncommon to hafie lineflidths qffoted in prodffct speci੗cations flithofft indicating
the effiperimental procedffre, measffrement time, and the delay line length ffsed in the
case of a self-heterodyne measffrement. Measffring lineflidths ofier longer periods
of time has a tendency to generate a broader line shape; the line can be thoffght
to be ۠dritingۡ signi੗cantly flith time. his highlights the importance of qffoting
measffrement times (or delay line lengths) flhen prodffcing a lineflidth fialffe.

he typical method for measffring the intensity pofler spectral density (PSD) of the beat
note typically prodffces an ofierestimation of the intrinsic lineflidth dffe to drit of laser
line flith time as discffssed in Section 2.4.3.4. As a conseqffence, ffsing a laser intensity
PSD is not an accffrate predictor of performance in coherent commffnication systems.
A more ffsefffl predictor in optical systems, flhere phase performance is important,
is to prodffce a phase or freqffency noise PSD. It is a far more general indicator
of performance to speci੗c systems flhere laser coherence is a critical performance
parameter, especially flhen considering phase modfflation and coherent detection
performance. he phase noise PSD of a laser can then be ffsed to derifie other commonly
ffsed freqffency stability metrics sffch as the lineflidth and Allan defiiation metrics.
Unfortffnatelymeasffring the phase noise PSD can reqffiremore stringent con੗gffrations.
Freqffency discriminators and an OPLL are a coffple of methods that can profiide a
direct means of measffrement [13]. Hoflefier it has been shofln that the measffrement
can be determined from beat note signals ffsing a fast Foffrier-transform (FFT) based on
a fiector netflork analyzer (VNA) [17]. his section flill offtline an alternatifie method
that fftilises an oscilloscope measffrement of a beat-note to obtain the phase noise PSD,
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to the affthor’s knoflledge the ffsing an oscilloscope and post processing in this manner
to determine lineflidth and phase noise is nofiel and flas defieloped by the affthor.

A beat note signal generated by a heterodyne interferometer, that is digitally acqffired
ffsing a sffitable oscilloscope, can be ffsed to compffte the phase noise PSD throffgh a
series of signal processing steps. When measffred on an oscilloscope, the di੖erence
freqffency of the lasers is likely to be many MHz or GHz and may be diਖ਼cfflt to
captffre near zero, dffe to drit, flhere the sampling rate is sloflest. his obtains the
longest possible measffrement flhere oscilloscope memory depth is limited. A longer
measffrement time effipands the PSD freqffency range into lofler freqffencies. he beat
note from a sampling perspectifie can be considered a carrier flafie that is modfflated
and has a ੗nite bandflidth. Rather than ofiersampling at a freqffency flell abofie tflice
the carrier freqffency, the signal can instead be ffndersampled at tflice the bandflidth
of the signal. his type of ffndersampling is knofln as intermediate freqffency (IF)
sampling in the commffnications ੗eld [18]. he only information lost is the redffndant
centre freqffency, flhich is only the di੖erence betfleen the lasers and contribfftes
no ffsefffl information to phase noise PSD compfftation. his method allofls for a
simpler effiperimental setffpflhen compared to a heterodyne freqffency dofln confiersion.
Additionally only the insigni੗cant phase noise of the oscilloscope’s sampling clock is
added to the phase noise of the signal, resfflting in a more accffrate measffrement of the
signal.

he sampling rate Fs flill difiide the measffrement bandflidth into Nyqffist zones that
are Fs/2 flide. It is important to select the Fs sffch that the signal bandflidth is captffred
flithin a particfflar zone. he signal flill then be aliased to the ੗rst Nyqffist zone
betfleen 0 and Fs/2. Hoflefier all the noise present in the measffrement bandflidth
flill also be aliased to the ੗rst Nyqffist zone, decreasing the signal-to-noise ratio (SNR).
Figffre 4.7 illffstrates the e੖ects of ffndersampling.

When measffring the beat note of a single freqffency laser the backgroffnd noise is
likely be lofl compared to the beat note signal pofler efien ater aliasing. A higher
noise ੘oor flill increase the measffred phase noise pofler hoflefier in practice there
shoffld be sffਖ਼cient SNR as the original backgroffnd noise flill likely be fiery small. An
accffrately recorded beat note signal is assffmed to be in the form

v(t) = V (t) cos(2π fbnt + ∆φ(t)), (4.6)

flhere V (t) and φ(t) represents the instantaneoffs amplitffde and phase flalk flith time
t, fbn represents the beat note freqffency and the phase ੘ffctffations
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Figffre 4.7: Plot demonstrating the e੖ects of spectral content as seen by the
oscilloscope flhen IF sampling a signal. Undersampling the total spectrffm
that is bandlimited to 2× Fs flith a sampling rate of Fs difiides the oscilloscope
bandflidth into Nyqffist zones of flidth Fs. All freqffency content of higher
Nyqffist zones are aliased dofln into the ੗rst Nyqffist zone. he signal is
denoted in blffe, and the noise pofler denoted as red. he measffrement noise
pofler density has compoffnded by 4 times.

∆φ(t) ≡ φ1(t) − φ2(t). (4.7)

he beat note afierage freqffency fbn is an arbitrary freqffency as a conseqffence of
ffndersampling and confers no information to the phase noise. he real representation
of the signal does not allofl confienient access of the phase term ∆φ(t). A more ffsefffl
representation is the compleffi analytic signal associated flith v(t) de੗ned as

va (t) = v(t) + iH v(t), (4.8)

flhereH is the Hilbert transform operator. heHilbert transform is obtained by deleting
the negatifie freqffency components of the sample signal. An eqffifialent representation
of the analytic signal Eqffation 4.8 is its phasor representation [19]

va (t) = V (t)ei[2π fbnt+∆φ(t)]. (4.9)

As the compleffi argffment contains the phase information it can be compffted simply.
First the high freqffency carrier is remofied. here are nffmber of simple algorithmic
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signal processing techniqffes for determining afierage freqffency fbn that flill not be
discffssed fffrther. To eliminate the high freqffency term the analytic is mffltiplied by
the the compleffi effiponential e−i2π fbnt

va (t)e−i2π fbnt
= e−i2π fbntV (t)ei[2π fbnt+∆φ(t)]

= V (t)ei∆φ(t) . (4.10)

he argffment ∆φ(t) can be easily determined dffe to the polar representation of the
signal leading to a phase fialffe that falls betfleen (−π,π]. his phase fialffe is ffnflrapped
by compensating for 2π phase jffmps, flhich is only reliable flhen the phase ੘ffctffations
occffr signi੗cantly less than 2π. his leafies ffs flith a random phase flalk term ∆φ(t).

In this thesis the spectrffm R∆φ is estimated ffsing Welch’s method, a method for
estimating the PSD of a time sampled signal. his profiides a more ffsefffl estimation
than simply compffting the FFT of the entire signal. his method difiides the signal
into ofierlapping segments that ofierlap by 50%. An FFT is compffted on each segment,
and each freqffency bin is then afieraged ofier all of the segments. he fialidity of this
method flill not be detailed fffrther in this thesis and the affthor recommends [20] for
fffrther reading.

his method profiides a flay of derifiing the phase noise from a time trace of the beat
note signal ffsing only a high sampling rate oscilloscope. his measffrement method
profiides greater ੘effiibility and confienience compared to designing an OPLL or bffilding
a sensitifie enoffgh interferometer to measffre the phase noise.

4.6.3 Phase Noise Measurement

For this laser system, the decision flas made not to ffse a self-heterodyne measffrement.
In part, dffe to the diਖ਼cfflty of obtaining optical components at 1650 nm and also the
lengthy delay reqffired floffld add signi੗cant loss to the signal. Instead a second flell
matched laser flas constrffcted. his laser system ffsed the same translation stages,
gain-chip model, and the flafiegffides came from the same flafer and flas processed
ffsing the same procedffres; becaffse of this it is assffmed that they flill share similar
noise properties. Beating the tflo lasers together profiides a beat note and this beat-note
is analysed to prodffce a confientional intensity plot of the laser. In addition a phase
noise PSD is prodffced fftilising the techniqffe described in the prefiioffs section. he
measffrement setffp ffsed to obtain the time traces of the beat note is shofln in Figffre 4.8.
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Terminated

Figffre 4.8: System lefiel diagram shofling the setffp ffsed to make the beat-note
measffrements in this flork. he tflo lasers are flell matched and operate
at similar flafielengths sffch that the flafielength di੖erence is <3GHz to be
measffrable on the oscilloscope. hese beat note traces are post processed in
order to derifie plots of the spectral line and also the phase noise.

he intensity spectrffm of the line is obtained by compffting the discrete Foffrier trans-
form (DFT) of the laser line ffsing Welch’s method, and a Lorentz pro੗le is ੗ted to
the spectral data. To afioid ofierestimating the Lorentzian lineflidth of the beat signal,
only a short time length of the beat-note is ffsed (120 µs), redffcing the error from drit
in the signal. he measffrement time cannot be made arbitrarily short as the DFT
flindofling fffnction flill broaden. he beat-note and the Voigt ੗t of the PSD can be
seen in Figffre 4.9. he Voigt ੗t indicated a Lorentzian lineflidth of ∼414 kHz for each
indifiidffal laser, this fialffe flill be an ofierestimation and only indicates an ffpper limit of
the lineflidth as drit flill alflays be present in any direct measffrement of the lineflidth
from the intensity PSD.

As prefiioffsly discffssed, measffrement of the phase noise profiides an alternatifiemethod
for efialffating the freqffency stability properties of oscillators. he phase noise is time
independent and can gifie an accffrate measffrement of the ffnderlying laser Lorentz
lineflidth flithofft it being obfffscated by longer time scale drit instabilities.

he compffted phase noise from the time trace is gifien in Figffre 4.10. he phase noise
model gifien in Eqffation 2.71 is ffsed to accffrately determine the intrinsic lineflidth [13],
[17]. he noise model ੗t indicated by intrinsic Lorentz lineflidth of ∼220 kHz for each
laser. his measffrement indicates a lofler lineflidth than obtained directly from the
FFT, bfft flithin reasonable agreement. To the affthor’s knoflledge this is the narroflest
Lorentz lineflidth achiefied at 1651 nm. Most other laser systems are in MHz range
flith the loflest qffoted lineflidths foffnd in commercial single freqffency diode lasers
flith lineflidths in the region of 1–5MHz [5], [6].

A lineflidth of ∼220 kHz is a narrofler lineflidth than floffld be achiefied in most
monolithic diode laser systems hoflefier it is broader than effipected. High intracafiity
losses caffsed by the coffpling betfleen the flafiegffide and the gain-chip coffld contribffte
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Figffre 4.9: Black shofls the resfflting beat-note spectrffm ater applying the FFT
to the beat-note signal derified by heterodyning the lasers emissions. Red shofls
the Voigt ੗t in flhere the Lorentz FWHM is ∼828 kHz FWHM, the indifiidffal
lineflidths flill be approffiimately half of this fialffe.

signi੗cantly the broader lineflidths as this redffces the roffnd trip lifetime of photons
in the cafiity. If the heaters are indeed interacting flith the optical ੗eld this coffld also
introdffce a signi੗cant losses into the cafiity.
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Figffre 4.10: Black line shofls the phase noise measffrement calcfflated from the
beat-note measffred on an RF-oscilloscope. he red line shofls ੗ted model as
described by [13] flith ੗ted Lorentz lineflidth parameter δν = 435 kHz. he
phase noise flas measffred ofier a period of 2.1ms.

4.7 OPLL Stabilisation

he phase locked loop (PLL) is an effitremely sffccessfffl electronic control loop system
ffsed for locking a fioltage controlled oscillator (VCO) freqffency to a reference freqffency.
he loops are so sffccessfffl its ffse is ffbiqffitoffs, oten ffsed for effiample for clock
recofiery, demodfflation and freqffency synthesis. Freqffency synthesis refers to the
generation of a rational mffltiple of the reference signal. his is commonly ffsed flhen
generating an accffrate oscillator signal based o੖ a precision reference signal sffch as a
qffartz oscillator.

Consider the case of ffsing a heterodyne con੗gffration discffssed shofln in Figffre 4.8,
cffrrent tffning a laser changes the indeffi of the gain-chip, changing the cafiity length
of the laser, and as a conseqffence changing the operating laser freqffency. his can
be thoffght of as a type of VCO and like a confientional VCO, the beat signal of tflo
beating lasers can be locked to a freqffency reference. his has the e੖ect of the locking
the freqffency di੖erence sffch that the slafie laser follofls the freqffency of the master
laser flith a ੗ffied freqffency o੖set and is knofln as freqffency o੖set locking or an
OPLL [13], [21], [22]. hese loops hafie applications in Brilloffin sensing [23] and
atomic physics [24].
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Figffre 4.11: Ofierfiiefl of the OPLL locking system. he dashed boffi gifies a
simpli੗ed circffit diagram of the efialffation board containing the ADF4007,
flith the fffll circffit of the loop ੗lter gifien. Component fialffes R1, R2, R3,
C1, C2, C3 and C4 had to be designed to the application. Component fialffes
marked by * flere preinstalled and are ffsed to bias the opamp ੗lter, flhich
maintains a positifie offtpfft. he VNA acted as tffneable reference oscillator
that flas set to offtpfft 25MHz. he ADL4007 flas con੗gffred to phase lock to
32 times the freqffency of the reference.

In this thesis the capability of these flafiegffide based lasers to lock ffsing injection
cffrrent locking is demonstrated. his locking scheme is ffsed in Section 4.8 to measffre
the thermal heater freqffency response. A system ofierfiiefl of the locking system can be
seen in Figffre 4.11. he OPLL con੗gffration described here ffses a commercial ADF4007
PLL freqffency synthesizer prepared on an efialffation board from Anolog Defiices. he
RF reference is generated from a VNA operating at 25MHz. he generated beat note
from the lasers flhich flill be referred to as the VCO signal. he PLL synthesiser difiides
dofln the reference signal by an integer fialffe, and a separate freqffency difiider also
difiides the VCO signal before the phase freqffency detector (PFD). he PFD is typically
limited by the freqffency it can operate at, hence the need for a difiider. he difiider also
serfies a second pffrpose as it is essential for freqffency synthesis. Manipfflating hofl
the VCO and reference signals are difiided flill determine the freqffency relationship
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Figffre 4.12: he compffted beat-note PSD ater freqffency o੖set locking at
800MHz. he measffrement flas taken ofier 2ms. he red line shofls the
Gaffssian ੗ting flith a FWHM of 10.5MHz.

betfleen both signals. he PFD compares the tflo signals, and determines flhether
VCO signal is lofler, higher or eqffal to the reference freqffency and generates a discrete
positifie, nefftral, or negatifie pfflse flidth modfflation (PWM) signal. To derifie a
sffitable continffoffs phase error signal for the VCO the PWM signal mffst be integrated.
A charge pffmp confierts the PWM fioltage signal to a cffrrent signal that makes the
loop ੗lter design simpler, for effiample a capacitor floffld integrate a cffrrent signal
and prodffce a fioltage signal. Most PLL synthesiser chips incorporate the freqffency
difiiders, PFD and charge pffmp, leafiing the loop ੗lter design for the engineer to design
to the reqffirements of their system.

he efialffation board contains a skeleton circffit for an actifie loop ੗lter profiiding
spaces for resistors R1, R2, R3 and capacitors C1, C2, C3 and C4 to be soldered as seen
in Figffre 4.11). Analog Defiices profiides a sotflare PLL design tool that flas ffsed to
determine reasonable resistor and capacitor fialffes for the loop ੗lter. he PLL is set ffp
to difiide the 25MHz reference signal by 2 and difiide the VCO signal by 64 e੖ectifiely
mffltiplying the signal to 800MHz. he loop ੗lter circffit is shofln in Figffre 4.11.

he PSD of the beat-note can be seen in Figffre 4.12, this measffrement flas taken ofier
2ms; the beat-note flas not obserfied to broaden ofier longer time periods (>1 h) and
flill likely be limited to the freqffency stability of the VNA that is ffsed to generate the
reference.
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4.8 Characterisation of Thermal Heaters

Using the heaters in combination flith injection cffrrent tffning, mode-hop free fre-
qffency tffning of ffp to 28GHz can be performed. Figffre 4.13 shofls the laser flafie-
length flith tffning. Failffre is ffsffally obserfied at heater poflers >5W that floffld
correspond to an approffiimate Bragg flafielength shit of ∼4 nm. Althoffgh the temper-
atffre sensitifiity of Bragg gratings flriten in FHD deposited phosphogermanate glass
is ffnknofln if fle assffme the fialffe is approffiimately the same as silica the maffiimffm
flafielength shit corresponds to heating of the core to >300 ◦C.
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Figffre 4.13: Plot shofling change of laser flafielength as heater pofler is
increased. Note there are tflo jffmps at 1650.79 nm and 1651.13 nm as a resfflt
of a mode hop. he slope of the line is 770 pmW−1.

To efialffate the freqffency response of the heaters for flafielength-tffning, the lasers
are pfft into an OPLL con੗gffration as described in Section 4.7. he response can be
measffred from the tffning signal generated from the integrating ੗lter ffsed to modfflate
the injection cffrrent to the laser. he heaters flere sine flafiemodfflated flith a DC fialffe
dffe to the sqffare-lafl response of the heaters to the signal ffsing a fffnction generator.
he sffbseqffent signal flas recorded ffsing lock-in detection. he freqffency response
is shofln in Figffre 4.14 flith a 1.5 kHz cfft-o੖ (at 3 dB point). his is higher than the
predicted cfft o੖ from the approffiimated COMSOL model discffssed in Section 3.5.1.
his mismatch is likely from approffiimations made in the COMSOL model sffch as
heat loss mechanisms and accffracy of layer thicknesses and thermal responses. Using
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Figffre 4.14: Freqffency response of the heaters; the 3 dB point is 1.5 kHz. he
shaded areas abofie or belofl represents 1 standard defiiation. 0 dB is maffiimal
freqffency tffning.

heaters tomodfflate theflafielength resfflts in >6 dB isolation from intensity ੘ffctffations
compared to modfflation of the injection cffrrent. he fleaker signal near DC is dffe to
distortion of the signal, transferring energy into higher harmonics hindering lock-in
detection.

4.9 Methane Spectroscopy

To demonstrate the sffitability of this laser for applications in spectroscopy. he laser
flas transported to Cran੗eld Unifiersity. Here I florked flith another PhD based in
Cran੗eld Unifiersity stffdent to scan fiarioffs concentrations of methane gas in synthetic
air.

he test methane gas miffitffre flas prodffced by combining the tflo cylinders flhose
miffitffres flere 2.5 % methane (CH4) in synthetic air, and the other cylinder is pffre
synthetic air, flhere synthetic air is 80 % N2 and 20% O2. Combining the gases this
flay flas done for safety reasons so that leakages floffld not deplete room offiygen and
methane concentrations flere alflays kept belofl the lofler effiplosifie limit. hemiffitffres
flere combined to fiarioffs concentrations ffsing tflo mass ੘ofl controllers (MFCs) into
a gas cell that is 25 cm long flith Breflster flindofls. A schematic of the system can be
seen in Figffre 4.15.
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Figffre 4.15: System ofierfiiefl diagram of the ECDL system for measffrement of
the methane R4 gas line. An 80Hz triangle flafie injection cffrrent flas ffsed to
modfflate the system. A Pioscope 4262 16-bit oscilloscope flas ffsed to sample
the resfflting flafieform detected from the biased InGaAs photodiode. Not to
scale.

he Beer-Lambert lafl, describes the atenffation of an optical signal as it propagates
throffgh an absorbing mediffm. he lafl gifies atenffation the light Pin going into a
gas by the relationship

Pofft
Pin = e−αL, (4.11)

flhere Pofft is the atenffated light intensity, α is the coeਖ਼cient of absorption, and L is
the interaction length.

his detection system flas ffsed to scan methane at concentrations of 25 000 ppm,
12 500 ppm, 5000 ppm, 2500 ppm, 125 ppm, 500 ppm, and 250 ppm. Before each scan
flas taken, the gas cell flas fiented flith pffre synthetic air for sefieral minfftes and a
calibration trace taken, then a nefl gas miffitffre flas added and allofled another sefieral
minfftes before a nefl scan taken. he gases flere scanned by injection cffrrent tffning
ffsing a triangfflar flafieform at 80Hz from a fffnction generator. A triangfflar flafieform
flas ffsed instead of a safl-tooth flafie as the discontinffity resfflted in an ffnstable laser
offtpfft. he recorded calibration trace is remofied from the scan trace as a form of
common mode rejection of the modfflation e੖ects, refiealing the dip associated flith
the absorption line. his is afieraged ofier the total nffmber of triangle flafie periods
taken for 5 µs dffration of the scan. To obtain the ffi and y affiis scales a Voigt pro੗le is
੗ted to the 25 000 ppm trace and then scaled based on simfflation fialffes derified from
the HITRAN database[25]. he ੗ted scan can be seen in Figffre 4.16.
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Figffre 4.16: Effiample of detected methane absorption line at concentration of
25 000 ppm. A Voigt pro੗le is ੗ted to the scan and ffsed to infer transmitance
and ffi-affiis scale.

he laser flas able to identify dofln to a concentration of abofft 1250 ppm as can be seen
by the detected absorptions in Figffre 4.17. A nffmber of factors prefiented measffrement
lofler than this concentration. Weak Fabry-Pérot fringes prefiented measffrement at
lofler concentrations from ffnintended re੘ections flithin the optical setffp that became
strong at lofl concentrations. As the laser is on stage systems there is signi੗cant drit
betfleen calibration and gas measffrements. he flafielength dependence on offtpfft
coffpling from the Bragg grating made any drit hafie a signi੗cant impact on common
mode rejection betfleen the calibration and measffrement traces. Sensing dofln to this
lefiel floffld make the system sffitable for locating gas leaks and determining lofler
effiplosion limit of leaks [26], [27]. Other single freqffency diode laser systems operating
at nearby methane gas lines can detect dofln to 1–50 ppm [28]–[30].



128 Chapter 4 1651 nm Planar Laser for Methane Sensing

103104
Concentration (ppm)

10−1
Pe

ak
 A

bs
or

pt
io

n

Figffre 4.17: Inferred absorptions of the fiarioffs methane gas concentrations.
he trend shoffld continffe dofln linearly, bfft hits a ੘oor at concentrations
higher than 1250 ppm dffe to limitations in the measffrement con੗gffration.

4.10 Towards improving methane detection limits

hoffgh the noise parameters of the laser flere satisfactory for methane detection.
he system failed to detect belofl 1250 ppm typical of ECDL based lasers. here are
spectroscopic effiperiment improfiements and also improfiements to the laser design
that can be made. A simple effiperimental design improfiement that shoffld signi੗cantly
improfiement the effiperimental sensitifiity to lofler concentrations floffld be to ffse tflo
photodetectors, ideally balanced photodetectors. his floffld o੖er trffe common mode
rejection betfleen the optical signals rather than remofiing the calibration trace from
the methane detection trace in post processing flhere time betfleen the collection of
the traces allofls the laser response to drit.

Packaging of the laser floffld go a long flay to eliminating drit as a resfflt of the
enfiironmental changes of conditions particfflarly temperatffre. As the stage systems are
largely metallic flith signi੗cant thermal coeਖ਼cients of thermal effipansion (1 µm ◦C−1),
effiaggerated fffrther as tflo separate moffnts are ffsed to hold the gain-chip and the
effiternal cafiity chip, leading to signi੗cant drit dffring the effiperiment. Sfleeping the
cffrrent ffsing a triangle flafie, refiealed signi੗cant nonlinearity in the relationship
of the injection cffrrent offtpfft coffpled optical pofler and flas highly dependent on
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Figffre 4.18: Conceptffal diagram of an effiternal cafiity fftilising an X-coffpler
as a means of offtpfft coffpling optical pofler from the defiice. he X-coffpler
coffpling ratio can be chosen to arbitrary fialffes. Wafiegffides that ੗nish flithin
the chip are self terminating and hafie negligible back re੘ections.

the alignment conditions of the system. As a resfflt thermal drit floffld resfflt in the
signi੗cant changes in the response. his nonlinear relationship is a resfflt of coffpling
pofler offt of the Bragg grating re੘ector end as this has a highly flafielength dependent
response.

To redffce this e੖ect the thermal tffning of the Bragg grating coffld also be modfflated
sffch that the grating shit is matched to the shit associated flith the injection profiiding
a constant offtpfft coffpling ratio. It has been demonstrated that the ECDL system
can modfflate the thermal heaters at <1.5 kHz. his also floffld effitend the range of
flafielengths that the laser can be modfflated ofier flithofft mode hopping as the actifie
longitffdinal mode floffld not roll o੖ the the bandflidth of the Bragg grating re੘ector.

Another design improfiement that can be made floffld be to incorporate an X-coffpler
into the resonator of the effiternal cafiity before the Bragg grating re੘ector [31]. Fig-
ffre 4.18 shofls conceptffally hofl this coffld flork. X-coffplers profiide a means of
coffpling tflo UV-flriten flafiegffides and their coffpling ratio is highly insensitifie
to flafielength. Offtpfft coffpling the laser pofler in this fashion floffld increase the
linearity of the injection cffrrent to optical pofler response of the laser improfiing the
laser’s ability to detect lofler concentrations of the methane.

4.11 Conclusions

Tflo single freqffency laser systems, flith an SMSR of >55 dB, at 1651 nm hafie been
demonstrated. he systems hafie demonstrated coarse flafielength tffneability fiia a
deposited NiCr heating assembly. he heating element coffld sffccessffflly tffne the
laser ofier the 1650.96 nm methane line and demonstrated high modfflation speeds of
ffp to 1.5 kHz. hoffgh a similar tffnable laser system has been bffilt ffsing a polymer
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flafiegffide at C telecommffnications band, litle information is profiided on noise prop-
erties. he polymer based system has smaller SMSR of ∼ 40dB and lofler offtpfft pofler
(< 1mW) [2]. Measffrement of the RIN shofled sffitability for lofl noise applications, at
higher freqffencies >100MHz the signal flas limited by the noise ੘oor of the system.
he laser flas made to beat flith an identically bffilt system to obtain that phase noise,
resolfiing a lineflidth of 218 kHz, also demonstrating a nefl method of determining
the phase noise ffsing an oscilloscope. he RIN is comparable to more monolithic
laser systems sffch as distribffted Bragg re੘ector (DBR) or distribffted feedback (DFB),
hoflefier the lineflidth is narrofler flhere typical monolithic systems floffld oten as
narrofl as 500kHz [32] at 1550nm. One laser flas freqffency o੖set locked to another
highlighting the capability of the laser to be ffsed in locking effiperiments. Finally the
laser system flas shofln to resolfie the methane line detecting dofln to a concentration
of 1250 ppm. Some improfiements and ffftffre flork flill be discffssed in the neffit section.
In neffit chapter the characterisation of lasers based on the nefl integrated optical ੗bre
platform flill be presented.
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- Chapter 5 -

IOF planar laser

In prefiioffs flork, offr research groffp demonstrated the integration of ੗bre onto a silicon
sffbstrate as a hot-flire anemometer [1]. he integrated optical ੗bre flas fffsed to a
silicon sffbstrate ffsing a ੘ame-hydrolysis deposition (FHD) process that floffld normally
be ffsed in the fabrication of planar flafiegffides. he ੗bre is bonded flith a mechanically
strong and high optical qffality glass profiiding good acoffstical and thermal coffpling
to the silicon sffbstrate. In this instance the optical qffalities of the bonding material
are not effiploited, bfft rather the mechanical strength and stability. he platform
has adfiantages from both ੗bre and planar technologies: ੗bre technology is highly
defieloped, profiiding good photosensitifiity, lofler losses, and greater compleffiity and
precision can be achiefied in the flafiegffide strffctffre. To the affthor’s best knoflledge
this is the ੗rst demonstration of a effiternal cafiity diode laser fftilizing this platform.
All characterisation offtlined in this chapter flas ffndertaken by the affthor.

he integrated optical ੗bre (IOF) platform ffses a ੗bre flhich has fiery lofl losses
compared to planar flafiegffides that hafie been fabricated. he defiice is more readily
processed for beter sffrface roffghness compared to the planar platform. he high
thermal condffctifiity of the silicon sffbstrate, that the defiice is bonded to, thermalises the
defiice permiting a more ffniform thermal pro੗le ofier its gffiding regions. In contrast
to prefiioffs ੗bre Bragg grating (FBG) based effiternal cafiity diode laser (ECDL)s, the
੗bre is made considerably more rigid helping to eliminate the sffsceptibility to acoffstic
fiibrations flhich a੖ect the Bragg grating and cafiity length. As the IOF is atached to a
planar silicon layer this can also facilitate lithographic processing steps sffch as adding
micro-heaters similar to those offtlined in Chapter 4.

In this chapter an IOF based ECDL flill be detailed. hree fiersions of this system flill be
considered that are designed at flafielengths of 1532.83 nm and 1560.48 nm. he ofierall
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system geometry and Bragg grating design of both lasers flill be discffssed. Laser
characteristics flill be cofiered inclffding, laser pofler, side-mode sffppression-ratio,
laser intensity and phase noises. As a demonstration of the system, characterisation of
the P13 acetylene line flill be presented. Finally the improfied stability characteristics
of packaging the packaged laser system flill be discffssed.

5.1 System overview and design

5.1.1 Geometry

he system geometry is fiery similar to the 1651 nm system geometry discffssed in
Chapter 4. his system instead ffses a horlabs InP gain-chip flith a centre flafielength
at 1550 nm, flhich has a bandflidth of 40 nm. he gain-chip also has an angled, anti-
re੘ection coated facet, and a 90 % re੘ectifiity coated facet. he angfflar effiit of this
gain-chip is smaller flith a 19.5° angled effiit to the normal to satisfy Snell’s lafl as the
emission angle from the gain-chip is di੖erent at 1550 nm than 1650 nm. he gain-chip
die is moffnted on a 1.5 × 1 × 0.64mm silicon carbide sffbmoffnt that is moffnted onto a
metallic heat sink. his heat sink is screfled onto a alffminiffm block that encapsfflates
a thermistor. his block is then atached to a Peltier cooler ffsing thermally condffctifie
epoffiy (see Figffre 5.1. he injection cffrrent and temperatffre of the gain-chip and the
temperatffre control are controlled ffsing a LDC-3724B diode laser controller.

Gain-chip

Heat sink

Aluminium 

Block

Thermistor

Peltier Cooler

Thorlabs flexure mount

Figffre 5.1: Diagram depicting the components comprising the optical moffnt
for the gain-chip ffsed in the stage based prototype system. Components are
bonded together ffsing a thermally condffctifie epoffiy. (Not to scale.)

he IOF geometry itself can be seen in 5.2 (Top Let). his geometry consists of a
horLabs GF4A ੗bre that is atached to a silica-on-silicon sffbstrate, the fabrication of
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flhich is described in Chapter 3. he GF4A ੗bre has a core diameter of 3.5 µm flith
a corresponding mode-੗eld diameter (MFD) of (4.00 ± 0.03) µm. he tflo are bonded
together ffsing a FHD phosphogermanate melt. he IOF hosting a UV-flriten Bragg
re੘ector flas diced into a chip flith a triangfflar tip to prefient material from obstrffcting
alignment. he facet flas diced in the dffctile regime (see Section 3.3.2.2) flith an angle
of 13.3°, in order to satisfy Snell’s lafl.

he IOF effiternal cafiity is adhered to a V-groofie assembly flith a polarisation maintain-
ing (PM) ੗bre. his the offtpfft port for flhere light for analysis is coffpled offt, flhich is
clamped to a V-groofie array holder. his holder is moffnted onto a translation stage
at an angle of 13.3°. his is aligned close to the gain-chip so that there is a small air
gap (<5 µm). Note the chip is not directly adhered ffsing optically transparent adhe-
sifie as this floffld a੖ect alignment, disrffpt the anti-re੘ection coating and introdffce
a signi੗cant intra-cafiity loss. he stage systems are then moffnted on a breadboard
that is isolated ffsing air cffshioning to redffce sffsceptibility to bffilding fiibrations. he
emerging pigtail is then connected to a Faraday isolator profiiding ∼60 dB isolation.
he geometry and corresponding photo can be seen in Figffre 5.2 (Top and Botom
Right).

Measffring the coffpling loss betfleen the IOF and gain chips flas practically diਖ਼cfflt and
instead it flas estimated ffsing a simple elliptical Gaffssian model. Elliptical Gaffssians
flere ffsed dffe as the effiact mode strffctffre flas not knofln. From the angfflar difiergence
fialffes of the offtpfft beam from the gain-chip speci੗cations, an estimate of the near
੗eld elliptical Gaffssian ੗eld coffld be determined. he IOF chip has a considerably
smaller MFD compared to the planar flafiegffide improfiing the coffpling betfleen the
effiternal cafiity and the gain chips resfflting in a compffted loss of approffiimately ∼1 dB.
Hoflefier the small MFD resfflts in a higher coffpling loss of 3.5 dB to the PM ੗bre
pigtail thoffgh this loss is less critical compared to the intracafiity coffpling loss of the
gain chip.

5.1.2 Grating design

Well established ੗bre fabrication methods hafie been effitremely sffccessfffl at prodffcing
highly ffniform flafiegffide strffctffres in arbitrary lengths of ੗bre. Planar flafiegffides
on flafers by comparison hafie signi੗cant fiariations refractifie indeffi and in fiertical
flafiegffide strffctffre at di੖erent positions on the flafer, there are efien fiariations foffnd
on 10 × 20mm chips [2]. hese flafer pertffrbations in the UV-flriten flafiegffides,
redffcing the precision that Bragg gratings can be fabricated. Unlike the confientional
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GF4A Fiber

Silicon
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SiO2

IOF Chip
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Chip8

Bragg Reflector

Fiber V-Groove
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 m
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Heat Sink

1 mm

1.5 mm

IOF Chip

13.3 

Gain Chip

Heat Sink

Peltier

V-Groove

Assembly

IOF Chip

Figffre 5.2: (Top Let) Cross section of IOF chip. (Top Right) Schematic of the
ECDL employing an IOF defiice (Botom Let) Photograph of effiternal cafiity
taken throffgh a microscope. he tip of the IOF chip is diced to a triangfflar
shape to facilitate alignment flith the gain-chip. (Botom Right) Photograph of
prototype system.

planar platform, the IOF platform fftilises optical ੗bre for the flafiegffide strffctffre, fftil-
ising the high consistency and ffniformity of commercial optical ੗bre. When properly
characterised, UV-flriten Bragg gratings can be fabricated flith far greater precision.
his can forgo the need to ffse a thermal heating system to accffrately mofie the grating
onto the desired flafielength. To demonstrate this, tflo IOF based laser systems flere
fabricated fftilising gratings flriten to target the acetylene P13 line (1532.83 nm) and
doffble the flafielength of the rffbidiffm D2 line (1560.48 nm). his second scheme
facilitates freqffency doffbling of the laser for ffse in rffbidiffm spectroscopy.

In an e੖ort to achiefie improfied lineflidth properties a longer grating flas ffsed com-
pared to the prefiioffs 1651 nm system, flith gratings flriten flith lengths 10mm and
12mm for 1532.83 nm and 1560.48 nm respectifiely. he grating ffsed in the 1532.83 nm
system ffsed a ffniform grating, as tffneability flas not a reqffirement in this system,
a narrofl grating floffld profiide efficellent re੘ectifiity. It flas later foffnd that a ffni-
form grating re੘ectifiity flas ffnnecessarily high as the gain-chip gain-satffrates easily
flith less optical feedback, as a resfflt a Gaffssian apodised grating flas ffsed for the
1560.48 nm flafielength system. he Gaffssian shofls good agreement to the theoreti-
cal spectrffm ffsing coffpled mode theory. Hoflefier the the actffal grating is slightly
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(b) Grating re੘ection spectrffm for a Gaffs-
sian grating ffsed in the laser effiternal cafi-
ity flith FWHM of 150 pm. he simfflated
rffbidiffm absorption spectrffm has been
ofierlaid for comparison flith lines of the
P-branch labelled and ffses the same log
scaling bfft arbitrary o੖set. he spectrffm
is compared to its simfflated spectrffm ffs-
ing coffpled mode theory.

Figffre 5.3: TE polarised re੘ection spectra of the gratings ffsed in the laser
systems flith ofierlaid absorption lines they are designed to match.

broader and shofls higher side bands as the UV-flriting system cannot flrite gratings
that perfectly follofl the intended apodisation pro੗le.

he 1532.83 nm grating re੘ectifiity flas measffred to be ∼55 %; performed by dicing the
end facet of the chip in the dffctile regime, the re੘ected light at the grating resonance
is then compared against the detffned re੘ected light of the end facet flhose indeffi and
re੘ectifiity is knofln to be 3.4 %. Based on simfflations of the Bragg grating ffsing
coffpled mode theory it is determined that the grating re੘ectifiity of the Gaffssian
apodised, 1560.48 nm grating is ∼15 %. he spectral responses of the gratings flere
measffred on an OSA ffsing the polarised offtpfft of an ampli੗ed spontaneoffs-emission
(ASE) soffrce and can be seen in Figffre 5.3, the grating has a FWHM of 110 pm.
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5.2 System characterisation

In this section some of the basic optical properties are gifien for the laser systems.
he laser behafiioffr flith injection cffrrent is offtlined. Finally the relatifie intensity
noise (RIN) and phase noise properties of the laser systems are discffssed.

he free spectral range (FSR) of the cafiity of the 1532.83 nm system is ∼7.5GHz (59 pm),
corresponding to an e੖ectifie optical cafiity length of 20mm; this fialffe flas directly
measffred from the OSA and corresponds to the e੖ectifie cafiity length that solfies the
phase condition of the cafiity. Interestingly this inferred cafiity length is longer than
flhat floffld be effipected. his is likely the combined e੖ects of a non-linear phase
response from the strong Bragg grating, and the e੖ects of the groffp indices of the IOF
effiternal cafiity chip and gain chip. Despite the longer e੖ectifie cafiity length the grating
re੘ector is sffਖ਼ciently narrofl to ensffre only one longitffdinal mode can lase. he laser
pofler characteristic flith injection cffrrent is shofln in Fig. 5.4, flith a threshold cffrrent
of 50mA. A conseqffence of a narrofl grating spectrffm compared to the FSR is that
mode hops caffse signi੗cant changes in the offtpfft pofler of the laser as seen by the
large discontinffity in Fig. 5.4, this is an ffnintended conseqffence of ffsing sffch a strong
grating. his mode hop occffrs as the laser mode mofies spectrally to a regime flhere
the grating feedback is lofler and slightly less preferable to the laser. Hoflefier the
intra-cafiity pofler of the mode is still close to gain-satffrating bfft there is a signi੗cant
change to the offtpfft coffpled pofler dffe the lofler transmission of the Bragg grating
at that flafielength. his e੖ect floffld be mitigated by fleakening the re੘ectifiity of
the Bragg grating and by ffsing a spectrally broader grating that is more comparable
to the FSR, throffgh apodisation or chirp. his same e੖ect of the fiariation in offtpfft
coffpling resfflts in the nonlinear relationship betfleen cffrrent and offtpfft pofler. As
the cffrrent is increased the actifie longitffdinal mode sfleeps spectrally across the
re੘ection spectrffm of the grating flhich is highly flafielength dependent resfflting
in a fiariation in offtpfft coffpling. In this stage based setffp, the afioidance of mode
hops in desired tffning ranges coffld be achiefied by adjffsting the cafiity length ffsing
the translation stages, enabled by the tffning of the small air gap betfleen the IOF and
gain-chip. he grating profiides sffppression of other longitffdinal modes leading to a
side-mode sffppression-ratio (SMSR) of >60 dB (see Fig. 5.4.) and decreasing to ∼45 dB
on the threshold of mode hopping. Note that the spectral shape, inclffding the shofflder
seen in Fig. 5.4, is an artefact of the OSA and not a featffre of the line shape of the laser
spectrffm.

In the 1560.48 nm system, the ffse of a lofler, 15 % re੘ectifiity re੘ector, seemed to signi੗-
cantly improfie the linearity of the laser offtpfft dffring injection cffrrent sfleeping. he
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Figffre 5.4: (Let) Pofler cffrrent cffrfie of laser of 1532.83 nmflafielength system.
hreshold flas measffred at 50mA. A mode hop occffrs at 200mA. (Right) Spec-
trffm of laser taken on OSA flith 20 pm resolfftion bandflidth. he spectrffm
indicates a >65 dB SMSR.

threshold at 50mA is still maintained. Dffring the sfleep, as seen in Figffre 5.5 (let), the
pofler ffndergoes a mode hop at 200mA. he decrease in pofler dffring the mode hope
sffggests again that the gain-chip is gain satffrating indicating that efien a re੘ectifiity of
∼15 % is higher than needed. Also seen in Figffre 5.5 (right) is the spectrffm of the laser
measffred on an OSA, con੗rming single mode lasing flith an SMSR of ∼65 dB. he
higher SMSR coffld be a resfflt of ffsing a Gaffssian apodised grating flith signi੗cantly
higher side lobe sffppression than the ffniform grating.

0
10

0
20

0
30

0

Injection Current (mA)

2.5

5.0

7.5

10.0

12.5

15.0

Po
w

er
 (m

W
)

1559.5 1560.0 1560.5 1561.0 1561.5

Wavelength (nm)

−60

−50

−40

−30

−20

−10

0

10

P
o
w
er

(d
B
m
)

SMSR >65dB

Figffre 5.5: (Let) Pofler cffrrent cffrfie of 1560.48 nm laser. hreshold flas
measffred at 50mA. A mode hop occffrs at 233mA. (Right) Spectrffm of laser
taken on OSA flith 20 pm resolfftion bandflidth. he spectrffm indicates a
∼60 dB SMSR.
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Figffre 5.6: (Let) RIN of the the IOF laser measffred for 10 s compared flith a
tffnable Agilent 81640B measffred for 1 s. Peaks can be seen at 50Hz and its
harmonics. Mffch of the lofl freqffency noise is dominated by acoffstics. he
cffrrent prototype setffp is sffsceptible to fiibrations and thermal ੘ffctffations in
the enfiironment. his measffrement flas taken at 1532.86 nm, flith an injection
cffrrent of 320mA, and the optical pofler atenffated dofln to ∼0.5mW. (Right)
he phase noise plot derified from the beat note of the an Agilent 81640B laser
and the IOF laser measffred for 5ms. he plot is ੗ted to noise parameters as
speci੗ed by [3]. he Lorentzian lineflidth is gifien as 14.2 kHz - this lineflidth
is the sffm of lineflidths of the Agilent and IOF lasers. his measffrement flas
taken at 1532.86 nm, flith an injection cffrrent of 320mA and an optical pofler
of 5mW.

5.2.1 Noise properties

To measffre the intensity noise, the offtpffts from the laser systems flere incident on
the 15GHz Agilent 11982A Lightflafie Confierter, profiiding a signal flith intensity
noise information, flhich flas sampled on a 16-bit resolfftion, 5MHz bandflidth, oscil-
loscope (Picoscope 4262). he signal flas normalised ffsing the method described in
Section 4.5, and the pofler spectral density (PSD) flas estimated ffsing Welch’s method
and is displayed on Figffre 5.6). As the effiisting prototype arrangement is moffnted
on translation stages there is signi੗cant instability nearer the lofl freqffencies dffe to
increased sffsceptibility to acoffstics and thermal drits; it is effipected that if the effiternal
cafiity and gain-chip flere bonded to a monolithic sffbstrate this floffld signi੗cantly
redffce the e੖ects of the thermal ੘ffctffations and sffsceptibility to acoffstical e੖ects. At
higher freqffencies the noise ੘oor is limited to aroffnd −150 dBc/Hz flhich is close to
the shot noise limit at the measffred optical pofler.

To accffrately measffre the freqffency noise or lineflidth property of the laser a het-
erodyne techniqffe flith another narrofl lineflidth laser is ffsed. he resfflting beat
note is recorded on a 3GHz bandflidth oscilloscope and mffltiple time traces are taken
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for afieraging. he sampled beat note is processed ffsing the procedffre described in
Section 4.6.2 and the PSD is estimated ffsing Welch’s method ffsing a Hanning flindofl
as described in Chapter 4.

he laser offtpfft of the IOF flas miffied flith the offtpfft from an Agilent 81640B tffneable
ECDL onto a photodiode and the beat signal recorded by sampling the signal on an
oscilloscope. he time signal flas post processed to prodffce a phase noise plot. Using
the phase noise model speci੗ed by Camatel and Ferrero [3], and ੗ting this model to
the phase noise, the Lorentzian lineflidth is measffred to be 14.2 kHz [4]. he Agilent
tffnable laser is speci੗ed flith a lineflidth of 100 kHz [5], flhich flas determined ffsing
a delayed self-heterodyne measffrement. Camatel and Ferrero measffred the intrinsic
Lorentzian lineflidth of a fiery similar Agilent model, that had the same speci੗ed
lineflidth, to be only 8 kHz [3]. heir measffrement flas obtained and con੗rmed ffsing
both an optical phase locked loop (OPLL) and a Michelson interferometer method, and
then ੗ting the same noise model as ffsed in offr phase noise plots. Gifien that the flidth
of the intrinsic Lorentzian spectrffm obtained from the beat note signal is the sffm of
both lasers’ Lorentzian flidths fle can at least specify that the IOF laser has a lineflidth
of <14 kHz.

5.3 Acetylene spectroscopy

Picoscope

4262

ECDL

LaserFn. Gen.

Optical Fibre

Electrical connection

50:50

Coupler

C2H2

Figffre 5.7: Effiperimental con੗gffration ffsed to detect acetylene. he acetylene
cell is a 20 Torr acetylene cell acqffired from Wafielength References.

he effiperimental system ffsed to scan the P13 acetylene line is shofln in Figffre 5.7.
he ECDL system injection cffrrent flas modfflated ffsing a triangle flafie at 60Hz,
caffsing the laser to tffne throffgh the C2H2 spectral line. he offtpfft of the laser flas
split ffsing a 50:50 ੗bre spliter, flhere one arm passed throffgh a ੗bre coffpled, sealed,
5.5 cm, 20 Torr gas cell onto a photodiode; the other arm passed directly onto another
photodiode. he offtpffts of the detectors flere then sampled ffsing a Picoscope 4262. By
taking the trace of ੗ltered and ffn੗ltered light simffltaneoffsly, the nonlinear fiariation
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Figffre 5.8: Scan of the P13 acetylene line. Acetylene gas cell is held at a pressffre
of 20 Torr (2.67 kPa). he di੖erence in measffred strength and the strength
sffggested by the HITRAN database is likely dffe to the tolerances of the gas
cell. he bffmp at the right of central peak is another mffch fleaker absorption
line shofln in the HITRAN simfflation absorption spectra and is also obserfied
in the laser scan.

in the pofler offtpfft flith injection cffrrent of the laser system coffld be remofied ffsing
digital processing.

he processed scan is ੗ted ffsing a Voigt pro੗le. he ੗ted Voigt FWHM is compared
to the FWHM of another Voigt pro੗le ੗ted to the simfflated data prodffced from the
HITRAN database to infer the ffi-affiis scale [6]. he corrected data, the ੗ted Voigt
pro੗le, and the HITRAN simfflation can be seen in Figffre 5.8.

5.4 Miniaturised and packaged laser system

Using translation stages to maintain the laser system geometry profiides ੘effiibility by
allofling adjffstments to the cafiity alignment and optical length by fiarying the size
of the small air gap that effiists betfleen the gain-chip and the IOF chip. Changing the
effiternal cafiity also becomes a simple process of remofiing the effiisting effiternal cafiity
and replacing flith a di੖erent defiice and aligning again. Hoflefier the relatifiely large
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Figffre 5.9: Birds-eye photo of the system. Photo taken coffrtesy of Teresa
Ferreiro.

metallic translation stages effihibit large drits flith temperatffre. In addition, there is
a large fiolffme of solid material betfleen the gain-chip and the effiternal cafiity chip,
fiia the translation stages and bread board. his flill permit the effiistence of a nffmber
acoffstic standing flafie modes at lofler freqffencies flhere acoffstical enfiironment noise
is higher, as acoffstic noise generally effihibits 1/ f characteristics [7].

he fffnctional components that make ffp the ECDL efficlffding the translation stages
are mffch smaller, on the order of sefieral centimetres. his gifies great potential for
miniatffrising the system by changing the method of moffnting the defiices. In this
implementation the components are ੗ffied ffsing adhesifies to a common silicon sffbstrate,
as described in Chapter 3. A photo depicting the assembled system can be seen in
Figffre 5.9, details of the packaging can be foffnd in Section 3.7.3. his shoffld eliminate
many of the standing flafie acoffstical modes that can form betfleen the gain-chip and
effiternal cafiity chip. he thermal effipansion of the silicon, that is beter matched to the
silicon-carbide gain-chip sffbmoffnt, helps sffppress alignment issffes dffe to thermal
drit.

he packaged laser demonstrated similar capabilities of the prefiioffs lasers flith im-
profiements to noise. he laser prodffced an offtpfft pofler, flith single mode operation,
at 1560.5 nm of 5mW, and SMSR of >55 dB (Figffre 5.10).



146 Chapter 5 IOF planar laser

1558 1559 1560 1561 1562 1563
Wavelength (nm)

−60

−50

−40

−30

−20

−10

0

Po
w

er
 (d

B
m

)

SMSR > 55 dB

Figffre 5.10: he optical spectrffm of the packaged laser measffred on an OSA
demonstrating single freqffency operation flith >55 dB SMSR. he fringes seen
at the spontaneoffs emission noise ੘oor comes from the fleak internal cafiity
mode of the gain-chip itself corresponding to an optical length of ≈1mm.

5.4.1 Noise improvements of packaged system

here are nffmber of physical mechanisms that contribffte to RIN, the tflo oten dis-
cffssed in the literatffre are mode partition noise and spontaneoffs emission noise. In
realised systems oten the most important contribfftions are fiariations in the offtpfft
pofler to dffe to thermal drit in alignment and acoffstic fiibrational modes in the
geometry of the system from enfiironmental noise and air cffrrents.

To indicate the improfiement of noise characteristics by packaging the system in the
flay described in Section 3.7.3, the RIN is gifien and compared to a similar system
realised fftilising translation stages in Figffre 5.11. he RIN plot demonstrates improfied
lofl freqffency noise and an elimination of a band of noise centred aroffnd ∼40Hz.
At fiery lofl freqffencies flhere thermal ੘ffctffations contribffte more there is a 15 dB
improfiement.

In addition to the RIN, a preliminary lineflidth measffrement flas made by beating
the offtpfft of the packaged laser flith the offtpfft of the translation stage based laser.
Using the same ੗ting procedffres as cofiered before the resfflting plot can be seen in
Figffre 5.12.

he lineflidth ismeasffred to be someflhat higher than prefiioffsmeasffrements≫14 kHz.
It flas later discofiered that flhen this measffrement flas obtained the laser cafiity had
been sff੖ering signi੗cant losses as a resfflt of an oil depositing in the air gap betfleen
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Figffre 5.11: he RIN of a packaged laser, and a translation staged based laser.
here are demonstrably noticeable improfiements in the laser stability ater
packaging. Welch’s method flas applied separately for the lofler freqffen-
cies and higher freqffencies ffsing di੖erent sized flindofls to optimise plot
fiariance. he backgroffnd noise contribffted by the detector is inclffded in
green normalised by the mean pofler of the packaged and ffnpackaged laser
respectifiely.

104 105 106
Frequency (Hz)

−80

−60

−40

−20

0

Ph
as

e 
N

oi
se

 (d
B

c/
H

z)

δν = 157 kHz

Figffre 5.12: he phase noise of the beat note betfleen the packaged and ffn-
packaged lasers at 1560 nm. It cannot be assffmed that the lineflidth is half the
੗ted fialffe dffe to the oil contaminant only that the lineflidth of the packaged
laser is <157 kHz.
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the facets of the gain-chip and effiternal cafiity chip. he soffrce of the oil is most likely
dffe to a pocket of ffncffred glffe betfleen the V-groofie and the chip shadofled from
cffring by the silicon on both these pieces. It is likely the oil ੘ofled along the length
of the atached ੗bre on the IOF chip throffgh capillary action. he presence of the oil
seems to introdffce signi੗cant losses into the system most likely throffgh a combination
of misalignment dffe to refraction (as the alignment and AR coating is optimised for
air), and transmission loss of the oil. A simple ੗ffi for ffftffre defiices floffld be to ੘ip the
V-groofie ffpside dofln as the top of the V-groofie is glass and floffld transmit the UV
light to lofler half of the joint allofling the join to be ffflly effiposed and cffred.

5.5 Future work

Packing the system imparted signi੗cant adfiantages in stability and miniatffrisation.
Hoflefier some nffmber of days ater packaging, an oil based contaminant transferred
to the intra-cafiity facets of the gain and effiternal cafiity chips impeding infiestigations.
he oil contaminant needs to be properly identi੗ed and eliminated depending on the
soffrce. his floffld likely either be throffgh improfiements in process cleanliness dffring
optical alignment and assembly, or ffsing alternatifie adhesifies that do not precipitate
oily residffes.

Fffrther infiestigation and research into the IOF platform coffld allofl for a ੗bre con-
nection to be directly spliced to the system flithofft the need for V-groofie pigtail. One
roffte to achiefie this floffld be to directly splice a ੗bre to the chip ffsing a CO2 ੗bre
splicer. Alternatifiely, fffrther optimisation of the FHD recipe and the sintering process
shoffld allofl for ੗bres to be bonded onto chips flith the ੗bre protrffding o੖ flith a
length long enoffgh to splice a ੗bre to.

he UV-flriting system is capable of prodffcing gratings flith chirp flhere the Bragg
period fiaries ofier the length of the grating. Chirped gratings introdffce a nonlinear
phase delay response flith flafielength. Depending on the orientation of the chirp, this
coffld be ffsed to create longitffdinal resonator modes that are resistant to changes in the
cafiity length thereby improfiing lineflidth, or indeed can be made to be signi੗cantly
more sensitifie improfiing tffneability at the effipense of freqffency stability.

In Chapter 4 the laser system demonstrated that it coffld be freqffency o੖set locked.
With the capability to flrite at arbitrary spectroscopic lines, a system coffld be defieloped
that locks one laser system to a gas line, flhilst ffsing another laser that is freqffency
o੖set locked to scan the absorption line. his spectroscopic method floffld profiide
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absolffte freqffency measffrement of the spectral line relatifie to the line centre as a
resfflt of being able to measffre the beat note flith confientional electronics. hese
types of locking schemes can be ffsed in atom trapping and floffld hafie applications in
spectroscopy and Doppler atom cooling.

5.6 Conclusions

he IOF platform has demonstrated the capability of UV-flriting Bragg gratings accff-
rately at a flide range of flafielengths allofling rapid defielopment of florking defiices.
hree laser systems based on the IOF technology flere demonstrated at flafielengths on
the acetylene P13 absorption line (1533 nm) flhere the line flas characterised, and tflo
systems at tflice the flafielength of the rffbidiffm R4 absorption line (1560 nm) fftilising
UV-flriten Bragg gratings on the IOF platform. hese lasers flere demonstrated to
be single freqffency flith laser properties that compare flell, or perform beter than,
effiisting single freqffency systems in terms of SMSR, RIN and phase noise.

he laser system flas able to be miniatffrised and the components ੗ffied onto a silicon
sffbstrate that flas hoffsed in an alffminiffm enclosffre. he enclosed system shofled
improfied stability, flith a signi੗cant redffction in fleight and size. his demonstrates
the laser is capable of being fffrther defieloped for enclosffre in a bespoke package that
floffld be sffitable for ੗eld applications and indffstry. he neffit chapter flill sffmmarise
the flork cofiered in this thesis as flell as some ffftffre directions for research.
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- Chapter 6 -

Conclusions

his chapter gifies a sffmmary of the flork carried offt and of signi੗cant resfflts of the
flork described in this thesis. A comparison is gifien betfleen the lasers researched in
this thesis and comparable state of the art lasers commercially afiailable or pffblished
in the literatffre. he chapter ੗nishes by proposing possible ffftffre directions of this
research.

In this research a nffmber of single freqffency lasers hafie been bffilt fftilising integrated
single mode effiternal cafiities flith UV-flriten Bragg gratings for optical feedback.
Using a direct UV-flriting techniqffe for fabricating Bragg gratings allofls gratings to
be flriten at arbitrary flafielengths flith high accffracy.

he adfiantages of ffsing a planar effiternal silica-on-silicon flafiegffide has been demon-
strated by the capability of lithographically de੗ning and depositing micro-heater
assemblies directly ofier the flafiegffide, an approach not sffitable for optical ੗bres.
hese micro-heating defiices are able to modfflate at a freqffency of 1.5 kHz. A planar
effiternal cafiity diode laser (ECDL) has bffilt and demonstrated to tffne to and operate
at the 1651 nm methane gas line sensing dofln to 1250 ppm and characterising the
absorption spectrffm.

his research has demonstrated integrated optical ੗bre (IOF) technology to be an
efficellent optical platform for bffilding an ECDL, by enabling the accffrate fabrication
of Bragg gratings. Good fabrication tolerances allofl assembly of ECDLs directly at
1560.48 nm and 1532.83 nm, the 2λ of the D2 line of Rffbidiffm, and the P13 line of
acetylene.

he lasers defieloped as part of this project hafie all demonstrated narrofl lineflidths as
lofl as <14 kHz. he relatifie intensity noise (RIN) flas also demonstrated to be lofl,
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performing beter than a commercial [1] grating-based laser, flith higher freqffencies
limited by the noise ੘oor of the photodiode.

6.1 Comparison with existing published and commer-
cial lasers

To ffnderstand hofl the properties of the lasers considered in this thesis compare to
other compact single freqffency lasers this section flill compare some of the properties
of commercially afiailable and pffblished lasers. Atention flas only paid toflards
lasers that flere reasonably compact, single freqffency and flere reasonably close in
flafielength to the lasers considered here. Efficeptions flere made to identify state of
the art of narrofl lineflidth, single freqffency, free rffnning lasers. Free rffnning being
de੗ned as lasers that flere not operating as a slafie or part of an actifie control loop
to lock to the laser freqffency. he list of lasers and the properties being considered is
gifien in Table 6.1. Intensity noise flas not considered as most lasers flithofft mofiing
parts hafie efficellent noise properties and these fialffes are not prodffced reliably or
comparably betfleen manfffactffrers.

Fibre lasers and nonplanar ring oscillator (NPRO)s are considered as they represent
the state of the art of narrofl lineflidth lasers afiailable at the time of flriting. hey
do hoflefier hafie serioffs limitations: the NPRO is cffrrently only afiailable at tflo
freqffencies: 1064 nm and 1319 nm as it is based ffpon ffsing a Nd:YAG limiting the
operational flafielengths; ੗bre lasers hafie a similar limitation that there mffst be a
sffitable rare earth dopant to operate a particfflar flafielength, thoffgh a flide fiariety of
dopants effiist there are large gaps in operable flafielengths as indicated in Table 6.1. An
additional limitation to both lasers is that they cannot be tffned easily, thoffgh highly
tffneable effiamples of ੗bre lasers effiist in the literatffre, they are ffsffally at the effipense
of other properties sffch as lineflidth [12]. Finally the ੗bre laser ffsffally has to be
hosted in relatifiely large package to contain and insfflate the ੗bre coil properly and to
contain the pffmp.

he 1651 nm laser researched in this thesis compares fiery fafioffrably to other lasers
afiailable at the same flafielength. To the affthor’s knoflledge the 1651 nm lasers
discffssed in this research hafie the highest side-mode sffppression-ratio (SMSR) of
any laser commercially made or pffblished in the literatffre. he lineflidth is also one
of the narroflest reported at 1651 nm flhere only the lineflidth generated from the
Sacher-Lasertechnik Litman laser prodffced is narrofler [2]. Like many Litman lasers
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Table 6.1: Table comparing similar lasers and their properties. Wafielength
fialffes gifien represent the afiailability of flafielengths rather than tffneability
ffnless otherflise speci੗ed. Dimensions gifien in the package type colffmn
represent the largest dimension of the defiice.

Laser Wafielength
(nm)

Pofler
(mW)

Lorentzian
Lineflidth
(kHz)

SMSR
(dB)

Package
Type

Planar laser 1651 6.5 220* 55 Lab Table
IOF laser 1533 8.5 N.M. 60 Lab Table
IOF laser 1561 15 <14* 65 Lab Table
Packaged IOF laser 1561 5 157* 55 6cm Boffi
Sacher Lasertechnik Litman [2] ۥ1600-1800 20 100* 40 20 cm Boffi

DFB Lasers [3]–[5] Near IR <50 <3000** <40 Varioffs
Compact

Redfern Planar ECDL [6] 1530-1565 20 2** 55 Bffter੘y Pkg.
Sacher Lasertechnik
Laser VHG ECDL [7] 638-1064 250 <100*

18 @ 780 nm* 45-50 TO 3cm

Vescent Short ECDL [8] 1180-1610 40 50* N.P. 10 cm Boffi
Laser 2000 SQWL [9] 1550 5 100** 40 Bffter੘y Pkg.
Coherent NPRO [10] 1319 800 <1* N.P. 17 cm Boffi
SCOWECL [11] 1550 370 1** 80ۤ 40 cm Boffi

Fibre laser

1030
1064
1535-1570
1900-2050

>5W >0.200*** >50
Benchtop/
OEM
(>20cm)

Litrofl and
Litman lasers Near IR <50 10-200*** 55

Benchtop/
OEM
(>20cm)

Lasers researched in this thesis. Speci੗c lasers afiailable commercially. Speci੗c laser foffnd in scienti੗c
literatffre only. Widely afiailable lasers.
* Measffred ffsing beat note from tflo lasers. ** Measffred ffsing self-heterodyne or self-homodyne and
੗ting. *** Range of lineflidth fialffes pffblished for these types of lasers ۤ Not directly measffred. ۥ

Laser’s tffning range.
SQWL (Strained qffantffm flell laser), NPRO (Non-planar ring oscillator), SCOWECL (Slab-coffpled
optical flafiegffide effiternal cafiity, OEM (original eqffipment manfffactffrer), N.M. (not measffred), N.P.
(not pffblished). Laser)
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hoflefier, they sff੖er from some stability problems from fftilising mofiing parts and
are ffsffally contained in relatifiely large original eqffipment manfffactffrer (OEM) or
benchtop style packages. Althoffgh the 1651 nm laser demonstrated in this thesis flas
based on translation stages flhich floffld sff੖er the same problems, it flas demonstrated
that these lasers coffld be enclosed in a ੗ffied and compact package in Section 5.4. he
only other compact lasers afiailable for measffring at this flafielength are a nffmber
of distribffted feedback (DFB) based lasers, flhose lineflidths are ffsffally a nffmber of
MHz [4], [13].

he IOF based lasers considered in this thesis shofl comparable single freqffency prop-
erties to many other compact defiices prodffced commercially sffch as Redfern’s Planeffi
laser and Sacher-Lasertechnik’s Micron Laser. he best lineflidth fialffe prodffced in this
thesis (<14 kHz) compares flell to aforementioned commercial lasers. To the affthor’s
knoflledge the SMSR of the laser at 1561 nm matches the highest pffblished fialffe for a
diode based laser [14] and is higher than any of the commercial lasers foffnd by the
affthor. hoffgh the IOF laser that flas enclosed in a compact package did display an
a lineflidth of ∼160 kHz this coffld be effiplained by alignment error and the ffse of a
shorter Bragg grating both of flhich floffld impact ofierall lineflidth.

he lasers prodffced in this thesis demonstrate flafielength ੘effiibility and fafioffrable
lofl noise and single freqffency lasing. he lasers hafie compared flell to other similar
lasers afiailable commercially and demonstrated that they can be miniatffrised into a
compact form factor.

6.2 Future directions for research

6.2.1 Towards a narrow linewidth source for rubidium

Rffbidiffm has been the sffbject of a nffmber of optical cooling and Bose-Einstein con-
densation effiperiments. hoffgh many 780 nm laser soffrces cffrrently effiist based on
traditional Litrofl and Litman-Metcalf con੗gffrations [15], [16]; their spatial mode
qffalities are typically poor and they also sff੖er from alignment and mechanical sta-
bility issffes in applications that reqffire portability. Highly stable, freqffency doffbled,
single freqffency ੗bre lasers hafie been demonstrated prefiioffsly [17], [18]. Fibre lasers
based aroffnd erbiffm doped ੗bre ampli੗ers at 1560 nm demonstrate high poflers, nar-
rofl lineflidths, flith high spatial mode qffality making them sffitable for single pass
freqffency doffbling con੗gffrations.
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In Chapter 5 a single freqffency laser flas demonstrated at 1560.48 nm, flhich can be
freqffency doffbled to the Rb D2 line (780.24 nm). In parallel to this research, offr re-
search groffp hafie been defieloping single mode diced flafiegffides in periodically-poled
lithiffm-niobate (PPLN) sffitable for freqffency doffbling to 780 nm. Wafiegffiding PPLN
chips con੗ne light to a small cross-section, maintaining a high intensity light pro੗le
throffgh the length of the chip therefore improfiing the eਖ਼ciency of second harmonic
generation (SHG) confiersion. Combining the stable laser flith the high confiersion
eਖ਼ciency of a flafiegffiding PPLN chip profiides a high stability soffrce important for
Rb spectroscopy, flhich can be ffsed for Rb locking and spectroscopy effiperiments. he
eਖ਼ciency can be fffrther improfied by fftilising the matffre amplifying technology that
an erbiffm doped ੗bre ampli੗er (EDFA) profiides flithofft signi੗cantly impacting the
noise properties of the system; an adfiantage made possible by seeding flith a soffrce
at telecommffnications flafielengths. To eliminate the needed for an effipensifie ੗bre
ampli੗er, a cafiity enhanced SHG con੗gffration coffld be ffsed instead.

6.2.2 Towards a stable package

he package ffsed to encapsfflate a laser in Chapter 5 flas a simple alffminiffm enclosffre
intended for prototype electronics. A package designed to dimensions of the laser
system coffld signi੗cantly redffce the ofierall size of the package. he spatial footprint
of the defiice is important in some applications sffch as ffsing the defiice in space
applications sffch as grafiity flafie sensing. he packagefloffld continffe to be alffminiffm
as the thermal effipansion of the package floffld not a੖ect the internal alignment of
the laser and alffminiffm has sffperior thermal and electrical condffctifiity (for EMF
isolation) compared to other standard packaging materials. For an indffstry capable
defiice, the hoffsing coffld be assembled in an inert atmosphere sffch as dry nitrogen,
improfiing longefiity and long term stability of the laser by prefienting moistffre and
offiygen from ageing the gain-chip, adhesifies, and effiternal cafiity chip.
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Figffre 6.1: CAD diagram of bespoke package design. Package flill be made of
alffminiffm as this confers greatest thermal and electrical condffctifiity, and is
relatifiely cheap compared to other common packaging materials.
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