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Abstract

Epitaxial growth of IIT VV materials on silicon (SBubstrateis one of the most promising
techniqus for generating coherent light on &nd offers alow-cost and higtyield
solution for Si photonicsThe main challenge of this technique is the large material
dissimilarity betweemyroup 1V and 11 V compounds. These differences betwgeyup

IV and IIliV tend to produce various types of defects which all generateaciative
recombination centres and dramatically undermine the promise idf Haterials.
Multiple strategies for novel epitaxial growth technoésthave been employed in order
to reduce th defect density, resulting high-quality 111 TV materials on Si.

Very recently, lITV quantumdot (QD) structures have drawn increasing attention for the
implementation of compound semiconductor lasers on Si, due to their low threshold
currentdensity and reduced temperature sensitivity. In addition, QD structures have also
been proveto be less sensitive to defects than conventional bulk materials and quantum
well structures, mainlydue tothe stronger carrier locafition and hence reduced
interaction with the defects. Asresult, highperformance Sbased QD laser devices
have been developaatensively.In order to fully utilize the advantages of Si photonics,
the next challenge is to monolithically integrate the fpghformance IHV QD lasers

with other components, such asodulatorsand waveguideson a Si platform for

information processing and transmission systems.

In this thesis,an investigation of Sbased QD laseperformance ira practical data
communication system has besarriedoutin Chapter 3An ultra-low relative intensity
noise of €150 dB/Hz and 25.6/s data transmission ova3.5 km singlemode fibre
by anexternaly modulated QD laser on Si have been demonskr&estfabrication of
Si-based QD lasers by focused ion beam and selective area intermixinigvoQD on
Si is discussed in Chapterdt and 5, respectively. Albf the studiesaim to prove the
feasibility of enabling thealirect integration oSi-based QDasers with other Si photonics
components tprovide a comprehensive Si photonic integration technology.



Impact statement

The evergrowing increase in global internet traffic imposes significant challenges on
data centre operator§raditional copper cdimg with a slow data transferapacity and
expensive IHV optical transceiversirestifling data centre evolution. Silicon photonics

on the other side, offers the promise oflow@st solutions for optical communications and
high-speedinterconnects as a result of the maturity of CMOS processing technology.
Over the last 30 years, many CM@8mpatible silicon photonics components have been
realised, including optical modulators, higipeed photodetectors and various waveguide
structuresHowever, the lack of a reliable and efficient integrated light source has become
the bottleneck of the whole silicon photonics industry due to the indirect bandgap of
silicon. In contrast, direct bandglpi V compounds have robust photonic properties tha
can be tailored folll iV emitters operating at various wavelengths with high efficiency,
large direct modulation bandwidth and sufficient optical power output for many photonic
applications. Monolithically integratinglliV photonic components with sibn
microelectronics would thus provide the ideal solution for silicon photanibdow-cost

and highvolume manufacturability. Moreovenjse of the novel materialof self
assembledll iV quantum dots as the active regiontlud lasers brings superior befits

of temperature stability and higbmperature operation. However, the application of
monolithically grownlll iV quantum dot lassion silicon in photonic integration circuits

is still in the research stageand there are still challengesemaining before

commercialisatiortan be achieved

This PhD research projefitstly focuseson the demonstratiorof high-performancell i

V quantum dot lasers directly grown on silicon substrates that can be fulgditéds
reliable light sources in 26b/s data transmission. This work shows that the 4 &B&
optical transmitters, whicArecompatible with the IEEE 108k/s Ethernet standardac
be developed by oumonolithically grown laser for future intradata entre
communication. Our work has been selectethasover story irthe highprofile journal

Photonics research.

Moreover, the feasibility and implementation methodtheintegration of grown lasers
with electreabsorption modulatorenthesame silica platform have been studied in this

thesis. Tlese works will make significant contributions towards the rsaion of



comprehensive loweost optical transmitters for silicon photonics. The final goal of our
work is to develop lowcost silicon photonics chips containing dozens or even hundreds
of compact monolithidll 7V lasers, whichwill expedite the progress towatelebyte-

scale data transfer. We believe it will have a decisive impattteodata communication

industry.
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Chapter 1

Introduction

1.1 On-chip light emitters for silicon photonics

The explosive growth of global internet protocol traffic is predicted to reach 3.3 ZB
(ZB=1000 EB) in 2021 according to a Cisco fore¢aktwhich brings a huge challenge
for thedata communication industry, aedpecially for data centres. As the need for data
channel rates inside data centres scales toGH$) and beyondl2], traditional copper
cabling is stifling this data centre evolution because of its slow data transfer céplacity
New interconection schemes with optical interconnect for data transmissiva been
launched toprovide higher throughput and reduced power consumptipriFigure 11
summarizes the evolution of Googhtra-data centre optical interconnect technol{igjy

In the first design athedata centre in 2004, only the copper cables were utilized. In 2007,
Google was likely the first to adopt optical interconnectian, 10 Gb/s verticatavity
surfaceemitting laser (VCSEL) in mukmode fibre (MMF) in the data centre. By
increasing the number of lanes and doubling the data rate, the second generation of 40
Gb/s and third generation of 100 Gb/s were achi¢sedHowever, MMF transmission
usingVCSEL (850 nm) is typically limited to a link distance of below 3006 It can
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be only usedor transmissiorbetween serverand top of rackswitch Wavelength
division multiplexing (WDM) with directly modulated laser (DMlayray and single

mode fibre (SMF) technology was usedtwore extendeteach [eaf to spineand above)

[7]. The fourth generation of 400Gb/s optical transceivers are also being deployed in the
data centres by using more bandwidfficient external modulation (PAM4: fodevel

pulse amplitude modulation) and further increasingahe numbef6].

Per lane speed (Gb/s)

L, S 100G QSFP28
W " 10G SFP+ ‘®gY  40G QSFP+ Year

2007 2010 2014 2017 2020

Figure 11 Evolution of Google itna-data centre interconnextechnology{8].

I n todayds dat anGoale Jupiter,datef centre, @mixaohtppper, short
reach multimode optics, and lomgach singlenode optics are employed to achieve the
maximum coseffectivenesgd5]. The total number of optical transceivers usethore

than 100,000 per fabri6]. Therefore, to reduce the price of the transceivers is significant
for data centre development. IndigghosphidgInP) and silicon (Si) are the commonly
used platforms for largscde integration of the optical components for thedium and

long optical links[9]. Although InRbased photonic integration circuits offer a stafte
the-art performance of optoelectronic devices and dominate the transceiver market for
metro and longhaul telecom transmissido0], the high substrate cost ($4.55/%rand

small wafer size of InP (maximum 150 mfh}] limit the substantial applications for the
shorterreach (fromhundredsmetres up to 10 km) intrdata centre networkind.2]. In
contrast, the Si complementary meataide-semiconductor (CMOS) platform allows
higher volume manufacture of Si optical component technology at much largar waf
sizes (maximum 450 mnfL3]. Benefiting from the lowcost Si substrate ($0.20/émn

and the advanced CMOS techniques, Si photonics offers the tantalising promise of cost
effectively fulfilling the evergrowing requirements for hypecale data centrg44]i

[17].
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Si photonics research can be dated back to the 1980s. Over the last few deeaSies, t
photonics community has mattemendous progress towards developing individual Si
based photonic building blocks, including@tinsulator (SOI) waveguidg48][19], Si
modulatorg20]i [23], multiplexers/demultiplexelf24][25] and Ge photodetectof26]i

[28]. However, full utilisation of silicon photonics has been severely limited due to the
indirect bandgap of Si and Ge, a significant challenge posed by f28lr& hus, it is
challengingto use group IV materials as efficient light emitters. All recent lasers
developed on group IV materialsuch as Si Raman lasgB0] and Ge laserby band
engineering31][32], haveresultdin high threshold current and low quantum efficiency.
To circumvent the inefficient light emission from Si, current approaches for realising on
chip light sources typically utilise heterogeneousgrdéon of wellestablished i1V
semiconductor lasers with Si substrateshiae methodslie bonding, wafer bonding or
direct epitaxial growtti29], [33]i [38].

Firstly, de bonding is used to integrate gebricated photonic components on Si with

1TV lasers grown on their native substrgtég]. This method allows the ptesting of

laser devices before integration and potentially retains the high reliability of the photonic
chips. The conventional die bonding method has a high assembly cost, arsctdege
integation is disabled by the accuracy alignment requirem¢B§[39]. Novd
approache$40]i [42] have been taken to increase the alignment tolerance and improve
the fabrication volume for the new generation of die bonding. On the other hand, the
wafer bonding allows the wafecale process after bondingi M thin film on Si/SOI
substrateswhich endles potential lower cost, better alignment and higher density of
integration [38]. Both of die[41] and wafer bondind43] can realise the efficient
waveguide coupling fromthe iV | aser to the patterned S
couplingo by the r ef r dmtethas/saccessfullydéaunchdte nt r a
100Gh/s Stbased optical transceivers e hybrid Si lasefwafer bonding}technique

[39] and is shipping them in volume.

Although the integration of lilV lasers on Si via die/wafer bonding has already been
commercialised, thenanufactuing volume s still limited by the wafer size of IV
substrates. The third approadirect epitaxiarowth of Illi V materials on Si substrates,
allows 1lIi'V compound materialso be grown directly on largesize Si wafers using

molecular beam epitaxy (MBE), chemlicapour deposition (CVD) or vapour phase

28



epitaxy (VPE)[44] technologies. Thus, it seems more promising forémst and high
volume manufacturability in the lorgrm [37]. For applications such as ukhegh-
bandwidth optical interconnections, the requiragnber of light sourcemay exceed
1000 for over 10 Tb/s bandwidth by assuming 10 Gb/s per chi®ielAchievinga

large number of lasers required is only viable economically using the monolithic
integration approach. The comparisbetween different heterogeneous integration

strategies on Si is summarised in Table 1.1.

Table 11 Comparison of different heterogeneous integration methods on Si substrates.

. . . - Overall
Int t thod Int t d CMOS tibilit Cost .
ntegration method Integration densit compatibility 0s maturity
Die bonding Low Back-end compatible High Mature
Wafer bonding Medium Back-endcompatible  Medium Mature
Monolithic growth High Potentially frontend Potentially R&D
compatible very low

1.2 Challenges and strategies for monolithic integration of
Il TV on Si

The idea of monolithic integration of iV materials on a Si platform is, of course, not a
new topic. The first attempts to grow GaAs thin films on Si substrates were made in the
1980s[46][47] and continued in the 1990s with Hi@sed materials on Si, especially at
NTT in Japarj48][49]. This approach, despite being investigated for decades, made little
progress. This is because, unfortunately, monolithicVHbn-Si integration faces
significant challengegesmming from the large material dissimilarity between grouip Il

V and group IV materials, including polarilW¥fs versus noipolar Si surfaces, different
thermal expansion coefficients and large lattice mismgoh [52]. In this section, the
defects caused by each material dissimilarity and the corresponding strategipsdsssu

different types of defects during theiNM growth are discussed in detail, respectively.
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1.2.1 Antiphase boundaries

Monoatomic Monoatomic Diatomic Monoatomic  Monoatomic
Step Step Step Step Step

(a)

eV oV el [110] =

Figure 12 (a) Schematic diagram of polar and npalar surfaces between il and Si,
where the monoatomic steps result in APE. (b) AFM image of the APDs raised to

wafer surface.

The first issue, as seen kigure 12 (a), is the formation of antiphase domains (APDs)
when growing polar 1i1Vs on nonrpolar Sisubstrates. In pracié¢ monoatomic steps (or

an odd number of atomic steps) exist on the clean Si (001) s{isfZjcevhich induces

the formation of two domains as thei M epitaxial growthproceeds with opposite sub
lattice allocationf54]. The APDsare separated by horadomic bonds, either Hllll or

ViV bonds, which are known as antiphase boundaries (APBs). The APBs can be self
annihilated or rise to the surfadeigure 12 (b)). APBs are electrically charged planar
defects and act as noadiative recombination centres and leakage paths for
optoelectronics devices and electronic devices, respectively. The negative influence of
APBs on the opticgroperties of Ili V materials is evidenced by photoluminescence (PL)
guenching and spectral linewidth broadenibdji [56], while their impact on electronic
devices is characterised by significantly reduced electron mof&bi§§57]. It has been
shown that APBree GaAs/Si can be achieved by the-selfihilation of the APBs or by

the perfect doubling of the height of all silicon surface steps, as demonstr&igdre

1.3 (a) and (b), respectively. An effectivepmpach for the double atom step formation of
the Si surface is a4 miscut angle oriented towards the [011] Si plane, and this has
been widely used in the monolithic growth of GaAs on Si substjiad$960].
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Self-annihilation

Figure 13 Schematic diagram of polar and ngolar surfaces between il and Si. (a)
Selfannihilation of APBs occurring in monoatomic steps. (b) AfeB state achieved by

double steps.

However, Si (100) substrates with an offcut af64to the [100] plane have the
disadvantage of not being readily compatible with standard CMOS fabrication, where
wafers with nominally (001) silicon substrates amed. In general, nominal silicon
substrates,i.e.sval | ed fiexact 0 (wlhGijscutamgleiessthan0.5 u b st
[50][61], have been used in standard microelectronics fabrication. Thefeuammain

methods which have demonstrated successfully grownfAPBe e Ga As (0@nh fie X

Si substrates.

The first approach used a GaP/Si template grown by VPE andongéalic vapour phase
epitaxy (MOVPE)[62], as shownin Figure 14 (a). After the deoxidisation of a Si
substrate with a slight offrientation of 0.12towards [110], by chemical treatment and
high-temperature baking, a 500 nmomoepitaxial Si buffer was grown at high growth
temperature (850 ) and pressure (200 mbar) by VPE. The Si surface uwhéerwent
thermal annealing under a very high hydrogen pressure of 950 mbar in the VPE chamber.
A clear tendency of step doubling along both <110> directions was observed after this
annealing FFigure 14 (b)). A thin GaP nucleation layer (NL) was then grown at a low
growth temperaturey MOVPE in order to achieve a chargeutral interfacg63] and
two-dimensional (2D) growth. A high-temperature overgrowth GaP layer was grown
afterwards to promote sedinnihilation of the remaining APDs. Based on this ARk
GaP/Si template, electrically pumped M lasers directly grown on (001) SBave been
reported recentl{64][65].
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GaP NL

o]
GaP overgrowth layer A : /

Figure 14 (a) Schematic diagram diie epitaxial layer of a GaP/Si template. (b) AFM
image of exact (001) orientated Si sample with a miscutl@® @owards [110] plane
[62].

Another direct growth approach uses a GaAs/-groove Si (GoVS) templatf66]
instead of a GaP intermediate buffer layer to prevent the fmmait APBs and to reduce
the threading dislocations of the epitaxial GaAs laffegure 15 (a) shows the growth
method. In this approach, theddped o-axis Si substrates were firstly patterned with
SiO; stripes using standard dry etching techniques, followed by an-RCkan
(NH4OH:H202:H20 = 1:1:5) and a rapid HF (1%) dip to remove the native oxide before
immediately wet etching thegrooves using BH solutiong67]. The epitaxial growth

of GaAs on the patternedgroove substrate was performed by metalanic chemical
vapour deposition (MOCVD) in the following sequenitezrmal cleaning of patterned Si
substrates, selective area heteroepitaxy of GaAs nandéiesSiO; stripe removalthe
coalescence of GaAs to form GaAs planar film, growth of superlattices, and fimally
growth of a GaAs buffer layer to complete the growth of the GoVS template. The great
promise of thiggrowth method comes not only from the ability to form a unique defect
trapping effect (se€igure 15 (c)) [54][69] but also from the removal of the difficulties

in achieving coalescence over dielectric pattdf®. AFM measurement has been
employed to assess the qualityltd tGoVS template and has revealed ameansquare
(RMS) roughness of 0.9 nfB4], as shown ifFigure 15 (b), indicating a good template
quality without APBs.
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1. Pattern Si substrates 2. Form V-grooved

with SiO, stripe (111) facets

4. Remove SiO, stripe 5. GaAs thin films
(a) patterns coalescence

Figure 15 (a) Flow chart of GoVS template by MOCVD. (b) AFM image and (c) TEM

image of ~300 nm coalesced GaAs thin film grown on a nanowire g8y

The third growth method for ARBee GaAs is direct growth on exis Si (001)
substrate without the use of any intermediate buffer layers or patterned Si substrates by
MOCVD [56]. In the initial growth step, eaxis Si (001) wafers were deoxidised by the
SiCi [70] process using N¥NHs remote plasma, and then transferred into an MOCVD
reactorto perform H annealing at 900 , forming a biatomic step surface structure (see
Figure 16 (b)). The height of each step is around tatons. Subsequently, the chamber
was quickly cooled down to 700 within 30 s to freeze the Surface structure.
Afterwards, the 400 nm GaAs buffer layer was grown by astep process: a 40 nm NL
was deposited at a low temperature (8D ); the other 360 m was then deposited
at high temperature (60000 ). Thus, APDfree GaAs thin films on normal Si
substrates were achieved with a surface roughness of 0.8 nm, as shagurenl6 (c)
[56]. By applying this GaAs/Si virtual substrate, an electrically pumpéd lihser on

on-exact Si has been reportgd].
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Figure 16 ( a) 5 2AFM%mage mf 400 nm thick GaAs grown on unoptimised Si
(001): high density of APBs WwiAFNImMBgdSf r o u ¢
doublestepped 0.15Si (001) substrate after optimised preparation (annealing under H

( ¢c) 5 ?AFM Bnage of APBree 150 nm thick GaAs grown on optimisets0 Si

(001) with RMS roughness of 0.8 {B6].

More recently, an APBree GaAs buffer grown on eaxis Si (100) was demonstrated by
using only the MBE proce$g2]. In this work, a 40 nm AkGay.7As seed layer was grown

on Si (001) sustrate at a relatively high temperature (500 and high growth rate of
1. 1 "k The APBs could be annihilated within the following GaAs buffer layer of less
than 400 nmas shownn Figure 17.

7] < InGaAs/GaAs

L1
w

«— GaAs

I

«— AlGaAs
— §j

500 nm

Figure 17 TEM image of GaAs buffer grown on Si (001) substrates by MBE. The arrows
indicate the APBs which were salfinihilated within the GaAs buffer less thd00 nm

[72].
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1.2.2 Thermal cracks

T

Si

~675 °C thermal load

( a ) unp:-:wn “:un

Figure 18 (a) SEM image o& thermal crack of GaAs buffer grown on[38]. (b) Top
view of thermal cracks otme wafer surface.

The second issue is related to the creation of thermal cracks, as Begire 18, due to

the difference in the thermal expansion coefficients between graup dihd group IV
materials. This difference promotes the accumulated thermal stress, which is then relieved
by emeging thermal micrecracks in the epliayer during cooling from the growth
temperature to room temperature (RT). The thermal expansion difference limits the
maximum thickness of INVs that can be grown on Si, and the typical critical thickness

for the onsk of crack formation in GaAs epiayer s on Si is ~7

temperature of ~575 [73]. The equation of the critical thicknesg (s given by

o — Equation 11

whemies t he fr a,tiusr et hree shiisatxainacle mo d wil 1 sa o f
di mensionl ess dand,viisng hfeorscter ensusmbvearl ue, wh

. O | QY Equation 12

whelrandare the ther mal oétRepgeownsfiimoand sabstraté y c i

andpYs t he c¢hangkrgurel®s h etwlpee rcartiutriecal t hi ckn
crack as a cfhuanncgtei oonn otfe mipheer at ur e when t he

Si and Si Ge substrates.
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Figure 19 Experimental data (labelled ex) and theoretical data (labelled th) of the
critical thickness of crack formation of GaAs on SiGe and Si substrates against the

change in temperatur@3].

From equations 1.1 drl.2, it can be seen that the probability of forming cracks depends
on many parameters including il material properties, total layer thickness and
composition, and also on the growth conditipf#]. The thermal cracks can be reduced
by strain compensatidir5]. Another approach is to release the large thermal stress by
employing selective area growth and growth ongaterned Si substrates due to strain

relaxation near the pattern ed@é][77].

1.2.3 Threading dislocations

O 00 OO ° Ij © o
GaAs '
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(@ Unstarined Starined (b)

Figure 110 (a) Stained lattice of GaAs grown on Si by the mismatched lattice constant.
(b) TDs at thenterface of GaAs and Si substrate.

The last issue, as seen froAgure 110 is relatedto the formation of threading
dislocations (TDs) in the lIV layers grown on Si. The lattice mismatch between GaAs
(InP) and Si is about 4% (7.5%). This mismatch resultsstrain on the lattice of the epi

layer, and the strain energy is proportional to the deposition thickness. If the thickness of
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the epilayer is over the pseudomorphic critical point, the accumulated strain is
energetically relaxed during epitaxial growth through the nucleation of dislocations at the
interface[54], creating two types of dislocations: misfit dislocations and TDs on the order
of 1¢% 10'° cm2. The former, concentrated at thei M/Si interface, enable the release of
the strain energy, while the latter propagate into thiévllinaterials acting as nen
radiative recombination centres and eventually promote defect diffusion along the
dislocation line[78], and hence reduce the quality ofi W materials as well as the
operating performance and lifetime of devices fabricated from [G2n

Multiple strategies have been developed by different reseamips to suppress TD
generation and propagation. For example, the GoVS template described above also brings
benefits in reducing the TD densiiyetoi t S uni que fasped¢d. rat.i
For unpatterned Si substrates, a typical MIINL grown at relatively ¢éw growth
temperature could help to reduce the TD density and smooth the surface roughness as
mentioned abovg/1], [79], [80] An optimisation study of the growth temperature of NL

on off-cut Si has been reported, and it was shown that when the initial layer of thin GaAs
was grown at the optimised temperature of 400with a low growthrate of 0.1
monolayer KL)/s, a lower density of defects was propagated into the GaAs buffer layer
(Figure 111). Moreover, a higher quality of GaAs lheif was achieved by replacing the
GaAs NL with an AlAs NL[81]. As shownin Figure 112, compared with GaAs NL,

AlAs NL could confine more defects effectively and provided a better interface for
succeding 1TV layer growth. After the NL, an improved morphology of the GaAs
buffer layer can be obtained by a nusltep growth methofb7][79]. The AlAs NL and
multi-step growth temperature confine mosthefdefects in the first 200 nm of the GaAs
buffer layer[60]. However, the TD density is still relatively high at this stage and needs

to be further suppressed.

Figure 111 TEM images of GaAs/Si for GaAs NL grown at (a) 380(b) 400 and
(c) 420 [79].
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Figure 112 Dark field crosssection of TEM image of GaAs/Si interface with (a) GaAs
NL and (b) AlAs NI[81].

It is also known that the TD density decreases with increasing layer thigB2gsiut
unfortunately the thickness required to reach a relatively low TD density is naughr

than the critical thickness for cracking. It is not applicable to this situf8Rjn Apart

from simply growing thick epitaxial layers, it is possible to reduce TD densities by
intentionally designed thin layers, which are known as dislocation filter layers (DFLS)
assembled bygtrainedlayer superlattices (SLSs). Each SLS is made of a few eoibod
INnGaAs/GaAs or InAlAs/GaAswhich are repeated several times, separated by GaAs
spacing layers. The role of SLSs is to inhibit dislocation propagation by bending them
into the grovth plane and allowing two TDs to meet and annihil@fg. The optimisation

of InGaAs/GaAs DFLs was investigated by adjusting the growth conditions and structure
of InGaAs/GaAs SLSs, in order to jmmove the filter efficiency85]. By using five layers

of InAlAs/GaAs 3.Ss as DFLs, the density of TDs after these DFLs could be effectively
reduced to the order of ~46@m2[86]. In addition, thén situthermal annealing technique,
whereby annealing is carried out at a high temperature for a certain time in the MBE
reactowhile the epitaxial growth is pausé@eigure 113), has been seen to be an effective
approachta mpr ove t he DE I[hesGandd dxganed by therirtcreased
kinetic energyof the dislocations, which in turn increases th@lame movement of the
TDs, therefore further enhancing tenihilation efficiency84].
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Figure 113 TEM image of GaAs buffer grown on Si with three DFLs. The dashed lines

indicate the positions where in situ annealing was perfori4p

Multiple growth strategies were applied to achieve fgghlity epitaxy layers. At first,
the AlAs NL and multstep GaAs buffer growth were utiliseds shown in
Figure 114 (a). The optimised foudlayer Inp.1sGan.s2As/GaAs SLSs werthengrown as
DFLs to block the propagation of TDs, andstu thermal annealing was also performed
before and during the DFL growth to further improve the material quakigsre 114

(c) presents the density TDs at the different positions indicatedHigure 114 (b). After
these four layers of DFLs, the TD density is reduced frohecdt¥ to 1 cm?[60].
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Figure 114 (a) Dark field TEM image of GaAs/Si interface with 6 nm AlAs NLB(ight
field crosssection TEM image of fodayer DFLs. (c) Dislocation density measured in

different positionsas indicated in (b)60].

However, compared with the iIN laser structure grown oa native substrate with a
defect density of <10cm?, the relatively high dislocation density ofilM grownon Si

3¢



leads tadevicefailure and shodr lifetime of lasing[74]. Specifically, the GaAs quantum
well lasers grown on Svith relativey high defectensity ( > 16cm?) have only shown
afew second$87] and up to 200 hours lifetin{88]. These resultsavenotreachedhe
demand of longtime reliable operation (over 9Chours lifetime) in commercial
telecommunication applicatiori89]. Fortunately, the use of a novel matebaked on
guantum dat (QDs) as the active region for the semicondudemser has shown a
tremendous behaviour of high dislocation tolerammesides the QD laser also shows
benefits in thresholdturrent, differential gain, thermal stability and other dynamic
properties. Thus, in the next section, the detaith®@QD theory and its advantages will

be discussed, respectively.

1.3 HITV QD laser

1.3.1 QD theory

The idea of using a heterostructure as the active region was first theoretically predicted
by Kroemer in 196330]. However jt was not until the demonstration of the fidstuble
heterostructle semiconductor lasers in 19701] that the importance of carrier
confinement to the active region was discovered. Since then, the semiconductor laser
community has made tremendous progress in implementing quaonfined

semiconductor lasers.

In a bulk semiconductanaterial, carriers within the structure are only restricted by the
band offset, which means the carriers could easily move to other states with additional
thermal energykeT). Because of this excess thermal energy, the need for energy for
photon emissiowill be more than the expected bandgap endfgy ksT). On the other

hand, increasing temperature will aggravate the thermal spreading of injection carriers
from ground state§GSs) resulting in a rise of threshold current, leading a strong

temperaturalependent behaviour.

In a quanturrconfined structure, thepatial dimension is ultramall and comparable to
theelectron wavelength (de Broglie wavelength ). Thusthe movement of #helectron
is confined. The momentumi)) and average kinetic energ®)(of an electron in three

degrees of freedom can be writter{ 22]:

n — o9— Equaton 13
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o — -Q7Y Equation 14

whereoi s t he reduced mlisghe m&sd & theeteatrsrnt Eafore,, anc
the de Broglie wavelength associated with kinetic energy equals

Equation 15

According to the above equation, the sizeesfral effective quantum confinement can be
estimated. It has been shown that the small structure causes the band of energies to turn
into discrete energy levels. We call this phenomenon the energyasub and it can be
examined by Schr odiAccgdng fosthe unandependeqt wave
equation93]:

o] A ‘ . .
— W W - W Equation 16

wherew @ is potential energy, o is the electron wave function @n is the total

energy of the electron. The term in square brackets is defined as the Hamiltonian operator,
0 2 0o Equation 17

which is @asociated with the kinetic energy (first termtbaright-hand side) and potential
energy (second term dineright-hand side)94]. Moreover, equation 1.6 can be rewritten

as a secondrder differential equation,
— Qe ™ Equation 18

where

o — 0O ww Equation 19
The general solution for equation 1.8 is

e ® 00 O0i Mo 6 GéMDw Equation 110
Assuming an electron is confined in @Dlwell in thewa x i s wi t h aedl | Wi

infinite barrier height, as shown kigure 115, the potential energy in the box model will
be[93]:

MhmOR o Yo

SHe ®RI 0 Ql Q Equation 111
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Figure 115 Schematic diagram of the infinite potential well.

The infinite potential barriers mean the probability for tleebn at the wall and outside
of the box is zero. Thus, the boundary conditions for this situation can be wrifé8j:as

et ¢ Yo T Equation 112

Thus, we find thaB is equal to 0 in equation 1.10, and the wave function is then equal to

e Yo 0i Mo n Equation 113
Yo & he phghos Equation 114
Q s—ht phhos Equation 115

wheren is an integer and represents the energy statés|doe examplenp=1 meanssS,
n=2 means the first excited state and so on. Combined with equation 1.9, the discrete
confined energy in the-direction for the box model is

2 21— Equation 116

O € v

If a particle is confined in one direction and free in the other two dimensions, we call this
material a 2D quantum well (QW) structure. It is also possible to confine electrons in
more directionsTwo-directional confinement produces @Ilquantum wire rfanowire)
structure, and confinement in all three directions would produel 0D structure. The

total energy of the electron in three directions for QW, nanowire and QD can be written
as[95]:

(0] (0] £ Oy = Equation 117

(0] O ¢R O . . 2 Equation 118
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Equation 119

From equation 1.19 for a QD structure, we can see that only discrete energies depending
on¢ are allowed in the QD structure due to the thiigedional confinementsFigure

1.16 demonstrates the functions tife density of states (DOS) for electrons in the
conduction band with the ergy in bulk, 2D QW, 1-D nanowire and D QD structures.

The unique deltdike DOS of the QD demonstrates that the carriers are localised in the

~ o
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discrete energy levels.
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Figure 116 Schematic diagram of DOS and thermal dmsition of electrons in bulk,
QW and QD structuref®6].

Although the thredlirectional confinements of the QD concept were first theoretically
proposed by Arakawa and Sakaki in 1982], the practical application was limited by
the production technique of @Din the early stage. The turning point was when the
Stranski Krastanov (SK) growth method to form selissembled QDs came into use in
the early 1990$98]. The SK growth method, alternatively known as the laigtand
growth method, was proposed by Ivan Stranski and Lyubomst&mav in 193899]. In
1994, researchers from Fujitsu Laboratories coincidentally realised InAs QDs on GaAs
by MBE, which emitted a telecommunication wavelength of' In8[100]. Figure 117
shows sketch diagrams of the growth of InAs QDs on GaAs by-tgr®wth method.

A 2-D thin layer of GaAs was grown dhe substratdirst, and several monolayers of
InAs were then grown as follows. Due the 7% mismatch in lattice constant between

GaAs and InAs compounds, when the thickness of the InAs layer exceeds a critical value,
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the deposition layer will be nucleated and assethbles an Ai sl ando i n
strain energy between the GaAs and InAs interface; the QDs thus avegselised100].

The size, uniformity and density of QDs grown depend on the growth conditions, such as
the growth temperature and growth rate, and these needtiodoed intensively to obtain

the maximum advantages of QDs.

InAs wetting layer InAs quantum-dot formation Islanding and strain relaxation

— —

Stranski-Krastanov (S-K) growth method

Figure 117 SK growth method of InAs/GaAs QD structure.

The main driving force behind the utilisation of QD technology for the active layers of
semiconductor lasers is the superior device performance obtained by taking advantage of
the deltafunctionlike DOSs of the QD structure. Compared with conventional QW lasers,

the main advantages of QD lasers are discussed in the following.

1.3.2 Ultra -low threshold current

The first benefit of the QD structure for the laser device is thelolivahreshold current.

The 3D confinements in QDs focus the injection carriers into a narrower energy range
than the QW structureThus, the population inversion can batisfied with fewer
injection carriers by the rapid filling of charge carriers into working energy states
[52][101]. Although QD lasers soon exhibited the predicted outstandingly low thresholds,
the early devices suffered from inhomogeneous broadening arising from the QD size
fluctuation[102]. Therefore, reducing the inhomogeneous beoaty of the QDs is one

of the key factors in realising a higlerformance QD laser withlow threshold current
[103][104]. To this day, academic research groups all over the world havedrappting
against each other to demonstrate QD lasers with dramatically reduce threshold current
densities by improving the QD epitaxy layer qua[it95]i [110]. As shown inFigure

1.18, in a period ofessthan ten years the performance of QD lasegardinghreshold
current densityhassurpassed that of staté-the-art QW lasers, which have been under
development over the last few decaftey.
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QD laser on SIGEDRD laser on Si). CW indicates that the threshold current values were
obtained from QD lasers under continuous operation. The rest were obtained from QD

lasers tested in pulse mo[2].

1.3.3 Improved temperature insensitivity

In addition to the low threshold current, the improved temperature characteristics of the
QD laser bring intense research attention and will open new mdfl$ In real
applications, the ambient temperature for the laser operation issaiwaywide range

and even at very higburroundingtemperatures (~200 ) [102]. The thermoelectric
cooler,which requiresa bulky power supply and increases the power consumption, is
prerequisite to keep the active components within their operating temperature range. Thus,
lasers that enable higbmperature operation and temperainsensitive threshold
current are highly ekirable for telecommunications ®@void the costand power
consumptiorof thermoelectric coolersThe improved temperature insensitivity QDs

comes from the significantly enhanced energy separations between the discrete adjacent
energy states, which cg@nevent thermal population by the charge carriers. However, the
early QD devices did not show the predictgmbdtemperature stability, mainly due to

the thermally broadened hole distributions through the closely spaced holg1é\gls
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A typical electron energy separation in the conduction band is around 64 meV, while only
~11 meV energy difference appears in the hole redidore&through that helped QD
lasers to get off the ground, regarding the temperature stability, was the utilisation of p
type modulation doping during the QD growth. The key, at this point, was to counter the
closely spaced energy levels by filling the excedsd{111][112].

QD Laser Inc. is currently one of the wotlhding supplierof QD lasers andhas
delivered commercial products with nearly temperainsensitive operation up to
100 , as we can see frofigure 119[113]. In contrast, such temperattirsensitive
operationhad been impracticable with QW active regions. Moreover, the maximum
operathg temperature that couloe achievedrom their QD laser was as high as 220
[102].
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Figure 119 L-I curves of QD (left) and QW (other tvpdane) FabryPerot lasers at
different working temperaturg¢$13].

1.3.4 Modulation bandwidth

In the shordreach photonic networks markets, directly modulated lasers are attractive
owing to their advantages of low cost and power consumfdtiiat]. QD lasers have also
demonstrated compatiblenodulation bandwidth by optimising the laser cavity designs
[115] and improving the maximm modal gain via th& factor [116]. The equation of

-3 dB modulatiorbandwidth is:

Q  ; Equation 120

TheK factor defines the highest modulation rate of a laser diiba:
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v — Equation 121

wheres is the confinement factor ar@is the relaxation oscillation frequency, which

equals
N - —— Equation 122

where— is the differential gain; is the gain saturation coefficieriY is the photon

density andt is the photon lifetime. According to the above three equations, the
maximum modulation bandwidth is related to the photon lifetime. A short photon lifetime
has shown enore significantelaxation frequency, thus resulting in an increased response
frequencyvia a low value oK factor. The reduced photon lifetime can be achieved by a

shorter laser cavity lengfi15], according to the equatio
—  — —a &— Equation 123

Here,is the light speedt is the equivalent refractive index, is the internal loss) is

the laser cavity length and j; is the reflectivity index of mirrors of the laser cavity.

However,the total optical loss is varied by changirtge laser cavity.A shorter laser
cavity tends to increase tmairror lossby equatiod 1p¥2 2 j 0, theréy raising the
threshold gairof lasing Once the threshold gain is larger than the maximum GS modal
gain of QD material, théirst excited state lasintpkes placeather tharthe GS lasing
[117]. In general the excited sitesare working on higherthreshold currentlensites
which causs the issues of lower injection efficiency and highgrower consumption
compaedwith GS lasing On theother hand, the maximu@S mode gain is associated
with the QD density and inhomogeneous broadefiig]. Therefore, the high quality

of QDs with high dot density and large uniformity is also key for QD lasers irdpigad
applications.The details of improving modal gain of QDs are discussed in Chapter 6.
Figure 120 (a) displayghe frequency response measurementlBam QD laser with
various injection currents; adB bandwidtiQ  of 12 GHz is achieved at 50 mA bias
current by employing the high modal g§iri9]. Although the modulation bandwidth of
the QD laser is lower than that of the QW laser, the superior thermal stability of QDs in
the dynamic characteristics still makes it competitive in practical applicafidausy
reportsdescribe the temperatus¢éablemodulation bandwidth of QD lasej$20][121].
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Figure 120 (b) demonstrates the temperature dependence of the extinction ratio of the
QD laserat 10 Gh/s modulation using the ¢dbnology of modulated doping with an
acceptor impurity120]. The almost unchanged extinction ratio between 28nd 70

proves the superior temperaturardcteristics of QDs.
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Figure 120 (a) RT smalksignal modulation response of 1.3 pm QD laser with various
injection currents (CW]119]. (b) Temperature dependence of extinction ratio under

modulation. Inset: eye diagrams at 20and 70 [120].

1.3.5 Narrow spectrum linewidth

Because of the exestice of spontaneous emission in the laser cavity, the optical spectrum
of lasing has a finite linewidth for a singilequency laser. Unfortunately, it has been
shown that the semiconductor laser has even higher linewidth compared with the solid
state lase due to the dependence of the refractive indéx( the carrier densityNj in
the semiconductof122]. The broad lasing linewidth is undesired for data transmission
since it will cause a significantly increased phase noise, thus introducedemioigthe
data transmissiofiL23][124]. As the injectedcurrent changes, the variedeads ¢ a
coupling between the amplitude and phase, thus, the factor of spectral line broadening is
referred to as the coefficient of amplitudease coupling{{ factor), or the linewidth
enhancement factor (LEF)25]:

| —::— Equation 124
wherea-is the wavelength ang is the gain per unit length. It has been shown that the
coupling of phase and intensity fluctuation increases the laser linewidth+by[122].
Ideally, owing to the symmetric gain spectrum of the QD structure relative to its

maxi mum, the U factor value and the wvari
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[117][126] according to Krameikronig relations [127], in comparisonwith the

coomonly observed U fact®[t28lval ue in QW | as

However, the ideal QD properties arhallengingto realise as the presence of the
inhomogeneous broadening and the excited states alter the gain sfédiiinthe U

factor was found to be increased with the injectiarrent and raised quickly from 0 to
morethan 8 wherthe GS gain was neaaurated[129]. Still, the QD laser shows a
relatively narrow linewidtj130][131], and the LEF value was reported to be (1132].
Moreover, the temperature independence ofQbelaser is also applicable to the LEF
value. It has been shoii33]t hat t he values o8frod20r gomai ne
80 by ptype doping in the active region.

1.3.6 High optical feedback tolerance

In the practical applicati@for example, the coupling of a laser into a fibre, a fraction of
laser radiation emitted can again enter the laser cavity by external reflections. This
disruption of coherence in laser radiation increases the relative intensity noise (RIN), and
causes aenhanced probability of bit error in datansmissiorj134]. Opticalisolators

are typically employed to prevent this optical feedback and improve the stability of laser
diodes; however, the utilisation of the isolators aggravates the cost and process
complexity. The ability to operate laser devices without isolatorsasgir desirable for
costeffective optical systems. In general, a theoretical expression for predicting the
critical feedback level'Q ) for the disruption of coherence in the laser cavity is derived
by [135][136]:

Q Equation 125
SIS

wheret is the roundtrip delay within the laser cavity,is the damping factor offset and
DS —= From the equation, a highkrfactor and smalledfactor value will lead to

an increased feedback tolerance. Thus, QD lasers have shown superior pegarmanc
optical feedback tolerance in theory and also in experinjed&i [138]. Fa example, it

was reported that the InAs/GaAs QD lasers exhibited a fairly high coherence collapse
threshold ofi8 d B, ascribed to the | ow value of
(higher K factor) by the QD gain media. This value is higher than "the of
approximatelyi 30 dB of the QW laser reportdd39]. Figure 121 shows a direct

comparison of the calculated coherence collapse threshold of the QD laser and QW laser
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with differentK factors as a function of the LEF. It reveals a 10 dB increa%e ofor
the QD laser by the larg&rfactors with the LEF kept the sarfis6].
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Figure 121 Coherence collapse threshold against the LEF of the QD laser and QW laser
with different K factor$136].

1.3.7 High defect tolerance

As described in section 1.2.3, one of tireatbenefits of QDs is that they have been
proven to béess sensitive to defects than conventional bulk materials and QW structures,
due to carrier localisation and hence reduced interaction wittefeetd140]. As shown

in Figure 122 (a), for conventional QW lasers, any TDs propagating through the QWs
will become a nowadative recombination centre. It leads to an increased threshold
currentor e v e n dekce. linlcamast, for @Bs structures, on€D can only kill

one ora very limitednumber of dotswhile still leaving the rest of dots intact and capable

of providing sufficient optical gain to achieve lasidoreover t is well-known that the

QD structures are able to bend the TDs and hence reduce the density{b40]D442].

As shown inFigure 122 (b), the dislocation énding can occur beneath the QDs when
strain energy is released through the generation of the misfit dislocation under the
assumption that the shape of ssdembled QDs is a pyramid and a TD propagates
towards the bottom of a QD. Consequently, the bendihdislocations generated a
segment of misfit dislocations gliding below the isl§hd0]. This concept was observed

by transmission electron microscopy (TEM) measurements, as shéwgune 122 (c).
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The TD was slightly bent around the QD array due to the strong strain field of the QDs
(left side ofFigure 122 (c)), and even one of these QDs is able to help the TD bending
toward the sample edge, rather than propagating perpendicularly to the surface (right side
of Figure 122 (c)) [143]. Therefore, even in the presence of hagimsity dislocations,

QD lasers are able to provide superior reliability compared to QW or bulk devices
[144][54].

Threading dislocations

(a)

Bend the propagation Prevent in-plane (@EEut SN
of TD ™

(b) GaAs (C) &)

ap  hxy) ‘/ = 3 LEN
W’,

/7N T z (001)

L 4 Misfit dislocation
GaAs #\0- dislocation ,,J iy

Figure 122(a) Schematic illustration of the interaction of a TD with a QW and QD laser
[143]. (b) Crosssection schematic diagram of the mechanism of dislocation bending by
a QD[140]. (c) TEM images of the TD in the QD regid43].

To further confirm this hypothesis, Lat al. from UCSB[145] made airectcomparison

of QD lasers with QW lasers, all grown on Si substrates with similar dislocation densities.
To makea solidcomparison and separate this effect away from other factors that may
influence the laser performance, the growth, processing and measurement techniques
employed in their study were kept identicBigure 123 (a) and (b) compare the PL
spectra of identical QD (QW) structures grown on Si and native GaAs substrates
respectively at RT. While the integrated PL intensity of In&Ds grown on Si only
dropped roughly by 20%, thategratedPL intensity of InGasAs QW was degraded

by more than a factor of 10 whemoving the substrates from native GaAs to[B15].

Two nominally identical laser structures (except for the active regwen¢ grownas
shown in the inset dfigure 123 (a) and (B and then fabricatkinto ridgewaveguide
lasers using the same processing proceddespite the similar curremoltage (V)
characteristics obtained from those two different kinds of |d4df, the behaviourof

RT contnuouswave (CW) lightcurrent (L-I) characteristics between-Based QD and

QW lasers was totally different. This is consistent with PL observations, with reasonable
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CW lasing achieved only from -Based QD lasers, while none of the QW sampias
able toachieve RT CW lasing.

Moreover, a theoretical explanation of the enormous performance disparity between Si
based QW and QD structures by the impact of the dislocations has been reported in Liu
et al from UCL [146]. Using a rate equation travellkwgave model, the calculatedIL
curves of QD lasers and QW lasers grown on Si with different dislocation densities are
presented irFigure 124. The theoretical calculation has a good qualitative agreement
with the experimental results and indicates a much higher defect tolerance of QD lasers

compared with QW lasers.
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Figure 123Comparison of PL measurement from (a) single InAs QD layer and (b) single
InGaAs QW grown on GaAs and Si substrates. The insets of (a) and (b) are the TEM
images of QD laser and QW laser grown on Si. SHeyget L-I curves ér (c) QD laser

and (d) QW laser grown on Hi45].
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Figure 124 Calculated LI curves for (a) QD laser and (b) QW laser asunction of
dislocation density. (c) and (d) show the threshold current density drsiblpe against
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Thanks to the higlguality 1117V buffer grown on Si by the various strategies and the QD
structure as the active region, significant pioneering works on the monolithic integration
of IlITV QD lasers on Si have been reported by different research gronpsecent

achievements are summarised in Table 1.2.
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Table 12 Representative milestone ofiM/IV QD edgeemitting lasers by monolithic

integration.
Year S Substrates Equipment Operation i T oo Ref.
(nm) condition (A/cmrz) ()
2005 1100 Si (001) misoriered 4 MBE RT (Pulsed) ~ 1500 95 [58]
towards [111]
2011 1302 Si (001) misoriented 4 MBE RT (Pulsed) 725 42 [59]
towards [110]
2012 1280 Ge/Si (001) misoriented 6 MBE RT (Pulsed / 64.3/ 84/30 [147]
towards [111] CW) 163
2014 ~1250  Ge/Si (001) misoriented 6 MBE RT (CW) ~426 119 [148]
towards [111]
2016 1315 Si (001) misoriented 4 MBE RT (Pulsed / ~50/ 120/ [60]
towards [110] CW) 62.5 75
2017 1280 GaP/Si (001) VPE+MOVPE+MBE RT (CW) 860 90 [64]
2017 1250 V-groove Si (001) MOCVD+MBE RT (CW) 333 80 [66]
2017 1292 Si (001) MOCVD+MBE RT (Pulsed / 240/ 425 102/ [71]
CW) 36
2018 1299 GaP/Si (001) VPE+MOVPE+MBE RT (CW) 229.8 80 [65]
2018 1250 Si (001) MBE RT (Pulsed) 320 70 [72]
2019 1225 Si (001) MBE RT (CW) 370 101 [149]
2019 1284 V-groove Si (001) MOCVD+MBE RT (CW) 286 80 [150]

RT, CW,J, andT__ represent room temperature, continuawve, threshold current density and maximum lasing tempei
respectively.
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1.4 Perspective: integrated IlI-V QD photonic transmitter on
Si platform

Over the past decade, tl& photonics community has made trerdels progreson
individual building blocks ofSi photonicsand manySi photonics components have been
realized, including modulatorf0]i [23], high-speed photodetector6]i [28], and
various waveguide structurg¢&8][19], as describedearier. However, the lack of a
reliable and efficient Shased laser has become the bottleneck of the vipleotonics
industry [29]. In a breakthrough development, our group at UCk steown that it is
possille to grow highperformance IHV QD semiconductor lasers directly ddi
substrates[60], opening up the possibility to create a né&w technology that
monolithically integrates individual photonic dewceGiven that, fdowing this
achievement on monolithic W QD lasers orfSi, our next goal i2o develop a fully
integratedSi photonic IIFV QD transmitter chip. As shown Figure 125, theproposed
Si-based optical transmittepnsists of QD distributed feedback (DFB) lasgerating
at Oband anQD electreabsorption (EA) modulator and SOI waveguide.

EA-modulator

Figure 125 Schematic diagram of monolithic integration of a DFB laser, EA modulator

and SOI waveguide on Si platform.

1 QD DFB laserTo achieve the single optical channel interconnects for the WDM,
the singlemodeDFB laser with careful cavity/grating design is origh® keys
for the transmitter. For the conventional DFB laser developnentepitaxial
growth sequences are nortgalnvolved in realising the feedback grating

paralleled to growth plane, either below or above the active r¢gy&dtj. This
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appoach undoubtedly aggravatethe fabrication complexity and cost.
Alternatively, a simplified techniquenamed lateral surface gratingas been
developed for the DFB laser, which avoids the complicated regretep
[152][153]. As shown inFigure 125, the DFB grating can be realised by etching
along the side of the laser stripea single posgrowth processing steRecently,
based on this lateral surface gratings teghaithe first QD DFB laser array
directly grown on Sihas been demonstrated witinglemode side mode
suppression ratgas high as 50 dBndawavelength coveringrange of 100 nm
at Oband[154]. Unfortunately the DFB laser has showseconddrdertransverse

mode lasingwhich isimpractical for data transmissiand still needs more effort

QD EA modulator: The singl&equency lasing emitted from the DFB laser is
then modulated by the EA modulator. In this design, the laser diode and EA
modulator section haviae same epitaxy layernsy MBE growth Thus the light

can be easily couplefly buttjointed coupihg at the same height without
requiring a regrowth scheme. The laser facet quality, dimension of the groove
between laser and modulator, are important factors that influence the optical mode
profile and coupling efficiencgnd should be cafdly investigated and optimized.
Anothercritical point is to shift the bandgap of EA modulator regions away from
that of the laser region to reduce the optical loss. However, the bandgap needs to
be in a specific region enabling a strong absorptianthe quantuntonfined

Stark effect (QCSE)134] when an appropriateansverse bias is appliedhe

details ofthebandgap shift will be discussed in Chapter 5.

SOl waveguide:In general,the planar Si waveguidehave shown lower
transmission loss than the-M waveguids for wavelength in the 1:3.6 nm

range detailedcomparisorcan be found in rgfl55]. Therecordedultra-low loss

of <0.03 dB/cm has been achieved by SOI wavigyeicently[156]. The demand

of low propagation loss and large volumanufacturingzia the CMOS foundry,

drive the use of SOl waveguides dense integrated optics and optical
interconnection. However, due to the thick buffer layer underneath the active
region, the evanescent coupling method from the hybrid integration becomes
impractical forthe heteroepitaxy growth. In this design, thedualated signal is

coupled into the SOstrip waveguide via the bujbinted coupling. Selectively
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dry etchingwill be implementedirst to delineate the regions where the waveguide
will be subsequently deposited. Thew-defect SiO/Si waveguide will be
deposited by plasmanhanced chemical vapour deposition (PECVD) and can be
etched to a tapered shape for better coupling efficighby]. The core Si
waveguide then can be covered by ,Si@ polymer. This SOl wavegde

development is Aroadtopic, andit will not be discussed in this thesis.

To our best knowledgeno practical I}V laser monolithically integrated with EA
modulator on SOI or Si has yet been repaoriea realisethis rather complicated device
onthe Si platformmulti-solutions and intensive efforts are required. Thus, the aim of this
thesis is to make contributions of the active components, towards the realisation of this

comprehensive loveost optical transmitters for Si photonics.

1.5 Objective andof outline thesis

In a nutshellthe objectives of the thesis are, firstly, the investigation of the noise floor
and performance of our -Biased lasers acting as-omip light emitters; secondly, the
etched laser facet and the groovedonulti-cavity device; thirdly, the bandgap shiftrf

the potential laser and EA modulator integration. Basedhese topics, the research

works performed in the present study will be presented in six chapters in this thesis.

In Chapter 1, a brief introduction to the integrated@\Mllasers on Si as echip light
sources for Si photonics is first presented. The challenges and strategies for monolithic
integration 11F'V on Si by different research groups have been reviewed. After that, the
novel material structure of the QD, its basic theory and its adyests the active region

of the laser device are introduced.

An introduction to the facilities and equipment used to establish the material
characteristics, for device fabrication and for laser device measurements is given in
Chapter 2. The optimisation$ the laser fabrication process are discussed in detail, in

order to improve the laser performance and meet the requirements of reliable light sources.

Chapter 3 presents the experimental results of the measurement of RIN a@h/25.6
data transmissiorfour Stbased QD narrowidge lasewith a fundamental mode lasing
The noise floor i s ai4d6 GHpnanga She high pedforrdaBoe H z
and low noise feature of the QD laser on Si prove that our laser could be used as a light

emittersource for Si photonics.
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Chapter 4 describes the pdabrication of QD lasers for different applications by the
focused ion beam (FIB) technique. The Hiade laser facet was firstly compared with
the ascleaved facet; it showed only slight degradatidnalv did not prevent the etched
laser facet from being employed in photonic integration. Further angled facet etching by
FIB is investigated to inhibit the optical feedback into the cavity, resulting in a device
with amplified spontaneous emission (ASEhSTkind of device has the potential to be
utilised as a broadband light source or semiconductor optical amplifier (SOA) for Si
photonics. Groove etching by FIB for potential applicationst#fgraton of laser and

EA on Si substratis also presented.

Chapter 5 demonstrates the selective area intermixing study of the QD laser on Si. By
using different dielectric materials as the capping layers, after the rapid thermal annealing
(RTA) process, the bandgap energy of the wafer can be engineered intentipnt!

28 meV. This result meets the requirement of the bandgap difference between the laser

and EA modulator.

Finally, in Chapter 6, the conclusion and future work towards to Hhas&d transmitter
are presented. The subsequent works, includingawpg QD modal gain for active
components, and travelling wave electrode design for-$pgied EA modulatoare

discussed respectively.
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Chapter 2
Experimental methods

In this chapter, the detailed experimental methods are introduced in order to provide a
coherent overview of all techniques utilised in this thesis. Firstly, three techniques for
material characteristics will be introduced, nangklgtoluminescenc@PL) spectroscopy,
atomic force microscopyAFM) and scanning electron microscopy (SEM). In section
two, the general fabrication procedures for two different laser structures, theaoeaad

laser and narrowidge laser will be demonstrateThe optimisations and comparative
studies for each fabrication step will be discussed afterwards. In section three, the testing
and characteristics of laser diodes in terms of principal static properties and RIN are

introduced in detail.

2.1 Material characteristics

2.1.1 Photoluminescence spectroscopy

PL is the process of light #mission after absorbing a photon with higher energy, and
can be used to determine the character and qualityidf @D materials.Figure 21
shows a schematic diagram of the PL prodes®ulk material The IIli V material has

absorbed a photon for an excitation source, where the incident photon €hergig
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bigger than the bandgap energy of this material. An eletstathus, excited from the
valence band to the conduction band with a high energy state, and a hole is left in the
valence band. However, the electron and hole are not able to remain in their original states
for a long time, and instegathey lose theireergy rapidly by emitting phonons. As shown
inFigure2l, t hese cascaded transitions of ele
to the GSs. Each step corresponds to a phonon emitting with a specific momentum to
observe the energy conservation law. This phonon scattering takes place in a very short
time (~10%% s), which is much faster than the radiative lifetime of nanosecond time
(~10° s). Thereforethe relaxation of the electron and hole to®&®s only happens after

the occurrence of the electidrole or other nomadiative recombination. Thadiative

recombination emits a photon whose emitting energy is equal to the material bidgap

Energy

hvp,

VB
Momentum

Figure 21 Interband transitions of the PL procddg.

According to the principle of PL, PL spectroscopy is classed as a powerful and non
destructive technique to learn the properties of materials. A simplified experimental
arrangement of PL spectroscopy is illustrateBigure 22. The sample is mounted on a
temperatureontrollable stage within a cryostat. Liquid helium is usethamntain a low
temperature of the cryostat, in a range from 10 K to 320 &orAmerciaddiodepumped
solid-state laser of 532 nm wavelength takes the role of excitation source to provide
continuous and constant lasing light. The incident light from the laser passes through a
chopper, which #Achops o tyhsachlas2dthHz, whichtish a
aimed to be a reference for a leickamplifier. After the chopper, the chopped light is
focused on the sample and leads to PL. A portion of the PL signals will be collected by a

lens and dispersed into a selected range of wag#is by the monochromator. Then, a
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narrow range of wavelength of light is measured by a sensitive InGaAs detector, which
is used for a neanfraredrange of 1.11.35um. Finally, the received signal from the
detector is transmitted back to the laokamplifier. The lockin amplifier is a technique
which can single out the signal at the specific reference frequency. The noiss aignal
other frequencies are filtered odtherefore, the noise bandwidth can be significantly
reduced. In this case, the neface signal is multiplied with the received signal with the
surrounding noiseA DC output signal proportional to the signal amplitudehien
obtained after passing a lepass filter. Hereby, the giile of the light intensity against

the light wavelendt is recorded and plotted by the computer.

Sample

Lock-in amplifier Chopper -
‘ Laser ———————————

1 Monochmmatort
InGaAs I:"“

Detector

Temperature
Control

Computer

Figure 22 Simplified schematic diagram of PL experimental setup.

This plotted PL spectrum can be used to investigate the optical properties of the materials.
From the PL spectrum, the bandgap energies for each transition state of the QDs can be
determined Figure 23 displays a typical PL spectrum of the InAs/GaAs QDs, which
shows the excitonic peak of GS at 1310 nm (946.4 meV) and the first excited state at 1230
nm (1008 meV)ln addition to themissionvavelength, th peak intensity of PL involves

the impurities or defects contained in the semiconductor materials. As we know, the
impurities or defects act as noadiative recombination centres, which degenerate the
quality of the materials and decrease PL interj&tyMoreover, in theletection of QD
structures, the full width at half maximum (FWHM) of the PL spectrum can also be used
for examining the homogeneity of the QD structure. A narrower FWHM means the size

of the QDs is more identical.
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Figure 23 PL spectrum of 1l QD on Si.

2.1.2 Atomic force microscopy

In addition to PL spectroscopy, AFM is an efficient and straightforward technique of
understanding QD topography. AFM uses a kind of scanning probe microscope with high
resolution.Figure 24 (a) shows a schematic diagram of an AFM, which contains a free
cantilever with a nanoscateze (20 nm radius is used) and sharp pyramid tip, as shown
in Figure 24 (b). When the tip is in proximity to the sample surface, the force between
the tip and sample leads a deflection of the cantil@leThe AFM scanning images are
acquired by measuring the vertical and lateral deflection of the cantilever; this
measurement is performed by reflecting a laser beam from the optical level to a sensitive
detecor (Figure 24 (a)).

Laser

\%/ Cantilever

Sample surface
| - —

Figure 24 (a) Schematic diagram of the AFM system. (b) A tip of AFM.

Detector
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There are two modes of imaging mode: contact mode andamact mode, also known

as static mode and dynamic mode. For the
surface and traces the shapehe sample by touching the sample. Because the attractive
force of the contact mode is quite strong and may easily damage either the tip or surface
of the sample, it is commonly used on a firm and solid surface. In our experiments, AFM

is normally appked for detecting the topography of QDs which are quite fragile, so the
non-contact mode is employed. In the roontact mode, the cantilever oscillates up and
down with a constant frequency, where the oscillation amplitude is only nanometres or
picometred4]. By adjusting the distance between the tip and surface, the frequency and
amplitude of oscillation can remain constant and combine with the feedback loop system,
so that topographic images of the sample surface can be construgted.25 shows a

2-D (a) and 3D (b) AFM image of an uncapped QD structure. From graph (a), we can
easily measure the dot size of the QDs as well as the QD density, and graph (b) presents
the height of the QDs.

Figure 25 (a) 2D and (b) 3D AFM image of InAs/GaAs QDs on Si substrate.

2.1.3 Scanning electron microscopy

In SEM, the microscope uses a focused electron beam to scan the surface of the sample
to produce images. Although AFM mpsovide more detailed information on the surface,

it is only suitable for film surfaceand it is difficult to observe whole device structures.

SEM is able to achieve the depth of field for stereo images as shduwgure 26, which
illustrates a part of a laser structure devicedptent) with a mirrotike ascleaved facet,

where we can readily measure the dimensions of the laser stripe. Aparh&Qr8EM

can also be used for distinguishing and measuring the thickness of each epitaxial layer
with different compositionsas shown inFigure 27. It is a crucial step before device

fabrication to minimise manufacturing errors, especially in the etching process.
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Figure 26 SEM image of the-pontact of a laser device with the-egaved facet.

Figure 27 SEM image of epitaxially grown layers of a laser structure sample before

fabrication.

A schematic diagram of the SEM skown inFigure 28, wherethe primary electrons

were created from the electron source and accelerated down by passing a combination of
condenser lens and apertures to the scanner in a raster pattern of tleessafape. The
sample is mounted on a rotating stage, which allows observation of the specimens from
different angles. There are various signals, including secondary electrons (SEs), back
scattered electrons (BSES) anerays, generated and emitted outnfreamples. The
emitted signals from the sample have different energy levels and thus have selective
energy detector§.he SEsare generated from the inelastic collisions between the primary
electrons and sample, and have lower energy than the BSEsags.)Since the SEs can

only be emitted near the surface, the mean escape depth (~ 1 nm from metal) is much
shorter than other signals. Normally it is assumed that the escape probability for SEs

produced decreases with the increased mean escapdSjeptherefore, the higher SEs
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yield leads to a better resolution with more detailed surface inforni&iigh. In general,

the SE vyield depends on the work function of the materials, which defines tlgy ene
level that the electron can overcome from the Fermi level to the vacuum level to escape
from the sample surface. The work function is determined by the material composition
and the atomic packing at the surfadderefore, the elemental compositionstioé

sample can be obtained from the SEM image.

Electron source

| Anode

Condenser lenses

Primary electron beam

W |X’ Scan coils

Secondary

Objective lenses
electron detector

Backscattered electrons detector

X-ray photons

[ = |Sample

Stage

Figure 28 Schematic diagram of the wamk principle of the SEM system.

Besides SEM, another microscope, known as the transmission electron microscope
(TEM), also uses electron beams to form an image with much higbelution onan

atomic scale. The main difference between TEM and SEM is that TEM is based on the
transmittedelectrons rather than the scattering electrons as in SEM. TEM can provide
more details from inside the materials, such as crystallisation, lattice stress and
dislocations. Although we use TEM to learn the QD morphology, dislocations and surface
boundariesof epitaxial wafers, these works are usually done by our cooperating
organisations or universities due to the complicated samp@paration and TEM

machine operation.
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2.2 Device fabrication

2.2.1 General laser fabrication process

After obtaining the material chasi@ristics, the grown wafers are ready for device
fabrication.Figure 29 displays the full laser fabrication flow chafthe wafer cleaning
process is the first step, and is critical for the semiconddatwication work since
contaminants on the wafer surface can lead to device failure and low yield. In our works,
the sample cleaning is done by dipping the wafer intaaeednd isopropyl alcohol (IPA)

and performing ultrasonic vibration cleaning for 5 minutes, respectively. The use of
acetone combined with the ultrasonic cleaning can effectively remove the organic and
ionic particles on the sample surface. The purpodbeofPA washing after the use of
acetone is to remove any acetone traces from the sample surface. Finally, the wafer is
blown dry by a nitrogen gun. The sample surface is then inspected under a microscope to
ensure there are less than four particles péd 6f view at 50 x magnification; if not, the
sample cleaning step is repeated until there are no obvious stains.

Photolithography Ridge etching (wet

and pattern etching or dry
development etching)

Sample cleaning Photoresist or hard
(Acetone and IPA) mask deposition

Metallization
(thermal Planarization
evaporator or (optional)
sputter)

Passivation
deposition
(optional)

Substrate lapping

(or etching to N-
contact)

Back end process
(mounting and
bonding)

Back metallization
(N-metal
deposition)

Facets cleaving or
polishing

Figure 29 Flow chart of the laser fabrication process.

After the wafer preparation, the sample is placed lootplate with a temperature of 120

140 C for several minutes for dehydration. Then, the photoresist can be deposited on the
clean and dry sample surface. There are several different methods for the photoresist
coating; the sphtoating method is one ofi¢ simplest and fastest, and this method is
widely used in research labs. The photoresist thickness can be varied in a range by the
spinning speed. After seftaking the deposited photoresist, the sample is ready for

photolithography by the patterning pess. The sample is then etched by wet/dry etching
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techniques to define a mesa as a laser cavity ridge. The passivation and planarisation steps
are optional, depending on the device structure. After thigpe and rype electrodes

are deposited by therinavaporator osputter.The substrate of the laser deviséapped

to 120 um for better heat dissipati@md precise cleaving. Hendbe sample is cleaved

into several laser bars with desired cavity lengths. In order to achieve better temperature
charateristics, the laser bars are mounted on heatsinks (copper phaiesljum solder
pasteand the pcontact and tontact are bonded with bond pads by gold varenhance

the heat dissipation of the laser diodes. The fabrication progress of the laseigithus

complete.
I Active region 90, passivation
Hectrode Planarization polyimide
B Al 4GayeAs cladding layer [l Highly doped GaAs contact layer
25-50%m 2-5¥%m
D P-type
Ptype P

e L
R N-type
- FEEEE *
1II-V buffer

Broad-area laser Narrow-ridge laser

Figure 210 Crosssection diagrams of two botteap TV FP laser structures: broad

area laser and gakguided narrowridge laser.

Figure 210 shaws two differentSi-based 1IT V Fabry-Perot (FP) lasers with botteop
structure: a broadrea laser and a narrevdge wavegude laser.Both lasers have the
same epitaxy layers, grown by MBEfter the weltdeveloped IHV buffer grown on Si
substrate discussed insectim 1.2), a highly doped -@aAs contact layer with

13 10*®cmi®is deposited. The QD active region is sandwiched-typa Al sGa sAs and
p-type Ab 4Gao 6As cladding layewith ~10'"cm3, Finally, the highly doped-fype GaAs

with 13 10 cm® doping level finish the laser efdyers. Thebroadarea laser has a
broader laser ridge which is normally greater thann®b and the top electrode is
deposited on the ridge directly without passivation and planarisation. The fabrication
process of the broadrea laser is relatively simpler than the narrow laser structures, and

it requires four steps of photolithograpfyhe fourstep process flow is including:
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1. P-type etching: The broad laser ridge is defined by wet etching. The etclpitng de
is 200 nm above the active region for the effective carrier confinement as well as
leaving active region undisturbed.

2. P-type metallisation: The patterns for metallisation have been transferred on the
photoresistThe ptype electrode is deposited oretptype GaAs contact layer
by sputterandfollowed byallift -off process.

3. N-type etching: The device is then etched to thHgpe contact layer by wet
etching.

4. N-type metallisation: The -type electrode is deposited by thermddsam

evaporator and anneal byarapid thermal process for better ohmic contact.

The details and recipes of each fabrication flow are discussed in the following sections.
Due to the wider laser cavity width (_ , the broaearea FP laser contains a lot of
longitudinal andransverse lasing modes, which is unpractical for light emitter sources in
data communication systems. Thus, the namidge laser with single transverse mode

lasing has also been investigated in this thesis.

The crosssection of the gakguided ridge lasr structures is shown kigure 210. The
narrowridge mesa is defined by the shallow etahd the remaining active region is
undisturbed so that thetching profile only partly penetrates into the top cladding layer.
In thisthesis the mesa ridge is' 8 mm in width and has been etched 200 nm above the
active region. The 4ype mesa is isolated by the dielectric material of.S® the
passivation laye The planarisation polyimide is then deposited around the ridge after the
openwindowed passivation layer. The thickness of the polyimide should be larger than
1 mm to minimise the parasitic capacitance. After that, tHiypp metal is deposited by

the guttering or ebeam evaporation. For thetype region, the same fabrication process

as used for the broaatea laser device is implemented.
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2.2.2 Photolithography and electron beam lithography

Photolithography process

(1) Apply photoresist

l (2) Expose to UV-light
above photo-mask

I (3) Apply developer

Positive photoresist Negative photoresist

Figure 211 A standard photolithography process of positive and negative photoresist by

photomask.

Photolithography is the first and most essential step in the device fabrication since the
quality ofthe photolithograph has a strong impact on the fieaformance bthe laser
devices. The wafer sample with the deposited photoresist is selectively exposed to UV
light via a photemask, leaving théateralimage that can be selectively dissolved to
transfer the pattern onto the underlying surface. In general, therevarkinds of
photoresists: positive and negative photoresists, which display totally different chemical
properties when exposed to UV light. As showirigure 211, the area exposed to UV

light becomesnore soluble in the develop@ar a positive photoresist. In contrast, the
negative photoresist becomes crbisked/polymerised when it is exposed to the light.
The unexposed area of the negative phststevill be removed in the develop&oth
positive and negative photoresists work well in the semiconductor fabrication process,
and the choice depends on the relevant applicatiogeneral, the positive resist has the
advantages dalarger depth ofocus[8] and higlerresolution[9] than the negative resist.
Because of théargerdepth of focus, théhickness of positive resist can be thicker than
the negative resist, thus, resultinga higher aspect ratio afelwer pinholes of positive

resist Nevertheless, the negative photoresisdws thestrengthsof stronger adhesion,
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excellentetching resistace and less cost compared with positive regdiéf. More
importantly, the choie of photoresist is alsdependedon the geometries of printed
patterns [11]. The comparison between the positive and negative photoresist is
summarised in Table 2.Ih this thesis, most of the process ste@spgasitive photoresists,

with the exception of the negative resist hydrogen silsesquioxane (HSQ) used in electron

beam lithography (EBL), which will be discussed later.

Table 21 Comparison of positive and negative photoresist

Parameters Positive photoresist Negative photoresist
Resolution Higher
Depth of focus Larger
Thickness Thicker
Pinholes Less
Contrast Better
Adhesion Better
Etching resistance Better
Exposure speed Faster
Cost Lower

Photoresist exposure parameters are often described in terms of specific emission lines
from a mercury lamp. The most common lines are referenced tolthe & 436 nm, H

line at 405 nm andline at 365 nm. Because the absorption coefficient of theopdsist

is significantly varied at different exposure wavelengths, different exposure doses may
be required depending on the wavelength being empl@y#d The smallest linewidth
resolution is decided by both the resolving capability of the photoresist and the UV
exposed line. Although pattern features with -subrometre linewdth can be
theoretically obtained by the standard research mask aligner (Suss MA3/MB6), the
achievable resolution is also dependent on the wafer size, wafer flatness, cleanroom
conditions, etc.; therefore, it varies significantly for different procedss§sAmong the

varied impact factors of the phottldgraphyquality, the edgéead effect is one of the
reasons causing the inferior pattern feature and is frequently ignored. As illustrated in
Figure 212 (a), the photoresist may build up at the wafer edges during thecgating

and softbaking process, which is an aggravating issue for small wafer samples or

photoresists with high viscosity. This edge bead will leaaldap of several micrometres
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between the photanask and sample surface and make proper exposure during contact
lithography difficult. One can prexpose the beadag area and remove it before
proceeding with the patterning lithography saewn inFigure 212 (b).

B Photo-mask

Photoresist

I N I N
(a) With edge bead (b) Edge bead removed

s @ = B @ =

TR

00000000 00080
s o

m

5

000000000 ) 0o0oga0000000 =

(c) Designed pattern (d) With edge bead (e) Edge bead remove

Figure 212 Crosssection of wafer sample (a) with edge bead and (b) without edge bead
in contact modg@hotolithography (c) Photolithographyfeatures othedesigned pattern.
Microscope images dhe print pattern (d) with edge bead and (e) without edge bead

after ceveloping.

Figure 212 (ci e) compare the designed phaotask pattern and photolithography results
with and without edge bead under the same exposureaddsgeveloping time. It can be
seen that the minimum linewidth under the edge bead conditionps-@hile ~1um
linewidth is achievable after removing the edge bead. Although the 1 pm linewidth
pattern can be achieved by thieotolithography technique, corrugated features can still
be found on the sidewall of the photoresast shown irFigure 213. It can be explained

by the uneven sample surface by the small wafers. For nardge laser etching, these
unsmooth features are transferred from the hard mask to itNeritige mesawhich is
undesirable and will cause severe light scattering/loss in such a narrow laser cavity
( 5um). Thus, it is recommended to employ EBL if the sample size is smafievmie

edge bead problehmes happened in the research lab.
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SEM HV: 2.0kV WD: 4.86 mm MAIA3 TESCAN|
View field: 18.7 pm Det: SE 5 um
SEM MAG: 11.1 kx _ Date(m/dly): 05/3019 CUHK(SZ)

Figure 213 SEM image of the sidewall of a positive photoresist (S1813).

Compared with standard photolithography, the reason for the nanoscale features
achievable by EBL is the utilisation of a focused electron beam with much shorter
wavelength instead of the lighA typical EBL system is similar to an SEM system,
whereas EBL only scans onto the sample region according to the designed pattern. Thus,
the selective sample surface that is coated by the elesgrmitive resistan be dissolved

or crosslinked in the @veloper. There are many processing parameters and conditions of
the EBL that will affect the lithography quality, which requires kiagn optimisation

and working experience. Thus, in the current works, the EBL operation is cautibg

an experiencedngineer, and only the effect of the different exposure doses on HSQ is
discussed. The exposure dose is defined as the total amount of electroagehbaien

deposited per unit aregC/cm?.

LELLLLLEN MCLERRRLLY

[HA | | | H

Figure 214 Microscope images afeveloped HSQ resist with exposure base dose of (a)
300, (b) 400, (c) 500, (d) 600 and (e) FA0/cnt.
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A negative electron resist HQS with 6% concentration is used in the EBL study. The
maximum thickness is ~190 nm under 1000 rpm spin speed. After 4 miimkofg on

a hotplate at 80 , the sample should be exposed to EBL as quickly as possible. Many
works have found that the time delay between-baking and exposure will affect the
quality of the HSQ pattern featuridg}][15]. The EBL equipment used is Raith 15O

[16] with a beam energy of 30 kV and beam current of 1 Rigure 214 demongrates

the HSQ patterns after development for 2 mins in MF319 with all other processing
conditions the same except for the exposure dose. It can be seen that the exposure dose
not only depends on the thickness of the resist but also on the size of ¢ne. patien

the exposure dose 30 C/cm?, the insufficient energy leads to very thin and damaged
patterns. As the exposure dose increasd8@q.C/cn¥, clean andlistinguishedeatures

can be observed for the larger patterrs0(pm ), but it is still underexposed for small
patterns, especialfpr the 3 um ridge waveguide. A good pattern result is achieved when
the base dose B00 C/cm?; however, the large patterns are eegposediueto the
proximity effects by the scattered electrdbse to this situation, different exposure doses
should be applied for different pattern features by separating them into different pattern
layers in the EBL systenkigure 215 shows the SEM images of theu® laser ridge
patterned by HSQ with @00 C/cn? base dose. A smoother and more uniform sidewall
has been achieved compared with tr@stepattern produced by the photolithograph in
Figure 213.

SEM HV: 10.0 kV. WD: 5.95 mm
View field: 13.0 ym Det: SE
SEM MAG: 15.9 kx  Date(m/dly): 052019

SEM HV: 10.0 kV WD: 5.20 mm

(a) View fiold: 4.83 ym Det: SE 1pm
SEM MAG: 43.0 kx Date(m/dly): 05/20/19

Figure 215 SEM images of the small features of HSQ resist by EBLG®®Bh.C/cn?

base dose.

After the photoresist development for both conventional photolithography and EBL, a

final cleanup of residual organics from the developed sample surface is necessary to

88



avoid the unwanted particles acting as minrask for the following fabrication processes.

It can be done by a vetgw-energy oxygen plasma etching.

2.2.3 Wet and dry etching

After photolithography, the laser mesa is defined by the wet or dry etching process. In
this section, the mechanisms and investigation of wet and dry etching techniques of
1TV materials are discussed. Both of the etching processes have advantages and
disadvantages; the key issues to be considered in selecting a particular etchirgy proces
for any application are the etching rate, selectivity, feature profile, uniformity, surface
damage and reproducibility. Compared with dry etching which requires expensive
facilities, wet etching is much simpler to implement. Moreover, the most favourable
characteristics of wet etching are the extremely high selectivity of yhas and 1l V

material, and its ability to cause virtually no surface electronic dafiage

Wet etching (using liquidbased etchants) removes materials by immersing the wafer into

a chemical solution that reacts with the selective wafer aref@ans soluble byproducts.

Most wet etchants consist of an oxidising agent, an agent for dissolving the oxides and a
dilute solvent, such as water. The underlying chemical mechanism of general GaAs wet
etching is the oxidation of the surface to form Ga Asdxides by the oxidising agent

(e.g. HO2and HNQ); the oxides are then dissolved in acids or bases (eSfHHCI,

HF and HPQy) [17]. The wet etching process for GaAs and related compounds has been
developed over a long period and is already a mature and stable technique. A lot of
standard wet etchg recipes have been developed for different etching rate requirements.
In our lab, the etchant mixture o£8I0s: H202: H20 (1: 10: 80) is utilised with an etching

rate of ~900 nm/min. Based on this wet etching recipe, a flat step and smooth etched
surfacecan be obtained. For the breacka laser fabrication in this thesis, the wet etching
process is employed for bothtype and rype etching. Also, because of the very high
selectivity between the IV materials and photoresist mask in the wet etchioggss,

the hard mask process can be omitted to simplify the fabrication flow.

However,an isotropic etching profildhasoccurredwhen the GaAs is etched by the wet
etching, as illustrated ifrigure 216 (a). The etching profile of GaAs depends on
crystallographic orientation, the28Qs: H202: H20 etchants influenced byGa {111}
slow-etch planes, which reduce the etching rate in the direction normal to these planes
and cause underc{i8][19]. Figure 216 (c) and (d) show thénAs/GaAs QDdevice
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profiles in broaearea and narrowidge laser fabrication by wet etchingy, which the
whole narrow ridge is lifted off by the severe undercut in (d). Fortunately, the anisotropic
etching profilesof GaAs can be achieved byy etching, where the etching rate in the
vertical direction is much faster than that in the lateral doecas shown ifrigure 216

(b) and (e).

(b)

Isotropic Anisotropic

(d)
Broad ridge by wet etching Narrow ridge by wet etching Narrow ridge by dry etching

Figure 216 (a) Isotropic and (b) anisotropic profiles. SEM images of etch profiles: (c)

broad ridge by wet etching, (d) narrow ridge by wet etching andgepw ridge by dry

etching.

Dry etching utilises an acceleratedplasma instead of liquid etchants to remoke t
materials. Thus, it is more precise, controllable and highly anisotropic compared to wet
etching. The mechanism of wet and dry etching is showrigare 217. Unlike the wet
etching with the chemical reaction only, chemical and physical readtareoccurred
simultaneously in the dry etching process. Due to the applied electric field, the inducted
ions are travelling highly directionally, which etalthe fine patterns with anisotropic
profiles.

° Subsrae stom

® Activated atom
@, Reaction product

° Liquid
etchant

Active region

Wet etching Dry etching

Figure 217 Working mechanism of wet and dry etching.
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There are two kinds of higlacuum equipment used in the dry etching process: the
reactive ion etcher (RIE) and inductively coupled plasma (ICP), as demonstritgaren

2.18. For RIE, the ionised gas (plasma), consisting of electrons, positive ions and radicals,
is generated and accelerated by two plaaellel electrodes with an applied RF power

of 13.56 MHz frequency. Since the electrons are mordlenobmpared to positive ions

due to their small mass, they are able to follow the varied electrical field and collide more
frequently with the chamber and electrodes. Because a blocking capacitor is connected
with the lower electrode, it is gradually béalsto a negative potential. This sblased

DC electric field is referretb asVqdc, which depends on the RF power. In the RIE chamber,
there is a region called the fAion sheath
electrons near the lowetectrode, as shown Figure 218 (a). Thus, the positive ions in

the ion sheath can be accelerated by the negative DC bias and strike the targdtimateri

a straight direction, producing an anisotropic profile. In our works, RIE is generally used
to etch hard mask and dielectric material, such as &@ SiN. The etching gases are
normally fluorinebased gases, such @$1Fs, Sk and Ch. They areionised into
electrons and Hons and reacted as

12+SdNaf 3 Si+R2 N
4 FSi20 SiaFO

In addition, the inert gaseBl> and Ar, assist with the reactive gases to increase the
physical bombardment, resulting in a smoother surface due to the increased sputtering
contribution.

e
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Figure 218 Simplified schematic diagram tie working principle of (a) RIE and (b)
ICP.
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For ICP, the high density of plasma is generated by the electromagnetic induction coil at
13.56 MHz RF power andccelerated by a plane bidSdgure 218 (b)). In other words,

the plasma density and bombardment energy of ICP are controlled independently, which
provide a greater tunability compared with RIE. There is also anrteng@oncept called

the mean free patl®Y of the ions in examining the strengths and weaknesses of ICP and
RIE. The mean free path describes the average distance that an ion can travel without a
collision. A higher chamber pressure will cause a shoresamiree path because more
collisions will happen when more molecules exist. Moreover, the thickness of the ion
sheath is an important factor for evaluating the scattering of ions. Due to the fact that a
higher density of plasma can be generated by IG®jah sheath thickness of ICP is
smaller than RIE17]. As illustrated inFigure 219, when the mean free path is larger
than the ion sheath thickness, ions go through almost no scattering upon their arrival at
the sample surface. These highly directional ions mean that 1@#®ris suitable for
anisotropic etchinffLl2][17]. The reactive gases for GaAs and relative compound etching
are normally chlorindbased gases, such a,GiCk and BC, which can react with

GaAs rapidly and produce GaGind AsCl by-products. The inert gasék and Arcan

assistin increasinghe sputtering

a b

////// ///

dis=5 mm

I

Tus=020mm °\o OP o ‘{o

Pressure : 1.33Pa Pressure : 5Pa
A=5mm A=1.33 mm
dis/A=0.056 dis/1=3.8
High density plasma etcher,
such as ICP and ECR Batch type RIE

Figure 2191on scattering in ICP and RIE with different ion shetH].

Although the GaAs dry etching technique by ICP has been widely studied for a long
period[12][17], different ICP eqgipment and different pattern features have often led to
totally disparate etching results, even with an identical etching recipe. Therefore, the
choice of process parameters for the particular etch process requires many additional
experiments to figure owtn optimal recipe. There are several basic process parameters
of ICP that will affect the etching performance:
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1 ICP power: this denotes the RF power of the electromagnetic induction coil; the
larger the ICP power, the higher the plasma density generdtedndreased ion
density means the etch rates are considerably higher due to the stronger chemical
reaction, and it also helps to achieve a higher selectivity for deep etching.
Although the higher plasma density can decrease the ion sheath thicdsess
mentioned above, redundant ions will also cause ion scattering, thus resulting in
a poor anisotropic profile.

1 RF plane bias power: this denotee plane bias of the up and down electrodes
for the ion accelerations in the vertical direction. By increasiegoths power,
the accelerated ions obtain larger bombardment energy to increase the anisotropic
etching effects. However, a too large bias power will damage the sample surface
and consume the hard mask excessively (mask selectivity is reduced).

1 Chamber tmperature: a higher chamber temperature means more collisions
between ions, thus leading to isotropic etching. Nevertheless, a proper
temperature could helphe volatilisation of the byproducts to reduce +e
deposition.

1 Chamber pressure: this is the indaraof the particle density of the reaction
chamber. As described above, a high chamber pressure will reduce the mean free
path of ions, giving rise to isotropic etching, but also increase the etching rate.

Although the etching depth is only required to-e7 um (above the InAs/GaAs QD
region) for this thesis, an optimised recipe is developed for bothgg#ied and index
guided (deep etching totgpe region) lasers for our future work. Therefore, the etching
effects of the recipes for the active regvaili also beconsidered. In the following works,
the etching recipe is optimised in considering of cleanoiesample surface, damage and

smoothness of etched surface afféct of etching time
1 Cleanness of sample surface

In this work, the etch gashosen is a mixture of €IBCls and N. In this gas mixture, ¢l

is the primary etching gaand BC§ is normally used to remove the native oxide and
reduce residue formatid@0]. The pupose of N is to balance the chemical and physical
reactions[21], and also reduce the roughness of the etched surface by increeesing
physical bombardments, thisguttering contbution [22].
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Table 22 InAs/GaAs QD etching recipes with different gas flow rates.

Selecti

vity Rate
(mT)  (sccm) (sccm) (sccm) pgl\v;/)er POWEr  (GaAs/  (um/min) Comment

Chamber Bias ICP
No. temperatu Pressure  Cl BCls N2

re) ) siox
Very
1.1 50 3 16 8 10 90 350 19.2 1.55 strong re
deposition
1.2 50 3 6 12 10 90 350 14.8 1.51 gt“’”g re
eposition
Medium
1.3 50 3 10 20 5 90 350 14 1.73 re-
deposition
Clean
1.4 50 3 12 28 3 90 350 8 1.6 sutface

©

Figure 220 Microscope images dhe etched sample with different flow gas ratios for
sample (a) No. 1.1, (b) No. 1.2, (c) No. 1.3 and (d) No. 1.4. SEM images of the etched
samples of (e) No. 1.2, (f) No. 1.3 and (g) No. 1.4.

Table 22 demonstrates the GaAs etching recipes with different flow rate ratios of the etch
gases, and the microscope and SEM images of etched samples by each recipe are shown
in Figure 220. When the ratio of GIBCls is 2, and the ratio of &BCls/N2 is 12/5, a

very dirty surface was obtained due to the very strordpposition as shown irFigure

2.20(a). Because the highest chamber temperafuheatilised ICP equipment can only
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be set to 50 , the redeposition issue can only be solved by changing other parameters.
As the CHBCls ratio decreases to 0.5, the cleanness of the etched sample is slightly
improved, but the contamination is stil\v@re on the surfac&igure 220 (b) and (e)).
Figure 220 (c) and (f) show the etched surface of sample 1.3; th8Clk ratio is kept

at 0.5, but the ratio of BClz/N2is increased to 6/1, and thedeposition phenomenon

is controlled effectively. For sample 1.4, the clean surfasieown inFigure 220(d) and

(g) was achieved by the 3/7ABCIs ratio and the reduction ofgas flow to 3 sccm.

This demonstrates that a higher ratio of chamieaction, which produces more

volatilisable byproducts, will improve the sample cleanness significantly.
1 Damage and smoothness dtiie etched surface

However, due to the larger gas flow in sample 1.4, the mask selectivity becomes smaller
compared with other recipes. Moreover, the sidewall of the etched surface is not desirable
due to the reduced assistance of thg& Table 23 showsthe etching recipes based on

the gas flow rate of sample 1.4 with different ICP and bias powers. The SEM images of
the etched surfaces for each recipe are demonstraféglire 221. Samples 2.1, 2.2 and

2.3 compare the effect of the bias power on the sidewall of the etched samples. As we can
see fronFigure 221 (a), the high bias power of 150 W causes a severely damaged surface
and corrugated features on the sidewall. This recipe has a very fast etch rate, ang the SiO
hard mask is depleted after 3 minutes of etching. When the bias power is reduged to 9
W in sample 2.2, the smoothness of the etched surface is improved, but a poor surface
morphology remains on the top region of the ridge, as shoviigure 221 (b). An
interesting phenomenon occurred when the bias power was decreased to 60 W, the rough
surface in the InAs/GaAs QBegion hasappeared, ashown inFigure 221 (c). This
phenomenon can be explained by the weaker control of ions in the vertical direction, and
the strong chemical reactions occurring in thei¢ch region. We tried different gas flow

rates, but the rough morphology was always found in the active region with 60 W bias
power. In sample 2.4, the bias power is set back to 90 W while the ICP power is reduced
to 300 W; a smooth morphology in the QD region is obtaifégute 221 (d)), but a
damaged surface still appeared in the top region. Comparing samples 2.2 and 2.4, the
lower ICP power causes a reduced plasma density, resulting in adid¢iwall and a
reduced degree of damadregure 221 (e) dispays the etched sample 2.5, where there is

almost no damage in the top region, but theghomorphology in the active region is
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observed again when the bias power is 75 W. The corrosion in the QD region becomes
weaker as the ICP power decreases from 350 W to 300 W. From this study, we see there
is a tradeoff between bias and ICP power in orderachieve a smooth and undamaged
etched surface.

Table 23 InAs/GaAs QD etching recipe for bias and ICP power optimisation.

Chamber Bias ICP  gelectivity

No. temperature Pressure  Cl, BCls N2 power power Rate

(3) (mT)  (sccm) (sccm) (sccm) ) ) (GaAs/SIQZ  (um/min)
21 50 3 12 28 5 150 350 N/A >1.8
2.2 50 3 12 28 3 90 350 8 1.6
2.3 50 3 12 28 3 60 350 17 1.5
2.4 50 3 12 28 3 90 300 16.3 1.484
25 50 3 12 28 3 75 300 13.1 1.35

ARG

Figure 221 SEM images of the etched sidewall with different bias and ICP powers
according to Table 2.
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9 Effect of etching time

Besides the ICP power and bias povitenas been found that the dry etching time is also

an important parameter which will cause the sidewall damage on the top region of the
mesa ridgeWhen the hard mask experiences a lange etch, the top corner is easily
exhausted by the physical bombaraes displayed ifrigure 222 (a). Therefore, the

round mask corner cannot protect the underlying GaAs layer very well, resulting in
sidewall damagefdhe mesa ridgerigure 222 (b) and (c) compare the etch results by
using an identical recipe but with different etching times, and the&if@ masks 300

nm in thickness. A smooth etched surface without obvious surface damage is achieved
with 1 min 18 s etching time, which gives an etching depth of prh.6As the etch time
increases to 3 mins foriBn deep etching, although the ~100 nm hard malgitien top,

the sidewall of the ridge is damaged by the round top corner. This issue can be solved by
increasing the thickness of the Si@ard mask or using SiNmaterial with higher
hardness.

Figure 222 (a) Schematic diagrams of the cornered mask edge when the mask thickness
becomes smaJk3]. SEM images of the etched sidewall with (b) shallow etch qirth.6
depth and (c) deep etch withug depth.
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After the dry etching process, chemical cleaning should be implemented to smooth the
etched surface further, even for clean etatie€es. The common chemical solvent used

is amixture of citric acid: HO: at 20:1.Figure 223 shows the SEM images of an etched
sample withstrong contamination before and after the chemical cleaning. As we can see,
the redeposition byproducts can be removed partially, but more importantly, the

sidewall of the etched mesa becomes smoother after this chemical treatment.

(a)

Figure 223 SEM images of etched sample (a) before and (b) after chemical cleaning by

citric.

As aresult, the optimal etching recipe is shownTiable 24, which achieved a good
anisotropic profile Figure 224 (a)), a smooth and undamaged sidewFiljre 224 (b))
and a very clean etched surfafter the chemical treatmefiigure 224 (c)).

Table 24 Optimal recipe for InAs/GaAs QD etching.

Chamber Bias ICP  gelectivity

Pressure Cl; BCls3 \P3 Rate
temperature power power . :
mT sccm) (sccm) (sccm GaAs/SiQ /min

) (mD) (scem) (scem) (scom) oy Pt ( ¢ (um/min)
50 3 12 28 3 90 280 17.2 1.4

Figure 224 SEM images ad narrow-ridge etching by ICP dry etching witin optimal
recipe at different magnifications.
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2.2.4 Passivation and planarisation

After the mesa etcprocessthe passivation layer and polyimide for the ptésaion are
necessary for the narresdge laser to maximise the contact area of the electrodes.
Dielectric materials, such as Siénd SiN, are normally chosen to prevent the oxidation

of AlxGai.xAs and electrical insulation of electrodes. As showRigure 225, 200 nm

SiOris deposited on the etched mesa as the passivation lay&@yD, and the selective

area is etched away to expose the contact layeri &f fr metal interconnectiorkigure

2.25(c) shavs an SEM image of thetopeviwv 0of t he | aser ridge al

process.

Open window

—

(a)

(b) i

Figure 225 (a) Schematic diagrams of passivation planarisation process. (b) SEM image

of atop view of the laser ridge after open window process.

Planarisation is a crucial step for the following metallisation; it incretheeatness of

the sample surface to avoid the occurreoicdiscretemetal. Figure 226 demonstrates

the etched mesa deposition by thiype metal without any planarisation material, where

the failure of the electrode metallisation was caused by the large step height oféhe ridg
A good planarisation should meet the requirement that the sidewalls of the ridges are
always sealed, and the top surface is levelled by the surrounding planarisation materials.
Currently, the planarisation process foii Wldevices is generally accomsgiied by the

use of polymeibased material, such as HSQ and benzocyclobutene (BCB), which can be
spun on the wafer. The thickness of the spampolymer can be controlled by the spinning

speed and should be thicker than the step height of the ridge mesa.
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Figure 226 SEM images of the discontinued metal on etched mesa without planarisation

in (a) crosssection front view and (b) side viewtbéridge.

After the spincoating process, the polymer is firstly baked on a hotplatenwve
solvent and stabilise the polymer film. Then, thermal curing is performed to achieve the
final properties on the wafers. Different polymer materials have different curing
temperaturegFigure 227 (a)i (c) show the BCB film after thermal curing by a furnace
with inert nitrogen gas at 250 for 2 hours. As shown ifFigure 227 (d), the
planarisation is finished by etdiack of polymer to the device top to expose the top
surface. For BCB, the mixture of oxygen and a fluednataining gas (CFand Sk) has

been found to produce a contatile etch rate by RIR24]. In this work, the plasma etch
gases of S§0O> (1:5) with ~500 nm/min etch rate are utilised. It should be noted that
because of the high viscosity of the polymer for plt&ation and relatively small wafer
sample, the height ddll-polymer films on the sample features may vary on the same
wafer, which makes it impossible to land the mesa top surfaces at the same time during
the etchback process. A sufficient etch timerexjuired toensure a clear polymer on the

top of all the mesas. Thus, the passivation layer ofiSi@cessary to prevent the leakage

current where the polymer is ovetched.

10C



Figure 227 (a)-(b) SEM images of the cresection of the jtype laser ridge covered by

BCB with different magnifications. (d) Schematic diagrams of planarisation process.

2.2.5 Metallisation

For highperformance semiconductor laser devices, forming good anode and cathode
electrodes by the metal/semiconductor ohmic contact with anloltrgesistance is one

of the key elements. Iprinciple most metal/semiconductor interfaces héagriers

which affect the carrier mobility. Thus the ohmic contact should be designeat soetbe
barriers are low enough that the carriers can cross the interface by thermionic emission,
or narrow enough that the carriers can tunnel across the interface by field eii8kion

For thermionic emission, the work function of metal should be low for -&ypen
semiconductor and high for atgpe semiconductor to obtain law barrier height.
However, this requirement of the metal work function limits the metal options. In
practical works, a thin layer of very heavily doped semiconductor causing a very narrow
depletion region with the metal contact is most often used tease the carrier
tunnelling probability by field emission. In our workstype and ptype GaAs contact
layers with a high doping level of ¥ocm® are grown by MBE in order to achieve low

contact resistances.

For the ptype electrode, a Ti/Pt/Au (20 n&® nm/400 nm) layer was deposited by the
sputtering system without a rapid thermal process (RTP) as-alloged ohmic contact.
The Ti/Pt/Au layer on {f5aAs has a low barrier heighhus carriers can move across the
junction easily. One concern with $hiayer is the potential for a greater reaction between

Au and Ga withan excess tendency to spike during the process. A Ti layer has been
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recommended as the first deposition layer to prevent the diffusion ¢giZyumore
importantly, it can increase the adhesive ability between GaAs and succeeding metals
significantly. The exi®nce of a Pt layer underneath the gold top layer also acts as a
barrier layer to avoid Au diffusion into the GaAs layer during the subsequent thermal
processing in #type metallisation. It has been shown that the Ti/Pt/Au has much better
long-term thermaktability compared with a Ti/Au ohmic contd26] owing to the less
reactive property of Pt. A 400 nm thick Au layer is deposited finally to provide an ultra
low resistance with no oxide formation, resulting in good bonding and high reliability

[26]. The measured contact resistance for thgp electrode is around 5&L0° Y cn?.

An alloyed (diffusion) ohmic amtact of Ni/GeAu/Ni/Au (10 nm/100 nm/30 nm/200 nm)

is utilised with a 380 thermal annealing for the@aAs electrode. The first layer of Ni

can react with GaAs at low temperature to form binary or ternary compoun@Gaf),

which results in a good adéige ability[27]. The alloy of 8812 Ali Ge (wt%) with a

361 eutectic point is then deposited, where the Ge acts as atdiojgethe GaAs region

near the metal interface when the annealing temperature is higher than the eutectic point
of GeAu[28]. This Gedoped GaAs region forms a small heterostructure barrier, which
leads to very good electrical properti@d]. The third layer of Ni plays the role af
barrier |l ayer to avoid GaAu formatupon,

morphologyduring the RTP. A final layer @hick Au is deposited for better probe contact

and wire bonding. Tik metal system for antype electrode achieved a contact resistance

1
|

of 4 x 10%Y cnm?2

Bi-layer photoresist

l Lift-off in resist removal

- =

(@ e (b)

Figure 228 (a) Schematic diagrams of how theldyer photoresist works for the metal
lift-off. (b) Microscope image of dayer reentrant sidewall profile of LOR 10B and
S1818 after development. (c) Microscope imageaolaser device after {ype

metallisation.
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In this work, the metallisation process firstly involves patterning the sample and then
forming a contact pattern by a lfff process. A conventional dayer (reentrant)
photoresist profile is employed to discontinue metal films during theffifprocess, as
shown inFigure 228 (a). Two different kinds of resists, a normal positive photoresist
(such as S1818) and a nphotosensitivddut more solubleesist(such as LOR 10B), are
chosen for the biayer structure after the developer, as illustrateéigure 228 (b).
Before the metal deposition,dlprecleaning step is critical for enhancing the adhesive
ability between semiconductor and metals. The native oxide of GaAs should be removed
by dilute acids or bases, for exampMHsOH:HO at a 1:19 ratio. After the metal
deposition, the sample is imnsed in a photoresist stripper for the-6ff. Thanks to the
bi-layer profile, the photoresist and unwanted metal are removed comik&elyigure

2.29 shows the SH images of the ftype narrowridge laser after planarisation and
metallisation. A uniform and smooth metal contact achieved with a very good

adhesive ability between the metal and GaAs and underlying polymer.

P-metal

|

Figure 229 Ti/Pt/Au on the gype narrow ridge planarised by BCB in (a) cresection

view and (b) top view.

2.2.6 Focused ion beam

For the production of the devicén the industry, photolithography is the dominant
patterning technique as it allows the patterning ofraimee300 mm (and larger) wafer in

a short time with high yield. However, it is wasteful and ttoasuming to make pheoto
masks for the unoptimized device structudering the prototyping developmert.is,
therefore attractive to use prototyping technologies that enable rapid and flexible
fabrication of nanophotonic components, ranging from mimanometre scalg¢30].
Among these approaches, FIB isvatuablealternative as it allows photoresfseée and

direct writing, which enables the pdsbrication of devices with more complex
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topography such as ridge weyuides and laser facets. Chapter 4 gives a detailed
discussion of how FIB enables facet creation fab&ed light sources. In this section, a

brief introduction to the instrument and the working principle of FIB is presented.

The FIB instrument is alnsb identical to the SEM, the difference being that SEM uses a
focused electron beam, while FIB uses a focused ion beam. In general, FIB columns are
always incorporated into other analytical instruments, such as SEM or TEM. It consists
of a vacuum system drnchamber, a liquid metal ion source, an ion column, a sample
holder and a detect81]. A schematic of the FIB setup within the SEM instrument is
shownin Figure 230. Thereis a 55 angle difference between the SEM column and FIB
column, which ensures the specimens can be imaged during FIB milling. A vacuum
chamber is required to avoid contamination from the environment or the milled materials
of specimens ahto prevent electrical discharges in the higlitage ion columr31].

FIB normally uses a liquid metal ion source (LMIS) for small probe sputtering, which has
the ability to provide an ion source of ~5 nm diamgéi. The most common of these

is gallium (G4d) dueto its low melting point (fp=29.8 ) and excellent mechanical,
electrical and vacuum propertif%l]. The Ga ions are etracted from the LMIS and
accelerated throughnaion column to hit the sample surface; the typical range of
acceleration voltage is fronmi 30 keV and the probe (beam) current is from 1 pA to

50 nA. Besides Gahelium (He) and neon (Ne) ion soescwith much smaller probe
currents (down to 0.1 pA) can also be employed for more precise milling or polishing for
small featuregnanometer scalafg2][33]. Smilar to theSEM systemtheion column
includes two lenses: a condenser lens and objective lens for probe forming and sample
surface focus. A set of apertures is used to define the different probe sizes and idé® curren
for different applications. The rotated sample holder ensures the focused ion beam is

normal to the specimen surfadadure 230 (b)).
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column

() Scanning electron
microscope SEM

Sample holder

Figure 230 Schematic diagram of SEMB combined syste[B4].

The working principle of FIB is based on the nature of the ion deaatid interaction

[35]. When the incident ions are sputtered to the target atoms, the momentum is
transferred from the ion beam to the target solid, resulting in a series of elastic collisions,
as shown inFigure 231. A surface atom may be ejected as a sputtering particle if it
receives enough kinetic energy to overcome the surface binding energy of the target
materials[35]. A portion of the ejected atoms may be ionised and collected by the FIB
detector to form images. Inelastic collisions also occur during the ion bombardment,
which leads to the production of phonons, plasmons (in metals) and SEs. SEs are also
collectedby the detector to form an image. The complementary information can be
obtained from both images by Sls and SEs.

Primary lon §

Sputtered Particle
Secondary electrons Ay
- (ion or neutral)
vacuum e'vi\ .

————————————————————————————————
I I I TSI I IS

solid

Y

A
‘/<:4

Implanted lon

Figure 231 Schematic diagram of the sputtering process antisolid interactiong36].

In addition to the described characteristics of the ion beam, such as acceleration voltage

and beam current, there is another important parameber dosé which decides the
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milling pattern by the FIB. Dosén generaldenotes the quantity of energy farticles
absorbed by the medium. In the case of the ion beam, it has units of ibasttnefers

to the number of ions that impacted and were absorbed into the target in a defined area
[35]. In other words, an increasn dose means an increase in the milling time per unit
area by FIB. Thus, the depth of the FIB milled box cut could be determined by
understanding dose values. A further description of the FIB operation has been included

in Chapter 4.

2.3 Laser measurementand characteristics
2.3.1 Static characteristics

After the device fabrication, it is essential to measure the charactedsticslevice
performance of lasers by performing a series of experiments, in order to determine
whether the lasers meet the desired sjpatibns of lasing. One of the most important
parameters is the function of light output poywaard device voltage against the injection
current called the lighturrentvoltage (L-1-V) curve. From the H curve the laser
threshold current density, slopé L-curve and external differential quantum efficiency
can be calculated. The tuam voltage and serial resistance can be determined from the
I-V curve. Another significant parameter of lasers is the temperature dependignce (
which describes the setigity of laser devices to the temperature changes. Besides that,
the opticalpowerspectum, which displays how the optical power varied with different
wavelengths,is also captured to determine the lasipgak wavelength andasing
linewidth. In this section, a detailed description sffatic lasercharacteristics will be

introduced.

1 L-I curve, threshold current density and slope efficiency

ThelL-I curve is onef the most crucial parameters of the semiconductor ISkervnin
Figure 232 are thetypical L-1 characteristics (in black colour) of a function of injection
current versus output power per mirror facet. Before the threshold t(lgfepoint, the
laseris operaéd by spontaneous emissjevhere the output power rises gently with the
increasing injection currentWhen the injection current is bigger than the threshold
current, stimulated emission dominate the laser cavityandthe laserns operational

while the optical amplificatioms larger than the output and internal loss.
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The threshold current is the critical value for the laser. However, this value is dependent
on the size of the laser cavity.i$ hard to compare the performance of laser devices of
different sizes. Therefore, it is more sensible to use the threshold current density denoted
by Jin; the equation fodwis [37]:

0 © 5 Equation 21
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Figure 232 Output power andoltage against the current{lV curve).

The slope of the 4l curve is another important parameter to indicate the performance of
laser devices; it is always desirable to get more output light from laser facets with less
injection current. As shown irFigure 232 the slope efficiency is calculated by

YO TIYO after the threshold current point in units of watts per amperes (W/A). It
represents how many watts of output poisgroduced by the lasers for every ampere of
current injected into them.

1 External quantum efficiency

When we discuss the efficiency of lesehere is another important indicator, referred to
as the external quantum efficien€fQE), /4, and expressed as a percentage. This

parameter presents the efficiency of the laser in converting the injected electrical charges



(electronrhole pairs) to otput light (photons emitted) from lasers. Under ideal conditions,
theEQEof a perfect laser should be 100%, which means all of the injected elaolen

pairs were converted to photons emitted from laser facets, and no waste of electrical
charges was caed. To be more specific, one photon is generated by the recombination
of an electrorhole pair and then travels through the laser cavity structure to contribute to
the output light of the laser. However, in the real situation, not all of the recombination
of electron and hole pairs prefer to generate photons; some of them produce another form
of undesirable energy, such as heat or phonons. Even worse, some of the generated
photons are reabsorbed by the laser device rather than contributing to the ghtput li
Therefore, th&QEof a real laser is lower and depends on the quality of device materials
and fabrication technologyror example, by adjusting the strain of QW barriers and
reducing the carrier leakage, the ultigh /4 of up to 86% has been read by a 970

nm pump lasef38]. Moreover, a strainethyer QW laser emitting at 1500 nm has been
reported with 82 % EQE9]. Compared with QW laser, the commercial QD laser shows

a relative low EQE (~35%¥0]. The possible reas for the degradedEQE may be
relevant to theeduced carrier density by thescrete energy states and phonon bottleneck
effect ofthe QDs [41].

In order to measure and calculate H@E of real lasers, we need to calculate th@slo
of the L:I curve of real lasers after threshold current and compare it to that of perfect
lasers (100% efficiency[B7]. The detailed derivation process of this ratio equation can

be explained as follows.

The slope of the 1l curve of real lasers can be easily achieved by measurement of the
L-1 curve, and that for theoretical lasers can be calculated from basic theory equations.

The energy of a photon with wavelengtis
0O — Equation 2
The unit of energy is the joule and one joule per second is one watt of FYywdIus

0o - Equation 23

wheret is time. Moreover, one electron has 16 m Coulombs, where one Coulomb

is an electric charge) equal to one amp transferred current in one second@hus.
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If we combine these three equatidogether, the expression of the slope of tHecurve

of a theoretical laser can be written as:

- - Equation 24

Therefore, the equation &QEis written as:

L<<| K

- Equation 25

1 Turn-onvoltage, series resistance and wafllug efficiency

From the 1V curvein Figure 232 (navycolour), the turron voltage, which is also called
the forwad-biased voltage, can be obtained. After this 4omnvoltage, significant

electronhole pairs start to generate at the active region of the laser diode.

Moreover, the series resistancé)(can also be obtained from th&/ Icurve. The series
resistancelefines the laser diode resistance when the injection current is larger than the
threshold current. The voltage is increased linearly with the injection current;ythus,

can be simply calculated B%fY'O [42], as showrin Figure 232. A high value of

series resistance for a laser could be the resthieddw quality of metal ohmic contacts.

Thus, measurement of series resistance is a simple way to assess the quality of the metallic
contact depositiof87]. Another important parameter, called wallig efficiency (WPE),

can be calculated according to thé-V curves. The WPE of a laser diode is th&alto

electricalto-optical power efficiency‘(’ "0 ) 100%, and varies with the injection

current as shown ifigure 233. In real applications,he WPE of a laser system also

includes the loss from the power supply and the power consumed from the cooling system.
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Figure 233 L-I curve and WPE plot for an uncoated laser from a single facet.

1 Spectrum and peakwavelength of emission

The emission spectrum is measured to identify the lasing peak wavelength and lasing
linewidth. The linewidth is often defined by the fwilidth halfmaximum (FWHM) of

the power spectrunBy changing the injection current, the lasehaviours below and
above threshold current cére studiedFigure 234 givesan example of the emission
spectra of a laser diode with different injecticurrents. When the injection current was

50 mA, as showin Figure 234 (a), a broad spontaneous emission spectrum appeared
with an FWHM of 50 nm at318 nm peak wavelength. As the injection current increased,
the spectrum became narrower with higher output power at the peak wavelength of 1318
nm. When the injection current exceeded its threshold current to 18%-igudre 234

(b)), the peak intensity dramatically increased with a narrower FWHM of ~5 nm, which
represents typical lasing characteristics in @& A highresolution spectrum is also
employed in order to determine the number of spectral lines and the mode separation.
Figure 235 shows a lasing spectrum of a mutbde laser device withtagh resolution

of 0.02 nm.
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Figure 234 Spectra of a laser diode at (a) low injection currents before lasing; (b)
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Figure 235 Emission spectrum of the laser diode at high injection current with a high
resolution.

1 Temperature characteristics

As per the discussion in Chapter 1, the theoretical QD structure shows a better
temperaturendependent property than the bulk or QW strucfd8g. The charactestic
temperature, which is normally referred to by the synibobf the laser diodes used to
indicate the temperature sensitivity of the device. A Aigmeans the threshold current

density and external quantum efficiency increase less rapidly théhincreasing
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temperature, or in other wordshas greater thermal stability. In order to calculatéhe

threshold currents of a laser device at different temperatures are measured.

In the testing system, tHaser device is placed on a heatsink,clhis monitored by a
temperature control systefgure 236 illustrates the Ll curve as a function of different
temperatures for a laser device of 3 mm length and 25 pm width, and the threshold current
density (i) at each temperature can be cal@dalby equation 2.6. The plotting a#
against the temperature on a logarithmic scale is shoWwigure 237, and the equation

of To is [37]:

Yoo Equation 26
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Figure 236 L-I curves of the laser diode under pulsgdve operation at different

temperatures.

By measuring the slope of the best linear fitting line&igure 237, the characteristic
temperature of this laser diode is 34.2 K between 16 and 8ad 21 K between 60 and
80 . The reason for the smaller valueTefat higher temperatures is that the carriers

can more easily escape from ta8 by absorbing thermahergy.
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Figure 237 Plotting of threshold current densityi{JJagainst various temperatures in
logarithmic scale. §equals 34.2 K when the temperature is between Hhd 50 , 21
K between 60 and 80

2.3.2 Relative intensity noise

In an optical transceiver (transmitter + receiver), the major optical noise sources are
coming from the laser diode, RF amplifiettivetransmitter, photodiode and RF amplifier

in the receiver[44]. For the laser diode, the output power exhibits fluctuations in its
intensity, phase and frequency even where the injection current is ideally constant. The
reasonfor the fluctuations ideause ofthe random recombination of the carrier and
photons. Itauses a time variation in carrier and photon density by spontaneous emissions.
Thisvariation of photon density results in the fluctuation of output power, which provides

a noise floor, also called relative intensity noise (R#MJ. In a highspeed optical system,

the RIN can lead to a limited sigréd-noise ratiSNR), and therefore an increased-bit
errorrate (BER) restricts the system under certain conditidd$. Since the low
magnitude of RIN enables reducing the total optical noise in communication systems, it

is essential for laser development.
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Figure 238 Experimental setup of RIN measurement. ISO: optical isolator.

The RIN of a laser is defined as the ratio of the intemgitye within a defined bandwidth

to the overall average output intensity:

Y00 — Q 6"0(1 Equation 27

where Y0 is the mean squared intensity fluctuation ands the squared average
output powen44]. The RIN is always normalised to a 1 Hz bandwidth so that it can
compare the intensity noise of the lasers with different bandwidthg4+/jeé&igure 238
displays the setup for the RIN measurem@imte QD lasemwas biased by using two
electrical probesThe laser otputwas collected by 16 sphericallensedSMF with 1.7

mm spot size. The fibrevasfixed on a threaxis fibre alignment stage by tapes. By
adjusting the alignment stagemaximumcoupling efficiency can be achievéthefibre

was then connected with an optical isolator (ISO) by APC connector to prevent
feedback into the laser cayitThe output lightwas then detected and analgd by a
commercial instrument, HP 70810B Lightwave SectignFC/PC connectordn this
instrument, a buittn InGaAs photodiode, covering the wavelength range between 1200
nm and 1600 nm, is used for light collection. After the photodiode, the Lightwave module
can be split into a DC component for the average output péwemgasvement, and an

AC component to detect the amplified noise spectrum by the electrical spectrum analyser.
The preamplifier from the AC component provides ad8gain with an &B noise
figure, resulting in excellent sensitivity over 100 kHz to 22 GHz rambe.equivalent
electrical and optical nois#oor sensitivities are-165 dBm/Hz and-73 dBm/Hz,

respectively{45].

The measured nois&l) from the HP 70810B is higher than the actual RIN beciise

equal to:

Q Q Q 1Q Equation 28
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where’Q denotes the thermal noise atd is the shot noiseBoth of the shot and
thermal noise cause currdhictuations in the photodiectors even the incident optical
power is constant. Théérmal noise is duw the Brownian movemerdf electronshy

the thermal energy. It is measured by turning off all the light into the photodetector, and
itis around-174dBm/Hz at RT andisually constarigd4]. Theshot noise comes from the
guantum nature of light that is incident on the photodetector; it is ctdep@ndent and

can be calculated by:
<Q 0> A Equation 20

where q isthe electronic chargé&is the photocurrent, ariglis the electronic bandwidth

of the measurement system, typically normalised to 1 Hz. After subtracting the thermal

noise and shot noise, the actual RIN value can be obtained.

2.4 Contribution statement

In this chapter, the device processing and characteristics for QD lasers have been
developed with an aim tprovide a coherent overview of all techniques utilised in this
thesis | would like to acknowledge the various technical support, including the assistan
with the operation of EBL and FIB by DBuguo Huo, the setup of the RIN measurement
with the help from Dr Lalitha Ponnampalam, and the cleanroom facilitie®raton

Centre of Nanotechnology.CN) and Southern University of Science and Technology
(SUST).
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Chapter 3
RIN measurementand

data transmission of St
based QD laser

3.1 Introduction

In a resonant cavity light emitter, the fraction of spontaneous emission istuictpled

into the longitudinal modes by this cavity is a significant figure of merit of the dynamic
characteristis of the laser. lis calledthe spontaneous emission factmrHigh-b | aser s
have been showrothavea reduced spectrum linewiddnd low RIN[1][2], since he

dominant intensity noise comes from the power fluctuation resulting from the random
spontaneous emissi¢8]. As described in Chapter 1, the nonlinear gain compression of

theQD structure is higher thahat ofthe QW structure, which resslina higHy damped

121



limited bandwidth modulation response of QD laddis Therefore, unique low noise
characteristics, in term of RIMdyeexpected from the QD lasers. Thaee beeseveral
investigationsinto the RIN characteristics of InAs/GaAs QD lasers on native GaAs
substrate$5]i [7], andRIN levelk as low ag 160 dB/Hz have beestemonstrated

Compared with IliV QD lases on native GaAsllITV QD lases epitaxially grown on
Si/Ge showa higher level of RIN, which maye related to the high defect density
introduced(2i 3 orders of magnitude greater than on native substrates) during the direct
growth of II1TV/Si [8][9]. Several previouslystudied QD lasers grown on Si/Ge
substrates have shovardiminished performance in RIN level®or exampleLiu et al
reporteda RIN range between140 andi 150 dB/Hzin a QD laser grown on Si with a
defect densityf 108 cmi2[10]. RIN at the level ofi 120 dB/Hzin a Ge-based QD laser

has also been report¢til]. It is known that the defects can be treated as electron traps
associated witliefect states which capture or absorb carriers and photons in the laser
cavity, therefore degeneratititelaser performandd 2]. Although the effect of the high
density defectsnthe RIN of the lasers B&aot been intensively investigated, ikisown
thatahigh quality oflll i V epilayers grown on Si contributéo ahigh-performance laser

with a low RIN level.

In this chapterasingle transverse modid® QDlaser grown on Si substratgth anultra-
low RIN of less thani 150 dB/Hz,is reported[13]. The Sibased QD laser has also
demonstrated high performance in static chargtics, in terms othe low threshold
current of 12.5 mA at RT and maximum opergtiemperature up to 90 . The good
laser performance and the I&IN value ispartly the result othe high quality of GaAs/Si
eptlayers, utilsation ofthe QD structureas the active region arah optimised device
fabrication process. As a result, 253Y/s errorfree data transmissiohy external
modulationover 13.5 km standard singheode fibre (SMF28) has beeachieved. The
effect of chromatic dispersion by multingitudinal modes in the FP laser felsobeen
discussed13]. This work is proving the data transmission performance of QD las&i

for intra-datacentreinterconnections

3.2 Material growth and device fabrication

In this work,anIinAs/GaAs QD laser structure was grown on atoped Si substrate with

a 4 offcut by MBE. The Si substrate was firstly deoxidised at 90@or 30 minutes.
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A thin AlAs NL of 6 nm was deposited by using migration enhareqgthxy[8]. The
threestep growth method fot nm GaAs buffer layemas employed tomprove the
morphology of grown materigl4]. After that, afour-periodof 10 nming 16Gan s2As and

10 nmGaAs of SLSs as DFL45], separated by 300 nm GaAs spacing layers for each
period, was deposited after the GaAs buffer layer. Moreawesjtu thermal cycle
annealing16] wasusedduring the DFLs growth in order to further reduce Mdthin
thelllTV epi-layers on Si substraté@fter these approachesie density of dislocation is
reduced from 10cm?to theorder of 10 cm. More details of the epitaxial growth of
[II-V buffer on Si can be found in section 1.2 and in [&f After obtaining wel
developed eplayers, an ftype 1.4 mm Alo.sGa6As cladding layer was deposited as
follows. Before the fiype cladding growth, a fivlayer undoped InAs/GaAdotin-well
(DWELL) structure was grown as the active region. For each DW&yer, 3 ML InAs
QD layer was sandwiched [&/nmIno.1sGapssAs and 6 nm 18.15Gan.ssAs QW, and 45
nm GaAs spacer layer was separated in each DWELL.

— QDs on GaAs
—— QDs on Si

PL Intensity (a.u.)

0 v y v r
b 1000 1100 1200 1300 1400
( ) Wavelength (nm)

 P-Metal="\ HSQ
=

p-AlGaAs
n-AlGaAs

I11-V buffer

(d) Silicon =X

Figure 31 (a) TEM image of the InAs/GaAs QD layers. (b) Comparison of PL spectra of
QD grown on GaAs and Si substrates. Ins€EM image of uoapped QDs. (c)
Microscope image of rows of fabricated narromge lasers. (d) A crossection SEM

image of a narrowridge laser with ascleaved facet

Figure 31 (a) shows a crossection TEM image of the fivieayer DWELL, in which a
neardefectfree active region is achieved, thanks to the high qualityl bY epitaxial

layers. A comparison dhePL spectra of QBgrown on Si and native GaAs substrate is
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shown inFigure 31 (b). The comparable PL emission at ~1280with astrong intensity
of QDs on Si is further proaff the good quality of the epayers. The insetfd-igure 31
(b) shows a 3-D AFM image of the uncapped QDs with a QD density of ~3%bon2.

After the material growth andbservation otharacteristis, the sample was fabricated

into a narrowridge laser with a fixedidge width of 2.2 yn, wrere EBL was used for
lithography andCP was used for theptimal dry etching process. After that, the smooth
mesa with anisotropic profile was covered by S6the passivation layer to prevent the
oxidation of the Alcontaining layers with air. Plansation was carried out by using HSQ
thermally cured at 180 for one hour. Ti/Pt/Awland Ni/AuGe/Ni/Au metallisation were

used for the formation of ohmic contacts to the p+ GaAs contacting layer and the exposed
n+ GaAs layer, respectively. The details of fabrication recipes and process have been
discussed in section 2.2. After lapping substrate to 12(dm for better heat dissipation,

the laser bars were cleaved inte desired cavityength. One of the laser fasatas

coated with several pairs of Si@nd AIN by ion beam sputtering for 95% higéflection
coating. The number of layeand thickness for each deposited layes simulated for

95 % reflectivity at 1315 nm before the deposition. By using a demo wafer along with the
laser device during the sputtering, the actual reflectivity can be measured from the demo
sample. The fabricatl laser bars were then mounted-ggde upon a copper heatsink
using indiumsilver paste and direct prab#or testing.Figure 31 (c) shows an optical
microscope image of the top view of the laser arrays laitblled Npads and Pads A
crosssection SEM image of the -ateaved laser facet is presented-igure 31 (d). In

this work,unless stated otherwidasercharacteristics were tested under CW operation.

3.3 Characterisation and discussion

3.3.1 Static characteristics

Figure 32 (a) shows RT CW 4 curves of a 2.21m x 2.5 mm narrowridge QD laser for

the total power and the SME8 coupled poweat an enlarged scal The measured
threshold current and slope efficierane12.5 mA and 0.162 W/A, respectively. The L

[-V measurement is presentedrigure 32 (b), where the turon voltage is 1.5 V, and

the total outpupower is 25 mW at 200 mAigure 32 (c) and (d) compare thel.curves

of two different cavity lengths, 2.5 mm and 4 mm, of the QD lasers at different sink
temperatures. When the cavity length is 2.5 mm, the working tempecainmneach at

least 65 , while a higher temperature 80 can be achieved by the 4 mmi&ised
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QD laser. This can be explainedthg fact thathe reduced threshold gain from the longer

cavity is easier to reach befd&sS saturation as the temperatuneriease[17].
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Figure 32 (a) L-I curves of Sbhased QD laser for total power (solid line) and single
mode coupled power (dasthline) at RTat anenlarged sca. (b) L-I-V curves of the QD

laser on Si withbias current from 0 to 200 mA. (EW L:I curves of Sbased laser with

2.5 mmcavity length at different temperatures. Indatiarged L:| plot at 20

.(d) CW

L-I curve of Sibased laser with 4 mm cavity length at different temperatures.

Figure 33 (a) demonstrates the lasing spectra of thd&ed QD laser with 4 mm cavity

length under different injection currents. At low injectiori 28 mA), the broad

spontaneous emission is observed at a peak wavelength ohii314s the cuent

density increases to 25 mA (above the threshold current), the peak atrh3dé&reases

sharply in intensity and narrows to ~48, which isclearevidence of lasingA high-

resolution RT lasing spectrum of the QD laser with 2.5 mm length measut@dvah

(which corresponds to 3.2 times the threshold current) is displayEdjune 33 (b),

showingafew FP longitudinal modes centred at ~1315 nm with the measurelidiif

of the lasing spectrum of ~2.4 nm.Higure 34, the neaffield measuremens illustrated.

The lasing intensity profiles are plotted under different injection currantithe inset

125



shows an infrared camera picture of a lasing spot at 20 mA. The spot intensity is greatest
atthe centre and tails off at the edges, following asseun profile. This profile reduces

in width as the threshold current is reached and maintains a-sinogle profile with
increasing current, whicproves the single transverse mode TddEachieved by our

narrowridge laser.

= g N Resolution = 0.02 nm
aoé g N Current 40 mA | ﬂ \
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Figure 33 (a) Lasing spectra of narrowidge laser with 4 mm length under different CW
injection currents. (b) Higitesolution lasing spectrum of the QD laser with 2.5 mm

length at a injection current of 40 mA.
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Figure 34 Lateral nearfield intensity profiles with diffrent injection curents. Inset:
infrared IRcamera image of lasing nedield at injection current of 20 mA.

3.3.2 RIN measurement

The setup for the RIN measurement is described in Chag&ggure 35 shows the RIN
measurement resultsaR.2um x 2.5 mm narrowridge QD lasewith 12.5 mA threshold
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current.Figure 35 (a) demonstratethe RIN spectumup to 16 GHz for the bias currents
of 40, 60 and 80 mA with an optical isolatbtrh e measured RIN is | e:
when biaseét gain currents greater than 60 mAw> 4.8). This RIN value is normally
lower than the case in the conventional @&krs[18]. For the QW lasers with muiti

mode lasing, the RIM increasedignificantly by the random redistribution betwesath
longitudinal mode of the laser, which refers to the mode partition HD&E20]. In
contrast, due to the high gain compression factor as well as the heavy damped photon
carrier interaction, the QD laser shoa dramatically reduced RIN of individual FP
modeq7]. To confirm thistheoretical modelling exhibiting the RIN levels betwe&rd0

andT1 155 dB/Hz for the FP QD lasers has been repdegdSimilarly, experimental
measurements were also reported recently for the FP lasers with QD stfbitiile
whichare in agreement with our measured results. Although the level of RIN depends on
the various factors, such as differential gain and cavity length, our primary argument
remains thathe QD structure shows a superior capabdityltra-low RIN even for the

multi-mode FHRasers.
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Figure 35 (a) RIN spectumof the QD laser at gain curresitof 40, 60 an@0 mAwith
isolator. (b) Relaxation oscillation frequenandwith different biass.(c) Measured RIN

in 6i 10 GHz region with different bias
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The peak of the RIN spectrum indicating the relaxation oscillation frequ@nag

shifting from 1 to 3 GHz when the gain curreninsreased from 20 to 80 mA, as shown

in Figure 35 (b). This relatively low bandwidth of the laser is a result of a longer photon
lifetime due to its loger cavity length (2.5 mmpAfter the™Q the RIN value decreases
rapidly as frequency increased, since the laser is not able to respond to fluctuations at

such high frequencig8].

Figure 35 (c) shows the measured RIN with the bias currents (power); the RIN decreases
with an increase in power withR® dependence firstly at lower powers (two deviated
points at lower bias) and thelecreases with an increase in power wight @ependence

at higher power (fitted points whend/is bigger than 3). This trace can be explained by
the smaksignal analysis of the rate equat[@d], the RIN spectrum at low frequency can

be expresseds[22]:
YO0 —1"Q — 0 Equation 31

wherg "Q is the SchawlowTownes formuld23] and inversely proportional to the laser
output powerP. According toequation1.22 in Chapterl, the relaxation oscillation
frequency'Q is proportional to the output powrthustheRIN has a power dependency
of P23 in thelow-power region. At higher power, the measured RIN is dominatd¢f by
and has a dependencyRt[2][3]. The theoretical model of the rate equation is consistent

with our measured RIN.
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Figure 36 RIN spectum of the QD lasewithout an isolator.

128



The stateof-art commercial QW transmitter chip is alwa&ompanied by the optical
isolator for the purpose of reducing the optical feedback and introduced [Bhise
However, the integration of isolator aggravates the package cost, process complexity and
the total loss introduced in the system. Thus, it is highly desirablestategaser without

an isolator. Compared with QW laser, the QD laser has been shown a better optical
feedback toleranci24][25]. Notabl vy, resear cherasUC8Br om J
have reported thahe feedback induced noise also can be highly supressed in QD lasers
epitaially grown on Si substrategd.0]. In their work, by measuring the RIN under
different feedback levels (betwe&60 dB toi 10 dB), the RIN of lasers still maintained

at low levels over the entire feedback range. A nearly 20 dB reduced sensitivity to the
feedback was achieved by thelfsised QD lasers, compared with the conventional QW
laser. Their results demonstrate the po#dof isolatorfree operation of the Siased QD

laser for future Si photonics system.

Here, in our work, we have carried out the initial study of direct comparison of RIN levels
with and without isolator, while the identical laser was used in botiNdbohiRasurements

in a controlled experiment. As shownkigure 36, the RIN spectrum without isolator
shows a similar trend to the RIN with isolator, and the overall RilNkeeps at a low

level. It is in agreement with the previous reports and can be explained theoretically by
the higherK-factor and smaller factor of the QD structure relatively with the QW
structure according to the Equation 1[26]. Since the feedback leMa our system was

not measured at that time, a sysa#mstudy based on the feedback tolerance of our

deviceis needed in the future.

3.3.3 Data transmission

The FP laser with ultrlow RIN is significantly desirable for optical signal generation,
especially for the direct modulation, which can be used for the-sdah transmissions

with low-cost. Unfortunatelythe direct modulated transmission has not berecutel

due to the setup limitation. More experiments based on direct modulation are expected in
the future. Nevertheless, the srsitinal measurement of our QD laser device has been
performed by oucollaborative institutionwhich shows #imited moddation bandwidth

of 1.6 GHz of the laser by the long device caj2y]. The details will be discussed later

in section 3.3.4. Alternatively, in this work, a data transmission experiment employing
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the external modulation for eoff keying is performed to prove the suitability of this Si

based QD laser for higépeed transmissions.

Given that the RIN spectra measured with and without isolator show similar trends and
noise levels, to evaluate the feasibility of isoldtee QD FP laser for future lowost
shortreach data centre applications, here, QD FP laser without an opticabisohs
employed in the data transmission experimditie setup of the data transmission is
presentedn Figure 37. The 2.5 mm long monolithic QD laser was mourtec copper
heatsink and had its temperature staxdl at 25 via a thermoelectric cooling controller.
The laser was biased at a fixed current of 40 mA€/8.2), which emitted 6.9 dBm (4.9
mW) output pwer from the Lkl curve Figure 32 (b)). Theemitted lasing was coupled
by a 1.7 um lensed fibre with 3. dBm power which was coupled into the 5M8,
evidencing the primary transverse mode of the laser is the fundamental mode. After the
polaiisation controller, the CW lasing light was subsequenilydulated by arX-cut
MachZehnder modulatoMZM) biased at quadrature with*avoltage of 7V. ThéMZM
was driven by gseudorandorpattern generatdiPPG)that generatta pseudorandom
bit seqeence of a nometurnto-zero onoff-keyingmodulated signal with a length of°2

1. The generated PPG signals had 0.5-¥ dBm) pealkto-peak voltage and were
amplified by a RF amplifier with 2dB gain 6 dB noise figure 45 GHz for high
frequency 3 dBpoint and 35 kHz for low frequency 3 dB poiff8]. Thus, the
corresponding driving power of MZM equals to 15 dBm. The static valu®fdB
extinction ratio was measured with on down biased MZM. The modusigeal had
2.3 dBm powerand was launched into a spool of 13.5 km SR8Rwith a dispersion of
~1.2 ps/(nnkm) and a total loss af4.2 dB. It should be noted that this 13.5 km SMF
was used to comply with the IEEE 802.3 standardoiog opticalreach[29].

_—— = = —— —_—— -
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160 GSa/s __J’ Downsamp!ing L. BER
ADC | and detection

|
J
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o e

Figure 37 Setup of data transmission experiment. PC: polarisation controliep:ARF
amplifier; PPG: pseudorandom pattern generator; SR8 standard singlenode fibre;

PD: photodetector; ADC: analogue-digital converter; BER: b¥error rate.
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After transmission, gariable opticahttenuator was used to change the optical pover in
thereceiver The receiver consists of a 40 GHz photodetector with 0.6 A/W responsivity
and 50Wload resistance, followed ltigeRF amplifierwith same parameters as described
above[28]. The electrical signatas capturetty a 63 GHz, 160 GS/s analogieedigital
converter (ADC)[30]. The actual resolution of the ADC is determined by the effective
number & bits of ~ 4.7 bits under 25.6 GHz and 50 mV/div conditions, and resulting in
an SNR of 30 dB. Twaletection schemesereimplemented to emulate the analogue
signal detection in a data centre transceiver. In the first scheme, we downsampled the
capturedsignal to one sample per symbol and conducted threshold detection after clock
recovery and patteraynchronisationThis emulatesthe simplest data receiver that
widely deployedin data centre interconnection. In the second scheme, the captured
sampleswere downsampled to two samples per symbol before leinglisedby a
seventap two-samplepersymbotspaced feed forwarequaliserand a onesampleper
symbol decision feedba@dqualisewith one feedback taghisemulates a receiver with
simpleequaliseto compensate for the frequency foff and dispersion in a si®-site

data centre interconnection sceng®®)|. Dueto the limitation of the offline process, the
maximum BERcan only be calculatedom 327670 bits.

Threshold detection
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T\ K With equalizer
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Figure 38 25.6Gh/s eye diagram at (a) badk-back (received power &7 dBm) and

(b) after transmission over 18n SMF28; (c) BER at different received power at back

to-back ppen shapgsand after transmissionslid shapesusingthreshold detection

(blue colour) and equalsion (red colour)

Figure 38 (a) and (b) show the eye diagrams of the received signaltbdadck and
after transmission, both measured at a received pow&rdBm. An opened eye diagram
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with a Q factor of 7 wasbtainedin the backto-badk scenario After transmission, the
eye diagram has a noisier bit 1 level and a longer rise and fall time due to the dispersion

causé by intersymbol interference (ISlyeducing the Q factor to 5.

Figure 38 (c) shows the measured BER as a function of the receivecthbpbwer at
backto-back (open markers) and after transmisgmosed markers). Thelue markers

show the BER results using theeshold detection schenand thaed markersepresent

the BER results using the eqisal. Using the threshold detection scheme, we achieved
asubforward error correction (FE@hreshold BER for both baek-back and through

fibre transmission, whethe received powers were higher thé® dBm andi 8 dBm
respectively In the FEC scheme, errors are detected and corrected at the receiver without
any retransmission. This error control is realized by adding extratbitee end of the
transmitted signah a judicial mannef3]. The transmissiopower penalty at the FEC
threshold of 2x1¢* was 1.1 dB, which was primarily due to the impact of chromatic
dispersion. This leaves loss budgets of 10 dB and 8.75 dB for theGtfs6data
communications at baeio-back and after 13.5 km fibre transmission, respectively.
According to the dispersiofimited distance equatioif3], the calculated maximum
distance of transmitted fibre is ~14 km by using parametets.o?2 ps/ ( n mAkm)
of fibre and 2.4 nm linewidth of our laser at 25.6 Gb/s. This calculasualt is in
ageanent with the experiment result. For a longer distance transmission, the single
frequency DFB laser with narrow linewidth is necessary as discussed in perspective in

section 1.4.

Compared to the threshold detection, the asgighssisted detection scheme improved

the receiver sensitivity by 1 and 1.6 dB, faibackto-back and aftetransmission,
respectively, at the FEC threshold of 2¥0The feedforward equaliser is used to
equalize and recover the data by reducing the pulse spreading from the SMF dispersion.
For the decision feedback equaliser, the ISI can be eliminated ly th&irpreviously
detected symbols on the currently detecting sym[3i$ Indeed the equaser offers

1.6dB higher power budget @ihe cost of extra poweconsumption. In practicalata
centreinterconnections, the equsdr can be switched. In both detectisthemes, the

received optical power shows a linear relationship to tbg@l0 (BER) scale.
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The equation of SNR of a receivaan be written ag3]:

i QQed Qi [ QQf &b Qi
dMi G & Qi & ¢ Qi T(D"Y(SY < "On

YO Y

where k is Boltzmann constanf] is the absolute temperaturB, is effective noise
bandwidth,R is load resistance,is photocurrent and is the electric charge. Wheneth
received optical power/photocurrent is small, the impact of the shot noise can be
neglected. Only the thermal noise domésathe system performance, and SNR is
proportional to the signal powg]. Sincel log10 (BER) is also proportional to the SNR,

it can be concluded that the linear relationship between the received optieal gnd
110910 (BER) revealthe thermal limited system performance by the optical recgyer
Thus, it proves the Siased QD laser is suitable fdata centrénterconnection without

involving extanoise.

3.3.4 Other dynamic characteristics

In addition to RIN and data transmission measurement, our QD laserswareSalso
examined for other dynamic characteristics including gain switcfg@pand smakH
signal modulatiof27] by our collaborative institution, the University of Cambridge. The
50 pm x3.1 mm broadarea laser as used to generate gawitched optical pulses by
short and highamplitude electrical pulses. The shortest observed phlsésvidths
between 175 ps and 200 ps and 66 W peak power. Baseelsereults, some important
laser parameters can be revedbgda thredevel rateequation model. The simulation
indicates that the limited gain of 14 ¢rand high gain compression factor 8f19¢ cm?

are the main factors which contributed to the increased pulse [g&]jth

The 2.2 pyn x2.5 mm narrowidge Stbased QD laser demonstrates 3 dB modulation
bandwidths of 1.6 GHz, modulation current efficiencies of 0.4 GHZAn@nd Kfactors
of 2.4 ns and 3.7 nR7]. The limited modulation bandwidth is due to the long cavity
length and log photon lifetime. The simulated maximum 3 dB modulation bandwidth of
5 GHz to 7 GHz can bachieved by the short cavity of 0.77 mm with the internal loss of
3 cm? [27]. Lasing with a shorter cayitcould beachievedoy increasng either the QD
density or the dot layers for higher modal gain in the fUR8#34]. Moreover, modelling
the dislocation impacbdf dynamic properties shows that the enhancedradmtive

recombination centres by the dislocations leave the modulation bandwidth obtsedi
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QD laser almost unaffected, as sufficient @aghin is provided by the Q[27]. Both
the gain switching and smadlgnal modulatiormeasurementmdicate that improving

the gain of QBis anessential factoin achievingbetter dynamic characteristics.

3.4 Conclusion

In this work, a higkperformance narrowidge QD laser grown on Si substrates with a
low RT CW threshold current of 12.5 mA and operation temperature up tot8 been
demonstrated by applying several strategies for-bigddity 1117V buffer growth andhe
optimal fabricatio processUltra-low RIN characteristics & been measured at the
level of <1150 dB/Hz at frequencies up to 16 GHz. Due to this low RIN value and the
fundamental TEMb modeof the QD laser, erreiree 25.6Gl/s data transmission was
achieved after transtting over 13.5 km SMR8 without an isolatarThis resultshows

that the Sibased QD laser has strong feasibilityadght-emitting source for lowcost

and highly integrated optical interconnectan terabit speedsr Si photonics.
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Chapter 4
Postfabrication of Si-

based QD lasers for
different applications by
FIB

4.1 Introduction

In the prevouschapter, we examined the modulation properties of cbaSed QD laser
and found thaa single fundamental mode and utbav RIN was achievedThe results
indicatethatthis laser iscapable oflata transmission in the optical link as a reliable light
source emitter. In this chapter, efforts were made to identify the possibiiitiegfating
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the Stbased QD laser with other optical components on the same Si platform. In general,
thehetereepitaxial integration of different functional photonic devices requires selective
area growth otllTV compounds on the pattered substfdieor selectively etcing to
delineate thell 1V region after the whole wafer growff®]. However, the aupling issue

is still an open question for edgenitting lasers in integration studies. Several pioneering
works have proposed or demonstrated integrated semiconductor lasers with EA
modulatord3] or SOAs [4] on the native platfornBoth building blocks have the same
epitaxy layers and can be grown at the same; taisg the light can be easily coupled
between th&omponents at the same heigld the buttjointed coupling. This lowcost

Apl atform technologyo is capable of prov
without involving regrowth orchanging the basic fabrication procg¢dk Although the
realsation of suchanintegrated transmitter chip on Si is still a daunting challenge, we
are able to provéhatthe concept is feasible by the péairication of our Sbased QD

laser using the FIB as the prototyping test.

In the individual FP laser fabrication, the reflgetmirrors are normally made by crystal
cleaving, which howeves impractical for multidevice integration on one platform. For
the commercial photonic integration circuits, the formation of optical feedback is
generally achieved bg dry etching technique. It can be used to form etched facet for
simple FP cavity5], DFB[6][7] or distributed Bragg reflect8] for singlemode lasers.

In this chapterwe first discus FP laser facet creation by FIB etchingngled facet
etching vas then perfored to investigate the feasibility obnvertingthe QD laser into
other componentwith justa slight cavity chang®]. The broadband light sourdes. the
superluminescent ligkemitting diode (SLD), which has wide applicat both inthe
communicatior]10]i [12] and biological arefl 3], and the SOA, wikh both rely on the
ASE, canbe realised by the téd facet anglenladdition we also discusa groove etching
study for potential multsection devices, such ascoupledcavity laser[14], mode

lockedlaser[15], and EA modulatar[16] for photonic integrated @uits.

4.2 Experimental method

4.2.1 Angled facet etching

In this work, a standard ®iased InAs/GaAs QD laser was used for the-fadsication.

As shownin Figure 41, thewell-developed 2.4 pmlliV eptlayers, which consist of
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a5 nm AlAs NL, 1 pm GaAs buffer and fouayers of DFLs, were deposited on a 4

offcut Si substrate to reduce the material disfi®]. After that, a 1.4 ym rdoped AlGaAs

cladding layerwith 23 10'® cm® by Siand a 30 nm lower undoped AlGaAs guiding layer

were grown on the optimisedlliV eptlayers.

InAs/InGaAs/GaAs DWELL active region was deposited as fadt@a30 nm undoped

An undoped sewdayer

upper AlGaAs guiding layeand a 1.4 pm pdoped AlGaAs cladding layewith

6° 10" cm® by Beweregrown above the active region. Finally, a 300 nm hightioped

GaAs contact layewith 13 10*° cm® was grown to finish the laser structure.

300 nm p-GaAs Contacting Layer

1.4 pm p-Al, 4Gagy gAs Cladding Layer

30 nm UD Aly,Gag gAs Guiding Layer

31.5UD nm GaAs

38.5UD nm GaAs x7

70UD nm GaAs

30 nm UD Aly,Gag gAs Guiding Layer

1.4 um n-Al, ,Gag gAs Cladding Layer

2.4 um llI-V Epilayers

Silicon Substrate

Figure 41 (a) Schematic diagram of the InAs QD laser structure grown on Si substrates

[9l.

The laser structure was then fabricated into a besad laser 25 pm in width and 3 mm

in length following the fabricatioprocess described in Chapter 2. HEwleaved laser

device was first characterised as normal and implemented for thiapdsaton of front

facet angle cutting studies by G&B. The cutting anglesgj were set as 05, 8, 10,

13 and 16, respectivelyas illustrated byrigure 42. FIB milling was performed using

a

Zei

S S

XBbddbmd HRFicB omiscr o

scope with a

milling and 100 pA for surface polishing. The laser device with eachekiBed facet

anglewas measured and characterised under CW operation at RT.
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n - metal

Figure 42 Top-left SEM imageshowstypical FIB-made angled front facet of-Based
InAs QD laser. Bottomight cross-sectional SEM image shoasypical ascleaved back
facet of the Sbased InAs QD laser.

4.2.2 Groove etching formulti -section device

The ascleaved laser device with 28n width and 3.5 mm lengtlias used for the groove

etching study. Afteobtainingthe lagr device characteristics {Lcurves), the narrow

groove was then etched on the laser ridge by the FIB. In fact, the parameters for groove

etching, such as the width, depth, position and ratithe long tothe short section,
stronglyaffect the device prformance andeedo be optinised for different applications.
However, in this study, only simple shallow and deep groove etching were compared to
determine the possibility afisingthe QD laser on Si ag multi-section deviceThe

stimulation for the ofimal parameters will banplemented such as by 2D scattering

matrix method17], in the future work.

First, a groove with 1.3im width and Jum depth is etched atposition 0.5um from a
single facet of the laser device, as shawhRigure 43 (a). The groove with um depth
isolates the gype metal contact and the higkdgped contact layer of the laser device,
as well aspart of the pcladding layer. As described in Chapter 2.2.6, the depth of FIB
milling depends on the value tife doseandthe number of ions absorbed by theget
materials 1 um depth can be achieveda dose value of 0.8 n@h2. An acceleration
voltage of 30 keV and probe curresft100 pAwereused forthe fine sidewalls. After

that, the LI curve of the device with a groove was measured fimshort €ction side
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by electrically pumping the 3 mm long section under pulsed operation (1% duty cycle

and 1 s pulse width) while the 0.5 mm short section was unbiased.

A deeper groove was then etched on this dewitiee same positiorhis time, thevidth

of the groovewvaskept the same, but the depth was increased tpr8,&s demonstrated
in Figure 43 (b). This depth isntenced to pass the ae region, to obtain electrical and
optical isolation. The FIB paramesdor this milling were30 keV acceleration voltage,
100 pA probe current and 3 n@Y? dose value for the additional 2.8depth. The
curve of the device with the deeper grooves\atso measured after the millirfgigure
4.4 shows the position of the groove orethser device, which is paralléd the laser

facet.

n-type Cladding layer (1.5 um) n-type Cladding layer (1.5 um)

(b)

Figure 43 Schematic diagrams (ndb scak) of two-section Sbased laser dewe
isolated by a 1.3uim widthgrooveinto short section of 500m and long section of 3 mm,
with different groove dep#iof (a) 1 pmand(b) 3.8 um.
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Mag= 123X 100 pm WD = 49 mm e = 54.0 FIB Lock Mags = No  Signa
1540XB-27-20 2 g dixel e C On FIB Probe = 30kV:100pA €

Figure 44 SEM image of the groove on aype region 51um awayfrom the facet of

the laser.

4.3 Results and discussion

4.3.1 Angled facet etching

We first compare the adeaved and FIBnade ( cutting anglg facets whose SEM
imagesareshown inFigure 45 (a) and (b). In order to shorten the FIB operation time and
reduce the releposition by the sputtered matesiathe depth of the milling arda
intendedto pass the active region layer. Although there is sligheposition below the
active region of the Fietched IlI/V region, a clean, smooth and vertical sidearakbtill
obtained.Figure 46 shows the comparison dhe L-I-V curves of the QD lasers on Si
with the ascleaved and FIBnilled front facet (0) under CW operation at RT. The
measured series regance®f these two lasers are very similar3.62° 0.01Wand 3.65

° 0.02W, respectively. The laser threshold current of the QD laser with thkeaged
facet is 200 mA, and the slope efficiency is 0.125 W/A. ThdaSed QD laser
performance has slight degenaatfter facet milling by the FIBvith 222 mA threshold
current and 0.095 W/A slope efficiency. This slight degeneration of the laser in terms of
the threshold current and slope efficiency is associated with the incre@sed loss,

which is caused by the ion implantationdeposition and bombardment of the energetic
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Ga' ions during FIB milling.Another thing to na& is thatthe Gd ion beam is noa
suitable FIB beam source for GaAs/AlGaAs material millmgthe exta G4 ions may
be induced and change the composition of the original mateidisugh there are other
beam sources (Hend Né&) available for material milling, they are only competent for
nanostructures due to their udw milling speed by the lowtamic mass and small
probe current§l8]. For the large volume milling worksuch as our laser devicerm
scalar, the Ga ion beamagnore favourable choice with much faster etching sp&ed.
more appropriate method is to use-gasisted FIB milling19] to reduce the deposition
effect.

(b) FIB-made facet

Figure 45 Typical SEM images of (as-cleaved facet and (b) FiBiade front facet of
Stbased InAs QD laser.
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Figure 46 L-1-V characteristicoof Skbased InAs/GaAs QD laser with-eleaved and
FIB-made facets measured und@W operation atRT.
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5 degree facet 8 degree facet

e

10 degree facet 13 degree facet 16 degree facet

Figure 47 Top view of SEM images of FiBade facets with 58, 10, 13 and 16

angle

Top-view SEM images of § 8, 10, 13 and 16 angled facets by FIBre showrin
Figure 47. The mean error of the etched facet angle is around Otiere is a small
triangular edge on the left sidewall in front of the laser facet for hb&l3 and 16
angle,which blocks the ligt beam from the angled facets during the laser measurements
and should be removed completely. This uncompleted FIB operation will be avoided in
future work. Figure 48 (a) demonstrates the-ILplotting of the InAs/GaAs QD laser
directly grown on Si substrate witthe ascleaved faceand0 , 5, 8, 10, 13 and 16
angled facets, respectively. The laser device shows typical laser characteristics when the
etched angle is smaller than. 8The threshold current is increased from 222 mA to
280 mA vwhenthe facet anglés raised from 0to 5. This phenomenon cde explained

by the effectively reduced reflectivity of the angled facet, which means less reflection
light was coupled back to the laser cavity coragarith the O facet. The slope efficiency

is also degraded by the increased mirror ldSgure 48 (b) displays the U
characteristics of the ®iased QD deviceat anenlarged scalwhen the etched angle is
bigger than 8 The QD device with 8facet slows typical superluminescent behaviour,
which was evidenced by the supernimcreased output power with the current injection.
This superlinear relationship of poweurrent isdue tothe ASE. The maximum RT
output power is 0.56 mW at 600 mA injectiamrient, and the power was then saturated
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by the junction heating at the higher driving current. As mentioned above, -the re
deposition phenomenon was found during facet etching bydsiBhown irFigure 49;
these redepositedresiduals induced additional mirror loss and degenerated the device

performance. As the etched anglasincreased further to 13an LED-like L-I curve

wasobserved.
10
—— As cleave 0.6
——0 degree 8 degree
84 ——5 degree 054 —— 10 degree
8 degree ’ — 13 degree
=3 ——10 degree s — 16 degree
E 649 ——13degree = 0.4+
5 — 16 degree T
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& ;
o
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24
0.1
0 T - T p———— 0.0 T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
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Figure 48 L-I characteristicof a 25 pm x 3000pum Si-based InAs/GaAs QD deviadth
different front facet angles of,(&°, 8, 1, 13 and 16 under CW operation aRT.

Figure 49 SEM image of 8angled FIBmade facet with Gare-deposition.

Figure 410 compares the RT electroluminescence (EL) spectra of QD dalireely

grown on Si with 5, 8, 10 and 13 facet angles at different injgon currents. These

EL spectra provide strong evidence of the different device characteristic behaviours
amongdevices withdifferent facet angle§ he evolutions othemeasured FWHMf 5

and 8 devices against the various currents are summarisegjime 410. For the QD

device with 5 angled facet, the FWHM is reduced gradually from 52.5 niB0tmm
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when the injection current is smaller than the threshold current. When the current
increases to 300 mA (above the threshold current), the FWHM dramaticalitol gy

2.4 nm and the output power is suddenly increased. This typical laser belsnoosr
thatthelasing oscillation hasccurrel even with an effectively reduced mirror reflection
coming from the 5front laser facetComparel with the 5 device, the 8deviceshows
completely different behaviour. The FWHM is slightly naremifrom 54nm to 45.5 nm

as the injection current raises from 100 mA to 600 mA, which evidences the fully
inhibited lasing characteristics in this @evice cavity. The working mechanisms of the
narrowing spectrum can be explained as falowhenthe QD device workss an SLD

or SOA the modal gain is larger than timernal loss within a limited wavelength range

in the middle ofthe gain spectrunThe middle of the spectrum, therefore, is dominated
by the ASE. Towards the edge of the spectrum, the wavelelegindent maall gain
decreases and thus the light is dominated by the spontaneous eniibsi@pectrum
narrowing is anindirect indication 6 the exisgence of ASE A similar phenomenon

occuredin the device with 10facet.

Figure 410RT EL spectra for Sbased QD devices withftBrent front facet angles of 5

8°, 1@ and 13 at various CW injection currents.
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