The
University
Of
Sheffield.

MOCVD Growth and characterisation of-Hitride semiconductor
materials for monolithically integrated optoelectronics

Chenqi Zhu

The University of Sheffield
Department of Electronic and Electrical Engineering
Centre for GaNMaterials and Devices

Supervisor: Professor Tao Wang

May 2022






Abstract

There has been a significantly increasing interest in develophmifridle semiconductor
based micrdight-emitting diodes (¢LEDSs), the key components for future microdisplay
systems such amugmented realityAR), virtual reality (VR), helmetmounted display
(HMD) andheadup displag (HUD), which requirehigh brightnesshigh resolution, and
high efficiency. An electronic coponent that is also an essential part for controlling
individual eLEDs is also extremely importantlowever, the performance oéLEDs
fabricated using conventional degching methods is far from enough. The ability to
monolithically integrate LEDs and e&ctronics such asdh electronmobility transistos
(HEMTSs) on a single chip is also of great importame¢his thesis, the epitaxial integration

of ¢ L E rsd HEMTs has been demonstrated. Fundamental epitaxial work behind the

technology has been condedtwith a particular focus on GaN grown on a Si substrate

The growth of GaN on (111) Si substrates is complicated due to a number of fundamental
challenges, such as the large lattice mismatch between GaN and silicon and the large
difference in the thermaxpansion coefficient between GaN and silicon, both leading to a
significant amount of tensile strain during the final cooling process, a major reason for
wafer cracking. Furthermore, unlike Gald-sapphire, Gabbn-Si growth has issues with

melt back etcimg. In this study, the entire process, including the growth mechanism, was
investigated in detail. Several new methods were developed. Detailed measurements and
analyses were performed to determine the optimal growth conditions. As a result, this study
has led to achieving craekee, highquality GaNon-Si crystals that exhibits good surface

morphology

Both electronics and photonics were grown and fabricated orquiglity GaNon-Si. An
AlGaN/GaNbased HEMT was grown on GadSi, where the influence dhe strain
status of the device on its performance was investigated. An InGaN/@Hidle quantum
well (MQWS) structure was grown on the GalN-Si, which exhibited major differences
in terms of optical performance compared with InGaN MQWSs grown on sapphder

identical conditions. The strain was found to play an important role in these differences.



This comparative study provides useful information regarding the growth of InGaN with

high indium contents for visible LEDs with longer emission wavelengths

This work also presents a selective epitaxial overgrowth method usipgpeened micro
array templates. The optimisation of this selective overgrowth method resulted in the
demonstration of a monolithically integrating. E Ds a n dlevieeEbMd asagle chip.
Finally, a prototype of a® 2 8 microdisplay in whicheache L E D comtrslledby an

individual HEMT was demonstrated
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Chapter 1 Introduction

1.1 The History of Il -Nitride Research

[l -nitride ha now been widelyregardedasone of the mossignificant membey of the
third-generation semiconductor materidige totheir supremecharacteristics, such as their

high breakdown voltage artteir infraredto-deepultraviolet bandgap Thanks to those
advantages, Hhitrides arecontinuing to draw great attention from baeiptoeletronic and
electronicapplication areaslopics around them, such as mitiaD, GaNbased radio
frequency chips and power devices, are most recently attracting enormous investment (both
emotionally and economically) from the public, which will keep thisspot popular for a

long time amongesearchers

The firstGaNsemiconductowas produced in 1932 by flowing ammonia gas over gallium
metal at high temperatures arou@0~1000C, where GaN appeared infarm of dark
grey GaN powdex[1]. However, die to the high melting poilft1600°C) anddissociation
pressuref GaN, the firstsingleGaN crystal was ngiroduceduntil 1969 when Maruska
and Tietjen2] deposited GaN on sapphire substrates usteghnque known ashydride
vapour phase epitaxy (HVPH)his process useinmoniaas a nitrogen source and gallium
monodloride (GaCl) as a gallium source, where t&aClwas initially synthesizd by
chemically reacting metallic gallium witthlorine Only two years later, GaN and AIN
were achieved using a metalganic chemical vapour deposition (MOCVD) teiciue, in
which trimethylgallium (TMG) and trimethylaluminum (TMA)ere used as the sources
of gallium and aluminium, respectivel$]. However, the singlkerystal GaN produced by
the techniques described above exhibited a very high density of dislocations and an
extremely rough surface morphology because of the severe toisbetween the lattices

of GaN and sapphire substrate.

There was a major technologicalepbr &alNt grr ou
method was invented dgamu Akasaki, Hiroshi Amano et alresulting in a major step
forward in crystal quality angurfacemorphology[4]. Thi s -sdtew® gr owt h me



involved a thin, lowtemperature AIN nucleation layer that is initially deposited on a
sapphire substrateplfowed by the growth of a thick GaN layer at a high temperature.
Nakamua [5] simplified this technique byeplacingthe AIN nucleationlayer with a thin,
low-temperatureGaN nucleatioayer. Thistechniquehas since beewidely utilized for

GaN-onsapphire growth

Another major breakthrough in Gabdhsed optical devices occurred in 1989 when Amano
et al.[6] achieved the firstqlype GaN. This was accomplished by treatingemsvn Mg
doped GaN under lownergy electron beam irradiation (LEEBThree years later,
Nakamurd7] obtained a fiype GaN by simply using an annealing process at arourfe€700
under a nitrogen ambiencBhese advancements lead to the birth of the first bright indium
gallium nitride/duminium gallium nitride (InGaN/AlGaN) blue ligkemitting diode (LED)
reported by Nakamura et §][9] in 1994, followed by the first white LED developed by
combining an InGaN blue LED with yellow phosphor in 1996].

Due to theirwide bandgaps, Hhitride semiconductors have also attracted a significant
amount of attention for their potential applications in power devices. Furthermore, the high
electron mobility in thewo-dimensional electron gas (2DEG) that naturally form #te
interface of AlGaN and GaN in a GaN/AlGaN heterojunction allowed for the development
of GaNbased high electron mobility transistors (HEMTSs), where the first GaN MEMTs
were reported in 199[3.1].

GaN-basedbhotonics and electronaevices havasincebeen used extensively in a variety
of applications, including power electronics, raflequency (RF) wireless communication,
and solidstate lightingDue totheir high efficiency, extended durability, and low energy
consumption, GaN/InGaN LEDs and LBee excellent candidates for usallaminating
applications. In addition, GaNased HEM's are expected to have magivantagesver
their siliconbased counterparts, including high power conversion effiemgneeduced

switching loses and rapid switching spegd

1.2 State-of-the-art and Challengesof Il -nitrides

1.2.1 The Growth of GaN on Si

Although there has been significant progress in the development -mitridle

semiconductors over the past few decades, there are still several major challenges that must

2



be overcome, such as how to integrate GaN with silicon. Specifically, how caquaility,

crackfree GaNon-Si be obtained?

One of the fundamental problems is the occurrenoaettback etchindgpetween Ga atosn

andSi substratg, which refers to the chemical reaction between the two materials at high
temperature§l?]. To address this issue, a thick AIN buffer layer must first be grown to
separate the Si substrate from the GaN layer subsequently grown. The crystal quality, strain
status, and stacemorphologyof the following GaN layer are strongly influenced by the
initial AIN layer growth, where growth conditions such as temperature, V/Ill ratio,

thickness, nitridation, and TMfrreflow have been investigatgi3]-[18].

Another major concern thatcurs during the growth of Gahh @ Si substrate is cracking,
which can occur due to the large difference in the coefficient of thermal expansion between
GaN and Si. There have been several proposed solutions to this issue, including the
utilisation of insertion layersepitaxial laterabvergrowth (ELO) techniques, carbon nano
tube mask facetinitiated growth, and patterned substraf@8]-[25]. Among these
methodsthe utilisation of strain balandayersis an effective approach to comperesiatr

the enormous thermal stresshile also reducingthe threading dislocation density.
Specifically, it is an #ective approach that employs a-called graded AlGaN buffer
technique to grow craekee GaN crystals on $26]. These graded buffer layers can be
composed o# single AlGaN layer or multiple AlGaN layers with stgfaded Al content

and optimised Al compositions and thicknesses for each of the AlGaN [2y§/28].
AIN/GaN superlattices, composed of a iemperature AIN layer and a thin Sikwyer,

have #&0 been attempted. It is worth highlighting that each of these solutions has its

advantages and can be used in different scen@9¢§30].

Wafer bowing is another significant challenge that prevents the growth otftegc&aN

on Si. It is particularly problematic in GaN crystals grown on Si substrates with large
diametes. This issue is also catalysed by thermal stress, as the compressive stress induced
by the strain balance layers to compensate for the tensile thermal stress can also generate
large wafer curvatures in the opposite direction. Wafer bowing can be mdritonesitu
curvature monitoring systenj81]-[40]. With the help of hese monitoring systemte

wafer curvature lateral wafer temperature uniformjtyand stress statuscan be



systematically studied by extracting d&t@am thein-situ measurementssing the Stoney
formula[41].

1.2.2 Micro-light-emitting-diodes

A microdisplay is defined as a screen with a diagonal lengtlessthan 25 mm.
Microdisplays are expected to be widely used in {gexteration display systems such as
augmented reality (ARandvirtual reality (VR) systems, helmatounted displays (HMD),
and heaeup displays (HUD)AIlthough aganic lightemitting diods (OLEDs) and liquid
crystal displag (LCD) can be used tmanufacturanicrodispla, micreLEDs € L ED s
overshadow their competitors because theysalfeemissivedevices withhigh brightness
tiny form factor and can achieve higher resolutions. Howewek, E tBchnology is still
under development, and many aspects require improve@2pt45]. For example, to
achieve 4K resolution on a glasseged wearable AR display system, the luminating pixel
size needs to be less thanglfl (or even £m), with respect to a sufficient pixed-pixel
length for other process steps. thermore, for a better commercial application, this-less
thanl10-em space is expected to emit both red, blue and green light with an acceptable

brightness

The optical efficiency o€ L E BRtssuch small sizes is the fundamental bafoer own

case see ithe chapter belowip its widespread adoption. These efficiency issues arise in

¢ L E Owe to epiwafer growth and the subsequent fabrication of the device. GaN grown
on a sapphire substrate typically have a high density of defecttodine significant
mismatch between the lattices of GaN and sapphire. This is even more severe for GaN
grown on a Si substrate. During device fabrication, sidewall damage, which becomes
particularly important when attempting to reduce the dimensions dfEBe can occur

due to dry etching. A number of methods have been proposed to mitigate the damage, such
as an annealing process afterplasma treatmenthemical etching process, andsilicon

nitride (SiNc) or silicon dioxide (SiQ) passivatior{46]-[48]. As shown inFigure 1.1, our

team has recently developed a direct epitaxy approach based on the idea of selective growth
that results in the natural formation ©fL E Dnswhich dryetching processes are not

involved. Our technique elimates damage caused by-@tghing[49]-[51].



uLED Array
Epitaxial LED  Dry Etching
Substrate Substrate
b)
Oxide Mask Dry Etching
Substrate Substrate
Epitaxial l
uLED Array Overgrowth
Oxide
Substrate Removal Substrate

Figure 1.1 Process flow of a) conventionalicro-LED array fabrication and b) Selective arevergrown micreLED

array.

The fabricated L E D pmust thén e individually electrically connected. One of the
mo s t popul ar me tpickeaddplacéds kwhowh asvdél ves th
alignmentoimi | | i o n spixatsfromea w&fdD to another substrate with a backplane,

a process that requgeextremely highprecision Therefore,this approach may not be
suitable for mass production, especially when higher resolutions are required, which
necessities an even further reduction of the dimensioasLoEs[52]-[55] Another way

to achieve this idlip-chip bonding which involvesheterogeneoustegration viawafer
bonding techniqueg52],[56]-[62] andwould still stickto the original substrate, which is
abandoned n pitk-@andglaced me.tHbwewder,in some caseghis approach has
similar issues due to the precision requireddiagnmentif the pixelsneed to be bonded

on the electrical control circuit during this stepd can lead to a further reduction in the
optical per f o56R&063d65l0f € LEDS

Furthermore,e L E Bisplay technologies face additional problems when it comes to
enablingRGB full-colour displays, where the individual casitof € L EsDn a fast and

stable manner is required

1.3 Motivation and Aims

GaN-based microdisplays currently face many challenglesvever, our group believes
that the monolithic orchip epitaxyintegration ofe LEDs and hi gh el ect

transistors (HEMTsphat arecapable of electricallgontrollingi ndi v i d uweuldbee L ED s



the most promising approacto manufacturing microdisplaydVe have developed an
epitaxial growthapproach that involves the natui@mation ofe L E Drsa prepatterned
templatein a process that does not involdey-etching, hencevoiding any potential
etching damag@9]-[51]. As a result, we havéemonstratedltra-compact LEDswhich

can be found ifrigurel.2, with record external quantum efficiaas(EQE) of 9% atD500

nm [49],[50]. In addition, this project aims to investigate the growth methods used for the
epitaxial intgrationof ¢ L E usd HEMTS, leading to the demonstration of ah 8
monolithicallyint e gr at e d enickofisplaytbi amhgls chip.
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Figure 1.2 (a) Schematic drawing of our ulteompact (ed i amet er of 3.6 em and an interpatc
(b) Emission microscopy i mages of our Z2andd®Dovamagnidicaton at an i nj

and (c) under a higma gni fi cati on. (d) EL s pendwith®BRs,fbotht nieasuredlageD arr ay s
function of injection current at room temperature. The fwhm of EL spectra for both devices as a function of injection
current. Emission peak wavelength of both devices as a function of injection current.

Another researchbjective was to apply this epitaxial integration method to a Si substrate
to produce crackree GaNon-Si with high-quality crystals and good surface morphology.
Furthermore, a detailed investigation into the growth of individual optical and electrical

devices such as LEDs and HEMTs on Si substrates and their advanced characterisation is

crucial

1.4 Outlines

Chapter 1 provides &rief overview of the history othe development ofil-nitride
semiconductorsthe challenges faced b@aN-onSi growth, and thecurrent stateof

microdisplay researclt.also discussehe main motivatiosand aims of thigvestigation



Chapter 2briefly introduces the general background of-riitkide semiconductors
including their physical characteristics and fundamental plegi@s well as the issues
faced by IItnitride semiconductor devicehe problems associated withaN-on-Si
development aralsodiscussed

Chapter 3 presents the main experimental techniques employed in this project, including
the initial epitaxy growthmaterial characterisation, and device fabrication. This involves
techniques and instruments such as MOCVD (growth), XRD, S#itdpscopy AFM and

PL (characterisation), PECVD, RIE, ICP gnfbtolithography(device fabricatioh

Chapter 4primarily investigates each step of the growth of GaN on a Si substrate. This
includes the treatment of the Si substrate surface, an investigation into vertical temperature
uniformity, AIN growth, AlGaN growth, and GaN growth

Chapter 5 focuses on the istigation of the growth of both Gabhsed electronics and
photonics on Si substrates. The performance and strain status of GaN/AIGaN HEMT

structures and InGaN/GaN structures are also studied

Chapter 6demonstrate a protype of an integrated device, narBely8 monolithically
integrated e€LEDs/ HEMTs ,whichwasachiewegldy auydirecn a s i

selective area overgrowth technology

Chapter 7Jrovides a summary of the work and poterdianues for future research
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Chapter 2 Background

2.1 Semiconductors

Materials are classified asther solids, liquidsgases or plasma. Solid materials can be
further categorised asonductors, insulators, or semiconductors based on their electric
conductivity. The conductivity of arnsulator istypically very low, in the range af08

10'8 S/cm! due to theabsenceof free electrond]. Similarly, the conductivity of
conductors, such as metalsyery highdue toalarge number of free electroasdoften

falls between10% 10° S/cmi'[1]. The conductivity of emiconductorgalls between these

values, and theronductivitiescan be tuned by an external process

2.1.1 Band Structure

Dueto theirperiodic structurg there aralistinct energy levels iwhich electrons can exist
in a semiconductorFigure21d es cr i b es hvalencetbhdn@andicendutton 06
band refer to thehighestoccupied andthe nextunoccupied energy bands ofsagle
crystalline solid at absolute zemssuming no external processespectively, while the

energy gap between them is referred to derdidden gap bamdgag?2].

While the Fermi levels ofnsulators and semiconductofall within their bandgaps,
conductors have their Fermi levels covered by both their valence and conduction bands,
allowing the electrons ina conductor to move freelyn addition the Fermi levebf an
insulatoris far from any currentarrying state, and its bandgap is so large that electrons in
the valence band cannot be energised and driven into the conduction band through thermal
energyor an external electric fiel@onsequentlyelectrons in the valence band are unable

to move freely In contrast, th&ermi leves of asemiconductor may lenedby doping
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Conductor Semiconductor Insulator

Figure 2.1 Diagram that describes thgand structurs of conductos, semiconductar, and insulatos.

Figure2.2 shows thathere ae two kinds of band structureghibited bysemiconductors:
direct bandgap and indirect bandgaphich are defined by the alignment of a
semiconductds valence band maximum and conduction band minimueankispaceor
momentum spacé directbandyapsemionductorexhibits thesamevaluesfor thevalence
band maximum and conduction band minimwahnile these values indirect bandgap
semiconductar have a differentk value. The recombination between electrons and holes
in adirect bandgap semiconducisrdifferent froman indirect bandgap semiconductas
carrierrecombinatiosin indirect bandgap semiconducioequire a third party tmaintain

the conservatiorof momentuni3].

Semiconductorscan absorb lightto create electrons and holesthis can also be
accomplished using amjection processFollowing the absorption of light, carrier
recombination occurs, eiththrough aradiativerecombination process omanradiative
recombinationprocess Figure 2.2 also demonstratethe recombination of electrons and
holes in a direct bandgap and an indirect bandgap semicondadtee.case of amdirect
bandgap semiconductoan additional phonon nsti beinvolved in the recombination
procesdo preservahe conservation adnergymomentum K), significantly reducing the
carrier recombination rate and thtssquantunefficiency, while the carrier recombination
process in direct bandgap semiconductioes not require the involvement of a third party.
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Thus, direct semiconductors are commonly used in the fabricatl@hte&mitting diodes

or laser diodes

Conduction band

Photon Phonon
Eg N addnd AW E
Photon g

Valence band

0 k 0 k
Direct bandgap Indirect bandgap

Figure 2.2 Schematic of acombination process between electrons and holes in semicondudioect bandgap; and
an indirect bandgap

2.1.2 Doping

The electrical propertiesof a semiconductorcan be modifiedthrough doping, which
introducesimpuritiesthat generateore freecarriers n the form of eitheelectrons or holes.
A doped semiconductor caetypically classified agitherap-type (acceptor) cann-type
(donor)semiconductarUsinglll -nitride materials as an exampéessmallamount of Group

Il elemens, such as magnesiumM), can bedopedonto gallium nitride (GaN)causing
thegallium (Ga) atomso be replaced biYlg atoms generating an extra energy level just
above thevalence band.This process causellg-doped GaNto become a fype
semiconductarSimilarly, by doping @GN with asmallamount ofgroup IV elemert, such

as silicon (Si), Ga atomare substituted witlsi atoms forming an ntype semiconductor
with a high concentration of free electratgoom temperaturd].

2.1.3 Recombination

When an electron isxcitedand moves from thealence band to the conduction band, it
generates a hole in the valence band, forming an elelstienpair (EHP) The excited
electronwill eventuallyreturn to the valence bana process known asaombinationThis
recombination process can occur in onetlufee ways: ShockleyReadHall (SRH)

recombinationyadiativerecombination, and Auger recombination
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Figure 2.3a illustrates the mechanisms behind 8iRH recombinatioprocesd5],[6], in
which thetrap formed by the impurity or imperfecti®m the material is the main cause of
recombinationThe arrows in the figurendicatethattheseelectrons can gradually revert
to the valence band through the energy levels induced by those traps. Comparsizéo the
of thebandgap, the energgvolvedin this kind of recombination is ralaely small and
thus multiple phonons are involvedther thama photon.This recombinatiorprocesss
dominantat low injection currentsSpecifically, he rate of SRH recombinatidly ) is

dependent on the carrier concentration anddeaysity and can bexpresseas follows
Y 0 ¢ (2.2)

Where A denotes theoefficient of SRH recombination andh denotes the carrier

concentration

a) SRH b) Radiative c) Auger

Photon e Electron
Eg wV o Hole
0 k 0 k 0 k

Figure 2.3Three types of the recombination proc€s$ SRH recombination, (ladiativerecombination and (c) Auger
recombination.

Figure 2.3b demonstrates the radiativeecombinationprocess which leads to the
generation of photons that we requiltas notable thaFigure2.3b only illustratesband

to-band recombinatioii radiative recombinatioman also take place througixcitonic

recombination and donacceptor recombination each ofthe radiative recombination
processeghe excited electron retwsio the valence barloly emitting a photon. However,
in bandto-band recombination, the energy tble enitted photon is étermined by the
bandgap between the conduction band and the valencelbahtrast theenergy of the

emitted photoris decrease in excitonic or donoacceptor recombination because of the
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excitonbinding energy or the activation energy of the speddipantsGenerally, a carrier

recombination ratéor radiative recombination can leepresseas follows:
Y 6¢ (2.2)

whereB is the radiative recombination coefficiemthich typically ranges between £0
101t cm?/s for Il -nitrides[7].

Finally, Figure2.3c describes an #gerrecombinatiorprocess, where the energy obtained
when anexcited electron returns to the valence beggllts in theexcitation of another
electron(or hole)in the conduction bangvalence bandjo a higher energy statesuling

in a hot electrorfhole), rather than the generation of photoRsis form of recombination

is particularly noticeable at large injection curreatsl has been accepted as one of the
main causes oéfficiency droog8] Because th&ot electron will ultimately lose energy

via the emission of phonons (lattice vibration or heat), the Auger recombination process is
nonradiative.Therecombination rate adn Auger recombinatioprocesds expressed as

follows:
Y 0¢ (2.3)
whereC is the Auger coefficient of recombination

Another importantparameterfor describing a carrier recombination process in a
semiconductors the carrierecombination lifetimeCarrier recombination lifetimés an
important parameter in general illumination, displaand visible light communication
(VLC) applications whereshort recombination lifespaaredesirableNormally, the non
radiative recombinationterm is relative totemperature and defect density. The total
reconbination lifetime of a semiconductor material may be described in terms of both
radiative (t ) and nornradiative (f ) lifetimes, as indicated in thillowing

equation9]:

(2.4)

—+|©
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2.2 |l -Nitrides Semiconductors

Unlike Si or Ge semiconductors, which consist of single elemertsppound
semiconductorare formed by the combination gfoup Il and V element®ne of the
most compelling reasons to use compound semiconductan iability to tune their
bandgap$y adjusting thie alloy composition For examplethe bandgapof GaN, indium
nitride (InN), aluminium nitride (AIN),as well agheir ternary or quaternary allgyextent
from the deep ultraviolet tathe infrared spectral regionsgoveing the entire visible
spectrum(Figure 2.4). These materials are also referred tollasnitrides and they all
exhibit direct bandgap structuse Hence they have significant advantages over
conventional 1V semiconductorspotentiallymaking lll-nitridesone ofthe best choice

for optoelectronic devices
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Figure 2.4 Bandgap at room temperature and emission wavelength as a function of ibe dathistant of various
compound semiconductd®]. Reused with permission.

2.2.1 Crystal Structure

In general]ll -nitride semiconductorsan exhibitthree distinct crystadtructureswurtzite,
zincblende and rocksalt[11]. GaN with arock-salt structure can only exist at very high
pressurs, while GaN with azincblende structure can bmedon a cubic substrat&his
zincblende structurean potentiallyransform into a wurtzite structure, whisihmuch more
thermodynamially stable[12]. Thus, GaN with avurtzitestructure is the most useful class
of lll -nitride semiconductorgl3],[14]. This dissertationvill thus beexclusively dedicated

to the research of wurtzistructured Iltnitride semiconductors

21



o Ga atom
* N atom

Figure 2.5 Schematics of Hhitride semiconductofGaN)with the wurtzite crystal structure.

Figure 2.5 is a schematic representati of awurtzite GaN, where the small blue dots
represent nitrogen atoms, while the larger red depsesentGa atoms.In this crystal
structure eachnitrogen atormaturally bondto four Gaatorrs, represented by the dashed
lines in the figure. Thisresults in a ABABAB hexagonalclosepacked (HCP)
configurationfor thecrystal.The two HCP sublattices of Ga and N havederpenetrating
offsetthat is equal t&/8 of the heighof the cell In addition, the inplane lattice constant
(a) and the oubf-plane lattice constarft) of awurtzite structurei as labelled irFigure
2571 are used talescribe the distance between two adjacent atoms witbsame basal

plane and the distance between two adjacent basal planes, respectively

Table2-1 Lattice constants of wurtzite HHitrides.

AIN GaN InN
In-plane httice
3.111 3.189 3.533
constan{a) (A)
Out-of-planelattice
4.982 5.185 5.693

constan(c) (A)

The lattice constantsf thelll -nitrides(GaN,AIN, and InN are listed inTable2-1 [15].
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Bravais Miller indices If, k, i, ) are usedto describe the crystdhtticeds plane and
orientation[16]. The hreevectorsay, a2 andaz (Figure2.6) describe therientatiors of the

basal plang, whichare represented by thelices f, k,i). Additionally, theindex| denotes
the intercept reciprocals along thexis. In a wurtzite stucture,the Miller andi indices

are equal te(h + K); thus, theMiller indicesof a wurtzite structurare sometimesxpressed
as 0, k, ).

>

0
i

a;

Figure 2.6 Bravais Miller indices in a wurtzite unit cell.

There are two distinct formatismf GaN crystés, each with a different terminatiragjom

on the surfacdahe formation that involves terminatigalliumatomsis referred to aa Ga
polar (Miller index of (000L)) structure, while the formation that involves terminating
nitrogenatoms,is known as am-polar (Miller index of (000-1)). Nitrogen atoms on the
N-face surfacecan easily reactresulting inthe decreased stability of fface GaN. As a
result,chemial etching processes maycur rapidly owing to surface defects orgdlar
GaN, but intrinsic GaN witla Gapolar structureare very chemically stahlén addition

the physical and chemical propertiesttdsetwo polaritiescanvary significantly, altering

the growth process and resulting in highly distinct optical and electrical capabilities

2.2.2 Properties

The fundamentalmaterial parameters of Galre compared to othesemiconductor
materials inrfable2-2[17],[25]. In particular electron mobility i®ne of the most important
parametersor asemiconductgrwhichdescribes how rapidly electrons magvewhen an
electric field is appliedT his parameter ignpacted bythequality of thecrystalcomponents
such as lattice vibratienimpurities, and defect3.he electron mobility in freestanding

GaN has been measured to be as high as A245 O at room temperaturg26]. In
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addition, a epilayer of highquality GaN generally hanelectron mobility of around 1000
Aie O .Table2-2 also highlights thaGaN has an extremely high breakdown voltage
and great thermal conductivity compdito GaAs and Swhi ch are indicative

potential uses in the fabrication lwh-power, highfrequency electronic devices

Table2-2 Electrical and thermal properties of semiconductor materials at JQ0K-[25].

Thermal Electron Breakdown
Material Mel t i ng P  Conductivity Mobility Field
(W-"Hl T ) (Hi g ") (KV'HI )
GaN 2500 2.3 1245 5000
GaAs 1238 0.55 9400 400
InP 1062 0.68 4000 500
Si 1414 1.56 1400 300

In addition thechemical stabilityof GaN is significantly greater thaihat of itscompetitors
this is due to itpolarity and crystal purityf-or exampleGapolar GaN cannot be etched
in themost common acidic and alkaline solutig@%], whereas Noolar GaN and surface
defects on Gapolar GaN may beetched byphosphoric acid ((PQs) and potassium
hydroxide (KOBH) [27].

2.2.3 Alloys and Tuneable Bandgap

As mentioned abovéhe bandgap and lattice constants cehitlide material€anbetuned
by changing the composition of the semiconduetitwys. The lattice constantgan be
expressed aa linear relationshijppetween thealloy compositios as defined ¥ Vegard's

law:
) AN P WK (2.5)

where® denotes the lattice constaoftthe IlI-Nitride material(Al or In in most cases)
« refers tothe GaN lattice constant, andefers to the mole fractioof the group Il

elementsAl or In).
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Due to its close relationship with the lattice constatits,bandgampf a ternary alloyis
highly dependent on the allogopmposition, which can be described an empirical

equationas follows
0"Q WOQ p ©wOQ wap (2.6)

whereO "Q represents the bandgap of AIN or InM;Q represents the bandgap of GaN

andB isabowing factorthat isassociated with curvature and strain state

The bandgapand emision wavelengthof Il -nitridescan be foundh Table2-3[7]. Both
Table2-3 andFigure2.4 show thatnN has a small bandgamd that itgernary alloyswith
GaN can cover the entirety of the visible light spect(@80' 740 nm) while aternary
alloy consisting ofAIN and GaNhas the potential to be used in applications involving the
deep ultraviolet (DUV) and ultraviolet (UV) speatHence, thebandgap energies of 1l
nitride ternaries can be continuousiyned by varying theiralloy compositions, which
allows for these materials to covewavelength rangéom 6.2 eV (200 nm) to 0.78 eV
(1590 nm),suggesting thdaigh possibilityfor their use inlight luminance applications

ranging fromtheinfrared totheultraviolet, as well as for visible light communication

Table2-3 Bandgaps and relative emission wavelength efiiliides materials.

Corresponding Wavelength

[l -nitride Material s Bandgap (eV) (nm)
AIN 6.2 200
GaN 3.42 363
InN 0.78 1590

2.2.4 Internal Polarizations

[l -nitride semiconductors and their heterojunctions exhibit intripsliarisationdue to the
asymmetry of their wurtzite structure, which determines the fundamental properties of Il
nitride optoelectronicgn general, thelipole momerd in semiconductors withsymmetric
crystal structurean cancel each other out, causing the systdmave a dipole moment of
zerq macroscopicallyFigure2.5 shows that, due to the asymmetry of wurtzite GaN, these
dipoles are not cancelled out,using thenet dipole momento point inthe [000G1]
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direction, resulting in thepontaneoupgolarisation of thevurtzite GaNstructure As shown
in Figure 2.7a, the value of thespontaneougolarisationof GaN, InN, and AINcan be
calculated viaVegard's interpolation(Equation 2.7). Inunstrained IHnitrides the
spontaneous polarisation was found te829,-0.032, and0.081C/nm?in GaN, InN, and
AIN, respectively[28].

W p @O § (2.7)

CA
= xj

whered j denotes the spontaneopslarisation of the IHnitride material(AIN or InN
for most cases)) ; denotes the spontanequarisatiorof theGaN, andkis themole

fraction of the group IIl element&lor In).
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Figure2.7(a) The spontaneous polaations of llknitrides as a function of the lattice constant, as well as the spontaneous
polarizations of IIknitride alloys according to a Vegailike rule. (b)The pezoelectriccoupling constants of Hhitrides

e31 (dash line) and e33 (solid line) as a function of lattice constants. According to a \ikgatde, triangles indicate

[l -nitride alloys[29]. Reusd with permission.

Each ofthe abovementioned spontaneous polarisaticalculated based on unstrained

materials

Under strained conditions, tlgeoup Il and N atoms are displaced from their equilibrium
positions resulting in a extrapolarisation field known as piezoelectgolarisation This
straincanbe describe@ds a combination of thisotropic inplane strains andthe out
of-planestrain- , which can be determined by t&ainedin-plane and oubf-plane
lattice constanta andc as well as their correspondieguilibrium lattice constants and
®. In particular, the relationship between tsieain and thelattice constarst can be

expressed by the equation below
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The piezoelectripolarisationcanthen be calculatefiom thein-plane strains andout

of-plane strain  using the following equation
0 Q - - Q - (2.10)
whereQ andQ arethe piezoelectric constanfseeFigure2.7b) [28].

Thus,the total polasationincludes botlspontaneous and piezoelecpaarisationwhich
can be expressed liye equatiorbelow.

0 0 O (2.11)

Figure2.7 shows he spontaneoysolarisationand piezoelectricoefficientsof Ill -nitrides
and their alloys as a function thfelattice constanfThe intrinsicspontaneoupolarisation

of heterostructuresuch as AlGaN/GaN or InGaN/Gafdsults in the formation o self
built electric field. AIN exhibits a spontaneouspolarisation coefficient that is
approximately three times larger than that of Galdile InN hasa similarspontaneous
polarization coefficient toGaN. However, the lattice mismatch between GaN and AIN is

much smaller than the mismatch between GaN and InN

Therefore, in arAlGaN/GaN heterostructurethe spontaneous polarisatidgarmed along
[000-1] is dominantwhile thepiezoelectric polarisatigrwhich also forms alonf00-1],

is fairly weak Similarly, for an InGaN/GaNheterostructure such as an InGaN/GaN
guantum well (QW)the piezoelectric polarisati@lominatesand is oriented in the opposite

direction ofthe spontaneous polarisation

The distribution of thepontaneouandpiezoelectrigolarisationn ac-plane InGaN/GaN
QW structue can be found iRigure2.8a. Because the polarisation is oriented in the growth
direction, the barges butlat the interface between the GaN barrier and the InGaN QW

create an opposirglectric field.As shown in Figte 2.8, his built-in electric fieldseparates

27



theholes and electrons in opposing directioreusing thdéand structuréo bedeformed
and consequentlgesulting in the separation of the wawactionsof the electron andts
hole. Ths electric fieldinduced phenomem s referred to as the quantwoonfined Stark
effect (QCSE).

a) Polar QW b) Non-Polar a-plane QW
[0001] : [11-20]
o » ®O0+®6 » ® o & @
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Figure 2.8 Schematiaepresentation of the orientation pblarisation andthe band structure of (a) a polar-plane
InGaN/GaN QW and (b) a nepolar a-plane InGaN/GaN QW.

The QCSE phenomen strongly influences the performance of an-nitride
heterostructure in many waySor example, thénduced reductiorof the integral wave
functionoverlags of electrors and hols leads to an increasetineradiative recombination
lifetime, which can decreadbe internal quantum efficiency (IQBf InGaN/GaNbased
visible emitters for general illumination while aldimiting the maximum modulation
bandwidth for VLC applicationsin addition, the modification of theipand diagram
decreases thteansitionenergybetweertheconduction band and valence barebsulting in
aredshiftin theemission wavelength. it increasingnjection currerd, a blueshifiin the
emission wavelengtbccurs due to a carriémduced screening effe@Consider a electron
flow in which every electromepek each otheand therefore forsismall regions around
themselvesdue to theCoulomb's interactianAnd those small regionswhich can be
regarded a%screening hole 6, wi | leledtria frelcs gdreratedbyethoseelectrors.),

generatingawavelength stabilityssue

Furthermore, the QCSE phenomenon presents a great challenge for the growth of an
InGaN/GaN QW structureof long emission wavelengths (such as green, yellow or even

red), as it requires much higher In concentrations. InGaN/GaN QW structures with higher
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In contents results in stronger bditelectric fields, leading to a further reduction in the
wave functimm overlap betweenthe holes and electroa and, consequently, even more
severe QCSE. This is one of the greatest challenges for the developmenterhlesign
wavelengthigh-efficiency lll-nitride LEDs

2.2.5 Structure of an LED

Figure 2.9a presents a typicaland very conventionallED structure with a simple-p
junction. The formation of a depletion region between titygpe and gtype sides results

in the formation of a bii+in electric field across the depletion region. In an open circuit,
this builtin electric field tends to stop carrier diffusing carriers, eventually forming an
equilibrium This is shown irFigure2.9b, which demonstrates the behaviour of electrons

and holes in a zerbiased pn junction using a band diagram.

a) N-type
© ©
- VWA Y

e o
P-type

b) P-type 1 1N-type c) P-type

S Conduction Band 7
— 1
1 1
HOESB; Valence Band -

I N-type
|

|
:Electrons

Lo Holes :‘f.
Depletion Active
Region Region

Figure 2.9 (a) a) Schematic of a forwarliased pn junction This figure also shows theergy band diagram of (b) a
zerobiased pn junction and (c) a forwarthiased pn junction

Figure2.9 shows a m junction under biased conditions, in whedkectrons and holesan
continuouslydiffuse into the opposite arda.a forwardbiased pn junction LED, minority
carriers, such as electrons, in théype region camadiativdy recombire with majority

carriers, such as holes, in théype region, resulting in the emissionpdfotons
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2.2.6 High-Electron-Mobility Transistor (HEMT)

[l -nitrides like GaN can also be used in power devices; their applications in this field have
attracted an increasing amount of attention in recent de¢adeg2]. Compared to Si,
GaN has a wider bandgap, which means ®abkd power devices can reach much higher

breakdown voltages than theirlBsed counterparts

As mentioned in Section 2.2.the asymmetry athe structure ofvurtzite GaN allows for
intrinsic polarisation [33]. Thus, modulation doping which typically foms two
dimensional electron gases (2DEG) AlGaAs/GaAsbased high electron mobility
transistor structures, is no longer necessary in AlGaN/Gad¢d power devices as 2DEG
can simply be formed at the interface between the AlGaN and GaN in an AlGaN/GaN

heteostructure due to intrinsic polarisation

In addition, the 2DEG layer between AlGaN and GaN has a high sheet carrier density and
electron mobility, and thus possesses lowestaite resistance compared to Sifb&sed
deviceq33],[34].

The wo fundamental parameters can be used to describe the major advantages of GaN
based power dfgwds ofererit BHBM)land Johrésas figure of merit
(JFoM). These values are presentedable2-4, whereO denotes the critical electric field
strengthp  denotes the satation velocity,- representshe dielectric constapande is

the electron mobility (for GaNt describes thelectron mobility ithe2DEGlayer between
AlGaN and Gall

Table2-4 A comparison oFoM values forpowerdeviceapplicatiors between Si, SiGnd GaN. The BFoM and JFoM
methods are used to determine the-land highfrequency performance of power devices, respectively

Figure of Merit Si 4H-SiC GaN
BFoMO()Ue 1 130 650
JFoM (OL /27) 1 180 760

TheBFoM parameter isommorty used to asseskeperformancef power devicestlow
frequenees. This figure is a measure tfe tradeoff between orstate resistance and

breakdown voltag¢35]. As previously mentioned, Gablased power devices can have
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high breakdown voltages and low conduction losses due to their crystal properties. Hence,
the BFoM ¢ GaN is much higher than that of Si and SiC.

The FoM is a measure of theerformanceof an electronicdevicewhen used fohigh-
frequency power switchinfg6]. This is primarily controlled by theaturation velocityof
the device materialand the applied voltagd-or an AlGaN/GaN heterostructure, the
generated 2DEG layer greatly increases electron mobility, resultbegterperformancs

athigh frequengesthanSi or SiC power devices

Metal contacts

' AlGaN layer

B 2DEG layer

GaN layer
B GaN buffer layer

I Substrate

Gate iy, Drain

Figure 2.10 Structureof an AlIGaN/GaN HEMT

The fundamental structure of reormally on AIGaN/GaN HEMT grown on a foreign
substrateysuallyc-plane sapphire or (111) S¢illustrated inFigure2.10. Typically, this
structureis composed of ahick GaN bufferlayer that separates aAlGaN/GaN
heterostructuréfom the substratén most cases, this buffer layer needs to be at $east
insulating toprevent thebufferf r o m Ipuenched througld in an off-state[37]. As
explained previouslyhte channein anAlGaN/GaNHEMT heterostructures achievedoy

the 2DEGIayer. In addition to the parts needed for the compound semiconduuatee, t

metal comactsare required foa HEMT. Two ohmic comacts arerequired one serving as

a drain and the other as a soufmepresented by the yellow blocks kigure 2.10). In
addition,a gatecontact ol Schottky contact is employed top of the AlGaN layer surface

and is located between the source and drain. Normally, these contacts are formed by
depositing metal alloys onto the system, which are then subjected to an annealing process.
Typically, aTi/Al/Ni/Au alloy is used for thehmic contact, while &li/Au alloy is used

for the Schottky contactUnder zero bias, the current passes straight through the 2DEG

|l ayer from drain to source and, consequent
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applied to the gate, the electfield will deplete the 2DEG layer beneath the gate and
eventually close off the channel. The minimum voltage that must be applied to the gate to
switch the ¢ hann dghreshéldvolfage (M). As memicaned prevéossly,t h e
a normally on devicgenerally does not meet energy consumption or safety requirements.

Hence, research into normally off HEMTSs is necessary

The three main parameters used to fully describe the performance of a HEMT device are
the breakdown voltagdVy), the on-state resisince (Ron), andthe drain current(lps).
Specifically, Viris describinghe highest ofstate voltage that a transistor may reach before

its breakdown.This breakdown mighbccur vertically or laterally, depending dahe
geometry of the devicd helaterd breakdowns from thegate/sourcelectrods, while a
verticalbreakdowris in the buffer layerddence, the breakdown voltagan beincreased

in two waysl) by improving the buffer resistivity tmcrease botlthe verticaland lateral
breakdownvoltage 2) by increasing the gatdrain spacing toimprove the lateral

breakdowrvoltage

On-state resistand®on) is another important parameter for qualifying HEMT performance.
This parameter describes tbenduction los®f a devicedue toohmic contact resistance
and 2DEG channel sheet resistands previously statedthe 2DEG channel sheet
resistancegis the main characteristaf Ron. Therefore decreasing the gatirain spacing
can weaken R significantly; this involves #radeoff with the breakdown voltagevhich

is also influenced bgatedrain separatiarRon is oftencalculated fronthe linear part of
thel-V characteristicef a deviceand is typicallynormalised tohe gate widthof adevice

for comparative purposes

Finally, the drain current lps) is a critical parametetthat affectsthe current ratingof a
device.When a bias is applied across the device, tbedn be determined by tisheet
resistancef the 2DEG channel and the voltage applied. The drain currenthyniiiedarly
increases as the applied voltage is increagbds occurs until thepk saturates. The value

of thelps can becalculated usinghe ejuationbelow:.

O & 0 A (2.12)

where¢ denotes the sheet charge dengjtyenotes the electronic charge, @and refers

to the effective electron velocity in the channel af#as equation shows that increasing
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¢ can be an effective way ahproving Ips. For a typicalAlGaN/GaN HEMT, the value
of ¢ can reach 210%cm?, leading to higltonductivites in the 2DEG channel. LikeoR
Ipsis usually normalised to thgate width othe described transistor for comparisons with

similar devices

2.2.7 Challenges

There have been major advancetseim the development of Hiitride visible LED
technologiesn the last fewdecadesthough these have been primanigstricted to 11
nitride devicen cplane substrate3his sectiordescribeshe majorobstacles and basic
concerngegarding several fundamental issuethagrowthof Il -nitrides such asrystal

properties epitaxial substratesefficiency droopand the QCSE
Crystal Properties

As mentioned in the section abowe,rtzite GaN crystad havehigh melting poing and
dissociation pressuseand therefore cannot be effectively obtaibngdhe commoly used
Czochralski or Bridgman methgdn which singlecrystalboules are normally exacted
straightfrom the melt[38],[39]. Due to the lack of affordable substatkss expensive
foreign substrates such as sapphire, silicon, and silicon carbide areamomonly

employed in Ilinitridesfor research and commercial purpases

Heteroepitaxial growtlith the presence of such larattice mismatches resultsagreat
degreeof dislocationposing majoobbstaclegor optical and electrical applications,these
dislocations cariunction as nosradiative recombination cenger as pathdor leakage
currens. Typically, these diglcations can be around®1@0* cm? for GaN-on-sapphire

and are even larger for Gad-silicon.

As mentioned in Section 2.2 /hGaN/GaNQW structures, which are typically used as an
emitting region for visible emitters, suffer from strong builelectic fields. Furthermore,

to achieve longer emission wavelengths such as green, yellow, or even red, higher In
concentrations are necessary, leading to more seiereelectricpolarisation, which
further reduces opticauantumefficiency. This is referredo as thefigreen/yellowg a p 0
[40].

Epitaxial Substrates
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Amongsapphire, silicon, and silicon carbjdiee three major substrates used in the growth
of GaN, SiC hasthe least lattice mismatch with GaN and Athit is the most expensive.
Sapphireis the most widely usedubstratdor the growth ofill -nitrides semiconductors.
AlthoughSiis not the optimasubstratefor the growth ofll -nitrides,it is the ideal substrate
for integrated circuits and ba matureproductionindustry, hence, they aréhe least
expensive and offer the most potential for future integration applicatihsrsubstrates
are alsavailable for GaN growth but are much less competisueh azinc oxide (ZnO)
[41] or diamond42]; these substrates will not be discussed in this work

The lattice mismatch between SiC and GaN is 348k hence, the growth of GaN crystals

on SiC is preferable compared to other foreign substidtesever, there are two kinds of
SiC, 4H-SIiC and 6HSIC, which exhibit different stacking seques@nd thus leads to
differences in the penetration of stacking faults that are generated during GaN. growth
Furthermore, SiC is similar to GaN in that it hakigh melting point and dissociation
pressurgand thus its production incurs high costs. Coneetly, the growth of GaN on

SiC substrates is the most expensive of the three substrates

Sapphire asinglecrystal aluminium oxide (ADs), is the most widely used substrate for
GaN growth. Sapphirdas excellentthermaland chemical stability. Furthermey the
thermal expansion coefficients of GaN and sapphire are relatively similar. These physical
properties make sapphire an ideal substrate for epitaxial growth. Furthermore, sapphire is
transparent and is thus suitable for use in optical devices intlmtdV and the visible

spectral regions

Not only isc-plane sapphire the moasedsubstrate fopolar GaN growth, but-plane
sapphire ighe preferred substrate for nguolar aplane GaN growth. However, the lattice
mismatch between GaN and sapplaloagthe mdirectionis 16 % compared to% along
the cdirection[44].

Silicontechnology is well developed ah@s been widely usad semiconductor devices
andintegrated circuits for decadé& substratearecheapethan othesubstratesHowever,

it is difficult to grow high-quality GaN crystalson silicon. Silicon has acubic crystalline
structure, in contrast taurtzite GaN The lattice mismatch between GaN and Si is 17%
for the most commdwy used component$i11) Silicon and-plane GaN45]. In addition,

the coefficientof thermal expansionf Siis 54%smallerthan that of GaN46]; because
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GaN must be grown at high temperatures, this reguléslarge amount of tensile stress
whenthe GaN-on-Si wafer cools. Even if this tensile stress becompensatetbr by the
use ofstress management buffer layessyerewafer bowing generated by the stress
result in poor uniformitythroughout thewvafer, making further fabrication problematic
these issues are exacerbated lfsgerscale substratesThe challenges of Galin-Si

growth will be explained in further detail later in the thesis
Efficiency Droop

The termfefficiency drapo refers to the phenomena in which the efficiency of an LED
initially increaseswith increasinginjection current densitybglow 10 A/cn¥) before
quickly decreamg with increasingnjection current densityAlthough the mechanisms that
underlie efficiency droop on Hhitride LEDs are debatetipth Auger recombination and
electron leakagehave beenconsideredto be the most likelyexplanations.Carrier
delocalisation, densitgctivated defect recombination (DADRgducedcurrent injection

efficiency, and current crowding maysocontribute to this problem
Quantum Confined Stark Effect

QCSEwhich significantly affect the optical performance gblanelnGaN/Gan quantum
wells based emitters ausedy the built-in electric fieldwhich leads tdhe separation of

the wavefunction overlap @lectrons and hote

The QCSE causes many issues that degrade the optical performangetofiéllemitters.
For example, due to the modification of the band diagrammitiiide emitters exhibit
redshifts in theiemission wavelengthirhe QCSE can be screened out by inéngathe
injection currenti however, this lead$o a blueshiftin the emission wavelength and,
consequently, asmissionwavelengthinstability issue. Other consequences of the QCSE
include an increased radiative recombinatiortifife, which generally leds to aredudion

in thelQE forgeneral illuminatiorapplicationsand reducedhodulation bandwidtin VLC
applications. Therefor¢he QCSEsignificantly constrains thaevelopnent oflnGaN/GaN
QW structurs for long emission wavelengitisuch agreen, gllow, or even redpecause
the InGaN QW layerequires mucthmigher In concentrati@However, because thmiilt-

in electric fieldin InGaN/GaN QWdecomes strongers the In content increases, this is
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one of the mosthallengingobstaclego the developrent ofa long emission wavelength
GaN-based LED structure

2.3 Il -Nitrides on Silicon Substrates

2.3.1 Lattice Mismatches

[l -nitrides with a wrtzite structure, such &aN AIN, or InN, have a hexagonal siald
surface symmetry as shownhigure2.11c, while Si crystals have a cubic structure and
thus a foufold surface symmetras shown irFigure2.11a. A common problem is that

GaN crystals with different orientations can appear simultaneously when GaN is grown on

(001) silicon, leading to eough surface

Figure 2.11b shows that thél11) Si planéhas athreefold surface symmetrywhich is
more similar to thenexagonal siXold surface symmetrgxhibited by wrtzite GaN as
shownin Figure 2.11d. Hence, the(111) crystal plane of Si may beompatible with

wurtzite GaN, forming the basis of a mechanism for @&aP&i growth

Furthermore, due to the rodghL7% lattice mismatchetween GaN and StaN crystals
aresubjected tasignificanttensile stresgn GaN-on-Si systems, as can be determined by

the following equation

" — 6 (2.13)

whered s the inplane lattice constant of cubic Si a®dd is the inplane lattice constant
of wurtzite GaN

2.3.2 Thermal Expansion Coefficient Mismatch

The difference in the thermal expansion coefficient between the GaN and Si represents
another major issue for Gabh-Si growth. There is a 54% difference in the thermal
expansion coefficient between GaN and Si, which results in significant tensile stress a
GaN-on-Si wafers are cooled following crystal growth at high temperatures. This generates
enormous tensile stress, causing a severe wafer bowing issue and cracking issues. Even if

this tensile stress can be compensated for through the use of stresgnrertaguffer
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layers, wafer bowing is still a serious issue that results in nonuniformity across the entire

wafer. This issue becomes more severe with increasing substrate diameters

b)
[-110]
= v * Siatom
" 1010] "
[-1-12]
c) d)
[11-20]
[0100]
® Ga atom
* N atom

[1-100]

Figure 2.11 (a) Cubic Si crystal structure; (b) Si atoms the (111) Si plane; (c)urtzite GaN crystal structurgd)
Gallium atoms onhe (0001) GaN plane

2.3.3 Meltback Etching

Unlike sapphire and SiC substrates, Si can chemically radciGaN to form aeutectic

alloy at high temperatures, with growth generally starting at around°COdMerefore,

rough surfaces tend to be produced when GaN is directly deposited onto a Si substrate due

to Ga meltback issue3o preventthissec al | eldt Wanc k e tathick A6 e f f €
buffer layermust be growrbetweernthe GaN and the Si substrati is important to note

that any areas with pits or increased roughness in the AIN buffer layer may result in
localised meltback etching; hence, the thieks and surface roughness of the AIN buffer

layer must be optimised. &ltback etchingan be eliminated if the crystals are grown below

870°C However, such low temperatures are not optimal for GaN growth as these
conditions result in an extremely highndéy of crystal defects
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2.4 Monolithic Integration of HEMT and LED

In the previoussectionstwo major GaN based optoelectronic devices, HEMT and LED,
are detailed introducedue to thesuperior performancesf HEMT at high voltage
temperatureand frequencyijt is quite nature to try to drivan LED device with a
homogeneouBIEMT structure However,many prior work has been done before this idea
really comes trueSomegroups tried to combingmetal oxide’ semiconductor fielgffect
transistor(MOSFET) with an LED [47][48], while some others tried tachievelight
emitting field effect transistor (FETOn HEMT [49]. Since the late 2010smany groups
havestarted to reporiore reliable ranolithic integrationresultsfor HEMT and LED
[50]-[54]

2DEG AlGaN Over- Sio, 5 |6
=== == et
Iayer grow th S| Fabrication =—-—Em—
— —
Substrate Substrate Substrate

Figure 2.12 Typical fabrication process flowhart of the monolithic integration of LED and HEMT

As shown inFigure2.12, a typical fabrication processf the monolithic integration of LED
and HEMTwould start from the Si@mask deposition omaAlGaN/GaN HEMT template.
After patterning and etching this maske required LED growth window will be exposed
for the next LED sticture growth. Finallythe metal electrodes of this integrated device
would be fabricated after the SiGhask removalln this structure, the drain ofditHEMT
structure will also act as thed®ntact of the LED parBy this means, the LED and HEMT
are connectedetalfreely through the 2DEG layer of the HEMT structuned therefore
lower energyloss and higher modulatidrequency can bebtained.
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Chapter 3 Experimental Techniques

3.1 Metal-organic chemical vapour deposition OCVD)

3.1.1 Introduction

Metalorganic chemical vapour deposition (MOCVD), also known as roeggnic vapour
phase epitaxy (MOVPE), is one of the most comiyparsed epitaxial growttechniqus
for producing I}V (e.g. GaN, GaA%r InP) semiconductor compoustbroptoelectronic

and electronic deviceall samples described in this thegisregrownusing this technique

Two MOVPE systems were used for the samples grown in this thesissyaiéms were
equipped with a closeoupled showerhead (CCS), allowing for the group Il precursor(s)
and group V precursor(s) to be vertically injected separately into the growth chamber. The
first instrument was manufactured BgomasSwanScientific Ltd,which wasacquired by
AIXTRON Ltd. In this instrument, thehowerhead is fixedn top of the growth chamber;
however, the growth chambeain moverertically to allow for wafetoadingand unloading

The second instrument was manufactured by AIXTRON Lt features a growth
chamber witha flip-top configuration. This allows the chamber to be opened by simply

flipping the top

In both systems, the distance between the showerhead and the susceptor which holds
substrates for epitaxial growth is very shaapgroximately 11 mm), a design that
minimises any potentialgpasitic reactios between the group IIl precursor(s) and group V
precursors, particularly with regards to Al(Ga)N growthotiBinstruments allow for
3x2-inch or 13 4-inch wafer systems, meaninigat three Anch wafers or a single-hch

wafer can be grown in each growth run. The susceptor uses a high rotation speed to ensure
that the crystals grow uniform[it]. The two instrumentare similar but the differencgin

chamber size andhe specifications of the heatirgystem lead to different growth

conditionsin each system
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2) Atxtron Reactor b) Thomas-Swan Reactor
e

Figure 3.1 Photos ofthe MOCVD systemasedin this thesis: &) Aixtron 3x2 0 -fop CCS reactor;lf) ThomasSwan
320 vertica.l CCS reactor

3.1.2 Growth Principles

Trimethylgallium (TMGa), trimethylaluminum (TMAJand trimethylindium (TMInwere
chosen as therecursorsfor the group Il elements gallium (Ga), aluminium (Al) and
indium (In), while ammonia(NHs) was chosenas the group V elementprecursor
MagnesocenéCpMg) and disilangSi-Hs) arethe typical precursors used fioitype and
p-type doping respectively

The synthesis of a single GaN film on a substrate is the result of a series of chemical
reactions between group Il and group V precursors that takes place on the substrates as
they ae held in a susceptor at high temperatures. For example, the growth of GaN on either
sapphire or Si substrates requires a mixture of &td vapourised TMGa as the reactants.

Like gaseous Nk the vapourised TMGa involved in the reaction must be camosa the

bubbler by a carrier gas, which is usually either pure hydroggrothbure nitrogen (B.

00§00 0G®E a6 O (3.1)

Growth processsare complicate@nd involve a series of g@hase and surfaceactiors
[2],[3]. Specific details can be fourad Table3-1.

An example of a gaghase reaction is the formation of adduct§ MG and NH in agas

phase mixingorocess, which ishen transpodd to a heating area. The aetionis very

complicatedandhighly dependent oheating and mixing condition¥he consequence is

the mixture of TMG with NH3 increases the rate of CH4 formation with a few amides, as

the mixing processof TMG and0 "Otakes placeat a low temperature (close to room
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temperatureyvhichwill be thenheatedjuickly [4]. Because the reaction occurs unider-
pressure conditian the effects of some of the&eomplex parasitic reactions care

considered tde negligiblg5].

Surface reactinstake placeatthe surface othe substrateand determin¢he growth rate
of the crystal$3]. The relevanteaction equations can be foundeble3-1, whereSrefers
to afree surface site. Equatie®5, S and S7 cate usedo estimatethe deposition rate
of GaN while S9 carbe used to determirtbe effecs caused by the use ofhlds a carrier

gas, which can cause etching at high temperaft}es

Table3-1 Gasphase and surface reactioms/olved in the growth of GaN WOCVD.

Gasphase reactions Surface reactions

No. Reaction equation No. Reaction equation

Gl 0w 0 © 000 00 S1 0w O Yo' A3 060

G2 00 O © "Owo 060 S2 "0 O Yo A3 ¢60
G3 0wo ®0w 60 S3 "0 0 O"Y° 'OWY 00
G4 "Owd O 00 S4 0w "YO "OwWY

0 "0@ O ¢ O

G5 "Ow O d) O S5 000 0O ) O (Y
0 0@ 0§60 °© "0{ 0 ab O
G6 "Owd O d) O S6 00 0O ) O (qY
° "0¢5 0 dj O °© "0{ 0 ¢ O
60
G7 00 0 ¢ O ST 00 ¢ O @Y
o 0@ 0 dj O 0 GOMGG @8 "0

a7



G8 OGO ¢ O © GOGH 960 S8 0G0 YO "0¢ BY

S9 OGO p#0 ° "OBY 0O

A summary of thestandard steps theMOCVD growth procedures presented as follows

(seealsoFigure3.2):

1. Thegroup lll precursor§ TMGa, TMAI or TMIn) andgroup Vprecursor l{Hz) are
supplied to thesubstratethe group Il precursors are supplied using a carrier gas,
typically either H or N».

2. Theatoms or moleculediffusefrom the gas phasato thesurface of thesubstrate

3. Theatoms or moleculeare adsorbednto the heated substrate/susceptor surface

4. The atoms or moleculemigrateto the crystallization zone®ormally, this step
involves theransport of reactants frothe susceptor téhe substrateHowever, in
the case ofelective area growth, this step also represents the transport of atoms and
molecules from the mask area to the growth window. area

5. Surfacereactiors and the resultartecompositiorof chemicals

6. Desorption and decomposition of-pyoductgollowed byconvection and diffusion
backinto the gas phase

7. Extraction ofthe by-products andhe carrier gas from the reacting area and the

chamber

Extraction
l Transport o
Y ‘Desorption
| Diffusion
Y o [_1Gas phase

Adsorption [_|Boundary layer
& || Growth area
Migration Reaction Bl Susceptor

Figure 3.2 Standard reaction steps for an MOCVD growth process
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3.1.3 GasSystem

Physisorption
\

Chemisorption

\

Particle
Filtration

Figure 3.3 The schematidescriptionof the Inline purifier.

Purifiers

Both thecarrier gageither B or N2) andthegroup Vprecursor (NH) must passhrough
thar corresponding purifierbefore entang theMOCVD gas systenin-line purifiers are
used for the purification of Nand NH:. Figure3.3 shows that thisype ofpurifier utilises
physisorption, chemisorptiorand particle filtration andloes notrequire an additional
heating or pressiuging assembly. However, it can only remove some residual @Wade),

oxygen(Oz), or carbon dioxid€COy). For example, the unpurifiddHz sourceused in this

thesis is white ammoniaith apurity of 99.99999%

A palladium membrangpurifier is typically used for K purification Figure3.4 presents a
photo and the schematdf the H purifier system used in this thesiat palladium cell
temperatureover 300C (the standard working temperatufehis system is 4°C), His
the onlygasthatis small enough to diffuse through the palladium membrlieace the
palladium membrane purifier can produce & a much highepurity than the idine

purifier.
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a) b)
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| B &0 , Hydrogen Hydrogen
: u MEGA A TORR

PALLADIUM HYDROGEN PURIFIER

B
& Palladium

Membrance
Cell

@
i

Bleed Gas

Figure 3.4 The(a) photo and (b) schematiof the lydrogen purifie.

Gas delivery system

The gas delivery systemcludes thananual valveshat are used teeparate the MOCVD
system and the purifiergVith the exception ahese general inlet valves, most of the valves
used in the gas delivery system are pneumatic véhatare driven by compressed air
pressurised N These pneumatic valves are usedadsilg switch between thetand N
carrier gasesMass flow controllers (MFCsre usedo precisely control thenole flow

rateof these gases
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Figure 3.5 Schematic of the gas delivery system

Figure3.5 shows thattypically, two separate channels are used to supply the precursors to
a growth chamber viaghowerheadThis is because the group V precursor §Nkhdthe
group Il precursorge.g., TMGa, TMAI, TMIn, etc.) must be supplied to the growth
chamberseparately. Thepper carrier lings used to inject hydride gaise., it carries the

NHz in a GaN MOCVD system, while thewer carrier line is used to cargroup I
precursorsThen-type and gtype doping sourcg$SizHs and CpMg, respectivelyare also
injected through thishannel

Themain pumpconnects the growth chamber and an exhaust system and is used to control
the pressure in the growth chamber usitiyy@at valvehat is irstalled between the growth
chamber and themainpump.The reactor pressure can then be directly controlled using the
throat valve

3.1.4 MO Source System

An MO source systemwvhich supplies the precursors of the group V elemendskeypart
of anMOCVD machine Each MOsourcesystem usuallgonsists othree main partghe

control unit,thegas systemandthe source storage unit

The source storage ung more commonly kown as @ubbler.Each bubblers made of
stainless steelnd stores a specifddO source which can be in the form @itheraliquid

or a solid. Eachbubbleris mountedon athermostatically controlled batio maintaina
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specific temperature that, inrty determines thenole flow rate of the MO source. The
water temperature ofachbath must be constantlynonitored The bath temperature
required for ach MO sourceis different depending orthe equipment type and local
environment In thisthesis,the TMG sourcestaysat 0°C, the TMA stays atl8 or 21°C
and theTMA and the CpMig stays aB0°C.

Therearetwo maincontrol units: vales and MFCsThe most important valve is the-so
called4/2-way valve which allowsthe carrier gassto eitherflow through (v h e @Qper9
or bypass W h e &losal o a bubbler. Typically, four manual valves aresed for
maintenance purposes, such as to chandpbles. Three of thespneumatic valvesire
used to switch between the Bhd B carrier gass, while thedstpneumaticvalve is used

to funnel the carrier gas between teactor andheventline.

Two primary gas systems are ustal supply the gases with or withotlte standard gas
which is provided via an extidilution line that is typically used for small flow ratéche
left gas systenn Figure3.6 shows astandard gas systemithout the dilute line. It includes
two input MFCsthat control thecarrier gasg It also includesa pressure controllghat
allows for control over the pressure in the bubbler, which also determines the flow rate of
specific MO sourced he secondouble dilutiongas system, which includdsetadditional
dilute gas line, has an extatput MFCthat allows for the precise tuning of small gas flow
rates With the extraoutput MFC, theactualinjected gas flow('Q) can be further reduced
andtheactual amounof gas injected@an be calculatedsing Equatior(3.2), where™Q

is the flowrate controlled by the bubbler input MFQ, represents the flowrate from
the other input carrier gas linand™Q indicates the finaflowrate of the mixture
injectedinto the rector, which is controlled by the MFthat controls the flow into either

thereactoror ventline.

0 - "Q (3.2)
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Figure 3.6 MO sources system schematics

I

A mole flow ratehasunits of mol/min, and it controls the epitaxial growth rate as described
by Equation(3.3)

o Q 0
ELU - = = (3.3)
W 0 0
where'Q is thegasflow rate intothebubbler andcan becontrolled byabubblerinput
MFC, 0 represents thpartial pressuren the bubbler, whichcan becontrolled bya

pressure controllery refers to themolar volumeof the gas at 1 atmosphere afécC,
which is 22414 cm®mole. 0 is the partial pressuref the vapoursed group Il
precursor in each babblér.g., TMG, TMA, or TMI), which can be calculatedsing the
following equation:

R 5 o (3.4)

W ~ :

whereA andB are constantthat are relatetb the nature of the MO source, ahds the
temperature othe MO source in Kelvin, which is controllemhd maintainetby athermal
bath

It should be noted that a differeequationis required to calculate the partial pressure of

CpeMg, which isdifferent from the other trimethyl precursors:

i iic 5 ,,9Y @ wivi (3.5)
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Table3-2 shows the values & andB for differentMO saources

Table3-2 MO bubbler parameterf§] -[9] .

_ Bubbler Bubbler
Source ChemicalFormula A B
Temperature (K) Pressure (torr)
TMG "0 'O 1703 8.07 273 1300
TMA 000 2134 8.22 291 1500
T™MI "0&6 O 3014  10.52 303 1000
0 Nd Q 0 "Q0 O 4198 25.14 303 900

TMG and TMA, which were used in this projedreliquids at room temperatuyevhile
TMI and CpMg aresolid sourcesThe gadinesbetween théubbleroutlet and theeactor
are wrapped with heating tafmgpreventhecondensation of MO sources on the inner svall

of thegas lines

3.1.5 CloseCoupled Showerhead Reactor

Figure 3.7 presents achematic illustration o closecoupled showerhead systeand
highlights themain componeist of the systemincluding a showerhead, double-fing,
susceptor (and its support),ater, thermocouple, quartz linemd an exhaustport. The

distance between the showerhead and a susceptor should be small enough to minimise any
parasitic reactions. The typiadistance between the bottom of the showerhead and the top
surface of the susptoris around 925mm @ distance ofllmmwas used irboth of the

systems used in this thesis
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a)

Upper plenum — Group I1I’s

Lower plenum — Group V’s

Figure 3.7 Close coupled showerhead reactor. (a) Schenwdtibe entire systentbh) Susceptounit. (c) Heatr.

The showerhead and the doublei@y are directly connected the gas line system. The
separated group V and group Il gaaes notmixed until theypasghrough the showerhead
outletdue tothetwo-plenum desigmescribe in Figure3.7(a). Thewater coolant used in
theshowerhead is controlled by an exclusive chiltet maintains stable flow rate and a
constantemperature.The double @&ing is used to seal the reactor as there is a gas line
port that is connected to thmain pumpwhich can be used tpump down the pressure

between the two @ingsto as low a® mbar

A heatera susceptgrandathermocouplere included in theystem Figure3.7(c) shows
that theheater consists of three tungsteiiscdhe inner zoneA, themiddle zoneB, ard

theouter zongC. Each of these a3 hasits ownpower suppl. By tuning thepower output
of the three coils, a uniform temperature distribution acrasss A, B and Ccan be
achieved A thermocoupldocated beneath the susceptor is used to measupetature

data that is then fed to themperature control circuih theheater

Beneaththe susceptois aquartz supporthat is used to rotate the susceptba speedf
approximately60 rad/s which ensures stable and uniform temperature across the surface

of thesusceptdd ghree2-inch pockets

The exhaust port is locatedithe very bottom of the reactor chamb&ny exhaust gases

can be pumped throughflexible stainlessteel pipe that contains botmesh filter and a
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pal filter. These filtersaim to remove any particulates that remain in the exhaust gases

coming from themain pump

3.1.6 In-situ Monitoring

The insitu monitoring system used in this project allows any research to monitor the
growth of the crystals, including their surface morphology, wafer bowing, wafer curvature,
and growth rate. The 4situ monitoring system includes aARGUS system, an

interferometesystemanda Laytec Epicurve TT system
ARGUS

The ARGUS system dualavelength multiplgooint pyrometric profiling system (for
Aixtron MOCVD) andthe Laytec Epicurve TT system (for Thomas Swan MOCVD) are
used to separately monitthretemperatire profileacross the susceptdrhis measurement
uses the principles diflack bodyradiation A matrix of detectors located at the top of the
showerheadneasures theadiation from the susceptor surfattet passes through the
showerhead holes. The numloé detectors ithis matrix depends on the size of the reactor
0 inthe33 2-inch reactor used in this projesix detectors ardistributedalong the radius

of the showerheafilom the centre tds edges. As thesusceptor rotates durinige growing
processthe detector matrix collestemperature dattat is used to construmperature

profilesovertime, radiusand angléhroughanappropriateanalysis software
Interferometer

An interferometeralso known a areflectometer, is another necesspigce ofequipment

for in-situ measurementhat is normally used to monitor layer thickness and surface
morphology. Bydirecting alaser omo the surfaceof asample and collecting the refleckt

light, a reflectionmtensity curve that changes periodically over time can be obtained. The
film thickness (d) over one period can be calculated ke equation provided
belowbelowbelow:.

(3.6)

N
on- |
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wherea-is the wavéengthof thelaser andh is the refractive index of the grown material.
Typically, aredlaserwith awavelength of 63%imis usedln this case,he thicknesgd)

of one oscillation is approximately 133 nm for GaN and ddfor AIN.

Theintensity of the refleetd signal may alsgive anindicaion of surface roughness. For
example,if the reflectivity intensity variationbetween thepeals and trougbk across
oscillations shrinks as time passes, this often means thasuhiaceof the sample is

becoming increasingly rough
Epicurve

Wafer bowing is another common issue dutimg growth of films on substrates with large
lattice mismatchesln addition to the latticanismatch, the differences in thkermal
expansion coefficiertetween the crystals being groand the substratean also result in
wafer bowing Evenwithin thesame materiahon-uniformtemperaturelistributions along

the thickness of a substrate in the vertical direction or across the substratdead to
differential thermal expansiothat leads to wafer bowing. Wafbowing could, in turn,

result in noruniform temperature distributions, worseg the wafer bowingThis issue
becomes much more severe for GaiNSi growth due to the large difference in thermal
expansion coefficients between the two materials, especially in conjunction with their large
latticeemismatch compared to Gabihrsapphiregrowth Thus an insitu monitoringsystem

capable of measuring curvatusea necessity ithisfield.

Figure 3.8 The working principle othe Epicurve

Figure3.8 demonstrates the use ofd parallel @5 nm laser beanthat are emitted from a

curvedoptical headhat isthen directed onto the measured wafer thragkwportin the
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showerheadTlhereflected laser beams akeencollected by a detectdn the case of wafer
bowing while the two incident laser beams are always in parallel, thedflexted laser

beans ma/ not be inparallelany longer; i.e., the separation of two reflected laser beams is
not equal to the separation of the two incident laser beams. This difference in separation is
dependent on the wafer curvature. In other words, a larger differencet@ésdeacgreater

degree of wafer bowing. This can be determined quantitativellyeogquation below
I —— (3.7)

whereZ is the height between the sample surface and the measurementyplartbe
distance between the two ideint beamsandx is the distance between the two reflected
beamsAposi ti ve value of avhilemedativeraluesare indicative ave b o

of convex bowing

3.2 Characterisation Techniques

3.2.1 X-ray diffraction ( XRD)

X-ray diffraction(XRD) is one of the mogtowerful materiatharacterisation techniques
and ha beenwidely used to investigatthe crystal quality, alloy compositiqnattice

parameters, layer thicknessandthe strainstateof a structure

Figure 3.9 presents a schematic illustration 8r agg 6 s r ewhiclteformsitleen | aw
physical foundation oKRD measuremda. Similar to the interaction between light and a

grating, constructive interference causedhmy X-ray beamscatteed by differentatomc

planes anbe generatedising a specific incident angle that meBts aggodés ref |l ecti o

[10]. The incident angles can be determined using the equaiow.
CQOEF ¢ _ (3.8)

wherea-is the Xray wavelengthn is the order of diffractiond is the distance between 2
adjacent atomic planes of the measured sarapté—is theincidentangle.This technique
can be used to calculate tlatice constants of the measured sample fromrtbielent

angles.
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Figure3.9 SchematicofX ay di ffracti.on and Braggds | aw

XRD was used to determine that all samples used in this work weméridles with a
hexagonal crystal structur€hetheoretical interspacing of the measured atomic gléne

k, 1) can be determined lifieir lattice constarsta andc via the equatiorbelow.

p

N 0 M a
'Q (4 =

T
=0 '
o) W ®

(3.9)

Bruker X-ray diffractometer system

A Bruker D8 Xray diffractometer systemvas usedn this project.The system consists of

an X-ray tube, primary opticsa sample stage, secondary opt@sda detector The X-ray

beams argenerated in the Xay tubeat high voltages by bombarding a copaeodewith

electrors, which generates @u KU X-ray with a wavelength of 1.541&. The primary

optics unit isused to collimate thgenerated Xays, ensuring thahe incident Xraybeams

are symmetrical anceasily focusedThe incident X-ray beams are then emitted onto a
samplethat is held on the sample stagéhich can be rotated itheP hi ( G) , Psi (y)
Omega( ¥v) asishoercitFigurer8.40, allowing for measurements in different
scatteringmodes The X-ray beams hat are scattered or reflected off the sample are

collected byasecondary optics unénd recorded usingdetector
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Figure 3.10 Schematic of the Bruker D8rdy diffractometer

Measurements inDifferent Scanning Modes

To understandhe diffraction geometry oflifferent XRD scanmodes we introduce an
Ewald sphere constructed in reciprocal spdonewhich each crystal plane and the
corresponding diffraction spots can be represented by reciprocal lattice panssgle
figure[10]-[12].

Figure 3.11 shows an illustration of the Ewald sphere gflane GaN whereQ andQ
representin incident anda diffracted beam vectorespectively andther lengthis pj _.
The scattering vectoflabelledS) represent)  "Q, which pointsin the directiorof the
measured reciprocal lattice point. For exampreFigure 3.11, (0004) representghe
measured planandthe scattering vector poiniswardsthe point of this planim reciprocal
spacei.e., (0004)
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Figure 3.11 Example ofthe X-ray diffraction of a c-plane GaN film and its accessible areas in reciprocal spEce
described using akwald sphere

Figure3.11 alsorepresentshe reciprocal space where the incident or diffracted beam is
sheltered by the sample itself in an asymmetric ;sicalicated by the twa@rey semi
circularareas Not all possiblediffraction points ar@resentedh the figure, bupoints that

fall within the grey semicircle are inaccessibléHowever, by changing the measurement
geometry, it is possible to accdabg sheltered are&pecifically, Figure3.12 shows that,

for symmetric geomeigs where2d =2y a n ablditroralrotation or offset is needethe
crystal planeghatare parallel to the surfacd the samplecan bemeasurd. For crystal
planes that aretilted by an angleJ relative to thesample surfacéi.e., anasymmetric
geometry, in which 2f 2y, an asymmetric scais neededTo accesshe inaccessible
area in the Ewald spher@eskewsymmetric geometris required, which involves rotating

a sample b@0° inthe O directionandsubsequentljilting the crystal planeyanang | e U
suchthatthescan becomes a tilted versiorasymmetric gemetry (neaning tha &2 ¥

in theskewsymmetric geometry). Finallyn themost extreme casga which theincident

or scattering angle ismall, a grazing incidence diffraction (or 4plane scattering)

geometry can be used
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a) Symmetric b) Asymmetric
(w=0,x=0) (w=0x0a,x=0)
N
¢) Skew-Symmetric d) Combined
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Figure 3.12 Schematicliustration ofthediffraction geometries

Based onthesediffraction geometriesthree types of scaming modes are used for
measurementx-s ¢ a f2,d 1wacnadn 2.dA y¥saammeasurement can iperformed

by keeping the source and detector fixed andting thesample aroundn axis. In other

words inther e ci pr o c al -scam thecdeectiorf of thelsaattenng ve&ohanges

at a constantate Therefore the ¥-scanmeasurement is oftereferred to as aX-ray
rocking curve (XRC) measureme#At.¥-scanmeasuremeris normally used to determine

the dislocationsthe surface mosaicityandthe wafer curvature ohsampleA ¥-2 d s c an
measurement can kbenductedy ensuring thatp2 emairse q u al t causingothe a n d
length of scattering vect&to changen a constant directiolhis measurement allows for

the identification of the orientations ofystal planesF i n a | | ys¢canningg modehe d
detectorholds afixed incident beamragle and makean arcacross the circumference of

theEwald sphere. This scan is useful to address diffraction apoeeded

Reciprocal space mapping (RSM) measuresiéraive been widely used in the study of

strain distribution.RSM refers to ac ombi nati on o02d as csaerasi ewi tohf
contiruoudy changingy-offset meaning that the results of R&M measurement can be

used to projeca 3D map of diffraction intengitonto a2D region in reciprocal spac€his

makesRSM apowerfultool for studyingthe straindistribution within acrystal
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3.2.2 Nomarski Microscopy

Optical microscopy systesnhave beenwidely used in semiconductor industries and
laboratories and are one of the most powerful tools for the quick examination of the surface
morphology of a semiconductoNomarski microscopy, also known as differential
interference contrast (DIC) microscojgyan advancedptical microscopy systethat was

used in this work. In addition the features available in standanicroscopy systesythe

DIC system uses optical interferometry effects to improveytiaity of an opticalmage,
especially for trangrent materialsuch asGaN. Furthermorethe optical interferometry
effects also allow for theextracton of additional information such asdifferences in
thickness andvariables in therefraction index[13],[14]. Figure 3.13 describes the

mechanisms behind this imaging system
a)

Analyzer

Input Half-silvered

light mirror
Polarizer |

Nomarski
wedge
7% Object

Sample lens
Surface W

Figure 3.13 (a) A schematic illustration of a Nomarski microscofl® A photoof the Nanarski microscope used this
work.

Unpolarised lights first introduced intdhe systembefore beindinearly polarised at 45°.
After being reflected by a seftriansparent mirror onto a Wollaston prism, the polarised
light is separated into two beamghich arethenseparatelyfocused and projected onto a
sample surface using a condensénese two beams are identical except for their
polarisation and theytake slightly different optical pathways due to the sample thickness
and/orvariations in theefractive indexThesebeams ar¢henreflectedinto the Wollaston
prism and recombined int@ singleray of light with a linear polarisatiorof 135° at the
analyserTheinterferencgroduced byhe two beamsan be visualised in tleutputimage.
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3.2.3 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a higiesolution scanning probe microscopy technique
thatis often used to characterise the surface roughness of a métguaé 3.14 presents

a very basic illustration of the AFM mechanismwhicha cantilever is used to manipulate
a nanoscale tip whilbeing illuminated by daser beamDuring thescaming process, the
nanoscaléip probeghe point on the sample surface that corresponds to an indipictedl

in thescaniing region Information abousurface morphologis recordedor each pixel

Detector

I Photodiode

Laser

Cantiliever .
— o Tip

Sample Surface

Figure 3.14 The shematic othe AFM.

Two operational modes are typically usédn t h e fi c o rnip mustttouamthd e 0 , a
surface ofa sample which deforms theip based on the roughness of thaface.The

reflected laseexperiences phase changeue to tle deformation of the tipwhich can be

used to evaluate theurface morphology of theample in the area being scann&te

deformation of the tigs driven by thetomic repulsive force betweéretip andthesample

atomsand is the basis for this opaaatal mode Although this operational mode allows for

high resolutions, the atomic repulsiface typically falls within therange of10® to 10°

N, which could potentialljdamagesomesampls. The second mode known as the
ftappingmodé . I n this mode, t he t irgsonansefragaahey. t o vi
The Van der Waals interactisrbetween the tip and the sample surfdegermine the

amplitude of the tip oscillation durirthe scaming process, with themplitudedecreasig

as thetip approaches theamplesurface.The AFM image is thuobtained by measuring

the forceof theinteractiors between the tip and the sample
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3.2.4 ScanningElectron Microscopy (SEM)

Scanning electron microscopy (SEM) is generally usecamine theurface morphology
or access crossectional information about a sample (including its microstructural
information) atthe submicrometrehanametre scale An SEM systemusesan electron
beam as the illumination source rather than visible light, resultifag greater resolutian

compared to optical microscopy systems

Figure3.15presents a schematic illustration of the basic structure of an SEM system, which

is primarily composed of an electron source, a series of magnetic condensers, a set of
deflection coils, and asample holdemotable, an SEMystem operatda avacuumheld

at <5.5x 10° mBar. Anelectron beanis generated by a field emission gandfocused

using anagnetic condenserlens These O&6pri mary el ecsamplensé ar
The interacthns of theprimary electroawith thesampleresults in the formation of a suite

of signals that contain information about the surface morphology and structure of the

sample, which are collectersing detectors

The signals generateflie to the interaain between the primaslectrors and the sample
can be classified into four broad categorieackscattered electrons (BSE), Secondary
electrons (SE), Xay emissionsand light emission8ackscattered electrons are electrons
that have beegcattered byhte sampledue toelastic scattering. As they haaesignificant
amount ofenergy and travefuickly in a straight line, the BSE detector is situated
immediately above the samplue to the sensitivity of BSE to the atomic number of the
sample,BSEs are commonly used to determine ttteemical compositiomf a material
SEsaredefined aglectronghat arecreated as a result of primary electradiation Hence
SEsarevery beneficial for decipheringformation about thenorphology and topography
of the surfaceBecause S&havelow energy andhusmove slowly, they are often captured
using a positively charged SE detecinimaryelectronsan alsareate electrons from the
inner shellof atomsi the unoccupied statese quickly filled by electnas from the higéar
energy outer shelgeneratingX-ray emission. Sinceeach element has a distinct electron
configuration that corresponds to a unique signature emission spectrum ;@ispergive
X-ray (EDX) analysicanbe used to determiribe elemenal composition of a sample
Finally, light emissions are often referred to as cathodoluminescence W@ic)y are
extremelyvaluable for studyinghe optical characteristicef the sample aa nanometre

scale CL has much highespatial resolution compaged to fhotoluminescencéPL).
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Deflection Deflection

coils \/ coils

Sample

Figure 3.15 (a) Schematic structure oh&EM system and (lte photoof theusedSEM

3.2.5 PhotoluminescenceRL)

PL refers to thdight emitted bya materialafterbeing optically excitedPL spectroscopy
is a nondestructive, noitontact analytical methdtlat iswidely used to analyse the optical
properties of materials. It is usefirl investigating the optical performance of direct
bandgap semiconductdiks].

The bandgap energy afsemiconductoas well as the compositions of @aoys can be
investigatedby PL. Other factors such asits strain, electric field and compositional
variationcan also be studiedhe crustal quality of a semiconductor daestimatedby
evaluating thentensity andspectral linewidth of the PL, which is normally defined as the
full width at half maximum (FWHM)[16].

A schematic illustration of theL systerused inthis studyis presenteth Figure3.16. For
samples with high AlGaNcontents a doubledrequency Argon ion laser (244 nm,
Coherentvasemployed asnexcitation source, while Gabamplesvereexcited by a He
Cd laser (325 nm, Kimmon). The bearasreflectedusingmirrors and then focusseging

a lensonto a spot with a diameter of 2@80non the surface of theample.The emissions
are colleced by a monochromatorand the PLwas detected using thermoelectrically
cooled CCD detector

66



Samplescan beheldin a heliumfilled closedcircuit cryostat with a temperature range of
10/ 300K under vacuumto perform low-temperature measurements t@mperature
dependent PL measuremerntieutral density a¢énuatos areusedto allow for excitation

powerdependent PL measurements

Spectrometer 325 nm
- Laser
CCD Slit
Detector s

lens |

]

— Laser beam(| Sample [|(375 nm
-~ PLsignal | Cryostat || Laser

Figure 3.16 Schematic of a PL system

3.3 Fabrication Techniques

3.3.1 Sample Treatment

Basic Cleaning

The surfacdreatment/cleaning of a template is essential for MOCVD overgrown growth
on the template, especially for patterned templates. We developed a standard operating

procedure as follows

1. Immersehewafer insolutions ofn-butyl acetateacetoneandisopropylalcoholin
anultrasonic bathor 5 mins each
2. Rinsethewaferwith deionized watefor 5 minsto removeanyresidualsolver.

3. Dry the wafer using aitrogengun and then baking it in an ovenl@0°C

For patterned templates, an extra procedure involtlieguse ofpotassium hydroxide
(KOH) and hydrochloric acid (HClYo remove any potential contamination due to the
template fabrication process must be conducted. This procedure will be described in greater
detail in the relevant sectians
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Photo-Enhanced Chemical Etching(PEC)

In this work, ultraviolet (UV) photoenhanced chemical (PEC) etchiwgsusedto treat

theovergrownpatterned templateeforeovergrowth

g

Xenon Lamp

Reflector

Beaker

Figure 3.17 The custonbuilt PEC etching system used in this work

The custombuilt PEC etchingsystem used in this work shownin Figure3.17. A1.5
Wi/cn? Xenon arc lampated a#450 wattswas used to generate the UV light requirgd
properly etch the sample, tesamplewasimmersed in an electroigtsolution contaimg

10% potasium hydroxide (KOHand illuminatedusing an alumirum-coatedJV reflecta.

The mechanism behirfEC etchingnvolves thegeneration o€lectronhole pairsn GaN
due to the UVphotonsfrom the Xenon lampused to illuminate the sample, which is
consumediuring thedissolution of the semiconductor and the reductiothebxidizing
agent(KOH) in theelectrolyte

3.3.2 Thin-film Deposition

Plasma Enhanced Chemical Vapour Deposition (PECVD)

PECVD isa standard technigquer depositinga dielectricfilm onto a sulstrate. In this
work, PECVD was used to depositicon dioxide (SiQ) onto either a GaN template or a
standard Si or sapphire substrate to fabricate a patterned template or suhgtnatd.18
presents a photograph of tRECVD systenusedin this study(PlasmaThermmodel790).
Typically, SiHas, N2O, and N are thestandard gasassedfor the depositionof SiO; on the

substrate at temperatures3®0°C
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Figure 3.18 A photo of thé?lasmaTherm 790 seriemstrument used faPECVD

3.3.3 Photolithography

Figure 3.19 Spinner for photoresist deposition

Photolithographyefers to a common device fabrication or template patterning technique
used to transfer a pattern from a mask to a substrate or a semiconductor wafer. The spinner
is firstused to deposit a photoresist layigure3.19 presents a photograph of the spinner

used in this workTo obtain an even and uniforooating of phatresist the wafer is spin

coated at aotation spee@xceedingd000 rev/minlasting for around0 secondsThis is

followed by baking on a hot plate for 60 secoatd$00C.
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The next stage of the photolithography process involves the use of a masMigaerio

transfer the pattern to the photoredistthiswork, both aKarl Suss MJB3 UV408ystem

with a wavelength of 35@50nm anda UV300 systemwith a wavelength of 25B50nm

wereemployedor this taskTheonly difference between the two alignéshe wavelength
of thar UV light. The photograph of th& V400 mask aligner systemm shownin Figure

3.20.

Figure 3.20 Karl Suss MJB3 UV400 mask aligner

3.3.4 Dry Etching

Reactivelon Etching (RIE)

Dry etchingis a typical technique that is widely used in the semiconductor indursthys
work, a Plasmarherm Shuttleloclseries RIE systewas ugd to fabricate dielectric mask
based patterned templat€sgure3.21). Specifically, RIE wasised to etch SiNor SiQ to
produce dielectric masksif further selective overgrowth.
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Figure 3.21 PlasmaTherm Shuttlelock Series RIE.

Inductively Coupled Plasma(ICP)

ICP-RIE is one of the most powerful tools for degching and is widely used in the
semiconductor industry. Compared with RIE, where tasrpageneratedy the RF is
delivered between two electrodélse plasma generated by ICP passes throusfarad
aloneRF coil that generats a timevarying electromagnetic fielcth which thereactant
gasesareionised by theinductive couplingas shown irFigure3.22. In addition, a bottom
electrode driven by RIS used to attract and accelerdtereactive ions toward the sample
disc in the ICP systentach ofthese systems offeindependent controls for plasma

density and vertical ion bombardment, providing mordrobover theetchingprocess
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PlasmalabSystem100

Figure 3.22 Schematic illustration of ICP and tidasmalab System 1@Oxford Instruments) used in this study.

Figure 3.22 also shows a photograph of tHeP system usedn this work (Plasmalab

System 100 Oxford Instruments The dch depth and ta are monitored using an
interferometry endpoint systerfihe working principle of this monitoring system is similar

to that of the irsitu interferometry system used in MOCVD. A laser beam is incident on a
sample surface and its reflected signals are collected. When a sample is etched, the reflected
light exhbits periodic curves with increasing etching depth, such that etched depth can be
determined by the period of the reflectanedractive index and the wavelength of the

laser used. The etch rate can subsequently be calculated by dividing the dep#tdhjirige

time.
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Chapter4 Growth of GaN on (111) Silicon

Substrates

This chaptelinvestigates the growth mechanismd the detailed growth procedures for
gallium nitride (GaN) growth on siliconsubstrates, includingi substrate treatment,
vertical wafer temperature uniformity, aluminium nitride (AIN) layer development,
aluminium gallium nitride (AlGaN) layer growth, and gallium nitride (GaN) layer growth.
All optimised circumtances for the aforementioned elements are summaaiséte
conclusion of each sectioTheir surface, irsitu curvature, and crystal quality are
characterised using optical microscopy, scanning electron micro§s&y), the Laytec
Epicurve, and the Bruk X-ray diffractometeXRD), respectively. As a result, GaN on
Si grown under the optimisecbnditionsis preparedor the subsequent growth of device

structure.

4.1 Introduction

It is preferable to use a homoepitaxial growth technique to obtainduighy Il -V
compounds, whereas large lattice heteroepitaxy may result in Jatisreatch induced
strain, the most fundamental issue that can significantly alter a growth mode and thus the
optical properties of ItV semiconductorgHeteroepitaxyhasbeen extensively utilised to
develop IIFV compound semiconductors, resulting in significant success in the
manufacture of higiperformance IHV semiconductor optoelectronics in recent decades,
most notably GaAs and InP based optoelectronics for telegplcations[1]-[8] However,
because of the lack of inexpensive nasubstrates, research oniitride semiconductors

is mostly focused on lattiemismatched heteroepitaxy. The twmeajor substrates for
heteroepitaxial development of Hitride semiconductors are sapphire and silicon. The
enormous lattice mismatch betwesapphire or silicon and Galads to a great challenge

in obtaining GaN with reasonablycrystal qualitywhich can meet the requirements of
devices A compressive strain occurs in GaN on sapphire owing to the substantial lattice
mismatch of 16%, while tefig strain occurs in GaN on silicon due to the greater thermal
expansion coefficient of GaN compared to Si (54%), as well as the large lattice mismatch
between GaN and silicon (%).[9]-[14] It is broadly accepted that a high growth
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temperaturef more than 1000C is essentialor thegrowth of GaN on silicon or sapphire.

Such a high growth temperature complicates the growth of GaN on silicon since the
considerable thermal expansion coefficient between GaN and Si causes tensile strain and
hence severe cracking problems in GaN on sil[@p#h14] Additionally, becausef the
well-known meltback effect (i.e., gallim may chemically react with silicon at elevated
temperaturegLl1]-[14] the standard twstep growth process used to generate GaN on
sapphire cannot be used to grow GaN on silicon. As a result, a separate teishneiguiecd

for growing GaN on siliconwhereit is necessary to prepaan initial AIN buffer and
subsequenyl a strain engineering layer, further complicating the strain status of GaN on

silicon.

Until now, a number of approaches have been proposed, such as AIN/GaN superlattice
layers[16][17] AlxGa 1 N-based interlayerd,5],[18]-[20] patterned silicon substrate
[21][22] and stepgraded AlGa 1N strainrelease layerf23][26] The idea is to use the
compressive strain that is built due to the GaN on these Al(Ga)N layers to compensate
the tensile strain between GaN and silicon generated dinengostgrowth cooling down
process. Among these methods, the grade@ak N method is very popular due to its
easiness to achieve aadalysehe strains in each layer. In detail, for the gradeal 1 N

buffer layers, a large number (>4) ofBly 1 N layers[27] and different Al compositions

(from 0.75 to 0.25) have been reporf28é] However, the growth procedures are quite time
consuming, leading to a high manufacturing ¢d8}.0On the other side, due to the complex

epkstructure design, the straneleased mechanism is still not explicitly explained yet.

This chapter discusses the GaN on Si growth pramesach stage, including Si substrate
preparation, vertical wafer temperature uniformity, AIN layewth, AlGaN layergrowth,

and GaN layer growthror theSi substratéreatmentpptical microscopymages are taken

to exam surface morphology after surface treatments. Forettieal wafer temperature
uniformity, the insitu curvature curves have been measured og36ick Sapphire, 430

em thick Si and 103@m thick, respectively, demonstrating their vertical temperature
variation in each case. For the AIN growth, XRD rocking curve measurements and SEM
measurements along with-gitu interferometer measurements haverbearried out to
identify the optimal AIN growth conditions. For the AlGaN growth, the wafer cracks have

been studied byptical microscopyand the influence of the growth conditions on the
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properties of AlIGaN has been investigated. For the GaN growghgrtswth conditions

have been optimised in terms of surface morphology and crystal quality

4.2 Experimentsand Results discussion

4.2.1 Silicon Substrate Treatment

Once a silicon substrate is exposed to the air, a very thin oxidisation layer will be formed
on the surface of the silicon substrate/o approaches have been usedihave also been
comparedThe F'oneis due tochemical cleaning, wbh involves the ulisation ofsolvent
cleaning, acid oxidation anfihal HF etching while the other method iso usehigh
temperature annealing under a hydrogembience Optical microscopy and SEMave

beenused to observe the treated (111) silicon surface

The surface #atment of a silicon substrate has a significafdenceon the growth and
guality of GaN grown on silicorgs any contamination or oxide on thidcon substrate
surface anlead to asignificantchange in growth pattern andughave major impact of

the crustal quality of GaN on silicon including defect density and surface morphology

For exampleFigure 4.1 shows the surface of an AIN sample grownaofl11) silicon
substrateby MOCVD, which is a crucial step for growing GaN on a silicrbstate.
Initially, prior to the growth a silicon cleanedis cleanedby usingchemicals and then
undergoes bakingn an oven ata 100°Cfor 1minutes. After thatthe silicon substratis
then storedn the gloveboxof the MOCVD systenovernightto eliminate any potential
residualwater and others, whetke oxygen level inside the glovebox is around 10 ppm
and the moistureelel is lower than 0.5 ppnkinally, the silicon substrate isadedinto
the MOCVD growth chamber. Initiallfthe siliconsubstratés annealed under 1280 °C in
a hydrogenambiencefor 600 seconds before any deposition. Even with so nséeyy
treatmentsFigure4.1 shows thathat theras a feature which looks likeveatermarkpattern
under optical microscopywhich is often observed orithe samples whre the substrates

undergochemical surface treatments
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Figure 4.1 Watermark on AIN surface after growg on chemicaltreated Si wafex

The 29 approach for surface treatméstto directly anneait at ahigh temperature ia
hydrogenambience but without any chemical treatments, where hydrogen at a high
temperature exhibit an etching function. In this case, this method can be applied only to
eptready silicon substrates. Otherwise, if therenaggalresiduals otiny or heavy oxides

left on a silicon substrate surface, the silicon substrate is expected to suffer a very bad
morphology after the high temperature annealing pro¢egare 4.2 shows an extreme

case, wherasilicon substrate suffers a very bad surface morphology after lagingaled

at 1360 °C for 1 hour. It can be seen that its surfexebeerseverelyetched, éaturing

some large particles. In addition to that, as showhiguire 4.2b, the evenly distributed
trapezoidal pits also indicate that some reactimesirred between hydrogen and Si surface

(or SiOx due to partially oxidized Si surface) under Higimperatur@nnealingconditions

Thereforeijt is important toobtain a proper procedure fcnemical cleaning treatment and

optimiseannealing procedsr the 29 approach(e.g. temperature and duration tyne
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Figure 4.2 Extreme Example of @i wafer without chemical cleanirafter overtime and ovetemperature annealing
Measured by a) Opticahicroscopy b) SEM

Below shows our typical procedure for thel st approach for silicon substrate treatment prior

to any Gan epitaxial growth on a silicon substrate

1. ImmerseaSisubstrate nbutyl acetatethenacetone, antinally isopropyl alcohol
(IPA) using an ultrasonic bagachfor 5 mins

2. Rinsethe Si substrate usimtgionized water (DI water) t;emoveany remaining
solvert..

3. Immerse the Substratén a mixed solutionvith 98% concentrated sulfuric acid

hydrogen peroxidand DI wateiin a ratioof 1:1:2 for 5 mins
Rinsethe Si substratasingDI water toremoveany residualchemicals
Immerse the SSubstraten 40% Hydrofluoric acid (HF) for 5mins

Rinsethe Si substrate usirigl water toremoveany residualchemicals

N o g A

Blow and then dry the Si substrate usindyanitrogenpistol andthenbakeit in an

ovenat 100 °C to remove absorbed moisture

For comparison purpose, a set of samples consisting samples are prepared
seprately. Sample A and Bhave beenreated using the above procedahemicals
before annealing antthengrowth while Sample C and Bave not been yein each
case AIN growth was carried outinderthe same growth conditions. Additionaltie
silicon substrates f@ample A and @vereanrealed at 1280 °C whildose forSample

B and Dwereannealed at 1340 °C
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Figure 4.3 Optical Microscopy pictures of a) Sample A, b) Sample B, c) Sample C and d) Sample D

Figure4.3. shows he optical microscopimagesof Sample A, BC and D respectively.

The silicon substrates used for the growttSample A and Sample ®ereannealed at

1280C for 900 seconds. Among these two samples, Samlko@s dark spots whose
density is higher than that 8ample A. Thisneanghat the chemi treatment isisefulif

the subsequerdnnealing temperatuis low. Moreover, the images of Sample A and B as
shown in Figure 4.3 indicate that a higgmperature annealing process can effectively
remove any residual stains. Figure 4.3 showsttiesainsleft onthe surface of Sample

B can be easily observed, while such stains are not observed on Sample D. The stains are
possibly replicadue toany residuals after thehemical cleaningrocessBy comparing

Sample A and Sample Qusing Sample C as a referencié)can beconcludedthat the
annealing temperature has a greater influence on the surface cleanness compared to the
chemical treatment

Two different approaches for silicon substrates surface treatment have been itagestiga
and compared in this section. The direct higimperature annealing method exhibits
advantages over than the chemical cleaning method in terms of simplicity and performance.
Therefore, e direct hightemperature annealing methatl 1340°C under hydrgen is
chosen for silicon substrate surface treatment prior to epitaxial growth for this work. It is
worth highlighting that this method also sensitively depends on the quality of silicon

substrates
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4.2.2 Investigation of vertical wafer temperature uniformity by in-situ curvature

measurement

At a high temperature, the top surface and the bottom of a substrate generally exhibit
different temperatures. This temperature variation may cause a wafer bowing, which can
be observed by using an-&itu curvature detect@ystem, Laytec Epicurve in our case.
Furthermore, such @mperature variatioalso depends on a substrate used. This vertical
temperature nceaniformity also causes a variation in the surface temperature across a
substrate. In this section, acurvatuems ur e ment and temperatur e
inch substrate have been carried out on a sapphire substrate with a thicknessnof 830

Si substrate with a thickness of 486 and a Si substrate with a thickness of 1680
respectively, in ordemtinvestigate the influence of the thickness of a substrate on wafer
curvature and temperature distribution at a high temperature

Figure 4.4 Drawing of wafer curvature
Figure4.4 shows a schematic of wafer bowing at a high temperature, where d means the
wafer thickness and r is the radius of tiele thatfits the wafer surfaceat a measured
point The curvature vakll from the measurement can be determined by the equation

below
[— (4.1)

The dimension of the wafer top surface and the bottom of a wafer can be expressed in an

unit of arcsecond by the equations below

0 ;% i (4.2)
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Whered is the angle labelled as shownRigure4.4. Furthermore, the bottom length can

also be expressed as:
0 0O p | z2YY (4.4)

Where| is the thermal expansion coefficient of the wafer ¥\is the temperater
variation between the top and bottom of a wafer. Yhean be obtained by combining
equationg4.2), (4.3)and(4.4).

e ' 1 0 p
;9_‘[‘ o) 0 0 p | 2YY p | zYY
o0
, p | zYY
R (4.5)
.. 1'Q
Y — (4.6)

Three 20 substratasappmrs umenht abeedi aboaet hi ckn
a Si substrate with a thickness of 4)30 em ar
have been used to investigate the wafer curvature issue. These 3 substrates are heated up in

the same run until the temperatusestabilized at 1100C,1120°C,1140°C, 1160°C,

1180°C and 1200°C under an Hatmosphere. All the curvature values are measured by

the Laytec Epicurve system

Figure 4.5 shows the irsitu curvatures of the 3 substrates as a function of temperature
ramping time which indicates a temperature variation as a function of time. The green curve
correspondstothe 3 0 & m iBthe tempdragdure rangél00°C ~ 1200°C, showing

that the curvature starts from 20 %rat 1100°C and gradually increases with increasing
temperature and ends at 25kt 1200°C. According to Equatioii4.6), the increase in
curvature is due to an increasetle temperature variatial A between the top anthe
bottomof the silicon substrate
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Considering thatk; of Si is 4.310°% K1, the calalatedqila is ~2 °C(K) at 1100°C, and
~2.5°C(K) at 1200°C. For the Si wafer with a thickness of 1080rwhich is labelled as
purple as shown in Figure 4.5, the curvature in the temperature range fromiC1300
1200°C s from 25 km' to 30 knt!, this gives thatpl's is ~6°C(K) at 1100°C and ~7°C(K)

at 1200°C, respectively

For the sapphire substrates with a thickness oE&3belled as the black curve as shown

in Figure4.5, it shows the curvature change during the same temperature range as above,
giving a curvature change from 54 Rrto 64 km'in the temperature range from 110D

to 1200°C. This value is much higher than that bae i wafer but itgal ¢ is from ~2°C(K)

to ~2.4 °C(K) using a thermal expansion coefficieBkapphire Of 8.8x10°% K. This
temperature variatiogol'c is quite close tapla, while both are much smaller thaols.

This indicates that the verticéémperature uniformity is mainly related to the wafer
thickness at high temperatgr@mong thos¢hree kinds of substrateBhese results might

be because thegariation ofthermal conductivitypbetweenSi and Sapphirat such a high
temperaturés notsignificant enough t@vercome theoolingeffects caused by the surface

gas flow giving them very similar surface temperatures at the same wafer thickness.

——C
60' B

—A
40}

Curvature (km™)
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a
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Time (s)

Figure 4.5 Wafer curvature at different temperatures fod20em Si wafer B 1030em Si waferand C33Gm
Sapphire wafer

83



The vertical temperature uniformity caused by the wafer bowing at high temperatures has
been investigated by performingsitu curvature measements on three different kinds of
substratesone 330em Sapphire wafer, one 430&em
Their vertical temperature variations have been measured by & igurvature
monitoring system Laytec Epicurve. Furthermore, thaiabd results indicate that the

vertical temperature uniformity of the wafer is mainly determined by thickness

4.2.3 Growth of AIN on (111)Silicon

Si substrates have been used for optimising the growth of GaN on silicon substrates. AIN
growth is the first st@ of the GaN-on-silicon growth process, where the crystal quality and
surface roughness of the AIN layer play a critical role in determining the quality of
subsequently grown layers. Therefore, it is important to oggirAIN growth conditions

on Si. In ths section, TMAI pre flow and AIN growth rates, the two key parameters, have
been used to demonstrdtatthese two key elements play an important role in growing
AIN with high quality.

Two major methods for an initial process are used before the gréowdiNan a silicon
substrate: NElnitridation and TMA preflow. The former means that AIN is directly grown
on silicon after silicon nitridation (i.e., initially flowing NHbefore flowing TMAI
precursor and NgJ, while the latter requirefowing TMAI preflow but without NH for a

short time on a silicon substratgving a very thin Al metal film prior to the growtf AIN

on the silicon substrate. Generally, A preflow method leads to high crystal quality
while the N nitridation approach gives good reproducibility but reduasgstal quality.

In this work, theTMA preflow methodwaschosen to perform an AIN layer grown on Si.
Based on this method, this section is investigating the influence of TMA preflow on the
crystl of AIN.

As shown inFigure 4.6, AIN growth on a silicon substrate consists of 3 steps: TMAI
preflow, a thin AIN layer prepared at a ldemperaturegrowth and then at a high
temperature. In addition to that, all the samples used in this section are grown @m1030
(111) Silicon substrates which undergo a Higimperature annealing process under a
hydrogen ambience as mentioned in Secti@nl After that, the growth temperature drops
to 1150°C for the TMA preflow to form a very thin Al film and then the ldemperature
AIN growth. Specifical, the preflow and the lowemperature AIN growth are both

84

Si



conducted by using a same TMAI flow rate of 20 sccm. After the TMAI preflow process,
300 sccm ammonia is then injected to the reactor chamber for thehaperature AIN

growth

Subsequently, thgrowth temperature rises to 130Q for the hightemperature AIN
growth. During the higliemperature AIN growth, different TMA and ammonia flowrates
are used for different samples by changing the AIN growth rate and therefore investigate

the influence of growth rate on the surface morphplog

- High-temperature AIN layer
Low-temperature AIN layer

B AN preflow

[ silicon Substrate

Figure 4.6 Structure of the AIN on Silicon

Figure4.7a shows typical examples of the-situ reflectance measurements during AIN
preflow by using the wsitu monitoring system equipped with a 635nm laser. Please note
that the mrmalisedreflectanceés shown in the figure, which is defined using the reflectance
value just prior to the TMAI preflow askmseline that is labelled as the black curve. It has
been found that an insufficient preflow situation leads the reflectance to drop very slowly
after the NH s then injected into the reactor chamber, which m#dagrowth rate of the
subsequent lowtenperature AIN growth layer is dramatically lower than in the proper
preflow situation. The blue line shows a sharp increase in the reflectadioating an
overpreflow for TMAI, while the red line shows the situation when the preflow is about
enough. Too thick Al film as a result of the ond®position generally leads to AIN with a
low crystal quality. By carefully monitoring the reflectancethod initial TMAI preflow,

we will be able to optimise the doses of TMAI preflow, where the optindssds is that

its normalkzed reflectance is around 1.01, meaning a very thin Al metal is a key factor for

achieving high quality AIN

According toFresnel equationfor normal incidence, the reflectance R can be calculated
by therefractive indexn of the mediunwherethe light is coming fronand therefractive

indexn; of the reflected material following the equation below
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Y — (4.7)

where R is therefractive indeof the air or vacuum which is ones;is therefractive index

of Si which is 3.88, the reflectance before preflowvdan be estimated as 0.348. During
the preflow, only TMA sources enter the reactor and only Al metdéjosited on the
silicon. If an proper Al metal surface is fully covered the silicon substrate, its reflectance

could rise to ~0.9, while the reflectivity in between is for a very thin Al.film
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Figure 4.7 a) Example of AIN preflow reflectance during growth, the normalized reflectance value is the actual
reflectance value divided by the initial reflectance when the preflow starts. b) Relation between the AIN crystal quality
(deermined by XRD curve FWHM) and the maximum normalized reflectance of Preflow

Figure4.7b demonstrates a relationship between AIN crystal qualitylfated by using

the FWHM of XRD rocking curve of AIN) and the normalized reflectance value (at the
endpoint of the preflow). All the AIN crystal qualities are determined by the FWHM of the
XRD rocking curves measured along the 002 direction. It is cleathlk lowest FWHM

of the XRD rocking curve is obtained when the maximum normalized reflectance is around
1.01, which means that only a very tiny amount of TMAI preflow is required for producing
a high crystal quality AIN layer on Si. We have developes $siinple and useful method

to grow a highquality AIN layer in a very reproducible manner
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A) Sample with high B) Sample with low
AIN \bwth AIN growth rate
nrfa AlN*Surface
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Figure 4.8 SEM pictures from a crossection view of A) Sample with high AIN growth rate and B) Sample witAlkw
growth rate

Next, by decreasing the growth rate of higmperature AIN growth, a flat surface can be
achievedFigure4.8 shows the typical crossection SEM pictures of two samples grown
using different higkitemperature AIN growth rates, whdregure 4.8a shows the sample

grown at a TMA flow rate of 120 sccm and an ammonia flow rate of 500 sccm for 750
seconds whild=igure4.8b shows the sample prepared using a TMA flow rate of 30 sccm
and an ammonia flow rate of 120 sccm during 2300 seconds. In both cases, the thicknesses
of the AIN remains unchanged. From the SEM pictures, it is cleaittibaAIN surface

grown at a high growth rate is much rougher than that at a low growth rate

A study is conducted tmvestigatethe influence of TMA preflow and hightemperature

AIN growth rates otthe quality of AIN in terms of surface morphology amdstal quality

It is crucial to control &iny amount of TMAI preflowin order to achievhiigh-quality AIN.

In order to address a reproducibility issue, we have develop a simple method to monitor the
amount of TMAlpreflow by simply monitoringhe refletance Moreover thegrowthrate

for subsequertiigh-temperature AIN has @ajorimpact on thesurface morphology and
crystal quality ofAIN. Our conclusion is thateatomically flatAIN surface can bebtained

usinga low growth rate

4.2.4 Optimisation of AlIGaN buffer growth

This sectionnvestigateshekey factors which can affect the growthAGaN buffer layes

grown on AIN on siliconThe AlGaN buffers leads the subsequently grown GaN to suffer
from compressive strain which is used to compensateetis@ve strain generated during

the final colling process. Therefore, it is necessary to carefully design AlGaN buffer layers
in terms of Al content and each AlGaN layer thickness. This work is targeting cracking free
GaN layers with a total thickness &5 pum (a 2.2 um GaN layer and a 300m nGaN

layer). Optical microscopéas been used as a routine characterisation tegataine under
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surfacemorphology andracking. Finally, th@ptimisedgrowth conditions for the AlIGaN

bufferlayerincludingthicknes, Al content and NH3 flow rateave been achieved

AlGaN bufferlayers typicallyconsists of a number of AlGaklyers with graddAl content,
wherethe growth conditions under investigation include thickness, Al content, asd NH

flow rate

n-GaN layer

I GaN layer
AlGaN buffer layer

I AIN buffer layer
[ Silicon Substrate

Figure 4.9 Structure of GaN on Si wafer with one AlGaN layer

Three sets of samples, designas@Group A, Group B, and Group BGave been designed
and then growiaiming to obtairthe optimised conditions for tiggowthof AlGaN. In each
case, a Si substrate was initially annealed at a high temperature uynaerblénce for
surface treatment as discussed above, followed by the TMA preflow processOatC

and then the loviemperature AIN layer growth. Subsequgntl hightemperature AIN
layer was deposited at 138Q at a low growth rate to perform a higjuality AIN layer

with a smooth surface. After than an AlGaN buffer layer with different Al content in each
case were growrfFigure 4.9 schematically shows the structure of these samples. Next, a
single AlGaN layer with fixed Al content was grown under different conditions for
optimisation purpose, where thédontent was determined by XRD measurements. Finally,

a 2.2em GaN layer and a 300 nm@aN layer were grown

Table4-1 Growth conditions of AlGaN layer in different groups

Sample Sample )
Thickness(nm) Al Content (%) NH3 (sccm)
Group Label
Al 646 27 1000
Group
A
A2 500 26 1000
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Bl 646 29.2 1000

Group
B2 646 27 1000
B
B3 646 26.2 1000
C1 646 26.5 2800
C2 646 27 1400
Group
C
C3 646 26.5 1000
C4 646 27 700

Table4-1 lists the growth conditions of all the samples in the 3 groups. FoF'theop,
Sample Al has an AlGaN layer of 646 nm while Sample AZAt&E30 nm AlGaN. In both
cases, the Al content is similar, and is about 26% or Z/M.AlGaN thicknesseare
controlledby tuningthe growing time of AlGalNFor the 2¢ group which consists of three
samples all with identical thickness but with different Al content, this offers an opportunity
to investigate the influence of Al content, where Sample B1, B2 and B3 with Al content of
29.2, 27 and 26.2 are used, respectivElye Al content can be changed by tuning either
TMAI or TMG source flow rate and the Al content is determined by carrying out XRD
measurement ing-2d scan mode. The third group which consists of 4 samples is designed
to investigate the influence of théHs flow rate on AlIGaN growth
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a) Sample A1 b) Sample A2

Figure 4.10 Results of Group AAmong those samplese smple witha thicker AlGaN layer does not have any cracks
Figure 4.10. shows the optical microscopy images of the samples instlogrdlp (i.e.,
Group A), demonstrating th&ample Al (shown ifigure4.10a) has a crackee surface,
whereas Sample A2 has visible cracRBiceSamples Al and Afith different AlIGaN
thicknesswvere grown under the same conditions, it is obviousatihicker AlGN helps

reduce cracking

b) Sample B2

a) Sample B1 ¢) Sample B3

Figure 4.11 Results of Group BAmong those sampleSampls with alower Al contenAlGaN layer does not have any
cracks BesidesSamples with lower Al content AlGaN layevould have lower surface pits densities.

Figure4.11 shows the optical microscopy images of the samples in"trggdup (i.e., the

Group B). Severeracking has been observed 8ample B1while Sample B2 and Sample

B3 dondot . Mor eover, Sampl e Bhan Ssrhpevw2y a hi ghe
carefully examining the surfacet has been observed ththese sampleis the 29 group

exhibit pits whosedensitydecreasesvith decreamg Al content This evidencesuggest

that the Al ontentof less than 29%elp not only reducerackingissue but also improve

surfacemorphology
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a) Sample C1 b) Sample C2

Crack
-

200pm
c¢) Sample C3 d) Sample C4

Figure 4.12 Results of Group CAmong those samples, Sammeswn under lower Nkiflow rate does not have any
cracks. Besides, Samgls3, which is grown under mediumNHs flow rate,shows thdowest surface pits densities.

Figure 4.12 shows the optical microscopy images of the samples in"thgr@up (i.e.,

Group C). Among these 4 samples, only Sample C1 exhibits cracks. Furthermore, the
surface pits density among the three crackieg samples reduces dramatically, where
Sample C3 shows the least pit density

In this sectiontheinfluence é& growth conditionsuch aghickness, Al content, and NH3

flow rate on surface morphology and cracking issues have been investigated. As a
consequence, the cracking issue can be eliminated by optimising Al content and AlGaN
thickness while the pit densitis more sensitive téAl content and NH flow rate
Furthermore, the optimised growth conditions for obtaining a single cratieéagAIGaN

layer are 27% Al content and a thickness of 646 nm grown under a ammonia flow rate of
1000 sccm

4.2.5 Optimization of GaN Growth

So far, the above optimisation of AIN growth and then AlGaN buffer layers growth aims
to generate strain engineering to allow further GaN growth to obtain enough compressive
strain which compensate tensive strain generated during thediolahg process. In this
case, crackingree Ga\ can be achieved. In the meantime, it is also necessary to ensure
that reasonably good crystal quality can be obtained. In this section, we develegiep a 2
method for GaN growth on AlGaN/AIN/Si. During tigeowth process, in situ reflectance
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monitoring system has been used to monitor any surface chanBeuk&r D8 Xray
diffractometer systerhas been used to perform XRécking curvemeasurements, where

the FWHM of the XRD rocking curve has been used tdwate crystal quality including

the estimation of the dislocation density of the GaN. Optical microscopy measurements
have been conducted to evaluate the surface morphology of the GaN. Finally, the optimized

GaN growth conditions have been concluded

Unlike the growth of GaN on Sapphire, an AIN/AlIGaN buffer layer is required prior to the
growth of the GaN layedue tomelting-back, and the large thermal expansion coefficient
difference between GaN and Si. Additionally, thege latticemismatch betweeaN

layer and Si igery large which is comparable to thetween GaN and Sapphire, resulting

in a high defect density. This section aimgo optimise the MOCVD conditions for
subsequent GaN growth, leading crackirepg GaN with high crystal quality and
atomically flat surface. Our procedure for GaN growth consists of two steps, aiming to
initially perform a three dimensional mode and then adveensional growth mode. This
combined mode leads to enhance crystal quality which we have learned from @aiN gro
on sapphire. It means that an isldikgé GaN layer is initially obtained, followed by a
coalescenceprocess. This eventually results in a smooth surface and enhanced crystal

quality.

A number of GaN samples were continuously grown arn/A&aN/Al.3sGaN/Si in order

to identify the optimised growth conditions. All the Si treatment and AIN layer growth were
carried out under the optimised conditions discussed in Setof The AlGaN buffer
layers consist of an initial AksGaN layer deposited on the AIN layer with a thickness of
~260 nm and then another 440 nmy AGaN layer. Afterwards, the-&ep GaN method
was performed, where the 2 Gadyérs grown by this method are labelled as Gdbyer

and GaNz2 layer. The total thickness of these two layers issinSncluding a 300 nm-n
GaN layer
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n-GaN layer
I GaN-2 layer
I GaN-1 layer
Al 17GaN buffer layer
Al 35GaN buffer layer
I AIN buffer layer
[ silicon Substrate

Figure 4.13 Structure of GaN on Si wafer withs?epGaN layers

The insitu reflectance has been measured by using a 635 nnirieeségrometessystem.

A Bruker D8 Xray diffractometer systernas used for evaluating the crystal quality by
performing XRD rocking curve measurements, where this FWHM of RB Xocking

curves can be used to estimate the dislocation density. Surface morphology was conducted

by using aNomarskioptical mcroscopysystem
a) GaN Pausdlode

As explained in the introduction, the 2 step GaN growth method is aiming tafostand

like GaN layer in the first stedollowed by a coalescence process to obtain a smooth
surface in the "® step. However, due to a requirement in terms of the growth temperature
limitation aiming to prevent cracking issue, it would be a challengeatoy out the
coalescencprocess during the GaRllayer growth using a higher temperature as normally
used in the case of sapphire substrate

Thereforea 'Pause mod&/asduring the GaN layer growth, which is accomplished by
stopping injectingdhe TMGsource flow for ahort period such d@20-secondn a periodic
mannerwhile maintainingflowing NH3 flow. This 'Pause modejives time toanneal the
GaN facet during growtland therefore help® form a better surfacésigure 4.14 and
Figure4.15 below show the issitu reflectance and the optiqaicroscopy images of the
samples grown under the fipauseo0o ridtagerin and
both cases were grown under identical conditions: at 121&th TMG/NHz3 flow rates of
49/3000 sccnfior 700 seconds, which leads to a GaMyer thickness of 325 nm. Except
t he fpaus-2layerintbeth c&asNvere also grown under the identical conditions
at1215 °C with TMG/NH3 flow rates 088/2100 sccm for 700 secondsiving a thickness
of 1230 nm for the GaRe layer
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Figure 4.14 In-situ reflectance of Sampleithoutandwith Pauseduring GaN growttirhe pper oneis grown wittout
Pause Modavhile the lower onevith. The one with a Pause motias a higher reflectace at the end of Galgrowth
step.

As shown by the red curve Figure 4.14, the reflectance during GaRl growth of the
sampl e without the OPaused mode keeps dropp
surface. This surface degradation ends up in a rough subaes snFigure4.15a with a
| arge pit density on the surface. When the 6
decreasing could be delayeddaven reversed as shown by the blue cunregare4.14.

Consequently, a smooth GaN surface can be achieved as presdtitgpoted.15b.

a) Sample without Pause  b) Sample with Pause

Figure 4.15 Optical microscope pictures of GaN surface on a) the Sample without Pause and b) the@#nipause
The one with Pause Mode hamach lower pits density.
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b) GaN-1 layer thickness

Four samplesvere grown in the 'Pause’ mode for the G&Nayer underthe identical
growth parameters asentionedn thelast sectionFor the GaN1 growth for these four
samplesthe growth was carried out 5210 °Canda TMG/NH3 flow rate of 51/3000 sccm
with agrowthtime of 700 s, 500 s, 400 s, and 300 s for each sample

The crystal quality of the GaN layer is evaluated by estimatswew dislocation density
(O ) andanedge dislocation densit ) by using FWHM of XRD rocking curves
measured along the @xis and the ofaxis directions, whiclsan beobtainedby theusing

equationselow.

O — (4.8)
I I
O 7 4.9
& W (4.9)
where, and T are the FWHM of symmetric (0002) and asymmetric

(p m|c) rocking curvescan respectivelyThe Burgers vectofor a screwtype dislocation

andanedgetypedislocationare 0.5185 nn@ ) and 0.3189 nnj ), respectively

Table4-2 Growth time vartion and their crystal quality change

(002) Screw (102) Edge
GaN Dislocation GaN Dislocation
WHM density FWHM density

Time  Thickness

NO-— (9 (m)
(deg)  (em?)  (deg)  (em?
Samplel 700 363 0.1063  2.941C®F  0.1718  1.2540°
Sample 2 500 242 0.1095 3.12x1®  0.1746 1.27X10°
Sample 3 400 194 0.1383  4.98x1F  0.2475  2.9040°
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Sample 4 300 145 0.1509 5.93%10° 0.2852 4.03x10°

As shown in the table above, it can be found that both the screw dislocation density and the
edgedislocation density of GaN reduces with increasing GaMyer thickness. For
example, when the Gall layer is over 240 nm, the final GaN screw density and the edge
dislocation density arexd® m2and1.25x10° m?, respectively, the best crysehality

among the 4 samples

a) Sample 1 b) Sample 2

¢) Sample 3 d) Sample 4

Figure 4.16 Optical images of a) Sample 1 for 700s GBNo) Sample 2 for 500s Gal c¢) Sample 3 for 400s GalN
and d) Sample 4 for 300s GalNAmong those samples, the piendity decrease with the decrease ofGiadr1 growth
time.

However, it is worth highlighting that a thick G&élNayer generally leads to a degradation
in surface morphology. As shown kiigure4.16, the pit density increases with increasing

GAN-1 thickness and becomes unacceptable when thelGhikness is over 200 nm

By applying a 2step GaN growth method, the crystal quality and the surfacetimorsdof

the GaN on the Si wafer can be | mp2layered. Fur
growth and the GaM layer thickness have been discussed in this section, further
improving the crystal quality of GaN. As a consequence, the optimizeelGahér should

be around 200 nm and a OPa2layergrowtnode i s neces
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4.3 Conclusions

GaN on Si growths very complicated due to the large lattrmesmatch and the large
thermal expansion coefficient difference between GaN and silicon in addition to melting
back issue at a high temperature. A number of steps are required for GaN growth on silicon
including siliconsubstrate preparatipAIN layer growth, AlIGaN bufferlayer growth, and

GaN layer growtheach of which has been investigated in detail and then optirfised
direct hightemperature annealing method without any prior chemical treatment has been
chosen for Si surface treatment. Thesitu curvature measurements suggest the influence

of substrate thickness on the vertical temperature uniformity is also anpdktditionally,

it is found that an AIN layer with both good crystal quality and smooth surface on a Si
substrate can be achieved by properly controlling FMéflow and optimising a low high
temperature AIN growth rate. Furthermore, AlGaN buffer groedhditions including
thickness, Al content, and NH3 flow rat@ve been identified to play a critical role in
achieving a craclkree GaNon-Si template. Finally, for the GaN growth, a tst@p GaN
growth method has been developed aiming to achieve GdNowath high crystal quality

and smooth surface. However, the thickness of the first step GaN has a significant influence
on the final GaN crystal quality and surface roughness, resulting in aofifaaktween the

GaN surface and the crystal qual¥yith the experiments above, optimized conditions for
both surface treatment, AIN growth and AlGaN growth can be obtained. As for the GaN
layers for the subsequent work, the thickness of the first step GaN is controlled to be

between 400nm and 500nm, trying &t the best GaN quality under an acceptable surface.
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Chapter 5 Growth of GaN-Based Electrical and

Optical deviceson (111)Silicon

After discussing how Gallium Nitride (GaN) is grown and optedisn Silicon (Si) wafers

in the previous chaptetthis chapter addresses #lectricalandoptical devices produced
on such waferand paves the path to transfer the epitaxially integrated micredighting
diode €LED) and high electron mobility trarstors (HEMTSs) from sapphire to silicon
substrateAll device structures agrownusing metalorganic chemical vapour deposition
(MOCVD), and their surface, igitu curvature, emission wavelength, curreoltage (+V)
curve and crystal quality are meesdl using optical microscopy, scanning electron
microscopy (SEM), the Laytec Epicurve, PL system,-tlvannel Keithley 2612B source
meter (Cleveland, OH, USA) and the Brukeiray diffractometer (XRD), respectively.
GaNbased HEMT and LED on Si substratee aliscussed irseparate twaosections
respectively. The growth and characterstid those devices are demonstrated in this

chapter.

5.1 Introduction

In the last decade, thitride devices have been widely used in many applications, such as
general illuminabn [1], radiofrequency communicatid2] and power conversidB], etc.
Especially for electronic applications, GaN high electron mobility transistors (HEMTS) are
expected to demonstrate a number of major advantages, such as a fast switching speed, low
switching lossand high power conversion efficiency in comparison with silbased
counterpart$4] Thus far, a number of substrates have been explored for the growth of GaN
HEMTS, such as sapphire @8), silicon, silicon carbon (SiC) and fretanding GaN,
among which silicon substrates are becoming more attractive to the semiconductor industry
due to the mature silicon technology, good thermal conductivity and scalahdityever,

there is a large lattice mismatch and a large thermal expansion coefficient (TEC) difference
between GaN and silicon, typically causing extensive cracks in thegrmsth cooling

down proceskb]-[9], and thus posing a great challenge for growing GaN HEMTSs on silicon

substrates.
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A further device structure, InGaN/Gahultiple quantum wells (MQWSs) normally acting

as an active regioffior achieving the display functiomg then grown on the Si substrate. It

has been understood that stress modifies the vagudidr thermodynamic equilibrium,
reducing the solighhase epéxial composition towards lattiematched conditions and thus
limiting indium incorporation into GalflL0],[11] In other words, an indium incorporation

rate into GaN depends on the strain status of the GaN underneath. Normally, tensile stress
enhances an indium incorporation rate into GaN, facilitdtigber indium content in GaN

which is crucial for achieving Hhitride emitters with a long emission wavelength such as
green or yellow. This will help to mitigate thewklln own fAgr een/ yel |l ow ga
on sapphire is subjected to compressivaistwhile GaN on silicon exhibits tensile strain.
Therefore, it is expected that the InGaN MQWSs grown on -GalNapphire will be
different from those grown on Gadh-silicon even under identical growth conditions.
Given that there is an increasing demamddeveloping microLED based microdisplays,
where SICMOS is normally used as an electronic driMe&]-[17] requires transferring the
mature growth technologigeom GaNon-sapphire to Gahon-Si for Il -nitride emitters.
However, so far, there is almost an absence in reporting a comparison study on the growth
of InGaN MQWson GaNon-sapphire and Gafdn-silicon. This is the main purpose of our

work presented ithe later section dhis chapter.

In this chapter, a very basic HEMT and an InGaN/GaN MQWSs epi structure are grown.
Both of them are achieved on a GaN buffer layemgr on Si substrate with an AIN and

two graded composition ABa..xN buffer layers in between. For the HEMT structure, its
strain components are demonstrated bgaX reciprocal space mapping (RSM) and the
device performance is also exhibited. For the MQVacture, a comparison group of a

GaN on Sapphire template is prepared and used for the MQWs growth in the same run with
the experiment group of GaN on Si teatpl Both samples have been subjected to
photoluminescence (PL) and comprehensiveay diffraction (XRD) examinations,
revealing a considerable variance in their structure and optical characteristics. Furthermore,
in-situ monitoring curvature measurements have been conducted, demonstrating the stress

status on both samples during growth.
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5.2 Experimentsand ResultsDiscussion

5.2.1 Strain Analysis of GaN HEMTs on (111) Silicon with Two Transitional
Al xGali xN Layers

We have designed and then grown a simple structure for high electron mobility transistors
(HEMTS) on silicon, where as usual two transitiongkla of AkGa 1N (X = 0.35, x =

0.17) have been used in order to engineer the induced strain as a result of the large lattice
mismatch and large thermal expansion coefficient difference between GaN and silicon.
Detailed xray reciprocal space mapping (RpMeasurements have been taken in order to
study the strain, along with cresection scanning electron microscope (SEM) images and
x-ray diffraction (XRD) curve measurements. It has been found that it is critical to achieve
a crackfree GaN HEMT epivafer with high crystal quality by obtaining a high quality

AIN buffer, and then tuning the proper thickness and aluminium composition of the two
transitional AkGa, 1N layers. Finally, HEMTs with high performance that are fabricated
on the epiwafer have beedemonstrated to confirm the success of our strain engineering

and above analysis.

In this section we design a very simple HEMT egiructure with one AIN buffer layer,
only two graded transitional £Ba; : N layers and then a GaN#Gay.gN heterostructure.
This simple structure allows us to analyze the strain more clearly for the grazd A
transitional layers with different compositions and thicknesses. By measuriag X
reciprocal space mapping (RSM), the strain components iklQGa N layers can be
obtained and then feed back into -e@fer growth. Finally, the HEMTs with high

performance have been demonstrated, verifying the quality of our GaN HENMa&gps.

Figure5.1 schematically displays the GaN HEMTs-spiucture used. First, a standard 2

inch (111) silicon wafer is loaded into a lgwessure metalorganic vapepinase epitaxy
(MOVPE) system (Aixtron, Herzogenrath, @&&ny) and subjected to a high temperature
(1320 °C) annealing process underathbiance to remove any contaminants and native
oxides. Subsequently, the temperature is decreased to 1000 °C and a trimethylaluminium
(TMA) pre-flow is conducted without any NHlowing for 40 s. A thin lowtemperature

AIN (LT-AIN) layer is then grown, followed by a high temperature AIN {AIN) layer

grown at 1297 °C. The thickness of the AIN layer is 260 nm in total. Next, two layers of

Alo3sGan.esN and Ab.17/Gay.gdN have bee further grown as straicompensation transitional
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layers. After finishing the growth of the twox8a, 1 N transitional layers, a 1.2 pm (0001)
GaN layer was then grown, followed by a final 25 nm28lay gN barrier layer. During the
cooling down procede;, N and NH; are used as cooling gases in order to eliminate any
micro cracks generated on the finak®@& ;N layer which has been accepted as a result of

H2 enhanced surface etchifif].

Al, ,Ga, gN Barrier Layer

L ——— ) ) F G

GaN Chanel Layer

GaN Buffer Layer

Al 17Gag g3N

Al 35Gag gsN

HT-AIN
LT-AIN

Figure 5.1 Epi-structure designed for our GaN high electron mobility transistors (HEMTSs) with two gradee. AN
strain-compensation transitional layers grown on (111) silicon.

The whole wafer has been examined across two inches by optical microscopy, confirming
that it is crackiree except for the edge region of the wafer, as shovigure 5.2¢,d.
Furthermore, crossectional scanning electron microscope (SEM, Raith, Dortmund,
Germany) measurements have been taken as shdviguire5.2a,h taken from the central

part and the edge part, respectively, indicating that the thicknesses fdNtheffer layer,

the Ab.3sGay.e3N layer, the Ad.17:Gap.gdN layer and the GaN layer are 258 nm, 180 nm, 290

nm and 1.18 um, respectively.
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Figure 5.2 Crosssectional SEM images of the etiucture of GaN HEMT on silicom) in the central region anddf in
the edge region; Optical microscope images of the wafer surhée the central region andj in the edge region.

By comparingrigure5.2a,h he AIN layer in the central part is flat and crdodée, which
eventually leads to a cradkee region for the final device structure. In contrast, at the edge
region, mat cracks generated in the AIN layers merge into the seca@bAIN layer,

thus filtered by the AlGa 1N layers. However, there are still a few cracks penetrating the
GaN layer which extend to the surface, as showhigire 5.2d. The differences of the

crack densities in the AIN layers between the central and the edge regions may be caused
by the differences in wafer bowing, which are measured to be 121 m and 68 evi@fer

centre and wafer edge, respectively. At the same time, we also note that our wafer centre

bowing is comparable and even smaller than the reported 11918].in

The crystal quality has been further characterized ayXdiffraction (XRD, Bruker,
Billerica, MA, USA) measurements as showrrigure5.3b-d, demonstrating that the fulll

width halfmaximum (FWHM) values for the AIN and the GaN layers measured across the
(002) reflection are 0.3783° and 0.1348°, respectively. The FWHM valussf@dN layer
measured across the (102) GaN reflection is 0.2533°. Our (002) direction XRD result is
better than the reported 0.294° and 0.2° in Referdd®&§20], and close to the reported
0.122° and 0.132° in Referend@4][22]. Moreover, our (102) GaN direction XRD result
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is also comparable to the reported 0.24° in Refer§2@e This represents that a high

crystal quality has been achieved by our method, and also implies that it is crucial to obtain

an AIN buffer with high quality, which is one of the factors leading to our high quality GaN

grown on top.
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where, | and | are the FWHM of symmetric (0002) and asymmetric

(p mg ) ¥ scan. Burgers vector lengths for scrgpwe and edgéype are 0.5185
nm(® )and 0.3189 nnicd ), respectively.

Thus, we can get

, !
(@) ® U p o w T oop wa

I I v
& LTl p B @ 0P ¢ xp A

With our growth method, the edge dislocation density is almost 7.3 tthe screw

dislocation density, thus edge dislocation dominates all the dislocations.

To further analyze the strain and Al composition effects on the strain compensation layers

separately [24], reciprocal space mapping (RSM, Bruker, Billerica, MA, USA)

measurements have been taken from the central part and the edge part along the [0002] and

[112 4] directions, which are shown Figure 5.4. The golden dash linedicates the
coordinates of GaN, AGa N and AIN layers in RSM maps. The solid white line shows
the fully relaxed AlGa N layers grown AINThe green pointith an Al content between
17% and 35%s theAlGaN barrier of the HEMTtructureIn Figure5.4a,c in the (0002)
Bragg reflection plane, three epitaxial layers overlap with each other=aDQmaking it
difficult to investigate the iplane strain distributio of AlxGa, i N transitional layers. We
rotated certain angles to the (112 4) Bragg reflection plane to better analyzelieein
strain, as shown iRigure5.4b,d.
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Figure 5.4 RSM results: (a) (0002) plane, () @t) plane for central region, (c) (0002) plane and (d)€t) plane for
edge region.

Based on the RSM measurements, the compressiyaame strain congnents

accumulated in each Aba 1N layer have been calculated according to the below

equations

.1 ™M
) : (5.3)
on
&) o (5.4)
; .
A ] 1 @
OAl w & (5.5)
n na
- 0 G- (5.6)
O «a 0 5.7
©  CF— (5.7)
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where @ ,n ) is the coordinates in the map, corresponding to the latticed constants (a,c);
(h,k,]) is the Bragg reflection directiom} (@ ,n a ) is the coordinates of the fully reded
reciprocal lattice points (RLPs) with the same Al composition asrthej(); U ( is Jhe

angle between the @xis and the extended line interpolated from the two points described

above; - _ - are inplane and ouplane strain components,

respectively, among which ¢ and a are measured lattice parametersgondueded are

the relaxed par amedt; eorase thé elastimconsmmggsar dds | aw;

For the GaN and AIN lattice constar, =3.189 A =5.185A0 =3.112 A,

@ =4.982 A are used. For the elastic constantsz 103 GPay = 405 GPa for GaN
[23] and0 = 108 GPa9 = 373 GPa for AIN[25] are used for calculation. We first
calculate initiaD(x) values for the first and second x@la 1N layer, then use these
initial D(x) values to obtain an initidl ( wajue and Al composition value. After several
steps of iterative operations using the lesgsgitare method for err@ninimization, we can
finally get accurate values of thejiane strain componefil, as listel in Table5-1.

Table5-1 Calculated inplane strain components of the two strammpensation AGa. 1N layers for both the wafer
central and edge regions measured alovith the [p @t] direction.

Location 1st layer Alo.3sGao.esN 2nd layer Alo.17Gao.sd\
central -0.00227 -0.00189
edge -0.00174 -0.0011

FromTable5-1, we can see that the strain components in the wafer central region are larger
than the ongin thewafer edge region. According to Referef2g], there are three strains
causing thdormation of the crackNamely, the latticenismatched strain, the grain size
growth strain (or dislocation relaxatigalated strain) and the thermal exgion
coefficient mismatched straifhe former two strains exist during the growkthe thermal

strain occurs during the cooling down procedure. At the growth temperature, initial tensile
strain accumulates during AIN growth. Afterx@a 1N growth, the compressive strain
accumulated. Finally, during the GaN growth, compressive strain increasesaatdirsn

decreases due to the dislocation relaxation. Given that the GaN thicknesses and dislocation
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densities are almost the same for the wafer centredge, an equal amount of compressive
strain accumulated in GaN layers and was consumed by dislocations during the growth
procedure fothewafer centre and edge. However, cracks form only at the wafer edge after
cooling down, so we can conclude that enbugh initial compressive strain accumulated
during the AlGa N transitional layers for the wafer edge leads to the cracks formed at

the edge region when cooling down to room temperature.

To evaluate the whole HEMT epi quality, Hall measurements haeeba&len conducted.

The Ti/Al/Ti/Au (20/150/50/80 nm) alloys have been deposited as pads and thermally
annealed in order to form Ohmic contacts. The Hall result showshinearrier mobility

of the twadimensional electron gas (2DEG) is as high as 1660MS' !, which is less

than, but still comparable to the reported 215G it S' in Referencg21]. The high
carrier mobility confirms the success of the straimpensation and a low dislocation
density in the GaN channel layer, otherwisarrier scattering is expected to lead to low

mobility.

To further verify the epi quality, GaN HEMT devices are also fabricated on the HEMT epi
wafer. The fabrication processdescribed below: A 300 nm depth mesa is etched down to
define the active region for the HEMT by inductiwveoupled plasma (ICP) etchingnd

then the metal stack of Ti/Al/Ti/Au (20/150/50/80 nm) is deposited and then annealed under
an 850 °C N ambientatmosphere for 30 s in order to form Ohmic contacts for the source
and drain of the HEMT. Finally, a Ni/Au (50/150 ntayeris deposited in order to form a
Schottky gate for the HEMT.

Figure 5.5a shows a schematic configuration of the HEMT dewkggure 5.5b shows a

typical currentvoltage (}V) as a function of gate voltage, measured by a-tivannel

Keithley 2612B source meter (Cleveland, OH, USA). For the HEMT device with a gate
length, gateo-drain distance, gat®-source distance and gate width of 2 rf,um, 3

pm, and120 um, respectivelyt shows a maximum current density of 290 mA/mm at=/

1Vand =88V andspecifion resi st ancglessfthan@hadf2tle oL mm
reported value of 688 mA/mm awd~ 9 V in Referenc§21], considering the large active

area of our HEMT. These results indicate a high mobility and carrier density of the channel

layers of our HEMT epi.
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Figure 5.5 A schematic configuration of the HEMT deviag €urrent voltage (FV) as a function of gate voltage)(

To conclude, we have achieved a cride GaN HEMT epivafer grown on silicon by
properly tuning two AlGa : N transitonal layers. The compressive strain of GaN on the
Alo3sGanesN and Ab.17Gap.gd\ layers on the AIN buffer is good enough to compenisate

the tensile strain between GaN and silicon. As a result of a high crystal quality AIN buffer
layer, highquality G\ HEMTSs on silicon with mobility of 1600 c¢iV'! S'* and a current
density of 290 mA/mm for 120 gatelengthHEMTSs have been achieved.

5.2.2 A comparison study of InGaN/GaN multiple quantum wells grown on (111)

silicon and (0001) sapphire substrates under ide¢ical conditions

Given that there is a demafut developing Iltnitride optoelectronics on silicon substrates,

it is necessary to investigate the influence of different substrates on the growth and the
optical properties of Ithitride optoelectronics shicas InGaN based LEDs, for example,
widely used sapphire substrates and silicon substrateso@alicon suffers from tensile
strain, while GaMNon-sapphire exhibits compressive strain. This paper presents a
comparison study of InGaN/GaN MQWs grown onal\an-silicon template and a GaN
onsapphire template ithe same growth run under identical conditions. It has been found
that the strain status of the GaN underneath has a significant influence on the growth and
the optical properties of InGaN/GaN MQWBhotoluminescence measurements indicate
the InGaN/GaN MQWs grown on the Gaiw-Si template exhibit significantly longer
wavelength emission than those on the @aPsapphire template. Detailed XR

measurements including reciprocal space mapping measusetoafitm that both indium
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content and growth rate in the InGaN MQWs on the ®at$i template are enhanced due

to the tensile strain of the GaN underneath compared with those on then&aldphire
template. A detailed study on strain evolution duringltt@aN MQWs growth on both
templates has been carried out. A qualitative study baseesttn icurvature measurements
indicates that a strain change during the growth on the @e8l template is much more
sensitive to a temperature change than that enGhNon-Si template. It is worth
highlighting that the results provide useful guidance for optimising growth conditions for
Il -nitrides optoelectronics on silicon.

In this section, both standard Gal-sapphire templates and standard GaiSi
templats were initially prepared bynaMOCVD technique. Both templates were then
loaded into anultiple-wafer MOCVD chamber for further growth of InGaN/GaN MQWs
simultaneously, meaning that the InGaN/GaN MQWs have been grown under identical
conditions.An initial n-GaN layer was grown, followed by the growth of 30 pairs of
INo.osGan.odN: 4.2 nm/GaN: 2.5 nm superlattice layers (SLs) as dayer and then 5
periods of InGaN/GaN MQWs as an emitting region. Finally, a 20 #tGaN acting as

an electrorblocking layer (EBL) and then a 200nrGaN layer were grown. For simplicity,

the sample grown on the GaiSi template is denoted as Sample A, while the sample
grown on the Gabbn-sapphire template is labelled as Sample B. In order to demonstrate
reprodwibility, such a comparative growth in the same growth run has been repeated by
growing a second set of LEDs on a GaiNSi template and on a Gadhrsapphire template,

respectively.

Photoluminescence (PL) and detaileday diffraction (XRD) measurement@ave been
carried out on both samples, demonstrating a significant difference in both structure and
optical properties. The InGaN/GaN MQWs on the GaiNsapphire exhibit an emission in

the blue spectral region, while the InGaN/GaN MQWs on the-Gablliconshow a green
emission. The detailed XRD measurements have confirmed that the indium content in the
MQWs on the Gabbn-silicon is greater than its counterpart on the Gabsapphire. It has

also been found that the growth rate of the InGaN MQWSs betweenvtheamples is
different.

Meanwhile, insitu monitoring curvature measurements have been conducted,

demonstrating that the sample on the GaiSi exhibits significant tensile stress that is
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sensitive to a change in growth temperature, while the compeestsess that the sample

on the GaNon-sapphire exhibits is much less sensitive to a growth temperature variation.
The stress for both samples has also been studied qualitatively. The results demonstrate that
extra attention will have to be paid when giewth conditions which have been optimised

for Ill-nitride optoelectronics on sapphire substrates are transferred to those on silicon

substrates.

Two different kinds of GaN templates (i.e., GaNsapphire templates and Gax-Si

templates) have been peepd by a standardx2 0 ¢ -coned dhowerhead flifpp

MOCVD system. For GaMn-sapphire templates, standard (0001plane sapphire

substrates were initially subjected to a higmperature annealing process marhbience

at 1150 °C, followed by thgrowth of a 25 nm thick loviemperature nucleation layer at

620°C. Subsequently, the growth temperature was decreased to 1120 °C to carry out the
growth of a nominally undoped GaN | ayer witdt
finally a 300 nm silicomloped rGaN layerThe GaNon-Si templates were grown by using

a stepgraded AIN/AIGaN buffer approach to overcome a cracking issue which typically

takes place during the cooling procg$5]-[17],[26]. Standard (111) silicon substea

were initially annealed at 1350°C for 10 minutea e ambience to thermally remove any

native oxides. Subsequently, the temperature was reduced to 1000 °C and a
trimethylaluminum (TMA) preflow is then conducted without any N owing for 40 s,

followed by a thin lontemperature AIN (LTAIN) layer and then a higtemperature AIN

(HT-AIN) layer grown at 1290 °C. The total AIN thickness is around 200 nm. Afterwards,

a 260 nm Ad.3sGapesN layer and then a 440 nm AlGay.g3dN layer were grown as a step

graded AlGaN buffer, which aims to generate extra compressive strain to compensate

atensile strainthattakes place during the cooling process after the subsequent growth of a
thick GaN |l ayer. A 130Gnmsiicon@epbd-GhMweegronmnd t hen
at 1120 °CFigure5.6 schematically illustratethese two kinds of GaN templates in detail.

Subsequently, theno templates were then reloaded into the muhkvpdééer MOCVD
chamber simultaneously for the further growth of a standard InGaN MQW LED structure
in a same run under identical conditions. It is worth highlighting that the growth conditions
which have beeoptimised for InGaN/GaN MQWs grown on sapphire but not on silicon

have been chosen to use for such a comparative study.
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a) Template for Sample A

b) Template for Sample B

n-GaN layer

B GaN layer

Al, 17GaN buffer layer
I Aly35GaN buffer layer
I AIN buffer layer
I Silicon Substrate

n-GaN layer
B GaN layer

'~ Nucleation layer

Sapphire Substrate

Figure 5.6 Schematic illustration of Galdn-silicon template (a) and Gahin-sapphire émplate (b)

PL measurements have been carried out using a 375 nm diode laser as an excitation source,

which is directed by two aluminium mirrors with high reflectivity and then focused on a

sample by an ultraviolet (UV) lens. The emission is introduceal anmonochromator

(Horiba SPEX 500 M) by a pair of lenses and then detected by a thermoelectrically cooled

chargecoupled device (CCD) detector.

XRD measurements have been conducted by using a Bruker-28 Hiffractometer

system, which is typically equyppe d wi t h

a

copper (Cu)

based

X-ray with a wavelength of 1.5418 A. Along with a commercial Bruker RADS software

for fitting and simulation2dXRDameamoureemaw

used to determine indium contesmd layer thickness in the InGaN/GaN MQW region.

Reciprocal space mapping (RSM) measurements have been carried out by performing an

asymmetric scan along the ¢16) direction as usu§l.2],[27]-[33]

115

-
C



7x10% ' .
~ 6x10%
-

g 5x10°
4x10%} -
3x10%
2x10%
1x10%

E— Sémple A
—— Sample B

-

PL Intensity

0
400 450 500 550 600
Emission wavelength (nm)

Figure 5.7 Photouminescence spectra of Sample A and Sample B measured under identical conditions at room
temperature

Figure5.7 shows the PL spectra of both samplesasured under identical conditions at
room temperature, indicating that Sample B exhibits a strong emission at 444 nm, while a
green emission peak centred a2Bm has been observed for Sample A. Furthermore, the
emission peak from sample B is much nao than that from Sample A, while the
emission intensity from sample A is weaker than that from Sample B. As mentioned above,
the growth conditions which were chosen for the growth of Sample A and Sample B
simultaneously are optimised for InGaN/GaN MQWsvgn on sapphire but nidr MQWSs

on silicon.Figureb.7 clearly demonstrates that there exists a significant difference between
Sample A and Sample B in terms of optical characterisation although their InGaN/GaN
MQWSs were grown irthe same run uner identical conditions. In order to make a further
confirmation, PL measuremenigreperformed on the second set of InGaN LEDs grown

on a GaNon-Si template and on a Gabhsapphire template, respectively, which also

show very similar results, namely etemission wavelength from the InGaN/GaN MQW
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sample grown on the Gabh-sapphire template is much shorter than that on the @aN

Si template.
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Figure 5.8 XRD spectra measured inw2d scan mode for Sample A (a) and Sample B (b). In each case, the satellite
peaks from the InGaN/GaN SLS as a standardigyer and the 5 periods of InGaN/GaN MQWs as an active region
have been clearly observaddobtained by using the commercial BrulkDS softwareconsidering the PL results and

the results from our RSM measurements shown in Figure 4.

Figure58pr esents the XRD spectra of botzhd Sampl
scan mode, where both the satellite peaks from the 30 pairs of the InGaN/GaN SLS as a
standard préayer and the 5 periods of InGaN/GaN MQWs as an active region have been
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clearly olserved. These satellite peaks with different orders have also been marked. The
indium composition, the InGaN quantum well thickness and the GaN barrier thickness of
the InGaN/GaN MQWs in these two samples have been determined by combining the
simulation rsultsof the commercial Bruker RADS software and the PL restiéble5-2

lists the indium content, the InGaN quantum well thickness and the Galrhhickness

for both Sample A and Sample Bample B shows the InGaN quantum wells with 13%
indium content and a thickness of 2.3 nm and the GaN barriers with a thickness of 10.5 nm,
while the indium content, and the InGaN quantum well thickness an@Gahe barrier
thickness of Sample A are 21%, 2.6 nm and 15.1 nm, respectively. Similar results have
been obtained for the second set of samples. These results mean that InGaN/GaN MQWs
grown on a Gabbn-Si template exhibit higher indium content and a fastewth rate than

that on a Gabbn-sapphire template. It has been reported that stress can change vapour
solid thermodynamic equilibrium, reducing the segiithse epitaxial composition towards
latticematched conditions and thus limiting indium incorporatioto GaN [15]. The

higher indium content for InGaN/GaN MQWs on the GaiNSi template indicates that

the tensile strain of the GaN underneath helps enhance theninttorporation rate into

GaN and the growth rate, due to the changes in thermodynamic limitations caused by strain
differences in the template layg83]

Table5-2 Indium content in the InGaN quantum well; InGaN quantum well (QW) thickness and GaN barrier thickness
determined from the XRD results and the PL results

Emission _ .
Sample Indium InGaN well GaN barrier
wavelength

(\[e} (nm) Content (x)  thickness (nm) thickness (nm)
nm

Sample A 512 021 2.6 15.1

Sample B 444 0.13 2.3 105

Please note that a detailed RSM has also been performedhatiorige (1015) orientation
[12][34] on both samples to determine the strain of the InGaN/GaN M@Westh cases,

one of the important parameters for our simulation to accurately determine the indium
content and the InGaN quantum well thickndsgure 5.9 shows the RSM results of

Sample A and Sample B measured in an asymmetric diffraction scanvatbripe (10
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15) orientation, demonstrating that the InGaN/GaN MQWs grown on thed@a&ldpphie
templatearefully strained since all the satellite peaks from the InGaN/GaN MQW align
with the vertical line which passes through the GaN peak, while it is not the case for Sample
A. For the InGaN/GaN MQWs on the Gaix-Si template (i.e., Sample A), &ar strain
relaxation has been observed on the InGaN/GaN MQWSs since the satellite peaks from the
InGaN/GaN MQWs inclines towards the relaxing direction. Detailed relaxation can be

calculated by using Equation 1 given bei¢28],[30]

Y ® W @ @ (5.8)
where® and® are the measured-plane lattice constants, respectively;
and® and® are the iaplane lattice constants in a fully relaxed situation,

respectively.

Basedon Equation(5.8) and the RSM results, 5% relaxation has bdetermined for

Sample A andrigure5.9 has been used for our XRD simulation/fitting discussed above.

The strain evolution of Sample A and Sample B during the growth process has been
investigated by using a commercial Laytec EpiCurve TT system which iigpeguwith

the MOCVD system. Two parallel laser beams with a wavelength of 635 nm are introduced
into a measured wafer through the optical port of the MOCVD and are then reflected back
through the optical port. The curvature of the wafer can be deterrfmoradhe distance
between the two reflected laser beaRigure 5.10 shows the results of the-gitu curvature
measurements during the growth of Séenf and Sample B. A positive value indicates

that a wafer is in a concave shape, meaning that the wafer is under tensile stress, while a
negative value represents a convex shape meaning that the wafer is under compressive

stress.
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Figure 5.9 RSM measured alongith the asymmetric (1@5) diffraction for Sample A (a) and Sample B (b).
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