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Reziumé

Intensywvis  lll-grupés  nitrindiny  puslaidininkiy  tyrimai, atlikti per
pastaruosius du deSindtes, leido pasiekti didelpazang Siy puslaidininkiy ir
dariniy auginimo bei panaudojimo optoelektrominr elektroniniy prietais;
gamybos srityse. Augantis balvieg skleidziagiy Sviestuk; (Sviesos diogl)
poreikis bendrajam apsSvietimui yra pagrindinig giaciatarpiy puslaidininky
tobulinimo variklis. Sviestukai yra energijtaupantys 3Sviesos Saltiniai,
suteikiantys papildom funkcionalumo ir dizaino galimyhi Prognozuojama,
kad InGaN pagrindu veikiantys Sviestukai galiaupmkeisjprastines kaitrines
ir flourescencines lempas.

Mélyng Svieg skleidziantys InGaN Sviestukai jau yraékmiingai
komercializuoti. Norint, kad Sviestukai sklejstlidesnio bangos ilgio (zali
raudon) Svieg, indzio kiek aktyviojoje Sviestuko srityje ttina padidinti.
Taciau tai yra gan sudinga. Didinant indzio kiek InGaN Sviestulx naSumas
spatiai mazja. Kadangi ki puslaidininkij, tinkam; Sviestukams Sioje
spektro dalyje, éra, Si spektria dalis net praminta ,,zaliuoju mirtiesésiu®.

InGaN Sviestuly aktyviosios sritys dazniausiai yra auginamos afyre
pactkly. Tatiau &l InGaN ir padklo gardeliy neatitikimo Si§ medziag
sandiroje atsiranda defektai, kurie blogina prietaiparametrus. S$liniy
dislokaciy tankis InGaN yra net keliomis érhis didesnis nei kituose IlI-V
grupes puslaidininkiuose, kurie jau naudojami optoelehikoje. Nepaisant to,
InGaN Sviestukai yra pakankamai nsS kad gaity konkuruoti su kitais
Sviesos Saltiniais. Toks InGaN atsparumas defektgrasneabejotinas Sios
medziagos privalumas, bet jissra gerai suprastas. Manoma, kad InGaN
junginio sudties fliuktuacijos sukuria potencialo fliuktuacijaskuriose
lokalizuojami nepusiausvyrieji kwininkai. Tokiu kidu lokalizuotiems
kravininkams tikimyleé patekti j nespindulidgs rekombinacijos centrus
sumazja. Si ir kitos InGaN puslaidininkio ypatyb priklauso nuo indZio
kiekio InGaN junginyje. Tod tolimesniam InGaN Sviestuktobulinimui yra

svarbu tirti netolygiai pasiskitusios liuminescencijos prigimir ypatumus.
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Sis darbas yra skirtastkiininky lokalizacijos ir rekombinacijos tyrimams
InGaN  epitaksiniuose  sluoksniuose ir  dariniuose apdojant
fotoliuminescencia spektroskopy submikrometrine erdvine skyra. Tyrimas
buvo atliekamas konfokaliniu ir skenuogmju artimojo lauko optiniu
mikroskopu. Optinius bandigityrimus papil@ struktiriné analiz. Tai leido
iISsamiau charakterizuoti InGaN junginio ypatumus.

Tiriant InGaN epitaksinius sluoksnius, buvo nag@ama gardels
jtempimo ir jos relaksacijos poveikis ogiims InGaN savylms. Pastedi
fotoliuminescencijos spektro paramgtrkitimai susieti su sluoksnio
struktiriniais pokyiais.

ISkaitinimo daromajtaka tirta InGaN epitaksiniuose sluoksniuose ir
daugialak&iuose kvantiniuose dariniuose. Pademonstruota, kégmaisires
kilmés liuminescency InGaN sluoksnyjeijmanoma nuslopinti sluoksnius
iSkaitinant lazerio spinduliuote. Be to parodytadknetyinis daugialakdy
kvantiniy InGaN dariny iSkaitinimas vyksta jau auginimo metu, formuojant
tipo sluoksnius.

IStirta neigiama koreliacija tarp fotoliuminescgasiintensyvumo ir juostos
smaiks bangos ilgio InGaN daugialakdose kvantiniuose dariniuose su
dideliu indzio kiekiu. Paglyta toki neludinggs InGaN junginiui
fotoliuminescencijos pasiskirstyympaaiskiti netolygiu nespinduligi centry
pasiskirstimu.

Daugialaksiuose InGaN kvantiniuose dariniuose lokaliai stab
liuminescencijos intensyvumo padjonas &l sgveikos su lokalizuotais
pavirSiniais plazmonais, indukuotais sidabro nafelése. Parodytas
potencialo fliuktuaciy daromas poveikis rezonansingjveikai tarp optinj
dipoliy kvantiniuose dariniuose ir lokalizuppavirsiny plazmony, indukuot;

sidabro nanodalése.
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1. Introduction

Over the past two decades, an extensive invesimgafi group-Ill nitrides has
resulted in a significant progress in growth andcpssing technologies of
these semiconductors. Such rapid development Ilseduén particular, by the
growing demand and expectations in white light @ngt diodes (LEDs) for
solid state lighting. LEDs are energy-efficient amtovide additional
functionalities and design options in lighting.idtexpected that InGaN-based
white LEDs will ultimately replace the conventionatandescent light bulbs
and fluorescent lamps. InGaN semiconductor allopdtentially suitable for
light emission in the entire visible range. InGaadsbd LEDs have already
penetrated into medical, sighage, display, andmaotive applications.

Blue emitting InGaN-based LEDs are already sucodgsfommercialized.
For LEDs to emit at longer wavelengths (green amd),rincorporation of
higher indium content in the active layer is needdéolwever, this turned out to
be challenging. At higher indium contents, the quanefficiency of InGaN-
based LEDs rapidly drops to an unacceptably lovelle8ince there are no
other materials for efficient LEDs emitting in thisgion, the region has been
nicknamed as the “green valley of death”. Seveifaces have been suggested
to explain the origin of this low efficiency: thenfiuence of defects,
polarization effects, compositional inhomogenejteds.

Currently, InGaN LEDs are grown on lattice-mismaidhsubstrates,
predominantly on sapphire. This heteroepitaxial wgho creates a large
dislocation density. In fact, the threading distloma density in InGaN is still
many orders of magnitude higher than in other lis&miconductors used in
electronics and optoelectronics. Despite that, M®ased LEDs are efficient
enough to compete with conventional light sourcesmany applications.
Certainly, the insensitivity of optical properties dislocation density is an
advantage of InGaN, but understanding of this phemwn is still incomplete.
It is suggested, that the carrier localization bynpositional inhomogeneities

in InGaN enhances electron-hole wavefunction opead, subsequently,
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enhances radiative recombination. At the same tthee]ocalization prevents
carriers from reaching nonradiative recombinati@mters and recombining
there nonradiatively. Moreover, inhomogeneous ithgtion of the
luminescence intensity is typically observed in &iNecsamples. However, up to
now, the spatial dimensions of these fluctuatiores anclear. On the other
hand, group Il nitrides exhibit strong interna¢etric field due to piezoelectric
and spontaneous polarization. The field separatlestren and hole
wavefunctions in quantum wells, thus reducing tHigciency of radiative
recombination. Inhomogeneous field distribution Imigalso contribute to
spatial variation of luminescence intensity. Thubke study of spatial
inhomogeneity of luminescence in InGaN provides iasight into carrier
localization and recombination peculiarities and important for the
development of LEDs.

The experimental work in this thesis is based tical characterization by
spatially-resolved photoluminescence techniquesmeta confocal and
scanning near-field optical microscopy. Combinatidrihese techniques with

the structural analysis provides a deeper insigbtpeculiarities of InGaN.

Main goal

The thesis is aimed at gaining new knowledge omierafocalization and
recombination in InGaN epilayers and structuresusing photoluminescence

spectroscopy with sub-micrometer spatial resolution

Main objectives

* To investigate the influence of lattice strain atsdrelaxation on the in-
plane inhomogeneities of optical properties in INGapilayers and
reveal the correlation between optical propertiad @eculiarities in
crystal structure.
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* To study the influence of thermal annealing on agtiproperties of
InGaN epilayers and MQWs, to explore the feasipilaf laser
annealing for suppression of defect-related emissidnGaN epilayers,
and to reveal the influence of unintentional aningalat elevated

temperatures during fabrication of InGaN structures

« To Iinvestigate the origin of negative correlationetvieen
photoluminescence intensity and band peak wavdiemgt InGaN
MQWs with high indium content.

e To study the emission enhancement in the vicinity roetal
nanoparticles due to coupling of optical dipoledn®aN MQWs with

the localized surface plasmons in the nanoparticles

Novelty and importance

The influence of the lattice strain relaxation atsal PL intensity distribution
was demonstrated. A new source of inhomogeneoudig?tibution caused by

nanocolumn-like structures in strain-relaxed InGgdlayers is revealed.

Feasibility of suppressing the defect-related eimmsén InGaN epilayers by

laser annealing is verified by optical and struakeharacterization.

Unintentional thermal annealing during overgrowthpeype layer in InGaN

MQW structures is revealed.

A novel interpretation for negative correlationweén PL intensity and band

peak wavelength in high-indium-content InGaN MQWSsiliggested.

The influence of potential fluctuations in InGaN M@ on PL intensity
enhancement via optical dipole coupling with lopadl surface plasmons is

demonstrated.
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Statements to defend

1. The formation of the relaxed sublayer at increadinGaN epilayer
thickness results in a double peaked photolumimescespectra. The
further growth results in the formation of the neolomn-like
structures having a relaxed lattice, indium contastin the initial
strained sublayer and a lower density of nonradatecombination

centers.

2. In InGaN LED structures, the overgrowth pitype layer at elevated
temperature results in unintentional thermal anngallhe influence of
the quantum confined Stark effect on emission ptegseis large in thin
p-type layers but saturates and is gradually ovelnvbe by the stronger

influence of the thermal annealing.

3. The negative correlation between photoluminescemeasity and peak
wavelength can be explained by inhomogeneous defisttibution.
Since the carriers occupying the states with smadlealization energy
have a larger probability to delocalize and recorabionradiatively, the
luminescence band is redshifted in areas with migkéect density, i.e.

the areas exhibiting lower photoluminescence intgns

4. The enhancement of luminescence intensity due wplitw of optical
dipoles in InGaN/GaN quantum wells with localizadface plasmons
in isolated silver nanoparticles is strongly infiged by the potential
fluctuations. The enhancement is stronger in teasthat emit light at

wavelengths that match better the localized surndaemon resonance.
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Layout of the thesis

The thesis consists of seven chapters dividedsattions. An introduction, a
list of publications, main goal and objectives, elby, and statements to defend
are presented in the first chapter.

A brief general overview of structural, optical aalkéctronic properties of
InGaN is presented in chapter 2. An emphasis isenzadgrowth issues and
spatial inhomogeneity of photoluminescence proegiif InGaN.

In chapter 3, the techniques for spatially-resolpbdtoluminescence study
and experimental setups used for characterizafitmecssamples are described.

The original results of the thesis are presentedhapters 4-7. Each of
these chapters starts with a review section revig\the existing knowledge on
the subject under study in the chapter, problendsspecific objectives of the
original research, the results of which are descrilm the subsequent sections
of the chapter. The main results in each of théspters are concluded in a
summary.

In Chapter 4, the results on the influence of stramnd its relaxation on
photoluminescence properties of InGaN are discusSgdtial PL distribution
in a series of InGaN epilayers of different indiwontent is compared. It is
shown that nanocolumn-like structures on the serfat the relaxed layer
contribute to additional in-plane PL inhomogenaitie

In Chapter 5, the results on the study on InGaNnthé annealing are
presented. The study is divided into two partsthim first part of the chapter,
In-rich InGaN epilayers exhibiting a strong defeetated luminescence are
discussed. A possibility to suppress the defecttedl emission by laser
annealing is demonstrated and laser-annealing-esdlaompositional changes
in InGaN epilayers are described. The second ahieochapter focuses on the
influence of elevated temperature during the graoftthe InGaN/GaN MQWs
structures. The concurrent influences of thermaleafing and strain on PL

properties are discussed.
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In chapter 6, spatial distribution of photoluminesce in LED structures
with InGaN multiple quantum wells as an active oegis studied. A negative
correlation between PL intensity and band peak \eaggth is observed. The
origin of the observed optical features are disedssthe discussion is
supported by model calculations.

In chapter 7, emission efficiency enhancement @aN quantum wellsue
to coupling of the optical dipole with localized riace plasmons in Ag
nanoparticles is investigated. The influence ofeptéal fluctuations on the
coupling with localized surface plasmons is reveale

The concluding summary is presented at the enlkeofitesis.

Author’s contribution

All of the measurements by confocal microscope,nsicey near field
microscope, and atomic force microscope were paddrby the author. X-ray
diffraction reciprocal space mappings were perfans AIXTRON SE,
Herzogenrath, Germany. The Auger spectrometry measnts were
performed by J. Miskinis and dr. V. Kazlauskieat the Materials Science
Laboratory, Vilnius University. The measurementsspatially-integrated PL
under quasi-steady-state excitation have beenedaout by dr. J. Mickevius.
Most of the analysis of the data was done by thieauThe statistical analysis
of PL mapping images discussed in section 5.3.2 \pasformed by
dr. J. Mickevéius. The interpretation was discussed with sciensitipervisor
prof. G. Tamulaitis. The author has prepared drafid, after discussions with

co-authors, the final versions for 6 out of 7 papetated with the thesis.
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2. Properties of InGaN epilayers and heterostructur  es

Among the ternary compounds of group Il nitridésiGaN has attracted
attention of scientific community due to its poitaht@pplications as well as
unique material properties. However, some of thedémental properties of
InGaN materials are still not well understood. Egample, only recently the
band gap of InN has been experimentally shown toabmund 0.7 eV,
substantially narrower than previously thought ¢~dV). Therefore, most of
the results on InGaN reported prior to 2002 havectoeevaluated.

In this chapter, the structural and electronic praps of InGaN are briefly
reviewed. Features and issues of IlI-nitrides gholag MOCVD technique are
also discussed. It is shown that photoluminescepeetroscopy is a powerful

technique to study InGaN properties.

2.1. Structural and electronic properties of InGaN

Group Il nitrides can crystallize in one of thresystalline structures: wurtzite,
zinc blende, and rock-salt [1]. However, the majaerest is in wurtzite
nitrides because of their thermodynamically staplease. The wurtzite
structure is shown in Fig. 2.1. In nitrides, eadhogen atom is coordinated by
four group Il atoms which are positioned at thalge of a tetrahedron. The
structure has a hexagonal unit cell, which is cotterzed by two lattice
constantsg anda. The lattice constants aae3.189 A ancdt=5.186 A for GaN
and a=3.538 A andc=5.703 A for InN [1]. According to Vegard’s law, éh
lattice constants for ternary,fBa_N alloy can be interpolated between those
of GaN and InN by assuming a linear change withyatlomposition:

c(In,Ga_,N) = - x) [e(GaN) + x L&(InN)

a(In,Ga,_,N) = (L x) a(GaN) + x a(InN) (1)
Hence, Vegard's law allows estimating alloy composi from X-ray

diffraction (XRD) measurements of its lattice camgt(andvice versa
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The  wurtzite  structure
consists of two interpenetrating
hexagonal close-packed
sublattices, each with one type
of atoms, offset along the c-axis
by 5/8 of the cell height. The
stacking sequence of the
(0001) planes is ABAB in the
<0 0 0 1> direction.

The wurtzite nitrides lack an
Fig. 2.1. Wurtzite GaN crystal with Ga-face[2]. inversion plane perpendicular to
the c-axis; thus nitride surface have either a gribuelement (Al, Ga, or In)
polarity (referred as Ga-face) or a N-polarity @&€). As a result, nitrides
exhibit highly pronounced polarization effects.

All group 1l nitride semiconductors have a dird@nd gap. Ak =0, the
valence band is split by the combined effect ofstalyfield and spin-orbit
coupling into three bands designed as A, B, ana@ib. For GaN, the energy
difference between A and B bands (spin-orbit sptft is AExz= 8 meV and
the difference between A and C bands (crystal-fiedglitting) is
AExc=40 meV. In InN the spin-orbit splitting and craistield splitting are
estimated to baExs= 5 meV andAEc= 40 meV, respectively [3].

The band gap of group lll-nitride as a functionlaitice constanis shown
in Fig. 2.2. The band gap of InN was long thoughb¢ 1.9 eV. Only recently,
when higher crystal quality of InN was achieve@ Hand gap was reevaluated
to ~0.7 eV [4]. This discrepancy was explained hydBein-Moss shift. Early
INN samples typically contained high carrier corication due to high density
of donor impurities. It caused Fermi level to rigeinto the conduction band.
Consequently, the absorption edge is pushed toehighergies since all the
states below Fermi level are occupied. Thus opabtaorption measurements

of InN indicated erroneous band gap values.
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— T The band gap of ternary

6| tN 2% InGaN alloy is a function of In
5 - = content and can be expressed
50, 4 EC’ using the following expression:
% 3 m GaN —4005’ E,(In,Ga_,N) = x[E,(InN) +
§ 2 Eé f,—’, o 600 = +(1-x) [E,(GaN) -

Nk 3 & 800 = _bX-x), 2.2)

. ¢ o ¢ . ¢ . I'an whereb is a bowing parameter.

28 30 32 34 36 The bowing parameter accounts

Lattice constant (A . .
*) for the deviation from a linear

Fig. 2.2. The band gap of the group III-nitrides.n
alloys as a function of lattice constant. Latticd
constants of substrates are indicated by arrowginaries GaN and InN. Earlier

terpolation between the two

reports must be reevaluated, after the band gdpNfwas corrected. Recent
theoretical calculations suggedi=1.51 [5], which is consistent with
experimental results ranging betwedstil.43 [6] ando=1.65 [7]. Moreover, an
interesting universal behavior of the bowing parerse of group Il nitride
alloys has been observed. The ratio of the bowargmeter and the band gap
difference of the binarie{]Ey(InN)-E,(GaN)) approximately equals 0.5 [8].
For InN, it results in the bowing parameter valbe1.35 and is in good

agreement with the reported values [5-7].

2.2. MOCVD growth of IllI-nitrides

One of the most common growth techniques, used fwtla scientific and
commercial purpose, is metalorganic chemical vageposition (MOCVD),
also known as metalorganic vapor phase epitaxy (MBV A simplified view
of MOCVD system is shown in Fig.2.3.

MOCVD is non-equilibrium growth technique, whichlies on vapor
transport of the precursors and subsequent readtioelevated temperatures in
the reactor resulting in the deposition of materian the substrate.
Trimetilgallium (TMGa), triethylgallium (TEGa), tmethylaluminum (TMAI),

trimethylindium (TMiIn), and other metalorganic coouymds are used as |l
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metal precursors. Regarding the group V precuesomonia (NH) is usually
used for lll-nitride growth. Silane and bis-cyclopedienyl-magnesium

(CpMg) are commonly used ferandp-type doping, respectively.

Reaction chamber
e ¢ ¢ ¢ —|-Radio-frequency

O_’ induction heater
O—P i\

T T T eeoee | Wafer
l Exhaust

Run/Vent valves ~_

= | | P

* : * _|—Bubler

TMAI TMGa TMin
NH, H

3 2
Fig. 2.3. A scheme of a metalorganic chemical vapor ders{{iviOCVD) system.

The metalorganic sources are stored in devicetedcubblers, through
which a carrier gas (typically hydrogen or nitrogdlows. The amount of
metalorganic vapor transported depends on theofatarrier gas flow and the
bubbler temperature. The carrier gas saturateswalor from the source and
transports the vapor to the heated substrate imethetion chamber. For InN
growth, temperatures above 550°C are required. Eigimer temperatures up
to, or above 1000°C are required for GaN growth. abhieve such high
temperatures, a substrate holder is equipped \aidio rfrequency heater or
resistance heater. At the same time, the chambés &ee kept colder to

minimize wall deposits and reduce reactant depietio

2.3. Growth issues

The growth of nitride materials exhibit particulasues that deteriorate crystal
guality and, hence, decrease device efficiencyst kf all, there is a lack of

low-cost native substrates for IlI-nitride growifhe best available alternative
substrates are ZnO and SiC, however, most epitgralth of Ill-nitride

materials is performed on sapphire substrate. Magerial is a substrate of
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choice due to its high quality and availabilitylarge quantities. In addition, it
is transparent to UV and visible light. The (0 @)Qor basal plane, is the most
commonly used surface for Ill-nitride growth. Cialsbrientations of sapphire
and GaN (grown om-plane [0001] sapphire) are parallel but the umit of
GaN is rotated by 30° around theaxis with respect to the sapphire unit cell.
The main disadvantage of the substrate is a lard®&%) lattice mismatch
between GaN and sapphire [9]. As a result, thetaltyse quality of epilayers
grown directly on sapphire is quite poor, the Iayeontained high density of
dislocations. One of the major breakthroughs in dpétaxial growth was
achieved by the introduction of a low-temperatut@NGor AIN buffer layer
before the formation of the following structure.€eThuffer layer can greatly
reduce the dislocation density by limiting the desltion penetration into the
structure.

Another difficulty of growing InGaN alloys ariseBom contrasting
thermodynamic properties of InN and GaN. Due to Ilaissociation
temperature and high volatility of InN, InGaN gréwieeds to be performed at
lower temperatures than that of GaN growth. InGaNSare typically grown
at 700 — 800 °C or even at lower temperatures sarenincorporation of high
content of indium into the structure. The tempartis much lower than the
optimal growth temperature of GaN. As a resultjmythe subsequent growth
of p-type layers, the InGaN quantum wells may suffentrindium re-
evaporation and inter-diffusion [10].

The growth of high quality InGaN structures is atsmplicated by a solid
phase miscibility gap that usually results in phasgparation in InGaN
epilayers and structures with high indium conteildarly theoretical
calculations showed that the solubility of InN iaKbis only about 6% and the
miscibility gap covers almost entire compositiomga [11]. However, as
revealed later, the phase separation may be caoabigesuppressed by the
lattice strain produced during the epitaxial groyR]. This can explain the
repeated growth of InGaN samples with In contentau80% without phase

separation [13,14]. However, the growth of InGalNigures containing higher
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In percentage remains challenging. Despite theseess single phase InGaN
layers containing In composition ranging from 2586 63% were recently

grown using MOCVD technique [15]. The high qualdf/the high In content

InGaN layers was confirmed by XRD measurements. dresence of lattice

strain, the nonequilibrium nature of MOCVD growttopess, and low growth
temperatures (730 — 610°C) are attributed to thén nfectors ensuring the

suppression of the phase separation. This sugdeatsit is possible to

synthesize single phase InGaN alloys inside thepositions range that was
previously thought to be within the miscibility gap

[lI-nitrides exhibit highly pronounced polarizatioeffects. The lack of
center symmetry in group-lll nitrides results inegpoelectricity. The
piezoelectricity effect has two components. Onalug to lattice mismatch
strain, while the other is due to thermal straimsesl by different thermal
expansion coefficient of the substrate and theaggait layers. Nitrides also
exhibit spontaneous polarization with polarity detmed by which plane,
anion or cation, is on the surface. In bulk crystaharges occurring due to
spontaneous polarization compensate each othereWowat the interface
between two nitride semiconductors with differealapization, the charges are
uncompensated. This, in addition to the strain eedupiezoelectricity, creates
internal electric field [9].

The piezoelectric polarization field is strain dagded. It increases with
lattice mismatch between the quantum well and theridr or substrate
material. Therefore, it becomes more pronouncedhasindium content is
increased in InGaN/GaN quantum wells. However rivgkelectric field is not
desirable for LEDs. As the internal electric fielsl increased, the band
structure of a quantum well is tilted and the quanivell is transformed from
rectangular to triangular shape. This results ie tlarrowing of effective
bandgap and spatial separation of electron andvisale functions. The effect
is called quantum-confined Stark effect (QCSE). Dwueseparation of carrier
wave functions, the transition probability for redmination is significantly

decreased. The QCSE leads to an increase in tlaivadcarrier lifetime and,
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consequently, decreases the efficiency of the lasuance in the active
region [16-18].

2.4. Spatial inhomogeneity of photoluminescence properties

It is generally accepted that the carrier localmatarising from spatially
inhomogeneous indium distribution plays an impdrtesie in spontaneous
emission from InGaN. The compositional fluctuatiaasur as a result of large
contrasts in the thermodynamic and structural ptagse of GaN and InN,
leading to a large miscibility gap, as mentioned saction 2.3. The
compositional fluctuations in InGaN alloy resultsbhandgap fluctuations that
localize carriers. Since the potential fluctuatiomscur at the same spatial
position for both electron and hole, the localinadriers are often referred to
as excitons. Therefore, the exciton localizationblaynd potential fluctuation
prevents carriers from reaching nonradiative redoaiton sites. This
explains, why, despite poor material quality of théoy, the InGaN-based
LEDs are relatively efficient.

In addition to inhomogeneous distribution of indiwaontent, potential
fluctuations in InGaN MQWs can also originate due well width
variation [19] and inhomogeneity of piezoelectriglgrization field [20]. All
these effects can localize excitons and contriboitepatial inhomogeneity of
PL properties.

The carrier localization manifest itself by a clweaistic S-shaped PL
band peak position shift as the temperature is gé@n[21,22]. At low
temperatures (T<60 K), the PL band initially redishdue to the thermally
enhanced hopping of excitons into the lowest alkkelanergy sites. As the
temperature increases, excitons gain enough kieegcgy to populate higher
localized states. This results in a blueshift oé tRL band. Finally, at
sufficiently high temperatures, the PL peak shiftslonger wavelengths,

because the temperature-induced bandgap shrintat®t® dominate.

27



The average potential fluctuations due to inhomeges distribution of
indium content can be evaluated from the tempesatiependences of PL
spectra. Moreover, after the comparison of the expntal results and Monte
Carlo simulation of exciton hopping, it was sugegedstthat InGaN alloy
exhibits a double-scaled potential fluctuation: Bieeale fluctuations exist
within large-scale fluctuations of In-rich areag [22].

To better understand the exciton localization iGdN, the spatially
resolved luminescence is investigated by cathodolescence (CL) mapping,
confocal microscopy, and scanning near field optro&croscopy (SNOM).
However, the spatial scale of potential fluctuatias still not clear. For
instance, CL mapping images of InGaN show areasigh luminescence
intensity (bright spots) that range from 60 nm @ 4m in diameter [23-25].
Moreover, the dimension of lateral CL intensity imdons increased in
samples of higher indium content [25]. This impli@s compositional
undulation at sub-micrometer scale. Indeed, a wtrac change in InGaN
MQWs was directly observed using transmission edecmicroscopy (TEM).
Numerous papers reported that InGaN quantum wehsam dots of 2 nm to
5 nm in diameter [26—-28]. These areas were at&thd self-formed indium
rich clusters. However, a more comprehensive TEM\stlater revealed that
InGaN quantum wells are very sensitive to electo@am damage. Thus, a
short electron beam exposure creates inhomogenratice strain that had
been falsely attributed to indium clustering [2B}en CL microscopy, which
uses much lower electron beam energy than thatEM,Tinduces a long
lasting change in spatial distribution of luminesoe [30].

Alternatively, confocal optical microscopy can bepoyed to analyze the
spatial distribution of luminescence. However, thpatial resolution of
confocal microscopy is lower than that of CL miaogy. Nevertheless,
confocal microscopy also shows inhomogeneous PLtrilaision in
InGaN [31-34]. A typical diameter of bright spotnges from 200 nm to
1 um. PL band peak in the bright spots should bdomger wavelengths

compared to its position in areas of lower PL istBn as it is expected from
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carrier localization by indium content fluctuationMeanwhile, a strong

positive correlation between PL intensity and peavelength is observed in
InGaN samples with relatively low indium contexk{5%) [35]. No clear

correlation can be specified as the indium contemcreased [32]. Moreover,
the correlation becomes negative as the indiumecns further increased. In
InGaN MWQs with high indium contentx¥30%), the areas of high PL
intensity have shorter wavelengths, while the acfdew PL intensity emit at

longer wavelengths. This indicates contribution afiditional effects

influencing inhomogeneous distribution of PL intéynslt was suggested, that
the size of indium-rich areas depends on the aearatjum content and these
areas are larger in samples of high indium contéhus, the localization of

excitons in the indium-rich areas is weaker. MoerovQCSE is more

pronounced as the indium content is increased (Bahh quantum wells.

Therefore, the delocalization of carriers and #duction of electron and hole
wave functions overlap due to QCSE are pointecasuhe main mechanism of
the reduced PL intensity at long wavelengths [35].

Scanning near-field optical microscopy (SNOM) pdes even higher
spatial resolution than it can be achieved withdClconfocal microscopy. The
spatial PL intensity distribution in InGaN layemrsdaMQWs is found to have a
similar pattern as it was previously observed bydZlconfocal microscopy. A
typical reported diameter of bright spots variesrfrl00 nm to 1 um [36-38].
Again, SNOM measurements revealed that PL intenaitd band peak
wavelength correlation is indium-content-dependétdr InGaN MQWs of
small In composition¥<8%) [39,38], the correlation is positive, but utrris
negative in InGaN MQWs of high In context@5%) [40]. It was concluded
that the different correlations are caused by imdaontent induced potential
fluctuations that influence the probability for Gars to reach nonradiative
recombination centers, such as threading dislatgtio

A simultaneous measurement of PL intensity and sampughness is
another advantage of SNOM. By comparing a topodcaphage and PL

intensity distribution, the areas of low PL intégscoincide well with V-
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shaped defects which are associated with mixed@remsdislocations [41,42].

Further investigations revealed high band edge Riensity around the

perimeter of the V-defect and weak impurity relatechinescence inside the
defect [42,43]. TEM images showed that dislocatiand impurities gather in
the vicinity of the V-defect. Impurity complexeseaknown to have energies
deep within the band gap and are the source abweatimission in GaN [44].

This explains why impurity related luminescenceolsserved inside the V-
defects. On the other hand, it was also suggedtad the V-defect is

surrounded by regions of higher band gap, whiclbitsynonradiative carrier

recombination inside the defect [45]. The highetepbal region arises due to
the formation of the narrower quantum wells onfeets of the V-defect.

In summary, in spite of the progress currently eeéd in characterization
and growth of GaN, the development of InGaN-basadcas is still difficult.
Growth issues, particularly for high indium contémBaN heterostructures and
epilayers, are in a need of a breakthrough. Ividemt that compositional and
structural  undulations contribute to spatial inhgeeity of
photoluminescence properties. A better understandircontribution of these
properties is required for further improvement bé tefficiency of InGaN-
based devices. A considerable progress can be vachidy studying
luminescence at the sub-micrometer scale by SNONbofocal microscopy,
which gives a direct insight into radiative and razhative carrier

recombination processes in llI-nitrides.
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3. Experimental setup

3.1. Techniques for spatially-resolved PL study

Scanning confocal microscopy has become an invkduabl for a wide range
of investigations due to its relatively simple amgxpensive technique for
achieving a high spatial resolution. Confocal mscapy offers several
advantages over conventional optical microscopgluging shallow depth of
field, elimination of out-of-focus emission, andethbility to collect several
optical sections from thick specimens [46,47].

In a conventional wide field microscope, the entairea of interest of the
sample under study is illuminated from a light sajJrand the image can be
viewed directly by eye or projected onto an imagptare device. In contrast,
the method of image formation in a confocal micopse is fundamentally
different. The goal in confocal microscopy illumiimam is to focus the
excitation light into a spot as small as possililee luminescence is collected
from that single excited spot. Thus, to createith&ge, the area of interest is
examined point by point either by moving the exmtabeam or the sample.

The typical configuration of the confocal microseap shown in Fig. 3.1.
The excitation beam is focused and the luminesce&namllected using the
same objective. The luminescence is reflected lbyaan splitter and is focused
into the detector. However, before the signal i®cled, it has to pass a small
aperture (pinhole) which is in front of the detecithe pinhole spatially filters

out the light originating from

Excitation
light source

Pinhole the parts of the sample which

are not in the focal plane of the

objective. As a result, both the

Detector resolution and the image
Objective

contrast are improved.
Focal plane The spatial resolution of
optical microscopes depends on

Fig. 3.1. The configuration of confocal the wavelengthr of the light

MmICroscope. 31



used and the numerical aperture (NA) of the obyjectiFor the confocal
microscope, the lateral resolutidg can be approximated as

A
d,=04—:, 1
Xy NA ( )

where the numerical apertuMdA=n-sind, n is a refraction index of the
medium between the sample and the objective,faisdthe half angle of the
light cone that enters the objective. The laterasotution of confocal
microscope is improved by a factor of ~1.5 in congmm to that of
conventional microscope [48].

As only the light coming from the focal plane istetded, the axial
resolution in confocal microscopy is also improwat optical sectioning of
the sample can be achieved. By scanning at diffeficsal planes, a three
dimensional image of the sample can be created.sphgal resolution along

the z-axis can be approximated as

A
d,=14 .
=1 NA?

However, the resolution of optical microscopes idrattion-limited to

(2)

about a half wavelength. This limit can be exceeg®dg scanning near-field

optical microscopy (SNOM) by

Segmented o :
ohotodiode exploiting properties of the
ﬂ evanescence waves which exist
/; only near the surface of the
A ! Excitation
Laser d'Ode\\ 7 source photoexcited object [49].
\
’ Because the field decreases
’ with the distance as 1/f, the
_ probe containing a small
Near field
d<\ aperture is placed close to the
Sample .
i v surface of the sample (Fig. 3.2).
% Far field Both the diameter of the
d>>A
Detectoru aperture and the distance to the

Fig. 3.2. The configuration of scanning nearSample is smaller than the
field optical microscope (SNOM). 32



wavelength. The image is created by raster scarthmmgrobe over the sample
surface. In contact mode, the distance between Sig@ide and the sample is
controlled by a feedback system similar to thatduse atomic force
microscopy (AFM): a second laser is focused onepgiobe and the reflected
signal is detected with a segmented photodiode.pbiséion of the laser beam
on the photodiode changes as the probe bends dilmengurface scan. The
feedback electronics holds the probe bending fikedng the scan using a
digital closed loop controller. The change in positis registered and used to
correct the distance between the probe and the Ilsampus, the SNOM
technigue can analyze optical and surface topograph the sample
simultaneously.

The optical resolution of SNOM is determined by tthameter of the
aperture. Thus resolution smaller than the diffeeclimit can be achieved.
However, the light transmission through the apertapidly decreases with
aperture size. Therefore, a trade-off between ip@astrength and resolution
has to be considered. Usually the aperture of vit@0s used in SNOM
measurements.

There are several SNOM set-up configurations. Iltimination mode, the
sample is excited through the probe and the lumere= is detected in the far
field (Fig. 3.2). The collection mode uses far dieéxcitation while the
luminescence is collected by the probe in the rfedd. In illumination-
collection mode, excitation and collection are awopbshed through the probe.

Although surface topography can me analyzed by SIN@W spatial
resolution is usually worse than that of AFM. ThEM probes do not have an
aperture, thus the tip of the probe can be mademxly sharp. As a result,
AFM can resolve smaller details, and measuremeitts r@solution of single
atoms can be performed. On the other hand, shah ##s (~1 nm) tend to
wear fast during measurements. Therefore, relgtiaeger AFM probe tips of

~10 nm are more robust.

3.2. Experimental setup
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Spatially-resolved PL study was performed usWgrec microscopy system
Alpha 300enabling measurements in three different modesfocah SNOM
and AFM. A He-Cd laseri{,=442 nm) or a laser diodé.(=405 nm) were
used as excitation sources. The laser beam isdddas a spot of ~300 nm in
diameter. PL spectra were recorded using the spectrométefTS 300
equipped with a thermo-electrically cooled CCD ceam@éAll the spatially-

resolved PL measurements were made at room teraperat

(b)

1110

.-y

A
confocal mode SNOM and AFM modes

Fig. 3.3. Experimental setup for spatially-resolved PL measwents in confocal
mode is shown in (a): 1- laser; 2 — single-modeerfi 3 — beam splitter; 4 —
objective; 5 — sample; 6 — scan table; 7 and 1dng-pass filter; 8 — multi-mode
fiber; 9 — objective; 10 — focusing lens; 12 — s¢pmoeter with CCD camera; 13 —
active vibration isolation system. Experimental upetfor SNOM and AFM

measurement modes is shown in (b): 14 — dichrorcomi5 — SNOM or AFM probe;

16 — objective; 17 — beam deflection unit.

Figure 3.3(a) shows the beam path in PL measurenerdonfocal mode.
The laser (1) beam is coupled into the opticalrf®), which is connected to

the microscope. A collimated laser beam is focusetb the sample by an
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objective (4) of high numerical aperture. The san(@) is placed on the
piezoelectric scaning stage (6). It has a minimuep size of 1 nm and the
maximum scan range of 80 um. The PL signal fronstmaple is collected by
the same objective (4) and passes a long-pass (ilde At the top of the
microscope, the signal is focused into a multi-mogdgcal fiber (8). The core
of this fiber acts as a pinhole for confocal micasy. The fiber directs the
signal into the entrance slit of the spectrometeupted with a CCD
camera (12). Alternatively, the PL signal can bdlected in transmission
mode by objective (9) and is focused by a lens [{it@)the multi-mode optical
fiber (8). The PL spectra are recorded by the spewter coupled with a CCD
camera (12). For isolation against low frequencyrations, the entire
microscope is mounted on an active vibration isotasystem (13). All the
measurements and data accusations are computeollsmhthrough thé&ViTec
Control software.

The scheme of SNOM and AFM measurements modul&agrs in the
Fig. 3.3(b). The objective (16) is used to focus #xcitation laser beam as
well as a feedback laser beam onto the probe Tt®) PL signal is collected in
transmission mode, as described above. Controh@fdistance between the
probe and sample in SNOM and AFM modes is accoimgdisusing a beam
deflection unit (17) consisting of a feedback lagexde (1 = 980 nm) and a
segmented photodiode. AFM or SNOM probes are fatwtt on a 700 um
long and 150 um wide cantilever that is magnetyctded on a larger mount.
The SNOM probe is pyramid shaped with a base ofirBOand height of
15 um. At the center of the pyramid, the probe &asanoscopic hole of
100 nm in diameter, which acts as the near fiekttape. The AFM probe has
a sharp tip of ~10 nm. Both SNOM and AFM measurdmare performed in

contact mode.
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4. Critical thickness for strain relaxation in InGa N epilayers and

influence of strain on PL properties
4.1 Topic review

Native substrates are not available for InGaN. &foge, structural quality of
the InGaN heteroepitaxial layers is still the kegue in the production of
InGaN-based devices. GaN buffer layers are oftesd ushen growing the
InGaN on sapphire substrate. However, the lattmest@ant of InN is larger
than that of GaN. Therefore, this heteroepitaxialrdh results in a large strain
in the InGaN epilayer grown on GaN. Beyond a certaitical layer thickness,
when no more strain can be accommodated by theelathGaN layer relaxes

by generating defects and, consequently, decreatiagcrystal structural

quality [9].

sool ! Pereira et al. Ref. [50] The critical layer thickness
i [0 Jampana et al. Ref. [51] .
@ Parker et al. Ref. [52] of InGaN can be estimated

using a theoretical model

=
a1
o

proposed by People and Bean,
as described in Ref. [50].
Figure 4.1 shows that the

a1
o
T T

critical layer thickness rapidly
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indium content because of the
Fig.4.1. The comparison between theoreticallnCreaSIng lattice mismatch. A
critical layer thickness values (solid line) [50]large discrepancy between

with those obtained experimentally (symbols) )
[51,52]. calculated and experimental
values is usually attributed to the lack of the Wwlemlge of InGaN elastic
properties and the approximation involved in theotietical models.

There are several experimental techniques to deternthe critical
thickness. The layer relaxation alters crystalidattconstant which can be
directly evaluated using X-ray diffraction (XRD) ctenique. Numerous

publications report that InGaN layers do not relaiformly. Broad and even
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double XRD peaks are often observed and interpr@seariginating from two

InGaN sub-layers: a strained layer adjacent to G@dMIN interface, and

partially or fully relaxed one on the top of it [E37]. Spatially resolved

cathodoluminescence and energy dispersed X-ray jEDe@surements show
that the strained layer contains less indium tharé¢laxed one [54,56,57]. It is
assumed, that during the early stage of the InGahrlgrowth on lattice-

mismatched substrate indium atoms tend to be esdlficbm the InGaN layer
to reduce the lattice strain. This effect is knoas compositional pulling.

However, sometimes the compositional variation @ldhe layer growth

direction was not observed and the double XRD peake attributed only to

strain variation [55].

In addition to XRD, photoluminescence spectrosdagnique can also be
used to determine the critical layer thickness. B&ed gap of strained layers is
expected to be larger than that of relaxed layers W compressive lattice
stresses [50,58]. Therefore, as the layer thickitessases, the redshift of the
PL peak indicates the onset of the layer relaxation

In this chapter, the study of in-plane inhomogeesitof InGaN layer
properties imposed by strain and its relaxatiopresented. Extensive analysis
IS made by comparing results on layer structuraiobt by XRD, study of
layer surface by atomic force microscope (AFM), amthpping of
photoluminescence (PL) parameters by using spatieflolved spectroscopy

via confocal microscope.

4.2 Samples and measurement techniques

The InGaN epilayers under investigation were gr@nrsapphire substrate
with a 5 pm GaN buffer layer by MOCVD techniqueAdKTRON SE using
an AIXTRON 3x2” Close-Coupled Showerhead reactavoTsets of samples
were fabricated for the study. Set A of four 50 tinck epilayers was grown at
different deposition temperatures to obtaiRQa_,N samples with different

indium content: 17, 19, 21, and 23% for samples,A4T9, A21, and A23,
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respectively. In sample set A, epilayer thickneas Wwelow the critical value in
the samples with lower In content and above thicalivalue for the samples
with higher In content. The sample set B consistethree InGa N layers
with approximately the same indium contemt17%) but different layer
thickness: 90+5, 13548, and 150+10 nm in sample®, BRL35, and B150,
respectively. All layer thicknesses in sample setr® above the critical value.
The strain states of the layers were studied bynsied X-ray diffraction
(XRD) reciprocal space mapping (RSM) of (10-15frdiftion. The In contents
of the layers were determined by comparison of XRBasurements with
simulations.

The spatial distribution of PL intensity in InGablyers was studied on a
submicrometer scale usingITec microscope systemlpha300 operated in
confocal mode. For spectral resolution, the miaspscwas coupled by an
optical fiber with aUHTS300spectrometer followed by a thermoelectrically
cooled CCD camera. The excitation beam of a CWrldsede emitting at
405 nm was focused onto the sample using high noateperture (NA = 0.9)
objective. This ensured in-plane spatial resolutdbrapproximately 250 nm.
PL excitation power density was kept constant & &/cnf. The sample
surface topography has been investigated by thee samroscope system
Alpha300 operated in atomic force microscope mode sp#itial resolution of
~10 nm. The thicknesses of the InGaN layers were estimatedcanning

electron microscopy (SEM).

4.3 Influence of strain and its relaxation on PL properties in InGaN

epilayers below and above the critical thickness

The layer relaxation in the samples under study whserved by XRD
reciprocal space mapping (RSM) of (10-15) diffrantiaccomplished at
AIXTRON SE. Figure 4.2 shows RSMs of 50 nm thick hGa s\ layer

(sample A17) and 150 nm dpnGaygdN layer (sample B150). The diffraction

spot of InGaN layer is observed below the strorekpd GaN buffer layer. Up
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to the critical layer thickness, the in-plane ttof InGaN layer matches that
of the underlying GaN buffer layer. In Fig. 4.2(ahe center of InGaN
diffraction spot of sample Al17 (as well as thatsafnples A19 and A21, not
shown) coincides with that of GaN buffer (differenia reciprocal lattice unit
AQy = 0) [51,59]. The small radius and circular shapée InGaN diffraction
spot indicate that these InGaN layers are strubyuteomogeneous [57].
Beyond the critical layer thickness, the strainrmdrbe accommodated by the
lattice, and the InGaN layer becomes relaxed. Thse is demonstrated by
RSM of 150 nm thick In.dGa N layer (sample B150) in Fig. 1(b). Note that
the center position of the InGaN diffraction spoed not coincide with that of
GaN (AQ«# 0). This shows that the in-plane lattice of th&&N layer is no
longer coherent to GaN, as a result of layer relama The significantly
broader diffraction spot of InGaN layer in Fig. @pPmight be attributed to the
defects created in the relaxed layer and to thetans of indium content or

strain.
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Fig. 4.2. Reciprocal space maps of 50 nm-thick l&a s\ layer (sample Al7) (a)
and 150 nm-thick n/Ga s\ layer (sample B150) (b). [P2]

The changes in the layer structure can also beakedeusing PL
spectroscopy measurements. Spatially-averaged Bttrapfrom 10x10 ufm
areas of set A and set B samples are shown irdRdg.The PL spectra of
samples in set A consist of a single band, andRheband peak position

redshifts as indium content increases. Meanwhhe, PL spectra of thick
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LI A23 23% Sonm layers (sample set B) consist
----- A21, 21%, 50nm ]

A19, 19%, 50nm of two overlapping bands: a
----- Al7, 17%, 50nm
B9O, 17%, 90nm ] short-wavelength band

— B135, 17%, 135nm|
—B150, 17%, 150nm peaked close to the peak
position of a thin layer with

the same In content and a
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long-wavelength band that
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Fig. 4.3. Normalized spatially-averaged PL spectrge understood by taking into
of series A samples and series B samples. [P2] account that the compressive

width. These PL features can

lattice stress in strained layers results in a wiand gap and, consequently, in
a blue-shifted PL band, as compared with unstraiagdr [52]. Thus, we
observe the broad long-wavelength band due to emni$som the top relaxed
layer and a weaker emission component from thénstldayer located closer
to the buffer. The latter emission is strongly abed and, consequently, its
band is redshifted compared to that of a thin layer

The critical thickness for lattice relaxation degen on In
content [50,55,52]. This trend is observed in sePA peak positions and
bandwidths of the samples with lower In conten®lio 21% in samples A17
to A21) indicate that these layers are strainedc@insistence with the RSM
results discussed above). The increase of In conferto 23% results in a
further redshift and a considerable broadeningheftiand. The full width at
half maximum (FWHM) of the PL band increases froghrin and 20 nm in
samples A17 and A21, respectively, to 45 nm in dar@y23. The shift and
broadening can be explained by increasing In carted lattice relaxation.

The qualitative changes in the layer structurenaddyer thickness exceeds
the critical value have also been revealed by nmapfhe spatial distributions
of luminescence intensity and peak wavelength. datpspectrally-integrated
PL intensity mapping images of samples Al7, A21d &23 are shown in

Fig. 4.4. As it is usual for InGaN epilayers, thgasal distribution of the PL
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intensity is strongly inhomogeneous. However, thattgsgn of the PL
distribution depends on In content. Elongated addasigh PL intensity are
observed in A17 sample. As the In content is inrdmege between 19% and
21%, intersecting parallel lines of lower PL intéysare observed [see
Fig. 4.4(c)]. This is in consistence with earlidoservations that the layer
relaxation might be accompanied by the generatibthe arrays of misfit
dislocations along certain crystallographic plaf@361]. These dislocations
act as nonradiative recombination centers and trésuhe parallel lines of
lower PL intensity observed in a two-dimensionalage [see Fig. 4.4(c)].
Further increase in indium content results in fdrara of bright spots of

~250 nm in diameter on the background with a lograission intensity.

Fig. 4.4. PL intensity and PL peak wavelength mapping imagd®x10 ur area
of Ing.1/Gay g sample Al7 [(a) and (b)], dn:Gay 7N sample A21 [(c) and (d)], and
Ing.248G& 7N sample A23 [(e) and (f)]. [P2]

Similar features, though not so distinct, can bedd also in the images of

peak wavelength mapping [Figs. 4.4(b), 4.4(d), d4n4{f)]. To evaluate PL
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intensity-wavelength relationship, Pearson’s catieh coefficient was
calculated. The coefficient reflects linear depemdebetween two variables
and may vary between -1 and 1. In sample set AP#wrson’s correlation
coefficient is positive r(= 0.23) only in sample Al17 with low In content
(17%), while the coefficient in samples with highercontent is close to zero
(indicating no correlation). The correlation of Rhtensity and band peak
wavelength (positiver) is often observed and usually interpreted by
accumulation of carriers in areas with a highecdntent [62,36]. The absence
of the correlation observed in the samples undedysimight be caused by
contributions of an opposite sign from the lowdrpisgly stressed sub-layer
and a partly relaxed layer on top of it. Meanwhilee Pearson’s correlation
coefficient in the thickest, strongly relaxed lay@f set B is negative € —
0.23 in B150). The anticorrelation (negatmemight be caused by the higher
density of nonradiative recombination centers ine thelaxed layer.
Inhomogeneous defect distribution has been sughjestethe origin of the
anticorrelation between PL intensity and peak pmsiin InGaN multiple
guantum wells and is discussed in more detail aptér 6.

To compare PL spectra from different sample aneassorted the pixels in
the mapped area into several groups exhibitingedkfit PL intensity. The
corresponding spectra are presented in Fig. 4.5séweral samples with
different In content (A17, A19, A23) and thickne@135). The vertical
dashed lines indicate peak positions of PL banithéncorresponding strained
layers. In thin layers with low In content (A17, &1n Fig. 4.5), the peak of
the main band corresponds to this position and shoavsignificant shift in
areas of different PL intensity. The weak broadglevavelength band is
clearly distinguishable at the wavelengths high@nt520 nm in figure 4.5(a)
and 4.5(b) and might be attributed to defect-relatarrier recombination [P5],
while band-to-band emission in relaxed areas migl#o have certain
contribution to this band. As discussed above gase of In content decreases
the critical thickness for strain relaxation, aheé tattice in the upper part of

the layer is relaxed. This results in a new PL bamgrging from the relaxed
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volume. Position of this line is indicated in Fg5(c) and 4.5(d) by dotted
vertical lines. In sample A23, separation betwdsn tivo peaks (30 nm) is
smaller than that expected due to full strain rafex. The strain-induced
blueshift of the band gagE can be estimated using its dependence on In
contentx as 4E=kx (eV). Values 0.180 eV (39 nm), 0.235 eV (52 nm), and
0.345eV (81 nm) are obtained far values0.79, 1.02, and 1.5eported
respectively in Refs [7,63,64]. Thus, the obserseparation can be explained

by partial relaxation of the uppermost layer.
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Fig. 4.5. Spatially-averaged PL spectra in areas of diffefeL peak intensity in
sample A17 (a), sample A19 (b), sample A21 (c), sardple B135 (d). [P2]

In thick, fully relaxed layers [see Fig. 4.5(d)het long-wavelength band
dominates the PL spectra in the areas with lownaedium intensity.

It is worth noting that the spectra recorded in déineas of the highest PL
intensity have one more band peaked between thebtmals indicated by

vertical lines. Position of this band correspondstitat calculated under
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assumption that the layer is fully relaxed but eomd as much indium as in the
underneath strained layer. We assume that, therslaygh the thickness
exceeding the critical thickness contain nanocoHlliken structures with
relaxed lattice, In content as in the initial sted layer and the density of
nonradiative recombination centers that is loweanthn the surrounding
background with relaxed lattice and higher In cohté&xistence of similar
nanocolumn-like structures has been previously relese by transmission
electron microscopy study of InGaN epilayers [65]. our PL intensity
mapping images (Fig. 4.4), these nanocolumns & @& bright spots. Typical
luminescence spectra from the top of the columnsanmtunding regions are
presented in Fig. 4.6. Formation of such colummshmexplained by changing
the growth mode from 2D to 3D as the InGaN layarkiess increases beyond

critical value [53].
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Fig. 4.6. Normalized PL spectra of sample B135 in areasiftérént PL intensity
indicated in the spatial PL intensity distributipresented in the inset. The spectra
are vertically shifted for clarity. The length &iet white scale bar is 500 nm. [P2]

Study by AFM confirms the changes in surface molpiy The surface
roughness increases from 0.9 nm for strained samplé to 47.3 nm for
relaxed A23 layer. Typical AFM images of sample Adiitl A23 are shown in
Fig. 4.7. Coalescence of 3D-growth grains in thaglers (sample set B) results

in a smoother surface again: the roughness in nB90-B150 varies from
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1.2 nm to 2.3 nm. Moreover, Iin the layers with theckness only slightly
exceeding the critical thickness, column-like stiwes might be spotted in the
AFM image. The AFM image of sample A23, where tlidumns are most

obvious, is presented in Fig. 4.7(a).
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Fig. 4.7. AFM images of sample A23 (a) and sample A17 (be Tength of white
scale bar is 500 nm. Note the scale change on¥iaxb). [P2]

4.4. Short summary

In conclusion, transition from the initial straindalyer to a subsequent
relaxed layer, as the InGaN epitaxial layer is groabove the critical
thickness, results in additional in-plane inhomagees of structural and
optical properties due to the formation of the mahemn-like structures
containing higher density of nonequilibrium carsiaunder photoexcitation.
These nanocolumns have a relaxed lattice, In co@i®imn the initial strained
layer, a lower density of nonradiative recombinaticenters, and are
surrounded by a background with relaxed latticghér In content, and higher

defect density.
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5. InGaN thermal annealing
5.1. Topic review

The yellow band (peaked at around 2.2 eV) is a comfeature found in PL
spectra of GaN layers [44]. Although the main rese@mphasis is placed on
the band-edge Iuminescence, a broad and sometirad®err intense
luminescence band peaked at 1.7-2.2 eV is alsornasen PL spectra of
InGaN epitaxial layers and multiple quantum wellgQWs) [66—69]. As in the
case of GaN, this luminescence band is assignedh&low donor-deep
acceptor pair recombination [44,67]. The deep aocap most often identified
as gallium vacancies or its complexes with uninégral donors. On the other
hand, the identity of the donor is hard to assignce most of the donor
impurities result in shallow energy levels [44].

The depth-profiling investigations of InGaN epileyshow that the defect-
related luminescence comes mainly from the ardaveér crystalline quality,
close to the InGaN/GaN interface [70]. This is amsistence with observations
of the intense yellow luminescence in GaN layergpobr quality [71]. The
intensity of yellow luminescence can vary over @eviange and, as shown in
Ref. [68], can even dominate over the band-edgssam of InGaN MQWs at
room temperature. Poor optical properties of su€Vibé were explained as a
result of defects generated by strain relaxatiothefwell layers.

A direct link between yellow luminescence and defem InGaN is
determined using a scanning near-field optical osicope (SNOM). It was
found that the most intense yellow luminescence wagle the V-shaped
surface pits (V pits) of AlinGaN layers [72] anddaN/GaN MQWs [43]. At
the same time, the band-edge luminescence inteaisibe V pits was weak. It
was suggested that the defect-related emissiodertbie V pits is caused by
deep gap states formed by gallium vacancies andritgpcomplexes, which
are trapped at the side facets. This assumptionswagorted by transmission

electron microscopy images, which showed defedtsegad by the V pits.
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The defect-related emission is undesirable for M®ased device
performance. To suppress the defect-related emisgias feasible to apply
thermal annealing. In semiconductor manufacturing process is often used
to remove defects introduced by ion implantatiorrevidusly, it was
demonstrated that high temperature rapid thermakamg is effective for
improving the surface morphology and PL intensityGaN layers [73]. The
band edge luminescence intensity was increased aitesaling in N and Ar
ambient, as compared to as-grown sample. At theeséime, yellow
luminescence decreased in thegdwbient annealed sample but increased in
the Ar-ambient annealed sample. This suggestsatditional defect levels
were created during annealing in Ar, whilg &mbient suppressed formation of
the defects. Furthermore, annealing has been expaot have a significant
influence on the structure of InGaN MQWs and e@tay{69,74,75]. InGaN
epilayers tend to roughen upon annealing at tenyoeisa above 700 °C. At
annealing temperatures higher than 950 °C, indmsa from the layer surface
is reported [76]. It was also found that indium atpsion increases with
increasing temperature and annealing duration [77].

Laser annealing is an alternative to thermal treatm It may be
advantageous due to its fast increase of temperatantrollable area of
affection and much shorter annealing duration. é&ulaser irradiation of Si-
doped GaN layers caused a decrease in the intaidite yellow band and an
increase in the intensity of the band-edge lumieese [78]. These changes
are similar to those observed after annealing Jratfhosphere and explained
by a decrease in nitrogen vacancy concentratioimglannealing.

In section 5.2, we study the peculiarities of thetpluminescence (PL)
spatial distribution in indium-rich InGaN epitaxi&dyers by using confocal
microscopy. To reveal the features under studyaygpis with strong defect-
related luminescence were selected and both the-édge and defect-related
luminescence bands have been studied. The dynarintbe two PL bands in
Ing.1:Gay 7dN/GaN epilayer subjected to laser annealing was algestigated.

Suppression of the defect-related emission by lasenealing was
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demonstrated and the structural changes imposedhéyannealing were
studied by AFM and Auger electron spectroscopy (AES

In an LED structure, thp-AlGaN electron blocking layer and tipeGaN
hole transport layer are deposited on top of thive@®QW structure at elevated
temperatures. This fabrication process affectsattieve structure of the LED
acting as thermal annealing that can cause thegelsam the potential
distribution for carrier localization [79—-84]. Thehanges in compositional
fluctuations after thermal annealing have beenipusly observed in InGaN
MQWs using transmission electron microscopy anchadaluminescence
measurements [79-83].

The effects of the high-temperature overgrowth leé p-type layers on
emission properties have been studied in greentiegiinGaN/GaN QW LED
structures by using conventional photoluminescencegPL)
spectroscopy [85,86]. However, the conventional $plectroscopy analyzes
spatially-integrated spectra and does not allowesssg the properties of
carrier localization directly. In section 5.3, coodl PL spectroscopy is used to
get a better insight into the carrier localizatipaculiarities in such LED
structures with different thicknesses mtype layer grown on the top of the

active QW structures at the same deposition tenyrera

5.2. Influence of laser annealing on defect-related luminescence of

InGaN epilayers
5.2.1. Samples and measurement techniques

The sample of a ~200 nmlxGay 7N thin film with strong defect-related
luminescence was used for study. The InGaN thin fitas grown at 708C
with 12 sccm in TMGa flow rate and 50 sccm in TMlow rate on a 2-ym
GaN layer, which was deposited at 10@0on c-plane sapphire substrate. The
sample was grown using metal-organic chemical vaemosition (MOCVD)

at the National Taiwan University.
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At the Riga Technical Universitysmall sections of the selected sample
were annealed using thé“2harmonic of the Q-switched Nd:YAG laser
radiation ¢ = 532 nm, pulse duration= 10 ns). The sample was sectioned into
six ~900um-wide stripes, which were irradiated at differdaser power
densities ranging from 4.2 to 25 MW/&nDuring the irradiation, the sample
surface has been scanned usinqu@0steps by a laser beam focused into a
1 mm diameter spot. The irradiation has been peddrat room temperature
in ambient atmosphere.

The spatially resolved PL study in confocal modse b@en performed using
WITec microscopeAlpha300 coupled by an optical fiber with GHTS300
spectrometefollowed by a thermoelectrically cooled CCD cameka&CW He-

Cd laser emitting at 442 nm was employed for thatation. The spatial PL
distribution was studied at excitation power dgnsif ~212 kW/cri. An
objective with numerical aperture NA = 0.9 was used ensured an in-plane
spatial resolution of ~250 nm.

Changes in composition imposed by annealing haee btudied by Auger
electron spectroscopy (AES) techniqutiber LAS3000 Auger spectrometer
has been used). Profile of In, Ga and N contentdirgction perpendicular to
the surface has been studied by etching the suuiader study by the beam of
argon ions with kinetic energy of 3 keV and applyiES after every etching
step. The Auger spectrometric measurements have Ipeeformed by
J. Miskinis and dr. V. Kazlauskiénat the Materials Science Laboratory,

Vilnius University.

5.2.2. Photoluminescence properties

Spectrally-integrated PL intensity mapping of zm’zlz area of 192:Ga 7N
epilayer is shown in Fig. 5.1(a). The image shohat the PL intensity is
distributed highly inhomogeneously: a pattern afn@-shaped areas of higher
emission intensity is seen on the background ofefowmission intensity

(further referred to as dark and bright areas). dibeneter of the bright areas is
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typically around 250 nm (close to the limit of tspatial resolution in our
experiments).

Figure 5.1(b) shows the PL peak wavelength mappinifpe same area as
in Fig. 5.1(a). White circles on Fig. 5.1(b) arawn to indicate the areas of the
most intense emission observed in Fig. 5.1(a). Algh some shift towards
short wavelength side for bright areas is distisged, no clear correlation
between PL intensity and peak wavelength is obserm®eraged PL bands
from dark and bright areas peak at 523 nm [bladid dme in Fig. 5.1(c)
and 5.1(d)].
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Fig. 5.1. Spectrally integrated PL intensity (a) and peakelength (b) mapping of
Ing.21Gay 7N layer and spectra of PL collected within spotbiight (¢) and dark (d)
areas (indicated). Solid black lines in (c) and ifdjicate averaged PL spectra in
bright and dark areas, respectively. [P6]

Variation of PL spectrum in different sample sudaceas has been studied
by comparing the spectra collected from 80x8G mreas randomly selected in

the bright and dark regions of the sample. Sevelaracteristic spectra
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obtained that way are shown in Figs. 5.1(c) andd}.for the bright and dark
regions, respectively. All the collected PL speatmnsist of two emission
bands. The first band is peaked at ~530 nm andbeaattributed to band-to-
band optical transitions. The second band is cedtat ~650 nm and is
probably related to optical transitions involvingfect-related levels. It is
assumed that these levels are of similar origim&3aN, i.e. created by donor
impurities and gallium vacancies or its complexeth wnintentional donors.
This long-wavelength band is considerably broatantthe short-wavelength
one. Full widths at half maximum (FWHM) of thesenda are ~66 nm and
~200 nm, respectively. The long-wavelength band ndulated [see
Figs. 5.1(c) and 5.1(d)] by Fabry-Perot interfeeertuie to refractive index
contrast at GaN/sapphire and the air/InGaN inteda&imilar interference has
been observed earlier in PL spectra from InGaN/Gabttures [87].

Two PL peaks observed in bright and dark areasnG@aN epilayer in
Ref. [55] have been interpreted by inhomogeneotesstdistribution in the
epilayer. However, the difference in the peak pas#t of the bands (120 meV)
observed in Ref. [25] is considerably smaller thhat observed in our
experiments (~480 meV), even by taking into accoilvat the band gap
difference between stressed and unstressed InGédyeaag strongly increases
with increasing In content [52]. Thus, we concludat the low energy band
observed in our sample is caused by defect-rel@mambination, as suggested
in Refs. [66—69].

The intensity of the long-wavelength band remailnsoat the same in all
the scanned area. Inhomogeneous intensity distiibig observed only for the
short-wavelength band. Its intensity in the brightd dark areas varies by a
factor of up to ~4. The shape and position of tregtwavelength band also
shows no considerable spatial variations. Meanwlhile peak position of the
short-wavelength band varies approximately withie range from 500 to

538 nm irrespective of PL intensity.
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Fig. 5.2. Spectrally integrated PL intensity mappings ofshene area of §3:Gay 7d\
layer in different spectral ranges: 480 — 640 nmresponding to band-to-band
recombination (a) and 640 — 850 nm correspondindeti@ct-related recombination
(b). Relative intensity range is the same for bo#ppings. [P6]

Since the PL spectra consisted of band-edge ancectdedflated
luminescence bands, we compared the spatial distib of these two bands
by spectrally integrating emission separately iro tepectral ranges: 450—
640 nm for band-edge emission and 640-850 nm ffecteelated emission.
The resulting PL intensity mappings are shown m bi2. To better reveal the
variation of the PL intensity it was normalized ayerage intensity value of
each spectral range. It can be clearly observedth®a PL intensity of the
defect-related band varies only within ~30%, wlile band-edge emission is
distributed considerably more inhomogeneously. Toenparatively high
fluctuations observed in the intensity distributiohband-edge luminescence
[see Fig.5.2(a)] can be attributed either to indigontent fluctuations or

inhomogeneous distribution of nonradiative recorabon centers.
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spectra from 2xam?® area are

o [ band-edge (450-600nm) |3 shown in the inset of Fig. 5.3.
i @ efectrelated (600-850 nm) |1 . .
i ————— The spectrum retained its
0,01 0,1 1
Excitation Power Density (MW/cm?)

PL Intensity (arb. units)

structure and no obvious

. , _ saturation of the defect-related
Fig. 5.3. Spatially and spectrally integrated PL

intensity as a function of excitation laser poweemission intensity could be
density in IR21Gay7dN layer. Solid line shows
linear PL intensity dependence. In the inse
spatially-averaged PL spectra at differengxcitation. Only a small blue
excitation power densities are shown. [P6] _

shift of the band-edge PL

peak by 3-4nm was observed. The spectrally-intedraPL intensity

Pbserved with  increasing

dependence on excitation power density is showfign 5.3 separately for
band-edge and defect-related luminescence bands.dgpendences are very
similar: they show a linear increase with excitatioocrease up to 0.5-
1 MW/cnt and a sublinear increase under higher excitati®hs. observed
linear dependence is consistent with recombindigtween localized electrons
and holes. Carrier (exciton) localization due tdiirm content fluctuations is a
peculiar feature in InGaN epilayers. The sublingadt high excitation is
probably caused by the gradual filling of the destdecalized states. This
filling results in an increasing number of delozali carriers that have higher
probability to reach nonradiative recombination teem by hopping or
tunneling and recombine nonradiatively there. Tineaase of defect-related
emission intensity at increasing excitation istslig slower than that for band-
edge emission. This behavior can be explained tya#on of defect-related
recombination centers, which is more pronouncdtienbright areas. Note that

the nearly linear excitation intensity dependentdahe defect-related band
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intensity up to the highest excitation power deesitised points out to a large

density of deep levels.
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Fig. 5.4. Spatially integrated PL spectra of ,. .
Ino.21Gay 7N layer before (black curve) and afterdncferent power densities.
laser annealing at different power densitiegpatially-integrated PL

(indicated). [P6]
spectra from these sample

sections are shown in Fig. 5.4. It is evident duaealing reduces the overall
PL intensity (see Fig.5.5, left axis). At low laspower density, laser

annealing results in considerable suppression md{eglge PL. The ratio of the

intensities of defect-related and

w

band-edge PL is presented on
the right axis in Fig. 5.5. Note
that annealing at power
densities above ~20 MW/ém

has a qualitatively different

PL Intensity (arb. units)
PL Intensity ratio

o 5 10 15 20 25 impact on PL spectrum: the

Annealing power density (MW/cm?) defect-related band disappears
Fig. 5.5. Integrated PL intensity (circles, left
axis) and ratio of intensities of de1‘ect-relate(§md the band-edge

and band edge PL in dmGasN layer |yminescence intensity
(triangles, right axis) dependences on annealing
laser power density. Black solid line is shown aICreases.

a guide for an eye. [P6] Such an abrupt change in
PL spectrum is probably caused by certain structueasformations inflicted

by annealing laser radiation. AFM images presemteéig. 5.6 evidence a
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significant roughening of the surface by formati@éi bumps having

predominantly 100 nm in diameter and 100 nm in lieig

Fig. 5.6. Three-dimensional AFM images of olnGa 7d\N surface before (a) and
after (b) annealing at power density of 25 MWciR6]

5.2.3. The variation of In and Ga content in annealed compound

Influence of the annealing on composition of thdager has been further
investigated using Auger electron spectroscopy (AES avoid the influence
of surface, which was contaminated by adsorbed st@nthin surface layer
(30 nm) was removed by argon ion etching before pavative AES
experiments. No detectable changes in InGaN corposivere observed in
the sample sections annealed at low laser powesitae= however, increase in
indium and decrease in nitrogen concentrations wigtected in sections
subjected to irradiation at power densities bel&wM/cnt.

To compare annealed and as-grown (unannealed), aeather annealing
experiment was performed. The laser beam has loeesdd into a spot of
0.3 mm in diameter. After annealing, an AES scansxcthe spot and a part of
unannealed surface on both sides of the spot wdsrped. The result for a
spot subjected to annealing by 5 laser pulses @tM\®&/cn? is presented in
Fig. 5.7. Note that the concentrations plotted ertival axis in Fig. 7 represent
only relative values. The absolute signal valuesAlBS experiments are
affected by the escape depth of Auger electronstesnby atoms of different
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kind (~1.8 nm for Ga, ~1 nm for In and N). A fewportant features should be
noticed: i) nitrogen content in an annealed spareases; ii) the spot is

depleted in indium; iii) the indium content in tlenealed spot decreases
significantly with increasing depth from the laygenface.

It has been demonstrated

0 200 400 600 800 1000 1200

—S0000000®pn 0o previously that laser irradiation
might enhance the surface atom
migration and improve the

layer crystalline quality [88].

This effect is also utilized in

10" laser-assisted metalorganic

vapor-phase epitaxy [89]. Our

results of laser annealing

Concentration (arb. units)

possibly correlate also with the

10" observation of the

102k [N redistribution of In atoms under

0 200 400 600 800 1000 1200 thermal annealing with the loss
Length (um)

of indium-rich material by
Fig. 5.7. Spatial distribution of In, Ga, and N .
content across a spot subjected to las&vaporation and, as a result,
annealing. Data are obtained using Augefecrease in indium
electron spectroscopy after ion etching of
30 nm (a) and 100 nm (b) of the upper layer ofontent [75]. Note that In-N
the InGaN sample. The arrow marks th

annealed area. [P6] ‘bonds begin decompose at

temperatures above ~680
[90] that can be easily reached at laser poweritlefnisised in our experiment.
Thus, heating of the sample surface under laseeaimg should enhance
desorption of In atoms from InGaN layer surface,aswhsequently, result in
indium depletion of the annealed spot. This exgla&ES results illustrated in

Fig. 5.7 showing decrease of In content in an dedespot.
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5.2.4. Laser-induced thermogradient effect in structural rearrangement
of InGaN

Summarizing the most distinct features of laseteating of InGaN layers with

strong defect-related luminescence we can conchalethe annealing at laser
power densities exceeding certain threshold resunlts decrease of indium
content. This effect is evident on the sample safdbut becomes more
pronounced deeper in the InGaN layer [compare Bigga) and 5.7(b)].

Vanishing of defect-related emission is simultarsipobserved. The effect of
In redistribution can be explained by taking intc@unt the peculiarities of
pulsed laser annealing, in particular, nonhomogesdwating of the sample:
the layers near the surface are heated to a highgyerature in comparison to
the bulk of the crystal. In this case, the modeltlérmogradient effect

(TGE) [91] can be applied. According to this moddéle atoms with bigger

effective radius in comparison to host atoms diifing temperature gradient
towards the higher-temperature region, whereas atmens with smaller

dimensions drift to the opposite direction. In caénGaN compound, In has
the biggest radius, and N has the smallest one. i§lgompletely in line with

the observed space distribution of In and N atoftesr daser annealing of
InGaN layer.

It should be noted that laser annealing might tesulhealing of Ga
vacancies, which, possibly, are a part of the defemplexes responsible for
defect-related luminescence [43,67]. Thus, suppmessf the defect centers
responsible for the radiative recombination leadmgub-bandgap emission,
which is parasitic to the band edge emission intlgmitting devices, might be

achieved by laser annealing.

5.2.5. Short summary

In conclusion, our spatially-resolved photolumiressze study of laser-

annealed InGaN samples with strong defect-relatednescence reveals that
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the defect-related luminescence exhibits no conside spatial variations,
while the band-edge luminescence has inhomogenspasal distribution,
possibly, due to inhomogeneous In contribution taig variations. We
demonstrate that the defect-related emission inaNGepilayers can be
suppressed by laser annealing at power densitigg Bnough to cause
redistribution of In atoms. The effect is demonstain an InGaN epilayer
exhibiting strong defect-related emission, but rhigh important to suppress
the undesirable carrier recombination channel ighiin-content InGaN

epilayers acting as active layers in LEDs and ldgmtes.
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5.3. Unintentional annealing of the active layer in the growth of
InGaN/GaN QW LED structures

5.3.1. Samples and measurement techniques

The samples under investigation were grown andigeolvby the National
Taiwan University. The samples under investigatived different layers
deposited above the active MQW layer. The sample® wrown on c-plane
sapphire substrate using metal organic chemicabrvaeposition. In each
sample, five periods of QWSs consisting of a 2.64himk InGaN well layer
and a 12-nm-thick GaN barrier layer deposited & &7d 820 °C, respectively,
were grown after the deposition of 2-umGaN layer at 1100 °C. In the
reference sample (sample F), no additional layesevgrown on the top the
upper GaN barrier layer. In sample E, a 20 nm-thpekl, ,Ga gN electron
blocking layer was deposited on the top of the QMicsure at the temperature
of 960 °C for growth duration of 25 s after a tenapre ramping from 820 to
960 °C within 140 s and temperature holding fois3fthder nitrogen flow. In
samples D, C, B, and A, a 30, 60, 120, and 180mak-tp-GaN layer,
respectively, was added on the top of fhAly,.Ga N layer at the growth
temperature of 960 °C after temperature holdingl®9 s. Thg-GaN growth
durations for samples D, C, B, and A were 130, 26P0, and 780 s,
respectively. After the growth, the sample tempemtvas ramped down to
room temperature within 35 min. Ni@ situ p-type activation process was
applied to any sample.

The QW widths (2.6 nm) and indium composition (228@re estimated
from the X-ray diffraction (XRD) measurements.

The spatially resolved PL study in confocal modse b@en performed using
WITecmicroscopéAlpha300. A CW He-Cd laser at 442 nm was employed for
PL excitation. The PL excitation power density was2 kW/cni. Scans were
performed over an area of 10x10 fmwith a step size of 50 nm to give an

image of 200x200 pixels.
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5.3.2. Statistical analysis of PL mapping images

Figure 5.8(a) shows the PL spectra spatially irstesglt over an area of
10x10 pm for samples A to F. The PL excitation power TheiRtensities in
samples B and C were by a factor of ~4 higher, thase in the other samples
under study. The peak wavelengths of the PL bamdsimples B and C are
significantly blue-shifted from those in the othsamples. The spatially-
integrated PL spectra of all samples are broady thi¢ spectral full-widths at
half-maximum (FWHMs) ranging from 165 to 200 me\hig is an indication
that the spatially-integrated spectra are a supérpo of PL spectra arising
from sites with different effective band gap. Thmatal distributions of PL
intensity for samples A-F are shown in Fig. 5.8@&png with the PL intensity
mappings, the corresponding mappings of spectrak pesition and FWHM
were also obtained (not shown here). The statidata calculated from all the
mappings are listed in Table 5.1.

500 (- (.a.).,.............

T T
[InGaN/GaN MQWs
10x10um”

N w P
o o o
(=] o o
1 I

PL Intensity (arb. units)
3
)

475 500 525 550 575 600
Wavelength (nm) intensity -—‘ intensity

Fig. 5.8. Spatially-integrated PL spectra of samples A-Faa spatial distribution of
PL intensity in each of the samples (b). [P3]

The mappings shown in Fig. 5.8(b) reveal a highmiiomogeneous PL
intensity distribution: a pattern of round-shapedaa of a higher emission
intensity on the background of a lower emissiorensity (bright and dark
areas, as referred to thereafter in the text bet@am)be clearly observed for all
the samples. The typical dimension of the brigktaris around 250 nm (close

to the limit of the spatial resolution in our exipeents). Except the absolute
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PL intensity, the mappings look very similar amdhg samples under study.
The coefficient of intensity variation (the stardlateviation divided by the
mean value) varies very little, from 0.25 to 0.28€ Table 5.1).

The point-to-point PL peak wavelength variations ether small (e.g., the
standard deviation is 4.8 nm, i.e., 21 meV in sa&fp. However, they are
sample dependent: decreasing first from ~21 me¥ample F to ~9 meV in
sample C, and then increasing up to ~14 meV in gakpAll the samples,
except B and C, exhibit a weak positive correlatibetween the peak
wavelength and the peak PL intensity, with the S&@s product-moment
correlation coefficient varying from 0.10 to 0.2deanwhile, no correlation
was observed in samples B and C (the Pearson ceeffiis negative and

small, —0.09 to —-0.06).

Table 5.1Data of the structure and statistical parameterthefconfocal PL scans
shown in Fig. 1 of the InGaN/GaN QW LEDs under gtud

Sample A B C D E
p-AlGaN thickness (nn 2C 20 2C 20 20 0
p-GaN thickness (nn 18C 12C 6C 30 0 0
PL intensity mean (arb. | £ 324 29.€ 10¢ 6.2 10.5
Intensitystandar deviation (arb. u 27 87 81 3.C 1S 2.6
Intensity variatio 0.2¢ 0.27 0.28 0.2¢ 0.27 0.2%
Peak wavelength mean (r 5416 526.¢ 525.¢ 538.¢ 533.7 532.7
Peak wavelength deviation (n 3.4 3.2 2.1 2.2 47 4.8
FWHM mean (meVv 187 16t 16z 17¢ 16€ 179
FWHM standar deviation (meV 21t 14¢ 14< 16.€ 13< 17.1
Peak waveleng-to-peak intensity

Pearso’s correlation coeicient 0.1C -0.0¢ -0.0¢ 0.2C 0.14 0.13
Peak waveleng-to-FWHM Pearso’s

correlation coeicient 0.21 0.3t 0.3z 0.2¢ 0.0¢ 0.2(

Even though the spatial variations of the PL spégieak position are not
large, the single-point spectra (collected fromaama of 200x200 nfrin our
experiment) are rather broad, with the FWHM randirgn 144 to 225 meV
for the samples under study. The large FWHMs of Rhespectra from the
individual points in the mappings indicate that t@nfocal spectra are the
superposition of PL spectra arising from small-spatcale localization areas
not resolved in the confocal measurements with gpatial resolution of
~240 nm. This implies that the samples under stbdye a double-scaled

potential profile: the larger areas (hundreds ohamaeters to a couple of
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micrometers) are revealed by the confocal measuresmeahile the smaller
areas (probably, a few of nanometers in size) reanhithemselves through the
inhomogeneous broadening of the confocal specttwh &2 smaller area
corresponds to an indium-rich nano-cluster, whghesponsible for the strong
carrier localization behavior in such a QW struet{ir9]. The double-scaled
potential profile model has been suggested to explae peculiarities of
exciton dynamics in AllnGaN materials [21], and hbsen successfully
applied to InGaN/GaN QWs [22]. A similar approachahalyze PL mappings
has recently been used to study carrier localimatiolnGaN/GaN QWs [92]
and AlGaN epilayers [93].

1000 e P e To gain more information

[ T T T T ]
F (2) InGaN/GaN MQWs | _ _
800 [ . about the possible mechanisms
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600 sample B of the inhomogeneous PL

400 | intensity  distribution,  we

200 | analyzed the PL characteristics
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250 F

in the bright and dark areas

oo separately. Several PL spectra
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150 | from the bright and dark areas

100 | in samples B (the sample

505 having the highest spatially-

0 F » 1 . . .
450 475 500 525 550 575 600 625 650 integrated intensity) and F (the

Wavelength (nm) sample without any p-type

Fig. 5.9. PL spectra from the bright (solid|ayer) are shown in Fig. 5.9.
lines) and dark (dashed lines) areas in samples

B (a) and F (b). Vertical lines indicate the peakhe peak wavelengths in the
positions of the spectra from the brigh

areas. [P3] Bright areas are slightly blue-

shifted compared to those in the
dark areas in sample B, while this trend is rewkrse sample F. Such a
behavior is consistent with the calculated corretatoefficients between the
peak wavelength and the peak PL intensity in theegamples.
We select 4000 pixels (10% of the total number)il@ikhg the lowest

intensity and 4000 highest-intensity pixels for leaample, and study their
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average PL characteristics. Figures 5.10 and 5-d4ept these characteristics

for all six samples as a function of the tqadlpe layer thickness.

T Several interesting features
60 FInGaN/GaN MQWs 1

% 40} O—9 ] can be noticed when analyzing
>S5
g / [s the sample characteristics in
& 20¢ A .
> O\/ O detail. First, the average PL
2 (F\y" D & o
8 8¢ ~O— bright : intensity in the dark areas of
£ 5N |E| —l— dark . . .
| N\ | samples B and C is higher than
| IV T W S [N TN T T N [N SN TR S TN [T WY WO S W | . . .
0 50 00 150 200 the average PL intensity in the
Total p-type layer thickness (nm) bright areas of other samples

Fig. 5.10. Depgndences of the PL int.ensities iMnder study [see Fig.5.10(a)].
the dark (solid rectangles) and bright (open

circles) areas. The points correspond tSecond, the spectral peak
samples Ato F (indicated). [P3] position first red-shifts, blue-
shifts, and then red-shifts again, as the totalpe-tayer thickness is increased
[see Fig. 5.11(a)]. This trend is true for bothkdand bright areas. Third, as the
total p-type layer thickness is increased up to ~150 e difference between
the average spectral peak positions in the darkbaigtit areas decreases, but
starts increasing afterwards [see Fig. 5.11(a)jaly, the FWHM of the PL
bands in samples B and C are the smallest amongatmples under study.
This behavior is more pronounced in the bright aifeae Fig. 5.11(b)].

Since the average indium content and well widthsamples A-F were
estimated to be almost the same, the observedrehifes in spatially-
integrated emission wavelength and PL intensitlesukl be caused by the
changes of material structure in the active regidnnealing of the active
region during the deposition of tipetype layer at 960 °C and the variation in
the QCSE due to increasing thickness ofpiigpe layer can be pointed out as

the main factors influencing the PL results.
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5.3.3. Concurrent influence of thermal annealing and QCSE on PL

properties

The thermal annealing process may change the jmiteepth and density
of localized states resulting in either stronger wreaker carrier
localization [79—84]. Two models are usually suggégto explain the thermal
annealing effect. According to the first model, opthermal annealing, a
spinodal decomposition dominates the process aixirey the strain energy
built in the well layers. In this process, the 'tup* diffusion results in
accumulation of indium towards the core of In-risites and forms more
inhomogeneous structures [81-83]. Recently, thislehdas been used to
explain the macroscopic PL results in similar InGadN QWs without any
over-grown p-type layer but subjected to thermaheating of different
durations [86]. However, the formation of the nathasters with even higher
indium content on the background with reduced indaontent would increase
the potential variation on small spatial scalestmcreasing the FWHM of the
single-pixel PL spectra. This is in contrary to owobservation [see
Fig. 5.11(b)]. The second model proposes that dutirermal annealing, the
out-diffusion of the indium-rich phase into the mwnding matrix and the
inter-diffusion at the InGaN/GaN heterojunctiongwcsimultaneously, which
results in more homogeneous composition distrilou@9,80]. The more
homogeneous indium distribution flattens the srealile potential profile, and
concurrently reduces the large-scale inhomogeseiilidis results in a peak
wavelength blueshift, decreasing the spectral paedcgy difference between
the dark and bright areas, decreasing the variafidtne spectral peak position,
and decreasing the FWHM of both spatially-integtatand single-pixel PL
spectra. The last three features are observedriexqeriments (see Fig. 5.11
and Table 5.1), while the peak position shift isk@bly additionally affected
by the QCSE, as discussed below.

Thermal annealing might cause not only the redhstion of indium atoms

but also might introduce additional points defd@fg or generate dislocations
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[84] in the active region. However, these effectsraot in consistence with our
observation that the PL intensity in the dark arsesamples B and C is
comparable or higher than the PL intensity in thght areas of the rest of the

samples under study. The overall increase of Rinsity is consistent with the

defect healing effect [75, P6].

The increase op-type layer

ok " InGaN/GaN MQws(] 1° s
E 540F A O @/ 31 g thickness can increase the strain
= 4107
S s 3_0/ ><A ] % and enhance the piezoelectric
g F A— 1° E field and, hence, the QCSE in
~ 530F i 1 © _ .
§ - 9/ 10 & the QWs [94]. The increasing
f <O ] ©
525 | c . . .
200 B E Als W piezoelectric field causes a
190- o~ (®) i redshift of the PL band peak
< — darl
o ] wavelength. The simulations of
£ 180 \ /\ -
= " O the built-in  field in the
I 170} 4
z ool SN / 1 structures under study show
5o \ N that, indeed, the piezoelectric
0 w0 10 20 field increases with increasing
Total p—type layer thickness (nm) )
p-type layer thickness, however,
Fig. 5.11. Dependences of the energy

difference between the dark and bright aredbe field saturates when the
(solid triangles) and the spectral peak positi
in the bright areas (a) and the spectral FWHI\(/FaN layer thickness is larger
(b) in the dark (solid rectangles) and brighthan 60 nm [86].

(open circles) areas on the tofatype layer
thickness. The points correspond to samples
to F (indicated). [P3]

A The observed experimental
results can be explained by the
concurrent influence of thermal annealing and QCAE.the p-type layer
thickness and, consequently, the thermal treattn@etincrease (samples F to
D), the annealing heals a part of defects actingassadiative recombination
centers and facilitates a more homogeneous distsibwf composition in the
QWs. As a result, the PL intensity increases duthéoreduced influence of
nonradiative recombination, while the PL band bhifés and becomes slightly
narrower. Also, the differences in band peak pms#tiand in PL intensities of

the bright and dark areas decrease due to smonthesfi the potential
65



fluctuations as indium distribution becomes morembgeneous. The
smoothening of the potential profile blueshifts tRe band, while the
simultaneous increase of QCSE due to increasiiyp@{ayer thickness causes
a redshift. The overall redshift of the band in pées from F to D might be
interpreted by overwhelming influence of QCSE.

As the p-type layer thickness is further increatsminples D to B), the
QCSE effect saturates, and the PL band properéiesrbe determined mainly
by the potential profile smoothening due to theried annealing. Thus, the PL
band peak position blueshifts, while the differertmetween spectral peak
positions in the bright and dark areas further el@ses. Moreover, the
reduction of the potential fluctuations resultsredlistribution of photoexcited
carriers among the localized states. The enharmecticmobility by hopping
via localized states facilitates accumulation & tarriers in areas with lower
in-plane average potential (bright areas). The drgtarrier density in the
bright areas results in more efficient screeningtlé built-in field and
blueshifts the PL band even above its position he tark areas [see
Fig. 5.11(a)].

The opposite tendency in the variation of theseapaters observed in
sample A with the thickegi-type layer can be explained by smoothening of
both large-scale and small-scale potential fluebmat Smoothening of the
small-scale potential fluctuations results inmordensive moving of the
carriers across the crystal, a higher probabiltythem to reach nonradiative
recombination centers, and in a lower overall Pliensity. Moreover,
smoothening of the large-scale potential fluctusiodiminishes carrier
accumulation in bright areas. As a result, therimgkelectric field becomes
less screened, and the PL band position redstlafik to its position observed
in sample D.
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5.3.4. Short summary

In conclusion, the variation of PL characteristrash increasing thickness
of p-type layer in InGaN/GaN QW LED structure is maimdgused by the
thermal treatment occurring during thp-type layer deposition. This
unintentional annealing of the active layer resultshe smoothening of the
potential fluctuations due to inhomogeneous induistribution in the QWs.
For thinp-type layers up to approximately 150 nm, the anngamproves the
emission properties of the structure but becomésnkental for thickemp-type
layers due to the delocalization of a significaattf nonequilibrium carriers.
The quantum confined Stark effect considerably uerfices the PL
characteristics only in the structures with thmtype layers up to
approximately 60 nm and becomes unimportant duthdéosaturation of the

internal field variation as thetype layer thickness is further increased.
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6. Spatial  distribution of emission properties due to
inhomogeneous defect distribution in InGaN light-em itting diode

structures
6.1. Topic review

Localization and inhomogeneous spatial distribubbnonequilibrium carriers
(excitons) in InGaN in blue and white light emiginliodes (LEDs) and blue
laser diodes play a crucial role in the light emoissof InGaN epilayers and
heterostructures [95] but peculiarities of thesecpsses are still not fully
understood.

Cathodoluminescence (CL) [23,25,96,97]-PL [33,98,99], confocal
spectroscopy [35,100,101], and scanning near figpdical microscopy
(SNOM) [36,40,102,103] reveal inhomogeneous photahescence intensity
distribution in InGaN epilayers and QWSs. Many paations [19,102,104,105]
point out to the well width fluctuations as the mairigin of inhomogeneous
spatial PL distribution in InGaN QWSs, and dislooas are claimed to have a
significant effect on the local emission efficienp40,106]. Localization of
excitons on a nanometer scale might be also camgéle localization of the
hole wave functions around indium in randomly fodrie-Ga-In chains, as
theoretically predicted for cubic InGaN [107].

In InGaN quantum wells (QWS), optical transitiomglaarrier dynamics are
affected by the quantum-confined Stark effect (QC8Ee to the built-in
electric field that can be screened by nonequilioricarriers [35,108] and by
filling-in of the localized states. Both the effeaiften have a similar effect on
PL characteristics of the InGaN QW.

In this chapter, the spatial distribution of phatoinescence in LED
structures with InGaN multiple quantum wells (MQW&s) an active region is
studied. PL spectroscopy in the confocal mode wapl@yed and revealed
unusual features of the inhomogeneous PL spatsfilolition. The strongly
pronounced PL features we observe in our study atabe interpreted as

caused by localization and field-induced effects.
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6.2. Samples and measurement techniques

The green LED structure under study was grown amviged by Sensor
Electronic Technology, Inc. The sample was growrih@t-plane sapphire by
metal-organic chemical vapor deposition. Trimetimdium (TMI), trimethyl
gallium (TMGa) and ammonia (N were used as In, Ga and N sources,
respectively. The structure consisted of aBthick AIN buffer layer, 3im
thick Si-dopedn-GaN layer, InGaN compliance layer, 5-period InGaaN
MQW active layer, 20 nm thick-AlGaN electron block, and 0 thick p-
type contact layer. The active layer contained 2wide Iny,/:Ga 73N wells
and 5 nm-wide GaN barriers.

The PL intensity mapping and the study of spataiations in PL spectra
on submicrometer scale have been performed udMec confocal
microscopeAlpha300 S Objective with numerical aperture NA = 0.9 wasdis
and ensured an in-plane spatial resolution of ~#80For spectral resolution,
the microscope was coupled by an optical fiber \&ithHTS300spectrometer
followed by a thermoelectrically cooled CCD camefa.CW He-Cd laser
emitting at 442 nm was employed for the excitatidlh.the experiments have
been carried out at room temperature.

The excitation power density dependence of thdivelguantum efficiency
of spatially-integrated PL in a wide dynamic ramgee been carried out under
guasi-steady-state excitation by the third harmafidQ-switched YAG:Nd

laser radiation (3.49 eV).

6.3. Negative correlation between PL intensity and spectral band

position in InGaN LED structures

The mapping images of spectrally integrated PLnisity are presented in
Fig. 6.1(a). The figure reveals a strongly inhomugris spatial distribution of
the emission intensity in the MQW plane: regionsstbnger emission are

evident on the background of lower emission intgndihe bright spots in the
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mapping image typically have a round shape of +#80n diameter (close to
the spatial resolution of the confocal microscoped). The PL intensity in the

bright spots exceeds that in the background by@rfaf up to 8.
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Fig. 6.1. Typical PL intensity mapping (2x2m°) image of InGaN-based LED
structure (a) and several PL spectra taken fronisspdicated on the map in bright
(b) and dark (c) areas. [P5]

The spectral PL distribution in the MQW plane wasdged by comparing
the emission spectra in small spots (5050 nm, @xéls) picked up from the
regions of low and high emission intensity (darkl énight areas, as referred to
further in the text). Several of these PL specte @esented for bright and
dark areas in Fig. 6.1(b) and 6.1(c), respectivélye spots, from which the
corresponding spectra were acquired, are markedadeded in the mapping
images [Fig. 6.1(a)]. A considerable scattering imensities and peak
wavelengths of the PL bands acquired from diffeisgrdts in the bright and
dark areas is quite evident. The resulting FWHMhef spatially-integrated PL
band (measured at high excitation intensities whesingle band prevails) is

38 nm in bright and 51 nm in dark areas.
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The spatially-integrated

BET dark area band peak is
-: 10 redshifted by 10 nm in respect
to the band position in the
bright areas. The comparison
of the PL bands recorded

PL intensity (arb. units)
1
(o))
PL intensity ratio

42

from different spots shows

—ly . i
450 500 550 600 650 that this redshift and

Wavelength (nm) broadening of the spatially-

Fig. 6.2. Spatially-integrated PL spectrum in. .
bright areas (solid curve) and spectral distrib1utiomtegra'[ed PL band in the dark

of ratio of PL intensity spatially integrated inareas is caused by a lower
bright and dark areas (dashed curve). [P5] ) ) )

intensity of PL emitted from
spots corresponding to shorter wavelengths, whigedmission intensities in
the long wavelength region are similar in the darkd bright areas (see
Fig. 6.2).

To gain more data on possible mechanisms of themageneous PL
intensity distribution, we studied the PL propestef our sample at different
nonequilibrium carrier densities. Figure 6.3 préseéhe PL spectra measured
in a dark area at different excitation power deesitThe spectrum is basically
dominated by a single band, which is peaked at +#00and shows a
considerable band shift with increasing excitationaddition to the prevailing
band, another PL band [peaked at considerably tongeelengths (~560 nm)]
was observed in the dark areas, but its intenstyrated with increasing
excitation. This PL band probably involves defextted states. No long-
wavelength band was observed in the bright areas.

The excitation power density dependences of th& peaition of the main
PL band for the bright and dark areas are comperddg. 6.4(a). The band
peak in the dark areas gradually blueshifts by r@5when the excitation
power density is increased from 4%1 2.4 MW/cni. A striking feature is
that the band peak in the bright areas at low akoit power densities is at a

shorter wavelength than that in the dark areashWitreasing excitation
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intensity, the PL band in bright areas first blugshslower than that in dark
areas but the shift rate becomes similar in bot#msrat high excitation
intensities.

The excitation  power

- oA density dependences of the
spectrally  integrated PL
, intensity in bright and dark
™ 2.4 MW/cm=— _
£ areas are presented in
2 .
z 1.1 MW/emA Fig. 6.4(b). The dependence
8 2 is linear at low excitation, but
> 0.2 MW/cm~ '
2 ) becomes  superlinear  at
fB 65 kW/cm4]
= elevated excitation power
- 2
o 26 kwicm,, densities. To study the PL
2 . .
10 kW/icm 4 efficiency dependence on
4 kW/cm? excitation power density in a
P 1 a1 rvimiked
450 500 550 600 650 wider dynamic range,
Wavelength (nm) experiments  have  been

Fig._6.3. PL spectra in _c_jark area at diﬁerenberformed under quasi-
excitation power densities. The spectra are

normalized and shifted along vertical axis fosteady-state pulsed excitation
clarity. [PS] (pulse duration 20 ns) [Fig.
6.4(c)]. Note that the photon energy at the queesieh/-state pulsed excitation
(3.49 eV) was high enough to excite the 5 nm-widgibérs, while in the CW
excitation (photon energy 2.8 eV) only the 2 nmaviguantum wells were
excited. Thus, at the same excitation power densitg expected carrier
density under the pulsed excitation is larger thiast under the selective
excitation approximately by a factor of 3. Moreqwie small excess energy of
the photoexcited carriers might also diminish thmll@®ver effect, which
probably is one of the mechanisms causing theieffoy droop effect [109].
Comparison of Fig. 6.4(b) and 6.4(c) shows that dh®op is observed at a

higher carrier density than that achieved in oatigfly-resolved experiments.
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intensity dependence. [P5]

The PL band shift with increasing excitation inignsn InGaN QWs is

usually explained by two effects: gradual populataf the lowest localized

states and screening of the built-in electric fidth effects result in a blue
shift of the PL band and their contributions afécllt to distinguish.

We calculated the energy levels in the quantum wih a built-in electric

field by simultaneously solving the stationary Schrédingquation and the

Poisson equation describing the asymmetric spaeegehdistribution in the

well. Using material parameters taken from [3] aapproach suggested
in [110] results in the built-in field at GalMg »/Ga ;N of 3.4 MV/cm. Such a
field shifts the energy of the lowest optical triéins by ~200 meV. The built-

in field of 1.5 MV/cm, which is a typical low-boundalue estimated for

similar GaN/InGaN interfaces [111], results in aftsbf ~60 meV. Carrier

densities sufficient to cause a significant bluéftsbf the lowest optical

transition due to screening of the built-in fiele dower in wider QWSs. In the
2 nm-wide well under study, a blue shift of 10%nfréhe entire QCSE shift

occurs at densities of ~2xf@&m”. The estimation of the carrier density in our
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PL experiments is obscured by uncertainty in thrdaxalifetime, which locally
depends on the carrier localization depth and ercdrrier density. Assuming
the lifetime to be 1 ns, the excitation power deesiin our experiments (from
4 kWicnf to 2.4 MW/cni) correspond to the carrier densities ranging from
2x10°cm? to 102 cm? Thus, the faster blue shift of the PL band at the
highest excitation power densities in our experitmesmould be influenced by
the screening effect but the lowest excitationrisites used hardly imposes
significant screening. This conclusion is supporbgdthe excitation power
density dependence of the PL intensity [see F&(bd], which is linear at a
low excitation but becomes superlinear at the akom power densities
exceeding approximately 0.1 MW/émThere is no return of the linear
dependence, which is expected after the builteidfis completely screened.
This might be an indication that the built-in figkl not completely screened
even at the highest excitation power densities usedir experiments. On the
other hand, the superlinear growth of PL intensityincreasing excitation
power density might also be expected due to thera@n of nonradiative
recombination centers.

Localization and inhomogeneous spatial carrierridistion due to the
fluctuations in indium content and/or well widthfiétely plays an important
role in the samples under study. It is usually as=ilithat the deeper carrier
(exciton) localization (corresponding to a loweergy of the photon emitted
via radiative recombination in the localized statessults in a higher PL
intensity due to decreased probability of carriepping and reaching
nonradiative recombination centers. Thus, the inbgegneous PL intensity
distribution could be explained by inhomogeneoustrifiution of deep
localized states. Contrary to this assumption Rheeak position in the bright
areas of the sample under study is higher in enr@y in the dark areas. The
Pearson’gproduct-moment correlation coefficient of -0.2 icalies a negative

correlation between the PL intensity and the peakelength.
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The difference in lfGa,,N content withx = 0.27 corresponding to the PL
band shift observed (~10 nm) would be rather stofithe order oiAx = 0.01)
and hardly could cause the observed increase imtebsity by a factor of 8
due to possibly higher structural quality in theas with lower In content.

The bright spots could be interpreted as regiorie narrower well width,
where the blue shift of the PL band is stronger #nedPL intensity is higher
due to stronger overlap of the electron and holesefwanctions. Though
gualitatively consistent with experimental resuttss effect is expected to be
considerably weaker than observéd.low carrier density, the square of the
wavefunction overlap for 1.75 nm wide well excedus for 2.25 nm well by a
factor of two. This difference would actually beeavlower due to stronger
screening in the thicker regions, where a higherieradensity should be
expected. Consequently, the increase in the ovesfaglectron and hole
wavefunctions is insufficient to explain the intepsdifference of up to the
factor of 8.

The lower PL intensity in areas where emission xatilonger wavelength
might be also explained by an inhomogeneous spdisaibution of the built-
in field: a higher field causes a larger PL bandshift due to QCSE and,
hence, a smaller overlap of the electron and hokvefunctions and,
consequently, a smaller rate of radiative recontlmnaand a lower emission
intensity. However, according to our calculationscdssed above, this effect
cannot explain such a big difference in the PLnsiy in the bright and dark
areas. The difference of ~25 nm observed for Pldh@eak positions in bright
and dark areas at low excitation power density [Sge6.4(a)] corresponds to
variation of the built-in field by ~30%. The buitt-field of 3.4 MV/cm causes
a decrease of the squared electron and hole wastedonoverlap in a 2 nm
QW down to 25% of the value for a rectangle QW Iljvaero built-in field). A
variation of the field by 30% results in a changeabfactor of 1.5 in the PL
intensity due to the overlap change, which is msitialler than the observed

factor of 8.
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6.4. Influence of inhomogeneous distribution of nonradiative
recombination centers on intensity and spectral features of

photoluminescence

We suggest that the inhomogeneous PL intensityildigion observed in
the structure under study can be explained by hanmgeneous distribution
of nonradiative recombination centers, as previousported in [P7]. The
probability of nonradiative recombination is higHer the carriers (excitons)
occupying the states with smaller localization ggeiThese excitons, which
are responsible for the short-wavelength side ef Bh band, have a higher
probability to reach nonradiative recombinationtees by hopping. Thus, the
nonradiative recombination suppresses emission lynaim the high energy
side of the PL band resulting in a redshift of laed. The higher is the density
of nonradiative recombination centers, the stromgére redshift. Thus, the PL
band in the dark areas is at longer wavelengthsit@mband in the bright ones.
This interpretation is strongly supported by théadaresented in Fig. 6.2. As
seen, the intensity is equal both in bright ank @aeas at the long-wavelength
tail of the PL band but the intensity in bright @as progressively higher at
the shorter wavelengths.

As the carrier density increases, more localizedest become occupied.
This effect results in a blue shift, which compeaasahe red shift caused by
the nonradiative recombination centers. The bluk dhe to the state filling is
stronger in the spectral region corresponding ®t#il of the density of the
localized states and becomes less pronounced in spextral region
corresponding to a higher density of the statese Tésults presented in
Fig. 6.4(a) are consistent with this interpretatithe blue shift of the PL band
at increasing excitation power density is more ptorcted in the dark areas. As
discussed above, the overall blue shift, whichldseoved in the bright areas,

should be influenced by screening of the builtighd.
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The conclusion that the inhomogeneous PL spatsitilution is strongly
affected by an inhomogeneous distribution of tharadiative recombination
centers is indirectly supported by the observatioat the additional long-
wavelength emission band is present in the darknbuin the bright areas. As
shown in Ref. [71] for GaN, the densities of nomaside recombination
centers and the centers of radiative defect-relagmdmbination (causing
yellow luminescence) are correlated. Provided aéhsitmilar conclusion is valid
also for InGaN, the presence of the long-wavele®jthband in dark areas is
an indication that these areas contain also a higkasity of nonradiative
recombination centers. The unusual PL charactesistind their dynamics
under increasing excitation power density are cest with the assumption
that this sample has inhomogeneous distributiamoofadiative recombination
centers. This feature can be favorable for highmisgion efficiency. In the
areas with a lower density of nonradiative recoration centers, the carrier
density is higher and screens the built-in fieldreneffectively.

Spectrally-integrated PL intensity dependence orriara density [see
Fig. 6.4(b)] is the same in bright and dark areatsabhigher excitation power
density is necessary to reach the same carrieitgeémshe dark areas due to a
higher density of nonradiative recombination cestefhe origin of the
inhomogeneous distribution of nonradiative recorabon centers is unclear.
It is worth noting, however, that the structure emnstudy contains 5 QWs. The
spatial resolution in the Z direction (perpendicutathe layers) is 0.7pbm, i.e.
includes all the QWSs. Hence, the bright areas eatyi coincide within
~250 nm in all five QWSs. Otherwise, the image wohédwashed out, and no
distinct bright areas of ~250 nm in diameter wdugdobserved. Such a vertical
alignment implies possible involvement of dislooas propagating vertically
though the QWs. At dislocation density of’n?, the 2x2 prhsample area
depicted in Fig. 6.1(a) should contain 40 dislawmai on average. It can be
expected that these dislocations concentrate inldhie areas and are absent in

the bright areas.
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6.5. Short summary

In conclusion, confocal microscopy revealed spotsaomore intense
photoluminescence (~250 nm in diameter) in greerD L&ructures with
Ing»7:Ga 7N MQWSs as an active region. The spectral featunabe dark and
bright areas and dynamics of the photoluminescest@aacteristics under
increasing excitation power density point out targmomogeneous distribution
of nonradiative recombination centers that affeth® carrier density
distribution and screening of the built-in field the QWs and leads to

nonuniform emission intensity.
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7. Enhancement of emission efficiency in InGaN quan  tum wells
due to coupling with localized surface plasmons in Ag

nanoparticles
7.1 Topic review

Light emitting diodes (LEDs) based on InGaN/GaN tplé quantum wells

(MQWSs) have been commercialized for many applicetioHowever, good
prospects for improvements in their performancel main. The main

current problems to solve are high nonradiativeomdzination, efficiency

reduction at a high injection current density (&fieciency droop effect) [112],
and low crystal quality for emitting at long wavedghs (in "the green death
valley”) [4].

The most straightforward approach for the enhanotmmieLED efficiency
is decreasing the nonradiative recombination rateintproving the crystal
quality. The optimization of growth conditions abdffer layers provide us
with incremental but saturating improvement, whilee epitaxial lateral
overgrowth (ELOG) technique [113,114] and the replaent of sapphire
substrate by low dislocation density GaN subsiibi®] are more effective but
still quite expensive.

Alternatively, LED efficiency can be increased bghancing radiative
recombination rate. The enhancement can be achi®vedupling the emitting
dipoles in the QWSs with surface plasmon polaritd@Ps) induced on
metal/dielectric interfaces [116,117] or with ldzald surface plasmons (LSPs)
on metal nanoparticles (NPs) [118-120]. Surfacemtan (SP, including SPP
and LSP) represents a quantum of the collectivetrele oscillations induced
at an interface between metal and dielectric oric@mductor. Provided that
the emission wavelength of the radiating dipoleshm QWs matches that of
the SP resonance and the QWs are covered by nietetuses containing SP
and being in the proximity short enough for couplwia the near field, the
radiating dipoles in the coupled QWs can transieergy to SPs. The SP

energy is subsequently radiated when the momentphoton and SP are
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matched. Momentum matching is granted either byrdlnghness of the metal
surface or by a metal grating structure. Meanwha®, LSP has zero
momentum and can effectively radiate without anynmaotum matching

mechanism. Thus, SP-QW coupling can create anieaifidight emission

channel and leads to an increase in photoluminesce(PL) and

electroluminescence intensities [116—120].

SP resonance of noble metals, such as Ag and Awr®dn the visible
range. Therefore, they are most often used for &plmng in an InGaN/GaN
QW structure. Additionally, SP resonance can be-fimed by controlling the
size and geometry of a metal NP [121,122]. Compaved Au, Ag has a
lower dissipation loss in the visible range. Theref it is expected to result in
a larger emission enhancement [123].

Previous studies have been mainly focused on mamgpasPL enhancement
through SP coupling by using Ag layers [116,117]N##s [118-120]. For a
deeper insight into the SP-coupling-enhanced PL InGaN/GaN QW
structures, in this chapter, we focus on the uridedsng of the LSP coupling
effects of isolated Ag NPs. Confocal PL measuremarg mainly employed in

this study.

7.2 Samples and measurement techniques

The samples under investigation were grown in thatiddal Taiwan
University. InGaN/GaN QWs were grown using metadéong chemical vapor
deposition (MOCVD) on sapphire substrate. The sangphsisted of a 2 um
GaN layer, followed by five periods of 3 nm-wideGaN well layer and
12 nm-wide GaN barrier layer. The QW structure wagered with a 15 nm-
thick GaN capping layer. Ag NPs were deposited lan top of the capping
layer by using the technique of polystyrene nanespHithography [124].
Otherwise identical samples with (sample |) anchauit (sample [I) Ag NPs

were prepared for comparison.
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The LSP resonance wavelength of the Ag NPs faledcan the InGaN/GaN
QW structure equaled ~550 nm and was matched Wwithetfective band gap
of the QWs by designing the QW parameters anditeea$ the Ag NPs. The
average diameter of Ag NPs was 80 nm. Low surfameerage (~0.2%)
enabled us to study the behavior of LSP couplindp tie QWS in the vicinity
of isolated NPs.

Spatially-resolved PL measurements were performsithguthe WITec
microscopic systemAlpha 300 operating in confocal, scanning near field
microscopy (SNOM), and atomic force microscopy (ARkodes A CW He-
Cd laser emitting at 441.6 nm was used as theatiantsource. The excitation
power density was ~30 kW/ém PL spectra were recorded using the
spectrometerUHTS300 equipped with a thermo-electrically cooled CCD
camera. The PL measurements in confocal mode wafermed in top and
bottom configurations with excitation and detectioom the top and bottom
sides of the sample, respectively. Objectives aghhnumerical aperture
(NA =0.9 and NA =0.8) ensured in-plane spatialotation of ~240 nm and
~270 nm for the top and bottom configurations, eesipely. The PL mapping
image obtained in confocal mode was spatially nedclwith surface
topography image obtained by the same microscogtes in AFM mode.
The spatial resolution of the AFM measurements wa® nm. All the

measurements were performed at room temperature.

7.3. Emission enhancement in the vicinity of large nanoparticle

conglomerates

Typical spectrally-integrated PL intensity mappintages of samples | and Il
are shown in Figs 7.1(a) and 7.1(b), respectivéhe intensity scale is the
same in both images. Inhomogeneous PL intensityilgigion can be seen in
both samples. Such inhomogeneous distribution is tiu the potential
fluctuations caused by the variations of indium position and well
width [125,126]. The PL intensity is stronger irethreas, where the carriers
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are localized and have a lower probability to reachradiative recombination
centers. Though the inherently inhomogeneous Plrildision hinders the
image analysis, randomly distributed bright spoés, the areas exhibiting PL
intensity, which exceeds the average by a factedofare clearly distinguished
in sample I. No areas of such high PL intensityevebserved in sample II.
Spatially-integrated PL spectra averaged in thek,dentermediately bright
regions, and bright spots of samples | and Il amamared in Figs 7.1(c) and
7.1(d), respectively. The PL band peak positiorthi@ intermediately bright
regions is only slightly redshifted in respect battin the dark regions. This

redshift can be explained by the suppressed natnaglirecombination, as
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Fig. 7.1. Typical spectrally integrated spatial PL intengdigtributions measured
in the top configuration in an area of 10x10%uaf samples | (a) and Il (b).
Normalized spatially integrated PL spectra averagethe areas of different PL

intensity (indicated) of samples | (c) and Il (dB1]
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discussed above. The bright spots are observedrospmple | and exhibit the
largest PL spectral redshift. This large redshifhth be associated with the
emission enhancement by the LSP induced on the Rg. h sample |, the
LSP resonance wavelength (=550 nm) is longer thah df the average PL
peak of the QWs (~540 nm). Therefore, the emissiorihe long-wavelength
side of the PL band is more strongly enhanced dube stronger coupling of
the radiating dipoles in the QWSs with the LSPsloa NPs. As a result, the PL
band in bright spots redshifts closer to the resoeaA redshift of the PL band
peak position, though considerably smaller (3 nm@s previously observed in
Ref. [124] where macroscopic PL was studied. Theallem value of the

redshift can be attributed to the low surface cagerby Ag NPs: the PL from
the larger part of the sample (having the majortrdoumtion to the total

spatially-integrated PL intensity) is unaffected b$P coupling. The more
pronounced redshift observed in the spatially-re=bIPL spectra, which are
collected from sample areas near Ag NPs, evidetee®L enhancement due
to Ag NPs. This conclusion is supported by the wtofiluminescence in the

vicinity of a single Ag NP, as discussed below.

50 nm

10 cts

Fig. 7.2. Spectrally-integrated PL intensity mapping imagg rfear Ag nanoparticle
(indicated by dashed circle) and a composite in@fgsurface topography and PL
intensity of the same area (b).

The SNOM technique turned out to be inappropriatettie study of the
spatial distribution of PL in the vicinity of a NPA typical SNOM

measurement is shown in Fig. 7.2. Scanning withtifhen contact with the
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sample surface requires lifting the tip when the iBlRpproached. Therefore,
the emission enhancement is counterweighed by niceeasing distance
between the tip and the QW layer in a hardly ptedliie way. Typically at the
centre of the Ag NPs, lower PL intensity is obsdrv@a addition, diameter of
NPs in surface topography map is artificially breaed due to relatively large
SNOM probe’s tip. On the other hand, scanning vaittip fixed above the
sample surface at a constant distance exceedingfhdiameter (~100 nm)
provides us with a poor signal-to-noise ratio, sititze near field at a distance
of ~100 nm from the tip is rather weak.

To overcome the drawback of the SNOM techniqueemgloyed confocal

spectroscopy together with AFM measurements. Toalyamatch the images

obtained in confocal and AFM

modes, we used the shapes of

o

the conglomerates of many Ag

NPs. During  the PL

o
o
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measurement in  confocal
mode, the conglomerate on
the top of the sample surface
blocks the excitation of the
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Fig. 7.3. Spectrally-integrated  PL  intensityachieved.

mapping image in the bottom configuration of _.

sample | with the positions of Ag NPs indicated Figure 7.3(a) shows the PL
by black circles (a) and the line-scan profiles ghtensity mapping
PL intensity and the center of mass of PL

spectrum (b) along the horizontal dashed line ihich was recorded in the
(a). Dotted rectangular in (a) marks area of the

AFM image (c). [P1] 84
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bottom configuration around a conglomerate of AgsNMPL intensity
enhancement is clearly observed under the conghlimerAs shown in
Fig. 7.3(b), which presents the line-scan PL intgnsnd PL center-of-mass
(CoM) wavelength along the horizontal dashed lineFig. 7.3(a), the PL
intensity increase is accompanied by a significadshift of the spectral CoM
towards the LSP resonance. This behavior has bessraed before [119] and
is an indication that the emission enhancement @niyn caused by SP

coupling with the QWs.

7.4. Emission enhancement by a single Ag nanoparticle

The positions of single Ag NPs determined by thechmag of AFM and
confocal images are indicated in Fig. 7.3(a) witdck circles. The actual AFM
image of the corresponding area is shown in FR(c). Scattered Ag NPs can
be clearly distinguished on a relatively flat segaA close study of the PL
intensity mapping image with superimposed NPs mrstreveals that not all
the areas around Ag NPs exhibit enhanced PL irttenBhis behavior can be
explained by the potential fluctuations, which areerent in the InGaN/GaN
QWs due to the variations of their composition aredl width. Ag NPs in the
regions of lower potential emit light of longer ved@ngths that are closer to
LSP resonance and exhibit a stronger enhancemerbrifirm this conjecture,
we have estimated the PL intensity and spectral CoMan area of
200x200 nrh under each Ag NP. The strength of the relationSkipveen PL
intensity and spectral CoM was evaluated using Rlearson’s correlation
coefficient. The coefficient reflects a linear degence between two variables
and may vary between -1 and 1. A value exceedingy sOusually considered
as a reliable indication of correlation or antietation.

The Spearman’s correlation coefficient reflectingh@nlinear correlation
has also been calculated and showed the same t@Endbe Pearson’s
coefficient. Figure 7.4 shows the correlation betw®L intensity and spectral

CoM collected under 45 NPs and from sample | atieaisare not covered by
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NPs. Both data sets are collected in the bottonfigraration. The solid red
line in Fig. 7.4(a) demonstrates the transmissipacsum of Ag NPs. The
spectrum is obtained by measuring the transmisspattrum of the sample
with Ag NPs and subtracting the spectrum of thekbemund transmission
measured at the sample area not covered by Ag Nis.minimum in this
spectrum corresponds to the LSP resonance wavbklefgg shown in
Fig. 7.4(a), higher PL intensity is observed in tbeg-wavelength region of
the point distribution, closer to the LSP resonaridee Pearson’s correlation
coefficient was evaluated to be=0.52. This value confirms a strong
correlation between PL intensity and spectral Coldar Ag NPs.

Meanwhile, the Pearson’s correlation coefficienicaiated in the rest of
the sample surface (outside the near field ranfjélseoAg NPs) equal6.08,
indicating a low correlation in the regions outsitie close proximity of Ag

NPs [Fig. 7.4(b)]. A similar

(o]
o

2000 ———————T———

I ~—~
52 | 2 behavior ( = 0.23 in the close
>S5
1500 ced vicinity of Ag NPs and
= g r=0.01 in the rest of the
‘S 1000 2 - i
S = surface) is observed in the top
O n
8 Y G configuration.
> 500 ————+——+— ——1— 87 = _
f [ (b) : r=0.08 | The stronger NP-induced
]
£ 1500 | J PL enhancement in the QW
-
o ‘ _ areas of smaller effective
1000 1~ — — 2 il band gaps is demonstrated in
Fig. 7.5, where PL spectra in
500 1 . 1

1 1 1
520 530 540 550 560 570 the vicinity of two Ag NPs

Center of Mass (nm) i i
. . : , are shown. The first NP is
Fig. 7.4. Correlation between PL intensity and

spectral center of mass under Ag NPs (a) ardcated in the region emitting
from areas that are not covered by NPs (b). Bo
data sets are collected in the botto
configuration. Vertical and horizontal dashed Sp resonance (solid line),
lines indicate the average values of PL intensity

and center of mass. The solid curve shows thehile the position of the
transmission spectrum of Ag NPs. Pearson’s

coefficients are indicated. [P1] 86
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second NP corresponds to the off-resonance condjtashed line), i.e., the
NP is located at a position of a higher poteniiile PL spectra collected in the
bottom configuration, as shown in Fig. 7.5(a), aredulated by Fabry-Perot
oscillations. Therefore, their peak positions absoured. The Fabry-Perot
oscillations are weaker in the top configuratios, slhown in Fig. 7.5(b). A
stronger PL enhancement by the Ag NP located iowaer- potential region

can be clearly observed.

- - = off resonance) It is worth noting that PL

In resonance intensity near an Ag NP is

15 -(a)l B

10 b - enhanced in the bottom

configuration on average by

[é)]

~15%, while the corresponding
enhancement is considerably
N higher, up to ~46%, in the top

D
o

7 configuration, in which Ag NPs

PL Intensity (arb. units)
a1
o

w
o

- are located between the

N
o
T

s emitting QWs and the detection

=
o
T

i system. This asymmetry in

0 AT B B enhancement evidences the
480 510 540 570 600 630

Wavelength (nm) contribution of the

Fig. 7.5. PL spectra in the vicinity of a single€nhancement in light extraction

Ag NP located in the region emitting light with : -
wavelength close to the LSP resonance (sollt(qat is facilitated by Ag NPs.

line) and off resonance (dashed line) measurqthe PL enhancement through
in the bottom (a) and top

(b) : :
configurations. [P1] SP coupling includes the

contributions of two
mechanisms: the increase in radiative recombinatixte [117,118] and the
enhancement of the light extraction efficiency. Then-resonant light
scattering by Ag NPs, which breaks the total irakreflection condition at the
interface between air and GaN layer, also helpsincreasing the light
extraction efficiency [127]. Since the emissiones¢td through the surface

covered by Ag NPs (top configuration) is strondeart that detected in the
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bottom configuration, when only the enhancementtdude increased rate of
radiative recombination can be expected, the Plaecdment due to improved

emission extraction plays a considerable role.

7.5. Short summary

In conclusion, enhancement of PL intensity due dapting to localized
surface plasmons in InGaN/GaN quantum wells invibanity of isolated Ag
nanoparticles was demonstrated. The PL enhances@nstrongly influenced
by the inhomogeneous spatial intensity distributc@used by the potential
fluctuations due to the variations of compositiond awidth of the well.
Calculations of the Pearson’s coefficient for clatien between PL intensity
and spectral center of mass showed that the enfmemtavas stronger in the
sample areas emitting light at the wavelengths thetter matched the
resonance with the localized surface plasmons.stuaty showed that the light
extraction enhancement by a single silver nanapartivas the prevailing

mechanism for the increase in PL intensity.
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Concluding summary

1. The transition from the initial strained layer tosabsequent relaxed
layer, as the InGaN epitaxial layer is grown abtheecritical thickness,
results in additional in-plane inhomogeneities wb&ural and optical
properties due to formation of nanocolumn-like stinwes containing
higher density of nonequilibrium carriers under folexcitation. These
nanocolumns have a relaxed lattice, In contenhdhe initial strained
layer, a lower density of nonradiative recombimatenters, and are
surrounded by a background with relaxed latticghér In content, and

higher defect density.

2. The defect-related emission in InGaN epilayers lbansuppressed by
laser annealing at power densities high enouglagse redistribution of

In atoms.

3. The unintentional annealing of the active layerultss in the
smoothening of the potential fluctuations due twoimogeneous indium
distribution in the QWSs. For thip-type layers up to approximately
150 nm, the annealing improves the emission prgsedf the structure
but becomes detrimental for thickgr-type layers due to the
delocalization of a significant part of nonequillbn carriers. The
quantum confined Stark effect considerably infllesncthe PL
characteristics only in the structures with thirtype layers and
becomes unimportant due to the saturation of ttexnal field variation

as thep-type layer thickness is further increased.

4. The spectral features in the dark and bright assmsdynamics of the
photoluminescence characteristics under increasixgtation power
density point out to an inhomogeneous distributadfnnonradiative
recombination centers that affects the carrier iterastribution and
screening of the built-in field in the QWs and Isdd the nonuniform

emission intensity.
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5. The PL enhancement via optical dipole coupling vaitalized surface
plasmons is strongly influenced by the potentiattilations due to the
variations of composition and width of the well.eTbalculations of the
Pearson’s coefficient for correlation between Ptemsity and spectral
center of mass showed that the enhancement wamgstrom the sample
areas emitting light at the wavelengths that bettatched the resonance

of the localized surface plasmons.
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