
 
mi

K 
ii

r
uI

 s
ec

iv
ed

 
d

es
a

b 
N-

II
I 

g
ni

zi
mi

t
p

o 
r

of
 s

eh
ca

or
p

p
A

 y
ti

sr
ev

i
n

U 
otl

a
A

 2202

 gnireenigneonaN dna scinortcelE fo tnemtrapeD

gnizimitporofsehcaorppA
seciveddesabN-III

miKiiruI

500 μm 

10 μm 

100 μm Al In Ga Au 

1 μm GaN

470 nm Al20Ga80N

280 nm Al50Ga50N

260 nm Al80Ga20N

300 nm AlN

Ni Ti 

LAROTCOD
SESEHT



 seires noitacilbup ytisrevinU otlaA
SESEHT LAROTCOD  02 /  2202

desab N-III gnizimitpo rof sehcaorppA  
 secived

 miK iiruI

ecneicS fo rotcoD fo eerged eht rof detelpmoc siseht larotcod A  
otlaA eht fo noissimrep eht htiw ,dednefed eb ot )ygolonhceT(  
cilbup etomer a ta ,gnireenignE lacirtcelE fo loohcS ytisrevinU  

 .00.21 ta 2202 yraurbeF 51 no noitanimaxe

 ytisrevinU otlaA
 gnireenignE lacirtcelE fo loohcS

 gnireenigneonaN dna scinortcelE fo tnemtrapeD
 puorg scinortceleotpO



Printed matter
4041-0619

N
O

R
DIC

 SWAN ECOLAB
E

L

Printed matter
1234 5678

 rosseforp gnisivrepuS
 dnalniF ,ytisrevinU otlaA ,nenapoS ukkraM rosseforP

 
 rosivda sisehT

 dnalniF ,ytisrevinU otlaA ,nenokhiuS imaS rotcoD
 

 srenimaxe yranimilerP
 ecnarF ,ytisrvinU - eniarroL hceT aigroeG ,maradnuS hseruS rotcoD

 KU ,dleiffehS fo ytisrevinU ehT ,gnaW oaT rosseforP
 

 stnenoppO
 ses te eixatipEorétéH’l rus ehcrehceR ed ertneC ,reidroC novY rotcoD

 ecnarF ,SRNC ud 01-RPU )AEHRC( snoitacilppA

 seires noitacilbup ytisrevinU otlaA
SESEHT LAROTCOD  02 /  2202

 
 © 2202   miK iiruI

 
 NBSI 7-4960-46-259-879  )detnirp( 
 NBSI 4-5960-46-259-879  )fdp( 
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

:NBSI:NRU/if.nru//:ptth  4-5960-46-259-879
 

 yO aifarginU
 iknisleH  2202

 
 dnalniF

 



 tcartsbA
  otlaA 67000-IF ,00011 xoB .O.P ,ytisrevinU otlaA  if.otlaa.www

 rohtuA
 miK iiruI

 siseht larotcod eht fo emaN
 secived desab N-III gnizimitpo rof sehcaorppA

 rehsilbuP  gnireenignE lacirtcelE fo loohcS

 tinU  gnireenigneonaN dna scinortcelE fo tnemtrapeD

 seireS seires noitacilbup ytisrevinU otlaA  SESEHT LAROTCOD  02 /  2202

 hcraeser fo dleiF  secneicsonaN dna -orciM

 dettimbus tpircsunaM  1202 rebotcO 41  ecnefed eht fo etaD  2202 yraurbeF 51

 )etad( detnarg ecnefed cilbup rof noissimreP  2202 yraunaJ 12  egaugnaL  hsilgnE

 hpargonoM  siseht elcitrA  siseht yassE

 tcartsbA
muidnI .sevil yadyreve ruo otni decudortni ylediw neeb evah slairetam )N-III( edirtin-eerhT  

,secruos gnithgil nredom fo enobkcab eht era )sDEL( sedoid gnittime thgil )NaGnI( edirtin muillag  
era )NaGlA( edirtin muillag muinimula no desab )sTMEH( srotsisnart nortcele ytilibom-hgih elihw  

ni secived refiilpma-rewop NaG dna ,snoitacilppa ycneuqerf-hgih rewop-hgih rof desu ylediw  
-III no desab secived ,secnavda gnirutcafunam dna lacigolonhcet etipsed ,revewoH .ygolonhcet G5

fo eciohc eht htiw gninnigeb ;noitcudorp rieht fo segats lla ta smelborp suoremun morf reffus N  
dna noitazillatem eht htiw gnidne dna egats ngised ecived eht htiw gniunitnoc ,etartsbus  

eht fo segats lla ta stnemevorpmi gnikam rof moor hcum ylraelc si erehT .segats noitaziretcarahc  
ngised dna noitacirbaf rof sehcaorppa lareves stneserp noitatressid sihT .ssecorp noitacirbaf  

 .secived desab N-III evorpmi dluoc taht noitazimitpo
rekciht taht nwohs saw tI .deiduts saw setartsbus )iS( nocilis hcni-6 denrettap no yxatipe NaG  
ni niarts eht fo noitubirtsid laitaps ehT .etartsbus iS ranalp a ot derapmoc deniatbo eb nac sreyal  
depleh seiduts ehT .ypocsortceps namaR lacofnoc gnisu tuo deppam saw snrettap NaG nworg eht  

fo epahs eht taht devresbo osla saw tI .smlfi eht ni skcarc eht fo ezis dna epahs eht thgilhgih ot  
suoirav htiW .noitubirtsid niarts eht fo ytimrofinu eht detceffa tinu denrettap eht fo srenroc eht  

mµ 005 × 005 a ,sretemarap htworg 2 nI .deveihca saw mlfi NaG kciht mµ 5.1 a rof aera eerf-kcarc  
sa deiduts saw )DLA( noitisoped reyal cimota yb nworg reyal noitisnart NlA eht ,taht ot noitidda  
saw tI .setartsbus iS dna NaG neewteb seussi htworg tcerid emocrevo ot hcaorppa evitanretla na  

 .htworgrevo rehtruf rof etalpmet a sa desu eb dluoc sreyal DLA NlA taht nwohs
levon ni ssergorp tnecer eht dna elpicnirp noitcejni tnerruc lanoitnevnoc eht fo skcabward ehT  

hcus fo noitareneg txen ehT .deweiver erew ngised )TCDD( tropsnart tnerruc nevird-noisuffid  
dna detnemelpmi saw hcihw ,)GAS( htworg aera evitceles fo esu eht eriuqer secived desab TCDD  

mµ 2 htiw erutcurts regnfi a ,suhT .serutcurts DEL noitcnujoreteh laretal etacirbaf ot dezimitpo  
cirtemoeg eht fo tceffe eht ,taht sediseB .deveihca saw snoiger NaG-p dna -n eht neewteb ecnatsid  

DEL detcatnoc-kcab detacirbaf no deiduts erew ycneicfife noitcejni no sregnfi eht fo snoisnemid  
ot detnemelpmi osla saw dohtem GAS eht ,yllaniF .mµ 02-1 neewteb shtdiw regnfi htiw serutcurts  

n depod ylivaeh etacirbaf +  .stcatnoc cimho deyolla-non sa meht esu ot sreyal NaG-

 sdrowyeK  sDEL ,NaG ,EPVOM ,slairetam N-III

 )detnirp( NBSI  7-4960-46-259-879  )fdp( NBSI  4-5960-46-259-879

 )detnirp( NSSI  4394-9971  )fdp( NSSI  2494-9971

 rehsilbup fo noitacoL  iknisleH  gnitnirp fo noitacoL  iknisleH  raeY  2202

 segaP  831  nru :NBSI:NRU/fi.nru//:ptth  4-5960-46-259-879





Preface

The work has been carried out in Optoelectronics group at the Department of
Electronics and Nanoengineering, School of Electrical Engineering (ELEC) of
Aalto University during 2016-2020. The experimental work was conducted in the
Micronova nanofabrication Centre, part of the Otanano research infrastructure.

I would like to express my upmost gratitude to Professor Markku Sopanen,
the supervisor of this thesis for possibility to make my doctoral studies in his
research group. The thesis advisor, Dr. Sami Suihkonen deserves my deep
gratitude for time he advice, instruct and help me during my doctoral studies.
I would like to express my special gratitude to Dr. Jani Oksanen and Dr. Pyry
Kivisaari for always being there and ability and willingness to answer my stupid
questions. I’m thankful to Dr. Lauri Riuttanen for being my practical coach and
first guide in MOVPE and to Dr. Jori Lemettinen for collaboration and projects.
I also would like to express my deep appreciation to Professor Harri Lipsanen
for support and fruitful discussions.

I would like to thank my co-workers and co-authors. Mr. Joonas Holmi and Ms.
Heli Seppänen for a short but very productive collaborations. Dr. Ramesh Raju
for our joint work in the maintenance of the MOVPE and experiments that could
evacuate everyone from the building. Dr. Christoffer Kauppinen, whose advices,
"diplomacy" and a never-ending sense of humour supported me for all these
years. I also thankful to Professor Alexei Bouravlev, Kseniia Yu. Shubina and
Nanoelectronics Lab in St. Petersburg Academic University for collaboration
and gaining additional motivation during my doctoral studies. I also grateful to
all Micronova personal and especially main users of tools I used in this thesis.
Finally, I want to thank my soulmate for her patience, endless faith in me, and
our joint fight with against outside world.

Espoo, January 22, 2022,

Iurii Kim

i





Contents

Preface i

Contents iii

List of Publications v

Author’s Contribution vii

Abbreviations ix

1. Introduction 1

2. Theoretical background 5
2.1 Fundamentals of III-N semiconductors . . . . . . . . . . . . . . . 5

2.1.1 Crystal structure . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.2 Electronic band structure . . . . . . . . . . . . . . . . . . 7
2.1.3 Doping in III-N materials . . . . . . . . . . . . . . . . . . 9

2.2 III-N based devices . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.1 Current transport and homojunction . . . . . . . . . . . 10
2.2.2 Basic operating principle of LEDs . . . . . . . . . . . . . 12

3. Growth of III-Nitrides 15
3.1 Substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2 Basics of MOVPE . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.3 Other growth methods (ALD, MBE) . . . . . . . . . . . . . . . . . 19

4. Experimental methods 23
4.1 Selective area growth . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.2 Plasma-enhanced chemical vapour deposition (PECVD) . . . . . 25
4.3 Lithography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.4 Dry and wet etching, ICP-RIE . . . . . . . . . . . . . . . . . . . . . 26
4.5 Surface cleaning before regrowth . . . . . . . . . . . . . . . . . . . 28
4.6 Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.6.1 Morphology and luminescence characterization . . . . . 29

iii



Contents

4.6.2 X-ray characterization . . . . . . . . . . . . . . . . . . . . 30
4.6.3 Raman spectroscopy . . . . . . . . . . . . . . . . . . . . . 31

5. Approaches for optimizing III-N devices 35
5.1 GaN growth on Si substrate . . . . . . . . . . . . . . . . . . . . . . 35
5.2 AlN transition layer deposited by ALD on Si substrate . . . . . . 38
5.3 Selective area growth for novel LED structures . . . . . . . . . . 40
5.4 Selective area growth for other applications . . . . . . . . . . . . 45

6. Summary and outlook 47

References 49

Publications 57

iv



List of Publications

This thesis consists of an overview and of the following publications which are
referred to in the text by their Roman numerals.

I I. Kim, J. Holmi, R. Raju, A. Haapalinna, and S. Suihkonen. MOVPE
growth of GaN on patterned 6-inch Si wafer. Journal of Physics Commu-
nications, 4 (4), 045010, DOI: 10.1088/2399-6528/ab885c, April 2020.

II H. Seppänen, I. Kim, J. Etula, E. Ubyivovk, A. Bouravleuv, and H. Lipsa-
nen. Aluminum Nitride Transition Layer for Power Electronics Applica-
tions Grown by Plasma-Enhanced Atomic Layer Deposition. Materials, 12
(3), 406, DOI: 10.3390/ma12030406, January 2019.

III I. Kim, P. Kivisaari, S. Suihkonen, and J. Oksanen. Diffusion-Driven
Charge Transport in Light Emitting Devices. Materials, 10 (12), 1421,
DOI: 10.3390/ma10121421, December 2017.

IV P. Kivisaari, I. Kim, S. Suihkonen, and J. Oksanen. Elimination of Lateral
Resistance and Current Crowding in Large-Area LEDs by Composition
Grading and Diffusion-Driven Charge Transport. Advanced Electronic
Materials, 3 (6), 1700103, DOI:10.1002/aelm.201700103, May 2017.

V I. Kim, C. Kauppinen, I. Radevici, P. Kivisaari, and J. Oksanen. Back-
contacted carrier injection for scalable GaN light emitters. Physica Status
Solidi A: applications and materials science, 2100461,
DOI:10.1002/pssa.202100461, November 2021.

VI K.Y. Shubina, A.M. Mizerov, S.N. Timoshnev, D.V. Mokhov, E.V. Nikitina,
I. Kim, and A.D. Bouravleuv. Selective area epitaxy of n+-GaN layers on
SiO2 patterned GaN/c-Al2O3 templates by PA MBE. In SPbOPEN 2019,
Journal of Physics: Conference Series, 1410, 012014, DOI: 10.1088/1742-
6596/1410/1/012014, December 2019.

v





Author’s Contribution

Publication I: “MOVPE growth of GaN on patterned 6-inch Si wafer”

The author wrote the manuscript. The growth and processing of the studied
samples as well as the measurements were also perfomed by the author.

Publication II: “Aluminum Nitride Transition Layer for Power
Electronics Applications Grown by Plasma-Enhanced Atomic Layer
Deposition”

The author contributed to the writing of manuscript, design of experiments and
perfomed the MOVPE growth.

Publication III: “Diffusion-Driven Charge Transport in Light Emitting
Devices”

The author wrote the manuscript, performed growth and processing of the
studied samples as well as the experimental measurements.

Publication IV: “Elimination of Lateral Resistance and Current
Crowding in Large-Area LEDs by Composition Grading and
Diffusion-Driven Charge Transport”

The author contributed to the writing of manuscript. He also was responsible
for the growth and processing of the studied samples as well as experimental
measurements.

vii



Author’s Contribution

Publication V: “Back-contacted carrier injection for scalable GaN
light emitters”

The author wrote the manuscript. The growth and processing of the studied
samples were also perfomed by the author.

Publication VI: “Selective area epitaxy of n+-GaN layers on SiO2
patterned GaN/c-Al2O3 templates by PA MBE”

The author contributed to the writing of manuscript, the design of the experi-
ments and performed the MOVPE growth.

Language check

The language of my dissertation has been checked by William Martin (will@goodwilltraining.fi).
I have personally examined and accepted/rejected the results of the language
check one by one. This has not affected the scientific content of my dissertation.

viii



Abbreviations

5G Fifth generation

Al Aluminium

ALA Atomic layer annealing

ALD Atomic layer deposition

AlN Aluminium nitride

AR Active region

Ar Argon gas

BHF Buffered hydrofluoric acid

C Carbon atom

CB Conduction band

CBM Conduction band maximum

CCS Close-coupled showerhead

Cl2 Chlorine gas

Cp2Mg Bis(cyclopentadienyl)magnesium

DDCT Diffusion-driven charge transport

DHJs Double heterojunctions

EL Electroluminescence

ELO Epitaxial lateral overgrowth

Ga Gallium

GaAs Gallium arsenide

GaAsP Gallium arsenide phosphide

GaN Gallium nitride

Ge Germanium

ix



Abbreviations

H2 Hydrogen gas

H Hydrogen atom

HCl Hydrochloric acid

HEMT High electron mobility transistor

HF Hydrofluoric acid

HVPE Hydride vapour phase epitaxy

ICP-RIE Inductively coupled plasma reactive-ion etching

In Indium

InGaN Indium gallium nitride

InN Indium nitride

InP Indium phosphide

IR Infrared

LEDs Light emitting diodes

LHJ Laterally-doped heterojunction

MBE Molecular beam epitaxy

Mg Magnesium

MOVPE Metalorganic vapour-phase epitaxy

MQW Multi-quantum well

N2 Nitrogen gas

N Nitrogen atom

NH3 Ammonia

NWs Nanowires

O Oxygen atom

PECVD Plasma-enhanced chemical vapour deposition

PL Photoluminescence

RF Radio frequency

RIE Reactive-ion etching

SAG Selective area growth

SEM Scanning electron microscope

Si2H6 Disilane

Si3N4 Silicon nitride

Si Silicon

x



Abbreviations

SiC Silicon carbide

SiH4 Silane

SiO2 Silicon dioxide

TDs Threading dislocations

TEM Transmission electron microscopy

UV Valence band

VN Nitrogen vacancy

VB Ultraviolet

VBM Valence band maximum

XRD X-ray diffraction

xi





1. Introduction

The properties of III-nitride (III-N) materials such as a wide range of band gaps,
piezoelectric polarization and relatively simple adaptation to wafer-scale pro-
duction have lead to the introduction of III-N devices in our lives [1]. The
employment of III-N semiconductors (gallium nitride (GaN), aluminium nitride
(AlN), indium nitride (InN)) in optoelectronics and high-power electronics has
achieved noticeable success [2]. In optoelectronics, III-N based devices cover the
ultraviolet (UV), visible and infrared (IR) region of the electromagnetic spectrum
in virtue of their tunable energy band gap [3]. III-N materials have become the
material system of choice for high-power high-frequency high electron mobility
transistors (HEMTs) [4] and also in radio frequency (RF) amplifiers for future
5G mobile networks [5].

Light emitting diodes (LEDs) and laser diodes are the widest fields for applica-
tion of III-N semiconductor materials [6,7]. The history of LEDs is assumed to
start from the first mention of the electroluminescence (EL) effect in semicon-
ductor materials in the 1930’s [8]. The early studies describe the EL effect from
a silicon carbide (SiC) substrate and metal junction under bias voltage [9,10].
However, several decades were required to explain EL through electrical in-
jection in SiC, which is much closer to the modern theory of semiconductors
than the thermoelectric effect that was used earlier, when the technology was
only emerging [11,12]. The next milestone in the development of LEDs can be
considered as the invention of the pn-junction in the 1940’s. At first, the concept
of n- and p-type materials was formed, where carriers with either negative or
positive charges, respectively, dominated the current transport [13]. After that,
already in 1947, when the transistor was invented, the theory of the pn-junction
began to form [14]. However, it took another 15 years to demonstrate the first
visible LED based on a gallium arsenide phosphide (GaAsP) pn-junction, which
gave birth to the modern era of solid-state lamps [10].

By the 1970’s, it became clear that blue LEDs are required to complete the
visible spectrum and cannot be realised with the traditional semiconductors from
the III-V group. GaN turned out to be a suitable material candidate with a wide
and direct band gap. The first zinc-doped GaN-based diode grown by hydride
vapour phase epitaxy (HVPE) with blue emission was demonstrated already in
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1971 [15]. The growth methods, film quality, and, finally, doping issues together
delayed – for nearly 25 years – the demonstration of the first GaN-based LED
with a pn-junction [1]. At the same time, the traditional pn-junction structure
for LEDs and lasers was essentially replaced by a new double heterojunctions
(DHJs) structure [7, 16]. Thus, all the pieces of the blue LEDs puzzle were
assembled by 1996, and led The Royal Swedish Academy of Sciences in 2014
to award the Nobel Prize in physics for key inventions in the development of
blue LEDs. Practically, all the present general-lighting solutions are due to the
conversion of a blue LED to a white one by means of phosphor [1]. For example,
just in Finland alone, the lighting consumption in households from 2010 to 2018
decreased from 2 702 to 1 599 GWh, respectively [17].

III-N semiconductors are attractive materials for both high-power electronics
and HEMTs. The wide band gap, high critical electric field, and high thermal
conductivity of III-Ns is an opportunity for HEMTs to withstand the demands
of aggressive environments [18]. In RF applications, today’s GaN-based HEMT
devices constitute a serious competition to the existing GaAs- or InP-based
analogues due to their higher attainable power densities. Much higher operating
voltages allow to tremendously increase the power density because of the wide
band gap advantage [19].

Despite the use of III-N materials in many fields, they have a number of
significant disadvantages limiting their further development and adoption in
to next-generation electronics. From the very beginning, the growth of III-N
semiconductors has been limited by the choice of substrates. Expensive bulk
GaN substrates have enhanced interest in the growth of III-N semiconductors
on low-cost silicon (Si), sapphire (Al2O3) or SiC substrates. However, the use of
non-native substrates leads to mismatches in the lattice and thermal expansion
coefficients, with ensuing film-cracking issues in the growth of thick layers
necessary for high-power devices. After overcoming the substrate obstacle,
GaN-on-Si has the potential to replace current Si technology and overcome the
proposed SiC-based alternatives for transistors. With regards to the issues
affecting fabrication, the structural design of devices, such as LEDs, still suffers
from the teething troubles that affected the first generation of such devices. The
existing fundamental design of current transport has exhausted itself and limits
the effective pumping of charge carriers, leading to current leakage and the
so-called efficiency droop. Finally, there are also challenges in the fabrication
processes and conductive properties of electrical metal contacts for modern III-N
devices.

This work highlights some of the aspects in the fabrication and design of III-N
devices that limit their upgrade to the next generation. Several approaches
to overcome these obstacles are presented. The theoretical background for
this thesis including the fundamental properties of III-N semiconductors and
the basic principles of current transport in LEDs is given in Chapter 2. The
specifics of III-N epitaxial layers are discussed in Chapter 3. Chapter 4 covers
the experimental, fabrication and characterization methods used in this work.
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The results of the work are reviewed in Chapter 5. Finally, the summary and
potential future directions for the research conducted in this thesis is contained
in Chapter 6.
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2. Theoretical background

2.1 Fundamentals of III-N semiconductors

This chapter provides an introduction to the crystalline structure and funda-
mental properties of the III-N semiconductor materials. Most of the properties
originate from the unique crystal structure of compound semiconductors, that
are composed from at least two different types of atoms. The compound materi-
als overviewed in this chapter possess a wide range of band gaps making them
excellent candidates for optoelectronics and high-power electronics. A basic
knowledge of structures and properties is crucial for understanding the unique
nature of these materials.

2.1.1 Crystal structure

The internal atomic arrangement is a basis for the classification of solid mate-
rials. Atoms in the group of III-nitrides can be ordered in three ways: single
crystals, polycrystals and amorphous. In an amorphous arrangement no long-
range crystal structure can be found in the material. Polycrystals consist of
several single crystallites ordered randomly. In single crystals, atoms are or-
dered periodically, i.e., they form a lattice, where the crystal appears identical
at all equivalent regions. Methods where atoms are formed into layers and
have single orientation relative to the substrate are called epitaxy or epitaxial
growth methods. For epitaxial layers, the group of III-nitrides can have the
structure of hexagonal wurtzite or cubic zinc blende, which determines their
optical and electrical properties. In optoelectronics and high-voltages devices,
the wurtzite structure is preferable due to its thermodynamic stability under
ambient conditions for bulk AlN, GaN and InN [20]. The samples fabricated and
analysed in this thesis were grown under conditions, which facilitate a wurtzite
structure so further description of the zinc blende structure is neglected.

Figure 2.1 demonstrates the unit cell (a) and crystal structure (b) of hexagonal
wurtzite GaN, where gallium and nitrogen atoms are sketched by spheres
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Figure 2.1. (a) Unit cell of wurtzite GaN and (b) hexagonal wurtzite crystal structure of GaN.
The film is Ga-polar if blue denotes N atoms, and N-polar if yellow denotes N atoms
and the surface of the film is located on top.

of different colour. In a hexagonal wurtzite lattice atoms are tetrahedrally
bonded to the nearest neighbours, and the unit cell is described by the lattice
parameters a, c and a dimensionless parameter u. The lattice parameters
a and c define the edge length in the basal plane and spacing between two
identical hexagonal lattice planes in the perpendicular direction, respectively.
The dimensionless parameter u characterizes the bond length along the c-axis,
where each of the constituting element forms ABABAB... stacking sequences.
Table 2.1 summarizes the parameters for III-N semiconductors.

Table 2.1. Lattice parameters a, c, u for GaN, AlN and InN [21]

Lattice parameter GaN AlN InN

a (Å) 3.189 3.112 3.533

c (Å) 5.186 4.982 5.693

u 0.377 0.382 0.379

It is important to mention, that the stacking order of the A or B bilayer results
in an internal polarity of the film. Thus, in III-N semiconductors two polarities
could exist, where N atoms are placed on top of the bond with the group-III
atoms called Ga-polar ([0001]), and N-polar ([0001]) if Ga atoms are placed
on top of the bond. The major effect of the polarity of the film appears in the
surface properties and in the piezoelectric field. The effect of polarity has been
widely investigated both theoretically and experimentally [22,23]. Generally, the
type of the substrate, growth conditions and growth methods affect the crystal
polarity [24, 25]. For example, GaN grown on (0001) sapphire by molecular
beam epitaxy (MBE) would likely be N-polar, while the same layer grown by
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metalorganic vapour-phase epitaxy (MOVPE) would be Ga-polar [26]. However,
recent results show successful growth of high quality N-polar GaN films on SiC
substrates by MOVPE [27]. All the samples studied in this thesis were grown by
MOVPE and were Ga-polar.

2.1.2 Electronic band structure

The explanation of the fundamental properties of matter is based on theoret-
ical methods of quantum and statistical mechanics. In order to describe the
equations for interacting electrons and nuclei, the Schrödinger equation for
a many-body electron system is used. However, for an understanding of the
electronic structure in crystal it is enough to use the concept of electron bands.
Based on the solutions of the Schrödinger equation and on the Pauli exclusion
principle, it can be concluded that in a single isolated atom the electrons occupy
atomic orbitals each of which have a discrete energy level. It can be calculated
using the Bloch theorem, where the continuous electron energy spectrum turns
into a set of allowed and forbidden energy bands [28]. The description of energy
bands filled by electrons and empty places, i.e., holes is known as band theory.

Band theory is the basis of modern ideas to describe various physical phe-
nomena in materials. From the classification point of view, band theory divides
materials into conductors, semiconductors and insulators. Insulators and con-
ductors are very different from each other: one has a fully occupied upmost
energy band separated by a large gap of forbidden energies preventing electrons
from moving up to excited states; the other has a partially filled upmost energy
band that can conduct electricity. On the other hand, semiconductors have a
certain band gap width, where thermal energies are sufficient to excite electrons
to a conduction band [28]. To describe the optical and electrical properties of the
materials used in this thesis, it is necessary and sufficient to use band theory.

At absolute zero, i.e., at 0 K, the highest energy band with occupied states is
known as the valence band (VB). In a perfect semiconductor at 0 K there should
be no electrons for conduction since all of the electrons are at the valence band.
With an increase in temperature, some of the electrons at the VB are thermally
excited to the higher energy band, the so-called conduction band (CB). After
excitation to the CB, the electrons leave empty spaces (so-called holes) in the
VB. If the energy band is partially filled by electrons, they can move in the band
and this movement causes an electric current in the material.

The region of the forbidden energy states that separates the CB and VB is
called the band gap (Eg). It is generally accepted that the band gap in semicon-
ductors could either be direct or indirect. In direct band gap semiconductors, the
valence band maximum (VBM) and conduction band minimum (CBM) have the
same value of wave vector k� in contrast to indirect band gap semiconductors.
Direct band gap semiconductors are especially important for optoelectronic ap-
plications since radiative transitions from CBM to VBM have a much higher
probability than in indirect band gap semiconductors.
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Figure 2.2. (a) Schematic illustration of the band structure of hexagonal wurtzite GaN with
a direct band gap at the point k�=0. Dashed line indicates an example how the
indirect band gap would line up. (b) Band gap energy versus lattice constant a in the
III-nitride materials system. Adapted from [29,30]

Figure 2.2 (a) shows a schematic illustration of the band structure of hexagonal
wurtzite GaN near k�=0 in the k�-space. The VBM and the CBM have the same
k�-value, and the valence band is split into three different bands by crystal field
and spin orbit coupling. They are named as the heavy hole (HH), light hole (LH)
and split-orbit band (SO). The band splitting affects both the material band gap
and also the transport properties of the charge carriers, which are different in
each sub-band. The band gap value Eg of 3.510 eV shown in Figure 2.2 (a) is
a calculated value for the zero-temperature energy gap and is located in the
Γ-valley [29]. Although, all conventional nitrides in the wurtzite phase exhibit
a direct energy gap, wurtzite GaN also exhibits indirect conduction valleys (A,
M-L, . . . ), which are at least 2 eV higher than the Γ-valley [30,31].

The opportunity of alloying GaN with InN and AlN allows tuning the band gap
of the ternary or quaternary alloys in a wide range. Therefore, III-N materials
are attractive for many optoelectronic applications. Figure 2.2 (b) shows the
band gap energy versus the lattice parameter a of the III-N materials. In theory,
the band gap of III-N alloys can shift continuously from 6.25 eV (pure AlN) to
0.7 eV (pure InN) covering a spectral range from deep UV to infrared [29].

The band gap of ternary alloys can be predicted by the following empirical
expression [32,33]

Eg(AxB1−cN)= xEg(AN)+ (1− x)Eg(BN)− x(1− x)b, (2.1)

where Eg(AN) and Eg(BN) are the band gaps of material AN and BN, respec-
tively, and x and b are the AN molar fraction and bowing parameter, respectively.
For the case of AlxGa1−xN at room temperature, this empirical equation has
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been determined to be [34]

Eg
AIGaN (x)= [6.0x+3.42(1− x)−1.0x(1− x)] eV. (2.2)

In the case of quaternary InxAlyGa1−x−yN alloy, the energy gap can be written
as follows [35]

Eg(x, y)= xEg,InN + yEg,AlN + (1−x− y)Eg,GaN −bAl y(1− y)−bInx(1−x), (2.3)

where bAl and bIn are the bowing parameters related to Al and In composition,
respectively. The parameters x and y represent the molar fractions of the
binaries InN and AlN, respectively.

2.1.3 Doping in III-N materials

Electronic and optoelectronic applications need both n-type and p-type semicon-
ductors. It is generally accepted that a semiconductor with an excess of free
electrons in the CB is called n-type and with an of unoccupied states (holes) in
the VB is known as p-type. The excess of electrons or holes in the bands can
be achieved by doping, i.e., introducing impurities into the semiconductor. For
example the introduction of donor dopant atoms to the semiconductor lattice
gives an excess of electrons and increases number of free electrons in the CB.

Figure 2.3. Band diagrams of (a) n- and (b) p-type semiconductors under T > 0.

At zero temperature, impurity levels filled with electrons are located in the
forbidden zone near the CB as shown in Figure 2.3 (a). Thermal energy can
cause excitation of some electrons from the impurity levels into the CB and
their participation in the electrical conductivity. The energy required for such
transitions is much less than the band gap (Eg) energy. On the other hand, if a
semiconductor is doped with acceptor atoms, electrons are removed and holes
are left in the VB of the semiconductor as shown in Figure 2.3 (b).
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Due to native defects (i.e. dislocations, stacking faults, vacancies, antisites) and
impurities (such as C, O, H), typically high-quality grown GaN is unintentionally
an n-type doped semiconductor. If more alloying is required, n-type doping
of GaN is accomplished without major complications by simple substitution
of elements such as Si or Ge on the Ga sites, which form shallow donors in
GaN [33, 36]. Typically, the electron concentration of the grown layers varies
from ≈ 1017 to 2×1019 cm−3 and in the case of MOVPE is controlled by tuning
the SiH4 flow rate. More heavily doped n+-GaN layers are used to form non-
alloyed ohmic contacts [37, 38]. The implementation of selective area growth
(SAG) allows us to achieve the value of electron concentration in such layers of
4.6×1019 cm−3 [Publication VI].

For p-type doping, only magnesium (Mg) successfully forms relatively shallow
acceptors in GaN, but the level of the achieved hole concentration hits a ceiling of
about 1018 cm−3 [33,39]. The realization of p-type doping is carried out through
the mechanism of Mg acceptor activation by releasing hydrogen in post-growth
treatment, which passivates Mg dopants.

2.2 III-N based devices

2.2.1 Current transport and homojunction

In contrast to doped semiconductors, in intrinsic (undoped) semiconductors,
electrons from VB can be excited to the CB by only energies equal to the band gap
or higher. Excited electrons in the CB are not localized to the atomic bonds as
the valence electrons, but are free to move in the crystal. As discussed earlier,
when an electron jumps up from the VB, a hole is left behind in the VB. A
hole in the VB is a missing electron, therefore as an electron has a negative
charge of elementary charge, a hole has a positive charge. Both holes in the VB
and the electrons in the CB are the cause of electrical conduction in materials.
The movement of electrons and holes in practice is the transfer of a charge,
so they are also called charge carriers. The movement of charge carriers in
semiconductors is also known as a current transport.

Current transport in semiconductors arises from either the electric potential
difference or from the diffusion of charge carriers, and could be described by drift
and diffusion currents, respectively. In respect to charge polarity (i.e. electrons
or holes), the force induced by a potential difference leads to charge carrier
transport in the direction of the field or against it. Generally, thermal motion
can cause both random walk and diffusion of charge carriers. Nevertheless,
random walk has zero net flow, when diffusion leads into a net flow from regions
with higher concentration towards regions with lower ones.

The Boltzmann transport equation with a drift-diffusion model solution has
been found to reproduce experimental device-level characteristics of III-N LEDs
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with good accuracy [40,41, Publication IV]. The drift-diffusion equation for the
electron current density Jn and the hole current density Jp can be written as

−→
Jn = qnμn

−→
F + qDn

−→�xn

−→
Jp = qpμp

−→
F − qDp

−→�x p.
(2.4)

The first part of the right hand side is the net drift current, where q is the
elementary charge, n electron density, μn electron mobility and

−→
F electric field.

The latter part is the diffusion current, where Dn is the diffusion constant of the
electrons and −→�x the gradient operator with respect to position [40]. A similar
explanation holds for the holes. The diffusion constant Dn for the electrons
is a material specific constant, which has temperature dependence following
Einstein’s relation

Dn =μn
kBT

q
, (2.5)

in which kB is the Boltzmann constant and T absolute temperature.
When the same material with different types of doping is brought into contact

a so-called homojunction, i.e., pn-junction, is formed. The pn-junction is the basis
for micro- and optoelectronics devices. It is found in LEDs, bipolar transistors
and solar cells.

Figure 2.4. Band diagrams of a pn-junction at (a) equilibrium, under (b) forward and (c) reverse
bias. The applied bias V0 splits the Fermi-energies of electrons and holes into
corresponding quasi-Fermi-levels EFe and EFh , respectively.

Figure 2.4 demonstrates the band diagrams of a pn-junction in thermal equilib-
rium and under forward and reverse bias. Fermi-levels of n- and p-doped areas
are different when a bias is applied. However, in the case of the pn-junction at
thermal equilibrium, the values of EFe and EFh are equal as shown in Figure
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2.4 (a). When two pieces are joined, diffusion currents appear. Electrons (blue
dots) diffuse from the n-type semiconductor (where they are numerous) to the
p-type. The holes (red dots) from the p-semiconductor diffuse to the n-type side.
The part of the n-type adjacent to the pn-junction acquires a positive charge
due to the positive charge of the immobile donor ions. Diffusion of the holes
results in the same effect: part of p-type semiconductor close to the junction
acquires a negative charge due to the acceptor atoms. These charges cause
an electrostatic potential difference between the n- and p-doped region. The
electrostatic potential compensates the difference between the Fermi-levels and
causes the CB and the VB bending. The concentration of the charge carriers
becomes low near the junction and a depletion region is formed. As a result, the
steady state is established. The width of the depletion region depends on the
doping levels of the n- and p-doped regions.

The presence of the depletion region is equivalent to the existence of a potential
barrier. In order to get from the n-region into the p-region, an electron must over-
come the energy barrier of the height qVpn. Under external forward bias (V0),
when the p-doped region connects to the higher potential, the depletion region
shrinks and V0 decreases the barrier height qVpn. Figure 2.4 (b) illustrates this
schematically. Under reverse bias, i.e., the n-doped region is connected to the
higher potential, the depletion region in the junction widens and the external
voltage V0 increases the junction potential barrier as shown in 2.4 (c). Under
biased conditions there is no well defined Fermi-level in the junction, but the
original Fermi-level splits into two position dependent quasi-Fermi-levels, one
for each type of charge carrier.

Under forward bias, the drift and diffusion currents for both types of charge
carriers forms four current components. The flow of the charge carriers along
the external electric field through the n- or p-doped material is named a drift
current. While in the depletion region of the pn-junction the dominant transport
mechanism is the diffusion current.

2.2.2 Basic operating principle of LEDs

Nowadays, it is almost impossible to imagine lighting devices where LEDs would
not play a pivotal role. With their ever-increasing efficiency, they are used not
only as indicator lights, but also in solid-state lighting, screen back lighting,
horticultural lighting, and as powerful light sources in the automotive industry.
Only over the past five years the LED industry has grown from a 4 to 54 billion
dollar business with the forthcoming expansion projected at a compound annual
growth rate (CAGR) of 13.4% from 2020 to 2027 [42]. Although, the first report
of electroluminescence(EL) from semiconductors was more than hundred years
ago, the performance of III-N-based blue LEDs improved drastically during the
mid 1990s [3]. Consequently, The Royal Swedish Academy of Sciences awarded
the Nobel Prize in physics for the hard work and key inventions in developing
blue LEDs to Isamu Akasaki, Hiroshi Amano and Shuji Nakamura in 2014.
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Any type of luminescence effect (photoluminescence, electroluminescence or
cathodoluminescence) in semiconductors is based on carrier recombination pro-
cesses. Just as a valence electron can jump to the CB (section 2.2.1), so an
excited electron can come down from the CB and fill the hole in the VB. At this
band-to-band process, a photon with energy equal to or larger than the band gap
energy is emitted from the semiconductor material, and can be written as

Ephoton = hf = hc
λ

, (2.6)

where h is the Plank constant, f the frequency of light, c the velocity of light
in vacuum and λ is the wavelength of light. This process is called spontaneous
emission.

Luminescence under external excitation is one of the most important and
interesting phenomenon of direct band gap semiconductors. Such light emission
can be caused either by optical excitation or by the electrical injection of carriers.
If the radiative recombination results from the absorption of photons it is termed
as photoluminescence (PL), and electroluminescence (EL) if the recombination
is caused by an electrical current.

The structure of LEDs is designed in a way that allows a controlled injection
of both types of charge carriers, electrons and holes, into a region, which favours
radiative recombination. This region is often referred to as the active region
(AR) and is formed by a smaller band gap material than materials from which
the electrons and holes are injected. This type of structure can be designed in
various ways. Particularly, all laser diodes and highly effective LEDs use double
heterojunctions (DHJs) whose function has remained similar for decades. The
structure of DHJs is well-known, where an AR, e.g. multi-quantum well (MQW)
stack is sandwiched between the p- and n-type charge injection layers. So that
electrons and holes enter the AR from the opposite directions. In the case of
LED biasing, the drift current component is a dominant transport mechanism
which transports carriers in the p- and n-layers. Then the diffusion current
component transports and spreads the charge carriers further in the AR. This
configuration satisfies the needs of most LED structures for general lighting and
is shown schematically in Figure 2.5.

Even though LEDs have become a mature technology from growth and device
engineering perspectives, there remains room for improvement and further
research. In particular, III-N based LEDs suffer from reduced efficiency with
increasing current density. This notorious phenomenon is known as efficiency
droop or current droop [44]. The mechanisms of the efficiency droop have been
under extensive study, where carrier delocalization, electron leakage or Auger
recombination are proposed to be key reasons [45]. However, none of these
explanations have as yet to receive the agreement of the research community in
this field. [45,46]. Moreover, a high-efficiency performance of modern LEDs is
confined by severe bottlenecks such as the efficiency droop limitations, current
crowding and resistive loss for high-output power devices, especially at current
densities well below 100 A/cm2 [47].
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Figure 2.5. Schematic illustration of a GaN-based MQW LED which uses a DHJs structure. In
such a device, an AR, InGaN/GaN MQW stack is sandwiched between the p- and
n-type GaN. The drift current, marked with red (holes) and blue (electrons) arrows,
is a dominant transport mechanism of charge carriers in the p- and n-layers, whereas
diffusion is the dominant transport mechanism in the depletion regions, i.e., near
the AR and near the contacts. Adapted from [43].

From a fabrication point of view, sandwiching the AR between the n- and
p-type regions imposes limits on the device geometries that can be realised [10].
Recently, the use of modern materials such as 2D materials, nanopillars, or
nanowires as an AR for electrical pumping have made impressive developments
[48]. However, the complications arising from the LED design based on the
DHJs model are a significant bottleneck for utilizing such new materials [49].

Simulation of the novel injection principle designed to avoid the aforemen-
tioned problems, as well as the first LEDs prototypes based on it and realised by
the selective area growth (SAG) method, are presented in Publications III, IV
and V.
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3. Growth of III-Nitrides

By the internal atomic arrangement of the resulting material, the growth of III-
nitride materials can be divided into epitaxial and thin-film deposition methods
depending on the goals of microfabrication. Two common methods for a bulk
growth such as hydride vapour phase epitaxy (HVPE) and ammonothermal
growth have not been used in this thesis, therefore their description is neglected.
As discussed in the previous chapter, the growing material tends to copy the
crystalline structure and orientation of the substrate forming an ideal single
crystalline material, when using epitaxial methods. Using III-N thin-films
deposition methods, atoms could be arranged only like polycrystals or amorphous
layers.

Established epitaxial methods are metalorganic vapour-phase epitaxy (MOVPE)
and molecular beam epitaxy (MBE) [50,51]. The growth process in MOVPE is
based on the chemical reactions of organometallic compounds as opposed to MBE,
where physical deposition (phase transition) is employed. Lately, the popularity
of atomic layer deposition (ALD) has increased as a method for III-N thin-film
deposition in research and development. ALD is based on a cycle-purged method
where materials are introduced in between each of the pulses.

The growth of III-nitride materials is a very interesting, but still a challenging
task. Starting from the issues related to the substrates and then continuing
with the explanation of epitaxial growth of different nitride layers, this chapter
gives a general overview of some of the key topics that are associated with this
research work.

3.1 Substrates

One of the most important issues in the growth of III-N materials is the lack of
cost-effective native substrates [52]. Strictly speaking, numerous problems that
have hampered the progress of III-N semiconductors can be traced back to the
lack of an ideal substrate. And so far, the growth of III-N materials is mostly
based on heteroepitaxy, i.e. the growth on a foreign substrates. The employment
of a foreign substrate leads to various structural and layer defects. Firstly, the
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lattice mismatch between the substrate and the growing film is mainly responsi-
ble for the formation of stacking faults and threading dislocations (TDs). Several
approaches such as epitaxial lateral overgrowth (ELO), pendeo epitaxy (PE),
facet-controlled lateral overgrowth (FACELO) or combinations of these methods
have been successfully applied to reduce the TD density [53–57]. Secondly, the
large tensile stress and difference in the thermal expansion coefficients can
cause crack either during growth or post-growth cooling [58,59]. A continuous
investigation of defects, stress relaxation and cracks prevention in grown layers
makes strain engineering one of the key components in III-N epitaxy. It turns
out that the choice of substrate is a compromise between price and lattice mis-
match together with the mechanical, chemical and electrical properties. The
use of foreign substrates has stimulated research and development of different
nucleation and buffer layers in order to achieve high quality III-N materials for
device fabrication.

Table 3.1 presents the lattice parameters of III-N materials grown on various
substrates including the most common commercial ones. It was eventually
discovered in the 1980’s that a sapphire (Al2O3) substrate could be used for the
growth of GaN by employing a low temperature AlN buffer layer [50]. Nowadays,
sapphire is a widely used substrate for optoelectronics due to its availability
with a large area, high crystal quality at a low cost and transparency in visible
wavelengths. Moreover, sapphire has a positive lattice mismatch and negative
thermal expansion mismatch, which allows the maintenance of the grown film
under compression [1]. On a c-plane (0001) sapphire substrate, the wurtzite
GaN lattice is rotated 30◦ relative to the substrate crystal lattice to minimise
stress resulting in a 15% lattice mismatch instead of the 49% mismatch between
the original lattice parameters (Table 3.1). Hence, GaN preferentially grows in
the c-plane orientation on sapphire.

Table 3.1. Lattice parameters a and thermal characteristics of the most widely studied substrates
for III-N material growth and their lattice mismatch with GaN [20,21,59]

Lattice
constant a

(Å)

Lattice
mismatch to

GaN (%)

Thermal
expansion
coefficient
�a/a

(10−6K−1)

Thermal
expansion

mismatch to
GaN (%)

GaN 3.189 - 5.6 -

AlN 3.112 2.4 4.15 25

Al2O3 4.785 15.4 7.5 -29

Si (111) 5.431 17 3.59 53

6H-SiC 3.081 3.5 4.2 25

From Table 3.1, it becomes evident that GaN epitaxy on silicon is challenging
due to large thermal and lattice mismatches. Moreover, gallium reacts with
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silicon at high temperatures in a process called meltback etching rendering the
material unusable [6,59]. Thus, GaN cannot be grown directly on silicon. For a
high-quality epitaxial layer, it is very critical to have a good transition layer on
silicon substrates to circumvent the large lattice and thermal mismatch between
GaN and Si [60]. For nearly two decades, an AlN transition layer and a thick
(typically more than 1 μm [60]) AlxGa1−xN grading layer between Si and GaN
was the only way to overcome meltback and the issues of crack formation [52].
By inserting different AlxGa1−xN interlayers, compressive stress is introduced
to compensate the produced tensile stress during the cooling process and to
eliminate surface cracking.

The most promising results so far have been obtained on SiC because of
the small thermal and lattice mismatches with GaN. It also has good thermal
conductivity which is beneficial for high-power density applications such as
RF power amplifiers [6,19]. However, the high price for SiC substrates leaves
sapphire remaining as the most widely used substrate for GaN epitaxy.

3.2 Basics of MOVPE

Metalorganic vapour-phase epitaxy (MOVPE) is a gas-phase deposition tech-
nique for the epitaxial growth of crystalline semiconductor materials which was
developed at the end of 1960’s [61,62]. Also widely used synonyms of MOVPE in-
clude OMVPE, OMCVD and MOCVD (metalorganic chemical vapour deposition).
Due to the complex processes involving thermodynamics, kinetics, hydrodynam-
ics and mass transport, the evolution of the MOVPE technology was slow in the
beginning. Although MOVPE was pioneered during GaAs research in the 1960’s,
it took around 20 years to modify the reactor flow scheme for GaN growth [50,61].
Extremely high temperatures of 1000 ◦C are required for GaN growth and can
cause turbulent flow in the reactor chamber. Thus, a much higher inert gas
flow (carrier flow) is used to overcome the convection effects [50,63]. In the late
1990’s and early years of this century, the MOVPE technique has witnessed a
significant popularity, which was related to the development and rapid commer-
cialization of blue, green and yellow LEDs, [64–66]. Nowadays, MOVPE has
a number of indisputable benefits such as a flexibility in growing a variety of
high purity materials with accurate composition, thickness and doping along
with a large-scale growth at reasonable growth rates, and finally relatively easy
maintenance [6, 33, 52]. These main features makes MOVPE by far the most
popular commercial method employed for III-N epitaxy today [52].

In MOVPE, a gas mixture containing the precursors needed for growth is
used to fabricate an epitaxial film. The precursor molecules pyrolyse (thermally
decompose) leaving the atoms, e.g., Ga and N, on the heated substrate surface.
The atoms bond to the substrate surface and a new crystalline layer is growing.
If the epitaxial film differs significantly from the substrate in crystal structure,
it can grow as a polycrystalline film full of stacking faults, cracks and defects as
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discussed in the previous section.
The reaction atmosphere used as carrier gas to transport and dilute the pre-

cursor materials is commonly hydrogen (H2), nitrogen (N2) or their mixture.
Liquid metalorganic precursors are stored in steel cylinders called bubblers,
which are kept in temperature-controlled baths filled by a mixture of water and
ethylene glycol (coolant). A carrier gas flows through the bubblers and picks
precursor molecules to form a saturated vapour. The vapour pressure of the
precursors is extremely sensitive to temperature, hence accurate temperature
control of the bubblers is needed. The precursor molar flow rate is controlled
by the bubbler temperature, pressure, and the carrier flow rate with electronic
valves and mass flow controllers (MFCs). In the MOVPE apparatus, there are
typically three different metalorganic sources for group III atoms: trimethylgal-
lium (TMGa), trimethylaluminum (TMAl), trimethylindium (TMIn) for Ga, Al
and In, respectively. In this thesis for low-temperature (In)GaN growth, triethyl-
gallium (TEGa) has also been used. Because nitrogen gas N2 is too stable to be
employed as group V source, ammonia (NH3) is typically used. Disilane (Si2H6)
and bis(cyclopentadienyl)magnesium (Cp2Mg) are usually employed for n- and
p-type doping, respectively. Figure 3.1 shows a simplified precursor delivery
system for a III-N MOVPE reactor with metal-organic and gas sources.

Figure 3.1. Schematic gas flow diagram of the MOVPE apparatus used in this thesis. The
chemical reaction and growth conditions required to produce GaN is shown on the
right.

Two close-coupled showerhead (CCS) MOVPE systems made by Thomas Swan
Scientific Equipment and Aixtron were used for the epitaxial growth of III-N
layers in this thesis. The main difference between these systems is in the
chamber volume. The Thomas Swan system has a reaction chamber for three
2-inch wafers, while the Aixtron system holds six 2-inch wafers or a single
6-inch wafer. Otherwise, the basic principles in both MOVPE apparatuses are
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identical. In order to get a homogeneous precursor flow to the substrates, a
siliconcarbide-coated graphite susceptor was kept in constant rotation during
growth. The susceptor is heated by underneath resistive tungsten coils, which
provide a temperature range up to 1400 ◦C. Typical recipe parameters and
growth conditions are presented in Table 3.2.

Table 3.2. Typical MOVPE growth conditions for various III-N layers used in this thesis.

Layer Thickness Growth
ambient

Growth
T, ◦C

Reactor
pressure, mbar

Growth
rate, μm/h

UID GaN 3.3 μm H2 1070 150 3.03

n-GaN 1.5 μm H2 1070 150 3.03

InGaN/GaN
QWs

3/10 nm
× 10

N2 740-
860

150 -

p-GaN 300 nm H2 1008 150 1.12

An in-situ reflectance monitoring tool is used to optimize and monitor film
growth in real time. Typically, it is used to characterize growth rate or layer
thickness, strain and surface roughness [67]. A laser beam is channelled down
through view-ports in the showerhead onto the wafer, and a reflection reaches
the detector. Owing to the constant rotation of the susceptor, a wafer can be
measured from multiple spots. The interference between the growing film and
the surface of the substrate results in an amplitude oscillation of the signal and
could be plotted against time during the growth. The growth rate of the film can
be estimated after calculation of the thickness equivalent to one Fabry–Pérot
oscillation

t = λ

2n
, (3.1)

where λ is laser wavelength and n is the refractive index of the surface material.
A typical GaN sample has the refractive index of 2.3797 at 632.8 nm, thus for
one oscillation, t = 133 nm for GaN [68]. The MOVPE reactor used in this thesis
offers three different types of in-situ measurements, such as temperature, sub-
strate curvature and reflectance. Moreover, in order to offer the same reflectance
resolution for various materials, three different wavelengths are used (405 nm,
633 nm and 950 nm). An in-situ reflectance monitoring tool was a significant
part of the AlxGa1−xN growth optimization in Publication I.

3.3 Other growth methods (ALD, MBE)

As mentioned in the beginning of this chapter, nowadays there are many tech-
nologies for epitaxy or deposition of III-nitrides. Most III-nitride layers for
commercial devices are manufactured using MOVPE, because of its large vol-
ume reactors and the possibility to utilize large diameter substrates. Despite the
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faster growth rates and easier maintenance of the MOVPE technique, molecular
beam epitaxy (MBE) apparatuses are equally popular in research and develop-
ment of III-nitrides. Figure 3.2 demonstrates the reactor scheme of the MBE
apparatus used in Publication VI. The MBE reactor of such an industrial scale
accommodates fourteen 2-inch wafers, or one 6-inch wafer, or one 8-inch wafer.

Figure 3.2. The schematic reactor illustration of MBE Veeco GEN 200 apparatus. There are
four main modules 1) a load-lock chamber, 2) a chamber of preliminary annealing, 3)
reactor and 4) transport chamber. Adapted from [69].

The essential advantage of MBE is the capability to control the growth process
at the atomistic scale since growth takes place under a ultra-high vacuum
(usually bellow 10−8 Torr) [70, 71]. The typical growth rate at this pressure
is 1 μm/h (1 monolayer/s). The elemental sources, i.e., gallium, aluminium,
or indium are evaporated from the effusion source, i.e., a Knudsen cell with a
controlled speed of the a heated substrate. In front of the elemental sources
there are mechanical shutters used to interrupt the beam fluxes. When a shutter
is open, the substrate surface adsorbs randomly deposited atoms. Due to the
thermal coupling with lattice vibration, these adsorbed atoms, i.e, adatoms
are randomly walking on a the surface [72]. As more adatoms appear on a
surface, they eventually nucleate clusters of adatoms, i.e., islands, or attach to
the pre-existing pinning sites such as other islands, step edges, or dislocations.
Since MBE uses rather low temperatures, an adatom desorption back to the gas
phase can be neglected [70]. On one hand, the growth of thick III-N layers is
rather limited because the low growth rate in MBE. On the other hand, it is
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easy to control the composition or doping level of the grown layers since they are
dependant on the relative arrival rate of the constituent elements and dopants.
Less than 0.1 s is required for the mechanical shutters to open or close beam
fluxes in order to start or stop the deposition and doping [69]. Hence, the time
for continuation or interruption of the molecular beam is significantly shorter
than the growth time of one monomolecular layer. Changes in composition and
doping can thus be abrupt on an atomic scale [70]. In Publication VI, heavily
doped n+-GaN layers as non-alloyed ohmic contacts were grown by MBE.

In contrary to the above mentioned MOVPE and MBE techniques, atomic
layer deposition (ALD) has not offered high-quality single crystalline III-nitride
epitaxial layers so far [73–75]. Indeed, as-deposited ALD thin films are mostly
amorphous-like structures [76,77] and temperatures above 300 ◦C are required
to improve the crystallinity of the deposited layers [76]. However, due to high
uniformity over a large area, accurate thickness control, excellent conformality
and relatively low operation temperatures, ALD is an attractive technique for
preparing nanoscale thin films [74,78].

Figure 3.3. Schematic illustration of a standard ALD two-reactant cycle for a binary compound
material.

ALD is based on sequential, self-limiting, gas-solid reactions [79]. In this
method, so-called pulses or the sequential introduction of the reactants from
precursors are used to avoid any gas phase reaction. A typical ALD two-reactant
recipe consists of four essential repeating process steps: 1) precursor A is pulsed
into the reactor until the surface is saturated with the precursor molecules, 2)
the reactor is purged to flush the excess of precursor A, 3) precursor B is pulsed
into the reactor until already modified surface is saturated and 4) the reactor
is again purged to remove any non-reacted products. After that, the ALD cycle
is repeated until the required film thickness is achieved. Figure 3.3. shows a
schematic illustration of a ALD cycle.
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Crystallinity of as-deposited III-N layers can be improved by means of plasma
treatment or post-annealing processes [80]. Recently, introduced in-situ atomic
layer annealing (ALA) resulted in high-quality and, hypothetically, single-
crystalline AlN growth on a sapphire wafer [81]. In ALA, an additional step
of the Ar plasma treatment is introduced to a typical ALD cycle. The surface
temperature is increased as a result of the plasma treatment and led to the
annealing effect of the substrate during the layer-by-layer ALD growth. The
possibility to use AlN grown by ALA method as a transition layer between the
Si substrates and III-nitrides is discussed in Publication II.

Table 3.3. Overview of III-N deposition techniques used in this thesis. Adapted from [51,72].

MOVPE MBE ALD

Epitaxial films Excellent Excellent Poor

Growth rate Excellent Poor Poor

Step coverage Poor Poor Excellent

Thickness uniformity Acceptable Acceptable Excellent

Defects Acceptable Excellent -

Growth temperatures 900-1200 ◦C 700-800 ◦ 300◦

In-situ monitoring Excellent Excellent Poor

Maintenance Acceptable Difficult Acceptable

Run cost/thickness Cheap Expensive Acceptable

As a summary for this chapter, Table 3.3 presents an overview of the III-N
deposition techniques used in this thesis.
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4. Experimental methods

This chapter presents an overview of various experimental methods that were
used for the fabrication and characterization processes in this thesis. The
selective area growth (SAG) process flow and microfabrication methods are
discussed in sections 4.1–4.5. The characterization methods used in this work are
described in section 4.6. The morphology of the sample surface was characterized
by contact profilometry and a scanning electron microscope (SEM) techniques
(section 4.6.1). The light emission spectra of LEDs was measured by photo- and
electroluminescence setups discussed in section 4.6.1. Section 4.6.2 describes the
X-ray diffraction used for characterizing the quality of epitaxial layers. Spatial
distribution of strain in GaN layers were characterized by confocal Raman
spectroscopy in Publication I and are discussed in section 4.6.3.

4.1 Selective area growth

The pioneer of III-N selective growth on various substrates is the epitaxial
lateral overgrowth (ELO) method developed in 1980’s to improve performance in
Si, GaAs and InP semiconductor materials [82,83]. In ELO technology, usually
a highly dislocated semiconductor material formed after first layers growth is
followed by a step, where a dielectric mask, i.e, SiO2 or Si3N4 covers the surface
partially. Then growth is restarted. At the beginning of the second growth step,
the deposition appears only within the openings, while there is no deposition
on the mask. Thus, growth firstly occurs only in selective places and further
growth leads to the mask covering and stress relaxation in the final layer [84]
resulting in reduction of the dislocation density [85].

In the late 1990’s ELO has also been demonstrated for III-Nitrides [53,86,87].
Using ELO, the dislocation density in the GaN layers drooped below 107 cm−2

[88]. Later, the similar method but known as a selective area growth (SAG)
was performed alternatively to dislocation filtering as a growth method for one-
dimensional (1-D) materials, i.e., nanowires (NWs) [89,90]. In contrast to ELO,
the SAG of NWs has no overgrowth on top of the mask. The NW fabrication
by SAG is based on preferential crystal growth on specific facets and reduced
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growth on others, i.e, on NW sidewalls oron the mask. Thus, SAG is a promising
method for bottom-up microfabrication of nano- or micro- structures.

The interest towards the SAG of GaN through highly defined patterns on GaN
templates has not diminished over the past 10 years [91,92]. In practice, SAG
includes many process steps. For simplicity, the generic SAG process flow is
shown in Figure 4.1. A similar process flow was developed to fabricate and study
LED structures with interdigitated contacts in Publications III and IV.

Figure 4.1. Key steps of the SAG process flow developed for LED structures with interdigitated
contacts. (a) and (d) GaN templates grown by MOVPE with top layer of SiO2
deposited by PECVD. (b) and (e) The patterned SiO2 mask after photolithography
and etching steps. (c) LED structures after n-GaN SAG and (f) p-GaN SAG. Adapted
from Publication III.

Firstly, GaN templates were grown via MOVPE on 2-inch sapphire wafers.
These structures consist of a 5 μm thick unintentionally doped GaN (u-GaN)
buffer layer, followed by a standard 5 well InGaN/GaN MQW active region
and a 120 nm thick u-GaN capping layer. An amorphous dielectric layer, such
as SiO2 layer, was used as a mask material for SAG (Figure 4.1 (a) and (d)).
The deposition of amorphous materials by plasma-enhanced chemical vapour
deposition (PECVD) is described in section 4.2. After deposition, the SiO2 layer
was patterned by a standard photolithography technique as discussed in section
4.3 (Figure 4.1 (b) and (e)). The following etching process is described in section
4.4. An important step of surface cleaning prior to lateral regrowth is discussed
in section 4.5. The n-type SAG layer and the p-type SAG layer are then grown
in separate epitaxial processes (Figure 4.1 (c) and (f)).
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4.2 Plasma-enhanced chemical vapour deposition (PECVD)

PECVD is a chemical vapour deposition method used for deposition of amor-
phous thin films from a gas state to a solid state on a substrate. In PECVD,
two horizontal electrodes generate a strong electromagnetic field which causes
precursor molecules to dissociate and ionize, thus creating a plasma [93]. Under
a DC bias voltage between the electrodes, the ions are moved towards the bottom
electrode and the sample. A heated bottom electrode acts as a sample holder.
When the ions reach the sample, they react and attach to the surface. The
excess of precursors and non-reacted products are flushed away to the exhaust
of the system. Considering the plasma use, lower deposition temperatures are
available in comparison to conventional CVD systems. A schematic illustration
of a PECVD reactor is shown in Figure 4.2.

Figure 4.2. Schematic illustration of a PECVD reactor. The chemical reaction and growth
conditions correspond to SiO2 deposition.

The use of process gases such as SiH4, N2O, NH3, N2, He, and CH4 makes it
possible to deposit various amorphous Si-based layers. The most popular ones
are amorphous Si, SiO2, and Si3N4, with typical deposition rates of 9 nm/min,
65 nm/min and 25 nm/min, respectively. The substrate temperatures are 100 -
380 ◦C and the working pressure range is 0.1 - 2 Torr.

The SiO2 recipe for Publications III and IV was developed to enhance the
selectivity of further wet etching. Firstly, the reactor chamber is cleaned by the
plasma cleaning recipe. Then, the reactor is heated to the deposition temperature
of 380 ◦C and the sample is loaded. Then the recipe starts with the following
parameters: pressure of 1 Torr, forward power of 20 W, and gas flow rates of
SiH4 = 4 sccm, N2O = 334 sccm and N2 = 542 sccm. The deposition time of
11 min corresponds to 300 nm of amorphous SiO2 on a substrate.
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4.3 Lithography

Lithography plays a pivotal role in microfabrication processes. Lithography is a
technique used to transfer a specified pattern onto a substrate. A thin polymer
film, i.e., photoresist is applied to the substrate by a spin-coating process. The
resist is sensitive to ultraviolet (UV) light or electrons. In the cases, where light
is used for the exposure, the method is called optical lithography; when electrons
are used, method is called electron beam lithography (EBL) [51]. In this work,
only optical lithography was used, so EBL description is neglected. Selected
parts of the photoresist are exposed to radiation, via a photomask, which has
absorbing and transparent areas. To form the patterns into the resist, a quartz
mask with chrome areas is placed on top of the resist-coated sample. Chrome
areas block light in to certain areas. The incident light modifies the structure of
the polymer and changes its solubility properties. After exposure, the sample is
dipped into a developer solution and either the exposed or non-exposed areas
of the resist are removed, thus leaving the desired pattern on the surface. For
example, the patterned resist can be subsequently used for etching, before it
is removed. The diffraction limit in optical lithography is defined by so-called
classical Rayleigh criterion.

δ= 0.61λ
nsinα

, (4.1)

where λ is the wavelength of the light, n is the refractive index of the medium
and α the half-angle of the light collection. The term nsinα is called the nu-
merical aperture (NA). Rayleigh’s criterion states that the resolution δ of any
imaging device or lithography is limited by the wavelength of the light. In air
and using a high-magnification microscope objective, we can approximate the
NA with unity, hence the resolution is approximately limited to the half of the
wavelength of light [94,95].

Lithography can also be divided into positive and negative lithography. The
chemical properties of the resist regions exposed to UV light change in a manner
that depends on the type of resist. In positive lithography, the exposed areas
of a positive photoresist will become more soluble in the developer, so that the
positive resist forms a positive image of the mask on the wafer. In negative
lithography, a negative resist forms a negative image of the mask on the wafer
because the exposed regions become less soluble in the developer. In practice,
this means that the same mask can be used for opposite patterns, i.e., as a mesa
mask with negative lithography and as a contact mask with positive lithography.

4.4 Dry and wet etching, ICP-RIE

Etching is a general term used for processes, where material is removed from
the surface of the sample. Etching is typically selective so that only certain
materials are removed while other materials remain intact. Etching is mainly
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classified into wet etching and dry etching.
Dry etching proceeds by physical or chemical processes, or a combination of

these reactions. In physical dry etching, the material to be etched is bombarded
with ions from a plasma. A representative of such etching process is reactive-ion
etching (RIE). RIE uses similar system to PECVD shown in Figure 4.2. In the
RIE case, gases that contain reactive ions are used as precursors. Fluorine
containing gases, such as CHF3 and SF6, are commonly used for this process.
The different fluorine gases differ mainly in the required selectivity of the
etching [51,93]. Processes for SiO2 and Si3N4 etching based on CHF3 plasma in
RIE have almost replaced wet etching in the semiconductor industry [96,97]. A
combination of physical and chemical etch reactions are often referred to as ion-
assisted plasma etching. In contrast with RIE, the inductively coupled plasma
reactive-ion etching (ICP-RIE) system consists of two chamber, the plasma
chamber and the sample chamber into which the gases are inlet. Hence, gas
is ionized remotely and away from the sample (bottom electrode). The plasma
in the ICP-RIE reactor is controlled by two RF generators: one to ignite the
plasma remotely with the second generator coupled to the bottom electrode
which induces the dc bias [97]. ICP-RIE is a high ion-density plasma etching
process. The plasma density at the sample source can be two or three orders of
magnitude higher than in RIE. III-nitrides, in contrast with Si, cannot be etched
with fluorine-based chemistry since III-fluorides have extremely low volatility,
so no etching can take place [97]. Thus, GaN can be plasma etched using a
combination of Cl2 and Ar in an ICP-RIE system. For such a case, the chlorine
is reactive enough even without plasma to chlorinate the surface, but without
the ions, almost no etching will occur as the chlorinated surface atoms cannot
process desorption [97–99]. The ICP-RIE system was used in Publication V to
selectively etch p-GaN.

The dry-etching process are essential for the fabrication of optoelectronic
devices due to their anisotropy. In this case, the etching takes place mainly in
the vertical direction, allowing vertical side walls to be realised, minimising
undercuts. An undercut means that the material is etched under the mask
horizontally. This is an essential disadvantage for SAG masks, as the undercut
causes the mask pattern to resize.

Wet etching (chemical etching) involves dipping the sample into an etchant.
It is a simple and cheap, but is inherently isotropic etching method. In this
thesis, the wet etching of SiO2 has been used in order to get mask openings for
further MOVPE regrowth. In silicon-based microfabrication, a native oxide on
Si wafers or deposited SiO2 is usually removed (etched) by hydrofluoric acid
(HF). Typically, an HF medium provides isotropic etching at a reasonable rate
with the following reaction

SiO2 +6HF−−−→H2SiF6 +H2O, (4.2)

where H2SiF6 is water soluble. 1% HF is sufficient to remove native SiO2 in a
so-called quick HF-dip, while 500 nm of PECVD deposited SiO2 can be etched
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in 10% HF for 1 min [100,101]. Thus, the direct use of such an etchant has a too
rapid and aggressive action on the oxide, making it very difficult to control the
undercut and the line-width. For such a reason, HF is universally used buffered
with an ammonia fluoride solution (BHF = NH4F + H2O + HF), resulting in a
constant and controllable etch rate and an increase in the pH-value as well as
minor undercut [101]. The choice of dry or wet etching for the SiO2 mask is
discussed in section 5.3.

4.5 Surface cleaning before regrowth

In the semiconductor field, wafer and sample cleanliness is an important part
of processing in cleanrooms. Clean surfaces are essential to provide good ad-
hesion across multiple interfaces, while residues or particles on a sample can
cause a variety of problems. It is also important to eliminate any undesirable
surface contamination prior to SAG process, for example, the effect of chemical
patterning residues is discussed in Publication III and section 5.3. In order
to select the correct surface treatment, it is important to consider the nature
of the contamination. Based on the process flow (Figure 4.1 (c)), it is possible
to highlight several contamination sources prior to the SAG process of n-GaN.
These sources of contamination are organic, oxide or polymer based. Thus, to
remove the residues of these contaminants before SAG process, two main surface
treatments are used, wet chemical treatment and UV light or plasma-based
treatment [102].

As a part of wet chemical treatment, solvents are often used to dissolve a thin
polymer film like a photoresist, which is a common source of particles and residue.
Solvent cleaning is often combined with sonication for greater efficiency [51,103].
A significant advantage of using solvents is the ability to clean most substrates
(silicon, complex semiconductors, metals, glass). The photoresist film used
in lithography, must be stripped after the SiO2 etch step (Figure 4.1 (b)). A
commercially available photoresist known as AZ 5214E and manufactured
by Microchemicals GmbH (Germany) was used in this work [104]. This type
of resist is formed by a novolac (phenol formaldehyde polymer resin) and a
diazonaphthoquinone (DNQ) photoactive compound [105]. Commonly, AZ 5214E
can be rapidly stripped by a solvent organic compound (CH3)2CO also know as
acetone [100]. After that, some of the organic leftovers are usually removed by
Isopropyl alcohol (IPA). However, a massive disadvantage of solvents is that the
liquid leaves the treated surface contaminated with traces of process chemicals
and generates residues that are difficult to dispose and, hence, harmful to the
environment [103]. Thus, an unwanted group of organic elements may remain
on the surface, leading to errors in adhesion, lithography, etching or regrowth
procedures. Moreover, a hardened resist residue can not be removed by solvents
alone [106]. As an alternative to the wet resist strip or as an additional cleaning
step, plasma cleaning has been employed. Under vacuum, UV energy is very
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effective in breaking most of the organic bonds (i.e., C–H, C–C, C=C, C–O, and
C–N) of the surface contaminants, and after the chemical reaction the products
are usally vaporized. In the case of hardened resist, O2 plasma "ashing" of
the photoresist, possibly followed by the solvent cleaning is used. Another
application is when O2 plasma is used to "descum" a wafer, i.e., when it is used
to remove photoresist residue left in trenches after development. A descum step
helps to ensure that opened areas in the resist pattern are entirely clear and
unobstructed [106].

Besides the removing of organic- and polymer- based residues, a natural GaN
surface oxide also should be eliminated before SAG. As discussed in the previous
section, oxide layers can be removed by HF/BHF-based acid solutions, but this
will destroy the SiO2 mask layer. Thus, prior to lateral overgrowth, the patterned
samples were dipped into a boiled 50%-buffered HCl acid solution to remove the
surface oxide of the underlying GaN layer [53,107].

4.6 Characterization

4.6.1 Morphology and luminescence characterization

The are a lot of changes in sample surface morphology during the SAG process
flow (Figure 4.1). Therefore, a Bruker Dektak XT surface profilometer was used
to measure an average step height of the patterned profile at different stages
of SAG fabrication [108]. The cross-sectional profile of the SAG structures and
surface morphology was imaged by a Zeiss Supra 40 field emission (FE) scanning
electron microscope (SEM) [109].

In this work, before and after SAG processing, the MQW stack was charac-
terized by a photoluminescence (PL) setup. PL is a fast, non-destructive, and
valuable technique in optoelectronics and materials science. PL is based on
the carrier recombination process in semiconductors as discussed in section
2.2.2. The light or photons from the excitation laser are absorbed by the studied
semiconductor material. The incoming photon energy must exceed the semicon-
ductor band gap energy, otherwise no electron excitation occurs. The emitted
photons in the luminescence that follows are of lower energy than the photon
energy used for excitation. The photon energies emitted correspond roughly to
the material’s band gap energy, the recombination occurring at defects, and a
different donor, acceptor and exciton transitions. The generated photons as a
result of optical excitation are collected and analyzed by a spectrometer. The
He-Cd and semiconductor lasers with an emission wavelengths of 325 nm and
405 nm, respectively, were used at room temperature to perform the PL mea-
surements. An Ocean Optics USB2000 spectrometer was used as a detector. The
light emission induced by the electrical injection of charge carriers is known as
electroluminescence (EL). In this work, the EL spectra of the fabricated samples
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was measured using an integrating sphere (FOIS-1 from Ocean Optics) with the
studied sample inserted on the input port. Electrical excitation was provided by
standard probes and a Keithley 2401 electrical source-meter.

4.6.2 X-ray characterization

Another non-destructive, important and powerful method for characterizing
thickness, crystalline and epitaxial layer quality is X-ray diffraction (XRD). The
XRD technique measures an average spacing between layers or rows of atoms.
It also allows us to determine the orientation of a single crystal or grain and
to measure the size and shape of small crystalline regions. As discussed in
section 2 each crystalline material has a discreet atomic structure, which upon
irradiation with X-rays causes an interference of the scattered X-ray beam [110].
Figure 4.3 (a) presents an example of diffraction patterns, i.e., Bragg diffraction
peaks for a crystalline material on a substrate. In the simplest terms, the X-ray
diffraction from crystalline lattice planes can be described by Bragg’s law

2d sinθ = nλ, (4.3)

where d is a distance between the lattice planes, λ is the wavelength, θ is the
angle between the diffracted beam and the diffracting lattice planes and n is the
order of diffraction. Figure 4.3 (b) presents schematically diffraction of X-rays
from two atomic planes. XRD is possible since the X-ray wavelengths (between
0.1 nm and 10 nm) are comparable to the interatomic spacing of crystalline
solids. The atomic arrangement in the crystal determines the angles of diffrac-
tion, and the elements determine the diffraction intensity. The difference in
distance travelled, and thus, the phase between the waves, causes constructive
interference according to Bragg’s law. The order of diffraction is typically chosen
to be one for better resolution.

Figure 4.3. (a) Example of XRD patterns of crystalline material on a substrate. (b) Schematic
representation of diffraction of X-rays from two atomic planes.

Typically in a XRD setup, X-rays are generated, when the high energy elec-
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trons are bombarding a copper anode inside the vacuum tube. Depending on
electron scattering there are two types of radiation produced in the tube. The
characteristic radiation is arising when a high-energy electron is scattered in-
elastically from the target atom. This process is schematically shown in Figure
4.4. In Figure 4.4 (a) the incident electron approaches the atom, and collides
with an electron in the K shell in Figure 4.4 (b). Then this K-shell electron is
ejected from its orbit, and an electron from the L shell takes the place of the
ejected K-shell electron (Figure 4.4 (c)). This movement produces an X-ray with
energy proportional to the difference in energy between the two shells, hence
a Kα X-ray is produced (Figure 4.4 (d)). The energy of the X-ray is expressed
in terms of electron volts or eV. Electrons that pass through the atom without
colliding with an electron in any shell (elastic scattering) produce an X-ray
phonon with no specific energy. These X-rays are called continuum X-rays, i.e.,
Bremsstrahlung and are seen in the spectra as the “background”.

Figure 4.4. The schematic representation of X-ray photon generation due to inelastic electron
scattering from the targeting atom in an X-ray tube. The incident electron approaches
the atom (a), and collides with an electron in the K shell (b). An electron from the L
shell takes the place of the ejected K shell electron (c). A Kα X-ray is produced (d).

The divergent X-ray beam is collimated by a parabolic mirror which is placed
after the x-ray tube. In high-resolution XRD setups, two monochromators
are typically used after the mirrors to increase the angular and wavelength
resolution for highly-ordered epitaxial materials. Then, the collimated beam is
focused to study the material. The absorption of X-ray radiation which passes
through the material depends on the atomic weight of the elements presented
in the material. The diffracted beam is directed to a detector and signals are
processed with a microprocessor or electronically. A spectra is obtained by
altering the angle between the source, sample, and the detector [110].

The Rigaku SmartLab diffractometer was used in this thesis. XRD scans were
measured in parallel-beam mode at an incidence angle of 0.4◦ using a 9 kW
rotating anode with a germanium monochromator (Cu Kα1 radiation) and a 2D
detector (HyPix-3000).

4.6.3 Raman spectroscopy

Raman spectroscopy is a non-destructive method that studies the unique molecu-
lar vibrational characteristics of a material using the inelastic scattering of light.
The Raman spectrum bands correspond to a specific frequency on the vibrational
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states of the studied material. In the Raman scattering process a phonon is
exited by a photon and consecquently the initial incident energy of photons is
decreased during backscattering [111]. This small amount of radiation at a
different wavelength from Rayleigh scattering was observed by C. V. Raman
and independently by G. S. Landsberg and L. I. Mandelstam in 1928 [111,112].
Later, in 1930, Raman was awarded the Nobel Prize in Physics for his discovery.
Raman spectra are sensitive to the crystalline quality, stress, free carrier con-
centration and temperature of the semiconductor materials [113]. Nowadays,
Raman spectroscopy can be easily combined with a microscope and it provides a
quick analysis of microstructures, where the properties of the layers may differ
significantly from the bulk material properties [114].

A Raman experiment requires a monochromatic light source, typically a laser, a
spectrometer and a detector (charge-coupled device or CCD). The monochromatic
laser beam is directed to the surface of the material under study and most
photons are elastically scattered. However, a small fraction of the photons lose
energy by elementary excitations such as phonons or plasmons and they are
scattered back at a wavelength other than that of the incident light. Thus,
Raman-scattered photons can shift towards lower energies when a phonon is
created (Stokes scattering) or higher energies when a phonon is annihilated
(anti-Stokes scattering) [113]. The energy shifts, i.e., Raman shifts Δ can be
written as follows

Δ(cm−1)= 1
λi

− 1
λs

, (4.4)

where λi and λs are the wavelength of the incident and scattered light respec-
tively. The material and its structure can be identified by the shift of the Raman
peak in the spectrum. The Raman shift is unique for the material and the
specific atomic arrangement space group.

For III-nitride hexagonal wurtzite structures, group theory predicts eight sets
of phonon modes, but with the laser beam incident on the (0001) surface, only
the E2 and the A1(LO) modes are allowed by the symmetry [113]. Information on
stress and the crystalline quality can be extracted from the E2 phonon frequency
and linewidth [113]. For instance, the width of the E2 Raman peak reflects
the crystalline quality. Figure 4.6.3 demonstrates the Raman spectra of the
ammonothermally grown GaN crystal used as a reference of unstrained GaN in
Publication I.

If the E2 peak frequency is increased with respect to the unstrained GaN, it
indicates compressive stress, whereas a decrease points to tensile stress. Com-
pressive and tensile stress are commonly found in thin GaN films grown on
sapphire and on SiC substrates, respectively. For high-quality and unintention-
ally doped GaN layers, it is generally accepted to neglect the hydrostatic stress
component, so an absolute biaxial stress can be calculated [113].

The pure biaxial stress and its spatial distribution in the GaN layers grown
on 6-inch patterned and non-patterned Si wafers were studied in Publication I,
using a confocal Raman microscope WITec Alpha 300RA+ [116]. The absolute
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Figure 4.5. Raman spectra of bulk GaN grown by ammonothermal technique. The Raman peak
EH

2 , ω0 = 568 rel. cm−1 (green line) reflects the stress-free value [115]. Possible
changes in the EH

2 peak position is indicative of compressive (blue) or tensile (red)
stress.

biaxial stress σxx value was determined from the linear equation ω0 −ω =
K ·σxx, where ω0=568 rel.cm−1 is the stress-free value, K=4.2 cm−1 GPa −1

is an experimentally measured phonon deformation potential, and ω is the
position of GaN’s E2 peak [113, 117]. The Raman scattering was excited by a
488 nm wavelength laser with 10 mW power, focused through an intermediate
magnification/numerical aperture×20/0.4 dry objective lens. A MATLAB toolbox
wit_io was used to boost the data analysis [117].
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5. Approaches for optimizing III-N
devices

This chapter presents the research results which are aimed at improving the
current issues in fabrication and design of III-N based devices. As discussed
in section 3.1, growth of GaN is limited by the choice of a substrate. Based
on the results from Publications I and II, promising approaches are proposed
to overcome the GaN-on-Si obstacle for wafer-scale microfabrication (section
5.1). Following the materials issues, the device structure design (e.g. LEDs and
fabrication methods) can be improved to reach next level of efficiency. In section
5.3 and Publications III, IV and V the step-by-step improvement of the SAG
technique for the new LED design is demonstrated. Finally, in section 5.4, the
formation of heavily doped n+-GaN layers as non-alloyed ohmic contacts shows
another promising direction for the SAG technique.

5.1 GaN growth on Si substrate

One of the limiting issues in the development of modern HEMTs and their
application is the thickness of the GaN layer. Growth of thick wafer-scale GaN
on Si substrates remains a problem for the high-power semiconductor industry.
This is mainly due to mismatches in lattice constants and thermal expansion
coefficients between the Si substrate and the GaN material. GaN grown by
MOVPE on a Si wafer results in tensile stresses and layer cracking at thicknesses
exceeding 1 μm on a typical 6-inch substrate. By inserting different AlxGa1−xN
interlayers, compressive stress is introduced to compensate the tensile stress
produced during the cooling process to eliminate surface cracking. In Publication
I, a patterned Si wafer was used to achieve thicker GaN layers compared to a
planar Si substrate. Similarly to ELO and other techniques described in section
3.1, the trenches between the mesas in the patterned Si wafer are aiming to
reduce large tensile stresses between GaN and the Si substrate. A confocal
Raman spectroscopy setup was used to study the spatial distribution of the
stress in the GaN pattern units.

The 6-inch patterned Si (111) substrates included arrays of squares with
various corner shapes with height and lateral dimensions as demonstrated in
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Figure 5.1. The square mesa sizes were 500, 1500, 3000, or 5000 μm2, and
the distances (trenches) between them 20, 50 or 150 μm. Round and sharp
shapes of corner mesa were made to study the effect of mask design on stress
distribution in grown the GaN layers [118]. As a reference to the patterned
wafers, a standard bulk Si substrate was used in separate growth under similar
conditions.

Figure 5.1. Schematic illustration of a 6-inch Si wafer with square pattern mesas of various sizes.
On the left, a SEM images of sharp and round (for zones 2, 4, 8) corner patterns are
shown. Reproduced from Publication I.

The growth of epitaxial GaN layers was performed by a standard step-graded
AlxGa1−xN approach in the MOVPE apparatus. The growth run was started
with low and high temperature AlN layers followed by an AlxGa1−xN buffer
and two top GaN layers grown under different pressures. A growth recipe with
a ∼2 μm buffer thickness, which is typical for HEMTs structures, was used
for one bulk and one patterned wafer. Another patterned wafer was used to
achieve thicker top GaN layers, so a separate recipe with scaled growth time
was developed. Thus, three grown samples (one bulk, and two patterned) were
used to study the effect of wafer patterns and layer cracking behaviour. The
analysed results from the in-situ reflectance measurements, SEM microscopy
images and Raman spectroscopy data suggested the use of patterned Si wafers
as a promising candidate for thick GaN epitaxy.

First of all, from the in-situ reflectance data it was concluded that growth
on patterned Si wafer produces similar material quality as on bulk wafers.
Reflectance data indicate to almost identical growth conditions in comparison
with growth on a bulk substrate. Post-growth analysis from one of the dummy
substrates reveals a promising use of Raman technology for the in-situ measure-
ments. Figure 5.2 demonstrates images from the cracked GaN area taken by
optical microscope (left) or area scan of the Raman E2 peak (right). With high
accuracy, the Raman area scan allows us to detect cracks in layers, and their
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shape and size. By implementing the Raman technique as an in-situ tool into
the MOVPE apparatus, it could play an important role in the indication of crack
formation during the growth or cooling to room temperature. Strain engineering,
with the help of in-situ Raman, can significantly improve today’s research and
development stage of III-N epitaxy for high-power device applications.

Figure 5.2. Optical microscopy (left) and Raman E2H peak position over the mesa area (right)
images from one cracked areas of GaN. Here the image colour corresponds to the
E2H peak position. It is possible to indicate more cracks in the layer from the Raman
images than from optical microscopy.

Secondly, the extensive data from the Raman peaks recorded with an accuracy
of a few microns allowed detailed biaxial stress analysis in the GaN layers.
Raman mapping indicated that stresses were distributed uniformly over a large
area of the patterned Si mesa. Moreover, the high resolution of Raman data
mapping allows to distinguish stress differences in sharp and round corner
mesas. In contrast to previous reports, a mask design or number and shape of
mesa corners revealed no significant effect for stress distribution [118].
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Finally, the thicker GaN layers (> 1μm) grown on patterned Si mesas require
development of underneath buffer layer thickness and composition in order
to realise crack-free layer over a large substrate area. The small thickness
variations (< 10%) in the center of and at the edges of mesas was observed
in some of the patterns. The most probable explanation for these thickness
differences is the various growth rates and earlier coalescence of GaN crystallites
in the center of and at the edges of mesas. The effect of wafer bowing during
cooling to room temperature was found similar to growth on a bulk substrate
[119]. That results in a cracked GaN layers on an area larger than 500 μm2.
Moreover, it has been shown that stresses in GaN distributed according to the
layer thickness, high in the centre and lower at the edges, and such thick layers
(roughly 1.5 μm) results in more biaxial stress values, which led to a short shelf
life-time. However, it has been shown that even by simply increasing the growth
time (i.e., layer thickness) it is possible to realise a thicker crack-free GaN layer
on a patterned substrate.

The use of patterned Si substrates for GaN film growth aimed to mitigate the
issue of a tensile stress generation during post-growth cooling and associated
cracking. The first growth on a 6-inch patterned Si wafer was demonstrated in
Publication I, and presented results can help with the turning technology from
the research and development stage to a large-scale production.

5.2 AlN transition layer deposited by ALD on Si substrate

One alternative approach to overcome the limitations of GaN-on-Si is to deposit a
so-called transition layer (TL) between GaN and the Si substrate. This approach
is discussed in Publication II. As noted in section 3.1, the reduction of a lattice
mismatch between the substrate and the growing film can lead to less stress and
reduce the formation of stacking faults or TDs. The lattice mismatch between
GaN and AlN is only 2.4% [21], making AlN promising material as a transition
layer between the Si substrate and the GaN film. For a sapphire substrate, a
low-temperature AlN buffer layer is used to cover the wafer as AlN offers a wider
parameter space for growth and more conformal deposition [10,20,50]. Smooth
and crack-free GaN films can be then obtained on sapphire wafers using such
an AlN buffer layers. However, direct growth of the high crystallinity AlN on Si
substrates remains a subject of active debate in the research and development
community [3,20,81].

As mentioned in section 5.2, recently introduced single-crystalline epitaxial
AlN layer deposited on a sapphire substrate by ALD with in-situ ALA treatment
[81] can be also implemented onto an Si substrate. In such an approach, the
crystallinity of the as-deposited AlN layers is improved by plasma treatment and
post process annealing. In Publication II, AlN layers were deposited by plasma-
enhanced ALD with in-situ ALA treatment on Si substrates with (100) and
(111) crystal orientations. Figure 5.3 (a) shows the cross-section of transmission
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Figure 5.3. (a) TEM cross-section image of a 30 nm thick AlN layer grown on Si<100> with an
in-situ ALA treatment at plasma power of 200 W and 60 s, (b) Enlarged interface
of the Si<100> substrate and AlN of the cross-section. (c) The θ-2θ XRD pattern
of the regrown AlN by MOVPE on top of the ALD template. Adapted from the
supplementary information of Publication II.

electron microscopy (TEM) image of the interface between the Si<100> and
ALA treated AlN, where a thin epitaxial AlN layer of approximately 3 nm is
distinct at the interface. This epitaxial layer at the interface is further noticed
from the XRD patterns from the corresponding (100) peak apparent in all of the
measured samples. According to the TEM image, the microstructure of the film
is polycrystalline.

The effect of the crystallinity of the Si substrate, as well as the effect of plasma
treatment time and power on film growth were studied via XRD measurements.
Si (111) substrates were found to be the most promising of the silicon substrates,
since the effect of the crystallization in the desired (002) direction was distinct.
However, the effect of the ALA treatment was visible with the minimum plasma
power and shortest treatment time for the Si (100) substrates. It was shown
that ALD-grown layers were polycrystalline on Si, but ALA treatment improved
their crystallinity. To demonstrate the general feasibility of the ALA treatment
method, the 2 μm thick AlN layers was grown by MOVPE on top of the ALD layer.
The θ-2θ XRD peaks of the regrown AlN by MOVPE on top of ALD template
are shown in Figure 5.3. Despite the fact that the layer was polycrystalline,
plasma-enhanced ALD remains a promising low-cost method for the formation
of nucleation layers. The proposed ALD AlN layer is suggested to act as the
transition layer (TL) between the substrate and the further III-N layers, e.g., in
high-power applications.
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5.3 Selective area growth for novel LED structures

This chapter discusses fundamental drawbacks of the DHJ design of III-N based
devices. Almost all modern inorganic LED designs are based on a DHJ struc-
ture, where the geometrical structure and the current injection principle has
remained unchanged for decades. As noted in Sections 1 and 2.2.2, the DHJ
scheme significantly pushes forward the evolution of LEDs, laser and solar cells.
However, with the growing need for high-power technology, the development of
the DHJ scheme has stagnated. Further increase in the efficiency of optoelec-
tronic devices requires the reduction of electrical losses within the semiconductor
as well as between the semiconductor and the contact layer. Conventional DHJs
have limitations to designing the structures so that the contacts do not substan-
tially decrease the total AR area or increase the free surface area susceptible
to surface recombination. Thus, to advance the high-power technology in the
future, an alternative current injection principle is required.

Modern 2D materials and nanostructures have stimulated the study of an
alternative current transport schemes which could be implemented also in
high-power devices [120]. However, other fabrication methods are needed to
realise such structures. From one perspective, this chapter demonstrates the
SAG process as a possible method for the fabrication of novel LED structures.
From another perspective, the results from Publications III, IV and V show a
promising approach to increase efficiency in III-N based devices.

Figure 5.4. Timeline chart of the historical evolution of the diffusion-driven charge transport
(DDCT) concept. Reproduced from Publication III.

First of all, in Publication III, the main current transport principle in III-
N based LEDs, i.e., DHJ was reviewed. It was shown that conventional LEDs
which are based on DHJs still face challenging regarding technological and
power efficiency (e.g. the efficiency droop, current crowding and resistive losses).
Secondly, also, the recent progress on diffusion-driven charge transport (DDCT)
in GaN based devices has been reviewed. DDCT is a fundamentally different
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approach to electrically excite the active region of light-emitting devices by the
bipolar diffusion of charge carriers. The theoretical background for DDCT has
been developed as a possible alternative current injection method in order to
avoid the limitations of DHJs [120]. The main publications showcase are in
the evolution of the DDCT method, i.e., the introduction of the DDCT concept
[120], the first experimental demo with a buried active region [121], and the
first demo of surface LEDs [122]. These devices could be assigned to the 1st

generation of devices, where standard planar growth technology was used and
devices are vertically formed. Figure 5.4 demonstrates a timeline chart of the
historical evolution of the diffusion-driven charge transport concept. Moreover,
the potential and evolution of the DDCT method was discussed in Publication
III.

Publication IV presents the new concept of a laterally-doped heterojunction
(LHJ) for the second generation of DDCT based devices. Figure 5.4 shows all
DDCT structures before 2017 containing a vertically-formed pn-homojunction,
which entails potential barriers and leads to suboptimal device performance.
Publication IV presents simulation that show an adaptation of the DDCT concept
to realise LHJ structures, results in elimination of the electrical inefficiencies
observed earlier. The fundamental differences between the DHJ and LHJ
structures is the placement and geometry of the doped p- and n-GaN charge-
injection regions, which affect charge transport and the injection efficiency of
the structures. In the LHJ structure, narrow p- and n-doped regions are located
side by side on one side of the AR so that electrons and holes can flow to the AR
through bipolar diffusion as shown by dashed lines in Figure 5.5. The simulation
shows that the efficiency of the proposed lateral DDCT scheme depends on the
ability to fabricate closely-spaced lateral n- and p-type GaN regions, thus the
SAG method might be used to fabricate such devices in practice.

Figure 5.5. Schematic illustration of the lateral heterojunction (LHJ) LED finger structure,
where the lateral pin-junction is used instead of a vertically formed pn-junction to
improve carrier diffusion to the QW. (a) three-dimensioned image of the full chip and
(b) a side view image between two fingers. Reproduced from Publication III.
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Motivation to fabricate the first laterally-doped DDCT structures was driven
by promising simulations. It was shown that the increased effective AR thick-
ness allows a substantial reduction in the efficiency droop at large currents, and
that unlike conventional DHJ-based LED, the LHJ structure shows practically
no added efficiency loss or differential resistance due to current crowding. Fur-
thermore, as both electrons and holes enter the AR from the same side without
any notable potential barriers in the LHJ structure, the LHJ structure shows
an additional wall-plug efficiency gain over the conventional structures under
comparison. Along these lines, in Publication IV and in Ref. [123] the first
experimental results from the laterally-doped DDCT structures fabricated by
the SAG method were discussed.

Figure 5.6. (a) Microscope image of the fabricated structure with separately grown n- (left) and
p-GaN (right) regions. (b) SEM image of the area circled in (a) with the measured
distance between the grown materials. (c) Photoluminescence spectra before and
after the SAG of n-GaN and p-GaN layers on SiO2 patterned templates described in
Publication IV. Reproduced from Publication IV and [123].

The SAG method described in Chapter 4 was used to fabricate the LHJ struc-
tures in Publication IV and Ref. [123]. The n- and p-doped GaN pads with
extension fingers located side by side were separately grown by MOVPE using
SiO2 patterned GaN-on-sapphire templates. Figure 5.6 (a) shows a microscope
image of a test structure with a separately grown n-GaN region (mesa and fin-
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gers on the left), and an opening in the growth mask made for the p-GaN region
(mesa and fingers on the right). Figure 5.6 (b) shows an SEM image from the
circled area in (a) for a structure where the SAG of both the n- and p-type GaN
regions has been completed and the growth mask has been removed. In the fig-
ure, the distance measured between the n- and p-GaN regions is approximately
2 μm. The quality and morphology of the layers grown by SAG was investigated
by SEM and PL measurements comparing the PL signal of the templates before
and after SAG growth as shown in Figure 5.6 (c). It is experimentally shown
that SAG fabrication does not deteriorate the photoluminescence spectra from
MQW templates. The small shift in the PL peak position is expected to result
from run-to-run variations between the templates.

Results from Publication IV indicate that LHJ structures with the help of
the SAG method provide a viable pathway to realise efficient high-power LEDs
operating at current densities in excess of 100 A/cm2. One of the main challenges
in the SAG fabrication of LHJ devices is the fabrication of laterally-located n-
and p-layers with suitable geometry and spacing. However, the first grown
structures have demonstrated that it is possible to reach micrometer-scale
growth resolution with SAG using standard fabrication techniques and growth
masks combined with additional growth cycles.

To gain additional insight into the physics of these novel structures for LEDs
and the LHJ in particular, the back-contacted LED structures with several finger
widths between 1–20 μm were simulated and fabricated in Publication V. The
use of carrier-selective contacts (SCs) has become widespread in silicon solar
cells, but it is rarely applied for LEDs. Combining the diffusion-driven charge
transport and interdigitated back-contact (IBC) configuration, the excitation
of a back-contacted InGaN MQW by a lateral p-i-homojunction using a carrier-
selective contact for electron injection was reported in Publication V. The current
path in the demonstrated back-contacted LEDs passes through a lateral p-type
GaN, an InGaN MQW stack and a thin undoped GaN layer grown by MOVPE
with the metal interdigitated contacts as shown in Figure 5.7.

The length (L) of the fabricated fingers was 200 μm, and the widths (w) were 1-
20 μm. The measured EL emission spectra of a sample with w = 2 μm are shown
in Figure 5.7 (c), excited with 1 to 10 mA injection currents. All the spectra
include a sharp peak at 439 nm with full width at half maximum (FWHM) of
approximately 21 nm. The peak at 439 nm corresponds to the emission of the
InGaN/GaN MQW stack, and is the result of the diffusion current injected to
the active region. In contrast to previous work on DDCT with strongly n-doped
GaN layers [122], no yellow emission is observed here at any injection currents.

Full device simulations of the 2D cross-section are illustrated in the inset
of Figure 5.7 (a) with different finger widths predicting a monotonous trend
between the finger widths and the attained current densities, with the smallest
finger width giving the largest current. Figure 5.8 (a) shows the current density
as a function of the applied bias with selected finger widths to present this trend.
All the curves represent typical LED characteristics, with the current increasing
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Figure 5.7. (a) Back-contacted LED structure and the cross-section of the fingers. In the inset
are shown dashed lines illustrating diffusion current components for electrons (blue)
and holes (red), and the solid line for photons excitation. (b) The cross-section of the
back-contacted LED structure with layer thicknesses are shown. UID denote the
unintentionally doped GaN buffer layer. (c) Emission spectrum and microscope image
of a back-contacted LED with L of 200 μm and w of 2 μm under electrical excitation
with injection currents of 1 to 10 mA are shown. Reproduced from Publication V.

Figure 5.8. (a) Current density–voltage characteristics of simulated 2D cross-sections of the
device at three different w parameters on logarithmic (left) and linear (right) axis.
(b) The current density–voltage curves for a back-contacted LED with L of 200 μm
and various finger widths w. Reproduced from Publication V.

exponentially at small voltages and saturating due to internal resistance at
larger ones [123]. The trend of larger current for smaller finger width is expected
to hold also for larger finger widths, as the increasing distance between the i-
and p-type contacts hinders the carrier spreading over the whole device area,
thereby also limiting the amount of recombination that can be achieved at a
given bias. Figure 5.8 (b) shows the measured current density–voltage (J-V)
curves for the fabricated structures with various finger dimensions in linear
(right axis) and logarithmic (left axis) scales. Devices with w = 5–20 μm follow
the trend expected from the simulations, where increasing finger widths lead to
decreasing current densities as a function of bias. Devices with w = 1–3 μm, on
the other hand, do not follow this trend and exhibit smaller current densities as
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a function of bias than the other devices. That was denoted to the suboptimal
contacts, i.e., interface issues between the semiconductor and the metal contacts.

The strong blue emission of the MQW stack demonstrates that the LED struc-
ture allows fabrication of back-contacted GaN LEDs without specific strongly-
doped n-GaN layers. With improved contact resistance of the carrier-selective
contacts, the back-contacted LED could overcome several challenges related
to current injection and spreading, as well as contact shading in conventional
structures or devices where n-doping is elusive. Comparing the j-V results from
simulation and experiment with different contact geometries indicated that the
contacting and the fabrication processes were still suboptimal especially at the
smallest contact and mesa sizes.

5.4 Selective area growth for other applications

After considering opportunities to improve the fabrication methods of III-N
materials and the fundamental device structure design, this chapter addresses
the issues in the fabrication processes and conductive properties of electrical
metal contacts for GaN-based devices. Further increase in the efficiency of
optoelectronic devices requires the reduction of electrical losses within the
semiconductor as well as between the semiconductor and the contact layer.
However, the formation of low-resistance ohmic contacts for modern III-N based
devices still requires further development [124]. The metal contacts to GaN
are usually formed by rapid thermal annealing of the sputtered or evaporated
contact material, where the morphology of the metal layer suffers from high
temperature annealing [125]. Moreover, alloyed (metal) contacts react with GaN
and, thus form an intermetallic gallium compounds and/or metal–nitrides. In
such a process, the metal(s) diffuse into each other and into the GaN resulting in
a serious reliability issue for high temperature operations [126]. The alternative
approach to metal contacts is the formation of non-alloyed ohmic contacts by
the heavily-doped n+-GaN contact layers. Recently, the SAG method became
one of the major techniques in the formation of n+-GaN contact layers for III-N
devices [37,127,128].

In Publication VI the heavily-doped n+-GaN layers were grown by MBE and
MOVPE via the SAG method. The high-quality GaN templates were firstly
grown by MOVPE. After that, regrowth procedure was performed in order to
form separate SAG n-GaN structures by MOVPE. Then the heavily doped n+-
GaN layers were formed on top of the MOVPE templates by the second regrowth
in MBE. Figure 5.9 (a) demonstrates schematically the thicknesses of the grown
structure.

The SEM study of the grown sample has shown a homogeneous surface mor-
phology of the n+-GaN contact layer and a smooth transition from the MOVPE
to MBE layers. Additionally, it was found that the SiO2 mask can be partially
destroyed during the MBE process with the consequent formation of multiple
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Figure 5.9. (a) Schematic view of the sample. (b) Cross-sectional SEM image of the grown
sample. Reproduced from Publication VI.

macroscopic voids at the interface of MBE-GaN/SiO2/MOVPE-GaN as shown
in Figure 5.9 (b). Hall measurements have shown that the value of electron
concentration in the n+-GaN top layer is 4.6×1019 cm−3. As a result, it has been
shown that the non-alloyed ohmic contacts can be formed by heavily-doped MBE
n+-GaN layers with the help of SAG process.
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6. Summary and outlook

This thesis investigated fabrication and design approaches for optimizing III-
N based devices which are intended to overcome existing limitations. Firstly, the
history of III-N based devices was reviewed and core improvement objectives
were established as the scope for this thesis. The improvement objectives are
the lack of suitable substrate materials, device design issues and fabrication
obstacles. Secondly, the fundamental properties of III-N semiconductors and
basic principles of current transport in LEDs were described in the theoretical
background of this work. Special attention was paid to review the growth
procedure of III-nitrides from the choice of substrate to the most commonly
known growth methods.

Results from Publications I and II showed that the proposed solutions could
help to overcome the choice of substrate limitations for GaN growth, and sug-
gested methods for wafer-scale production. Publication I shows that thicker
GaN layers can be achieved by using patterned Si wafers compared to planar Si
wafers. These results can help to improve large scale production. In addition,
confocal Raman spectroscopy shows potential for detecting cracks in the grown
layers and identify their shape and size on a large scale. Strain engineering
with the help of in-situ Raman can significantly improve today’s III-N epitaxy
for high-power device applications. Publication II demonstrates an alternative
approach to overcome GaN-on-Si limitations. By using low-cost ALD AlN transi-
tion layers, GaN could be potentially overgrown on any substrate. As an example
of the overgrowth approach, an Si wafer with a deposited ALD AlN transition
layer was overgrown by a thick AlN layers in a MOVPE apparatus.

In Publication III, the key drawbacks of the conventional DHJs current trans-
port principle were described. Then, the recent progress in DDCT-based devices
was reviewed as an alternative to the DHJ design. Finally, it was shown that
for further development of DDCT-based devices, fabrication processes such as
SAG are required. Publication IV presents the new layer structure design, i.e.
LHJ, for the second generation of DDCT-based devices. In the LHJ design,
the high and low conductivity zones are physically separated from each other
and placed laterally on top of the active area. Simulations suggested that the
carrier injection efficiency of the LHJ structure depends on the distance between
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these zones. Hence, as a first example, the SAG method was implemented to
fabricate lateral n- and p-type GaN regions with a distance of 2 μm between
each other. PL spectra shows that selectively-grown regions do not deteriorate
the photoluminescence spectra from the MQW stack. In Publication V, the back-
contacted LED structures with finger widths between 1–20 μm were simulated
and fabricated in order to investigate an influence of geometric dimensions of
the fingers on injection efficiency to the MQW. Device simulations suggested
monotonous behaviour between the finger widths and current densities, with the
smallest finger width giving the largest current. This trend has not supported by
experimental measurements from the fabricated devices due to the supposedly
high resistivity of the contacts, i.e. electrical losses between the semiconductor
and the metal contact layer.

Publication VI shows another promising direction for the SAG technique with
the formation of heavily-doped n+-GaN layers as non-alloyed ohmic contacts. By
combining the MOVPE growth and SAG fabrication followed by overgrowth by
MBE, it was possible to achieve n+-GaN contact layers with electron concentra-
tion of 4.6×1019 cm−3.

The results of this thesis could improve III-N based devices in three areas.
Firstly, the use of patterned substrates, Raman in-situ characterization and
ALD transition layers. Future research in this area should further develop
and optimize growth of AlxGa1−xN interlayers and subsequent growth of the
GaN layer on patterned substrates to achieve thicker layers. It would also be
interesting to try GaN overgrowth on various substrates (Si, SiC and sapphire)
with the help of AlN grown by ALD. Secondly, devices based on the DDCT concept
and which are fabricated with the help of the SAG method could resolve problems
of conventional LEDs. In order to gain confidence in the DDCT approach, the
fabrication of proof-of-concept LHJ LEDs stands as the next task. Finally, the
use of SAG for fabrication of non-alloyed ohmic contacts could help to overcome
electrical losses in contacts for GaN layers. The straightforward further step for
continued research into non-alloyed ohmic contacts is to fabricate and electrically
characterize a III-N based device.
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