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ABSTRACT

Unique physical properties such as small effecthass, high electron drift velocities,
high electron mobility and small band gap energkenaN a candidate for applications in high-
speed microelectronic and optoelectronic devicég dim of this research is to understand the
surface properties, desorption kinetics and therstability of InN epilayers that affect the
growth processes and determine film quality as aselldevice performance and life time. We
have investigated the structural properties, theéasa desorption kinetics, and the thermal
stability using Auger electron spectroscopy (AES)ray diffraction (XRD), Raman

spectroscopy, atomic force microscopy (AFM), highalution electron energy loss spectroscopy



(HREELS), and temperature programmed desorptiorDjThvestigations on high pressure
chemical vapor deposition (HPCVD)-grown InN samplevealed the presence of tilted
crystallites, which were attributed to high groufiMlux ratio and lattice mismatch. A study of
the thermal stability of HPCVD-grown InN epilayemsvealed that the activation energy for
nitrogen desorption was 1.6+0.2 eV, independenttr@ group V/III flux ratio. Initial
investigations on the ternary alldgo osGa 0dN showed single-phase, N-polar epilayers using
XRD andHREELS, while a thermal desorption study reveale@etivation energy for nitrogen
desorption of 1.14 + 0.06 eV.

HREELS investigations of atomic layer epitaxy (Akgtpwn InN revealed vibrational
modes assigned to N-N vibrations. The atomic hyelnogleaned InN surface also exhibited
modes assigned to surface N-H without showing Isgédcies, which indicated N-polar InN.
Complete desorption of hydrogen from the InN swefaeas best described by the first-order
desorption kinetics with an activation energy @&+ 0.06 eV and pre-exponential factor of (1.5
+0.5) x10 s™.

Overall, we have used mumber of techniqueso characterize the structure, surface
bonding configuration, thermal stability and hydeag desorption kinetics of InN and
Ino.0sGa 0N epilayers grown by HPCVD and ALE. High group Viprecursors ratio and lattice
mismatch have a crucial influence on the film owion. The effects of hydrogen on the
decomposition add to the wide variation in thewation energy of nitrogen desorption. Presence
of surface defects lowers the activation energyhfarogen desorption from the surface.

INDEX WORDS: Indium nitride, surface structure,ghiresolution electron energy loss

spectroscopy, tilted crystallites, polarity, thetntesorption, activation
energy



INDIUM NITRIDE SURFACE STRUCTURE, DESORPTION KINETIS AND THERMAL

STABILITY

by

ANANTA ACHARYA

A Dissertation Submitted in Partial Fulfillment thle Requirements for the Degree of
Doctor of Philosophy
in the College of Arts and Sciences
Georgia State University

2013



Copyright by
Ananta Raj Acharya
2013



INDIUM NITRIDE SURFACE STRUCTURE, DESORPTION KINETIS AND THERMAL

Electronic Version Approved:

Office of Graduate Studies
College of Arts and Sciences
Georgia State University

August 2013

STABILITY

by

ANANTA ACHARYA

Committee Chair: Brian D. Thoms

Committee: Nikolaus Dietz
Vadyam Apak
Douglas Gies

Mukesh Dhamala



Dedicated to my parents, lovely daughter Monica, $DAsmin
And

wife Muna



ACKNOWLEDGEMENTS

I would like to express my deepest gratitude amdese thanks to a number of people
who inspired and supported me towards my Ph.Dietughd helped me complete it. First of all,
I would like to thank my advisor Dr. Brian D. Thonfer his continuous guidance and
supervision that made this work possible. He wasgd ready to explain and help me when |
had problems and confusion about conducting ex@grisy maintaining devices, analyzing the
data and correcting my writing. | found myself extrely fortunate to work with an advisor like
Dr. Thoms.

Next, | would like to express my sincere thanksPtof. Nikolaus Dietz, not only for
providing the InN and InGaN samples but also fmie®ing the contents of my papers and his
constructive advice from his expertise in nitrigengconductors. | am grateful to my previous
lab mate, Dr. Rudra P. Bhatta, who helped me irmdlvagm and maintaining UHV equipment, and
running the experiments. | definitely express mgnits to Dr. Max Buegler and Sampath
Gamage from Dr. Dietz's group who worked late nigliequently to produce good quality InN
and InGaN samples. Also, | am grateful to other imer® in Dr. Dietz’s research group, Dr.
Ramazan Atalay, Indika Kankanam@asanga Samaraweera, and Kasuni Nanayakkara for the
valuable suggestions and conversations relatedesearch and daily life. | would like to
acknowledge Charles Hopper, Peter Walker and otihetise instrument shop of Physics and
Astronomy at GSU for construction and repairingtpaf UHV system. | want to gratefully
acknowledge former head of the department Dr. ReciMiller, former graduate director Dr.

Unil Perera, present department chair Dr. Michaeh€haw, and graduate director Dr. Xiaochun



Vi

He for helping me in every aspect and providingwiid useful guidance in order to complete
my graduate study.

I would like to thank to my parents, my daughterriiéa, son Asmin and my brothers for
their unconditional infinite love and support thghwut my endeavor. | am forever indebted to
them for their constant support which made me wiaat today. Finally, | would like to express
my special thanks to my lovely wife, Muna, for farlove, invaluable dedication, sacrifice and
companionship. For me, she has always been a sotinspiration to work hard and succeed.
Without her presence, it would have been much nddfeult to finish this dissertation. Being
the closest person to me, she had to suffer thraugimber of ups and downs during my Ph.D.
studies. However, she never stopped bringing hagpirand joy in my life which always
encouraged me to work harder and make my studiesessful. Thank you so much for

everything you have done for me.



ACKNOWELEDGEMENTS . ..o e e e e e e e \Y
LIST OF TABLES. ... .o e e e e e e e e e eee s Xi
LIST OF FIGURES ..ottt eeee s Xii
LIST OF ABBREVIATIONS. .....uitiiiiiiiiiiitiiiiiimneeis e Xiv
1 INTRODUCTION AND MOTIVATION ... e 1
00 R 11 (o T U T i o o PP PP TTRRPPTPTRRRIR 1
N |V 0] 1) V7= [0 o PP PP PP PP PPRPRRR 3
2 GROUP IlII-NITRIDE SEMICONDUCTORS ......ccoiiiiiieiiiiiiiieieeeeeeeeeeeeeeee e 5
2.1 INrOAUCTION ..o mr e e 5
2.2 PrOPEILES ... 6
2.3 NN e ———— e e e e e e e rn s 10
2.3 1 INIFOTUCHION ...ttt 10
2.3.2 GIOWEN ... e 12
2.3.2.1 Metal organic chemical vapor deposition ..........c.cceceiererienenieenieseneeiene 13
2.3.2.2 Molecular Deam EPItAXY........cccureruerererree e e 15
2.3.2.3 High pressure chemical vapor deposition ..........ccccevevvneniesesieeniesesienien 17
2.3.2.4 Hydride vapor phase €PItaXY ........ccccereererenieereesieniesesesseesreseessessesseessenns 18
2.3.25 Atomic layer depOSItiON ......cccovieriererierie e e 19
2.3.3 SHUCIUral PrOPEITIES......ccieieeeesiesieeee ettt ae e eeseesresneenens 21
2.3.4 EIECtriCal PrOoPErti€S.....ccceiveeiiiisiiriiese et 22
2.3.5 OptiCal PrOPEITIES.....ceieeee ettt e a e s ae e 24

vii

TABLE OF CONTENTS

PG K ST o) =T YRS 25



2.3.7 Desorption of NYArogen ... e 28
2.4 REFEIBINCES .....oiiiiiiiiee e e 30
3 CHARATERIZATION TECHNIQUES AND METHODS .......... i 38
0 R [ 0117 o 18 o1 1o o I PP PP PPPO 38
3.2 Low energy electron diffraCtion............ceeevvviiiiiiiiiiiiiiiiiiieiieiiiineeieieeneneeee 39
3.3 Auger electron SPECITOSCOPY ..uvvrrrrrrrrrmmmmmsnnnnnnnnnnasssssaassassassassasesessassnns 43
3.4 REAMAN SPECIIOSCOPY .evuuneeeiiierrrrnnnn s e e eeeeesastnnseseeseeesssnnnaseeeeessennnnnsesns 48
3.5 X-ray diffraCtioN........cooiiiiiiiiiii s 51
3.6 Infrared reflection SPECIrOSCOPY .....covviiiiviiiiiiiieiiiiieiieivevieieebererereneeenenneeee 53
3.6.1 Theoretical MOUE ..o s 53
3.6.2 Experimental Methods...........ccooiiiiiine e 54
3.7 High resolution electron energy 10SS SPECIrOFBY. ......cvvvvveereerrereiiiiiieiiiiienenes 54
3.8 Temperature programed deSOrPioN .........cccceereeimiiiiiiiiieiiiiieieeiieierineeenanennd 95
3.8.1 EXPErimental SEL U ....cooe ettt s 59
3.8.2 Theoretical background ... 60
3.9  AtOMIC fOrCE MICIOSCOPY .....uuuuuunnnnnniarareeeeeeeeeeeeeeeeeseesseseesssssnssssnssessnenenes 64
3.10 Experimental MethOdS .......ccoooiiiiiiiiimmm s 67
G300 0I5 011 (] T PSR 67
3.10.2 Atomic hydrogen CleaNiNg ........ccceuererirrese e e 68
T (0 I Y o 1= 11 T ST 71
3.11 Gas handling SYSIEIM .....c.cvuiiiiiiiiiiieeeeeeereetrerieieeeeeeeeeeeserereaeeeneneerrrerenaeeeeees 72

I B = =Y (=] (=Y o [ =TT 73



4 OBSERVATION OF NH2 SPECIES ON TILTED INDIUM N ITRIDE(011 1)

O i S SRR 76
4.1 ADSIFACT ...t ettt nne et et e e e eeeeee e 76
A 1111 (o o (8T i (o o PP PRSP PPPPRPPPI 76
4.3  Experimental Methods ..........oeeiiiiiiiiceeee e 78
4.4  ReSUIS aNd AISCUSSION.....ceeiiieiii sttt et eee e e s s st e eeeee e e s ssnmneeeeees 80
4.5 CONCIUSION ...ttt e ettt ee ettt e e e e et e e e e e e e s st e e e eennebnneeeeeas 84
4.6 REFEIENCES ....oiiiiiiiiiieee ettt e e e 91

5 THERMAL STABILITY OF INDIUM NITRIDE EPILAYERS GROWN BY

HIGH PRESSURE CHEMICAL VAPOR DEPOSITION......ccccot teeiiiiiee e 95
5.1 ADSHACE ... 95
I [ 011 oTo (8o (o] o AR PP TSP PPPPPPPRN 95
5.3  Experimental Methods ...........oooiiiiiiiieeee s 98
5.4  ReSUItS and diISCUSSION.........cc.uuveteimmm s eeeeeee e e ettt e e e e e e s s iinreeeeesnes 100
5.5 CONCIUSION ....ooiiiiiiiiiiiite it e e e 103
5.6 REEIEINCES ....oeiiiiiiiiiie e 110

6 SURFACE STRUCTURE, POLARITY AND SURFACE KINET ICS OF

INDIUM NITRIDE GROWN BY PLASMA-ASSISTED ATOMIC LAYE R

EPITAXY: AHREELS STUDY ...ttt e e et e e e 112
6.1 ADSIIACT ....eiiiiiiieii ittt emmm e 112
6.2 INrOAUCTION ...ttt meeene e e e e e ee e 112
6.3 Experimental Methods ...........oooiiiiiiiieeee e 114

6.4 RESUItS AN iSCUSSION. ... ccuienieee e ettt e e e e e e e e e e e ee e eeaermeeen s 116



(ST T 4o o3 (8151 (0] o F TR 120
(S T = (oY (=] (=1 06T TSP 124
7 STURCTURAL, COMPOSITIONAL, AND THERMAL STABIL ITY

STUDIES ON In;.xGaxN EPILAYERS GROWN BY HIGH PRESSURE

CHEMICAL VAPOR DEPOSITION .....utit it e et e e e e e 126
T.1 ADSETACT ...eeiiiiiii ettt emmmm et e e 126
7.2 INTFOAUCTION ...eeiiiiiiiiie ettt e e e e e e rmnnnee e e e e e 127
7.3  Experimental MethodsS ..........ooovviiiiiiieeeei s 128
7.4  ReSUItS and dISCUSSION.........cc.uuveteimmm et eeeeeeees sttt ee e e e e e e s e iinreeeeesnas 130
7.5 CONCIUSION ... e e e e e e e 134
7.6 RETEIENCES ... e e e 138

8 SUMMARY AND FUTURE WORK ..ottt i e e e 141
8.1 SUIMIMAIY ...ttt oot e ettt e e e e e e e e enneeennn s 141
8.2 FUIUIE WOIK ...ttt e e e e e e e e e e e e e e e e aa e e e 143

R I = =Y (=1 (=] 4 (o =T TR 145



Xi

LIST OF TABLES
Table 2.1 Properties of wurtzite H-Nitride MaBBE ..............uuuurimmimiiiieeiieeeen e mm—————eeeeeenn. 9
Table 3.1 Raman selection rules for hexagonal giduptrides. ..........ccccocviiiiiiiiiiiiiennnnne. 50
Table 4.1 Raman spectroscopy results and asSIgBMENL.............uuvvvvviririreierereees e 86
Table 4.2 HREELS vibrational frequencies and assgmts from INN .............c.oooeeeeiinnce 87

Table 5.1 Summary of the results for thermal siigtolf INN reported in the literature and

Lol LT 0 ] TP 105



Xii

LIST OF FIGURES

Figure 2.1 Wurtzite crystal structures of a) InggdhN and b) N-polar INN............ccccccieeee 27
Figure 3.1 Schematic diagram of the LEED SYStemMlcc........cviiiiiiiiiiiiiiiiiiieiiiiieiiieeeeeeeeee e 42
Figure 3.2. Schematic representation of Auger BIagDIrOCESS..........uuvvvvrirrrmiuiiiieninremmeeneenes 46
Figure 3.3 Schematic diagram of AES @pparatuS..........cccoeeeviiiiiiiiiiiiiiiiiieeseeeeeee e 47
Figure 3.4 A schematic diagram of X-ray diffraCtion.............ccoeeiiiiiiiiiiiiiiiiiiiieeee e 52
Figure 3.5 Schematic representation of HREELS theQr..............oouviiiiiiiiiiiiiiiiiinns 57
Figure 3.6 Schematic representation of HREEL spa@#ter................ccooiiiiiiiiiiiiiiiiiceenen. 58
Figure 3.7 Schematic diagram Of TPD SYSIEM. e 62
Figure 3.8 Schematic representation of various mi¢ism orders from the surface............... 63..
Figure 3.9 Diagram of an atomic force miCroSCOMYUER........ccoeviiiiiiiiiiiiiiiieee e eeeeeeeeens 66
Figure 3.10 Schematic representation of atomic dgy@in cleaning process...........ccccvvevevens 70Q.

Figure 4.1 Raman spectrum of an InN layer growsapphire with deconvolution of the

Raman modes USING GAUSSIAN CUNVES.........cuuuiuiieeieeieiiieieeeeeieeeeeeeeeeereeseesrenreenesaeseaaaeeeeeees 88
Figure 4.2 X-Ray diffraction results of HPCVD-grownN in ®-20-geometry................... 89
Figure 4.3 HREEL spectra of HPCVD-grown InN aftearaic hydrogen cleaning............... 90

Figure 5.1 Mass spectrometer signal intensity twtbgen species desorbed from InN as a
function of temperature. These data were collefrtad InN layer grown with a V/III

precursor ratio of 2400 although data from othenas are similar.......................o....e. 106
Figure 5.2 Mass spectrometer signal intensity ®afwu as a function of temperature
measured while sample temperature was increaseatliynat 30 °C /min from InN

samples of V/III precursor ratios varying from 12004800.............coviiiiiiiiiin i, 107
Figure 5.3 im x lum AFM images for InN epilayers deposited on sapp(0001) substrates.

The layers were grown with group V/IlIl molar presoir ratios of (a) 1200 (b) 2400, and (c)



Xiii
4800. Analysis of the images yields average gramssof 180 nm, 200 nm and 220 nm for
the three films, reSPECHIVEIY........oo i 108
Figure 5.4 Natural log of 28 amu mass spectronsggral as a function of 1/KT for InN
sample with V/III- ratio of 2400 while sample tennaeire was linearly increased at 30 °C
per minute. The activation energy was calculateédguhe slope of the best fit line for
the linear region Of the graph............. e 109
Figure 6.1 HREELS of InN after atomic hydrogen atwmimic deuterium cleaning. Spectra
were acquired in the specular direction with andent electron energy of 7.0 eVv............... 211
Figure 6.2 HREEL spectra after InN sample prepanaby atomic deuterium cleaning
(ADC) and after heating to 275, 300, 325, 350 arsl & for 900 s. The surface was
restored to the same initial state with ADC prmetch heat treatment..............ccooovveeeeee 122
Figure 6.3 Fitting of first and second-order desiorpkinetics to deuterium coverage
(obtained from HREELS N-D stretch intensity) foNlIsample after preparation by atomic
deuterium cleaning and after heating for 900 s/ 300, 325, 350, and 375 °C. Equations
and parameters used in the fitting are describ@iaaext..............oooviiiiiiiiiiiiiiii e 123

Figure 7.1 X-Ray diffraction results of HPCVD-grown ¢eGa 0N in ®-20-geometry......... 135
Figure 7.2 HREEL spectra of HPCVD-grown §§Gay o4\ after atomic hydrogen and

atomiC deuterium ClEANING. ... ..o et e s e e sebsbenenennne 136

Figure 7.3 Mass spectrometer signal intensity twtbgen species desorbed from

INp.9sGaodN as a function of temperature.........cocceecee oo 137



Xiv

LIST OF ABBREVIATIONS

ADC atomic denuen cleaning
AES auger electspectroscopy
AHC atomic hydrogen cleaning
Al aluminum
ALD atomayer deposition
ALE atomigéda epitaxy
AlGaN aluminum gathitnitride
AlGalnN aluminugallium indium nitride
AIN aluminumitride
Al,O3 lumina (sapphire)
Ar argon
CAICISS coalXimpact collision ion scattering spectroscopy
CBED convergent beam electron diffracti
CCD chamgmipled device
CO carbon roride
D, deuterium
ECR electron cyclotronaeance
EELS electron energy loss speciopy
F-K Fuchs-Kliewer
FWHM full-width at half-mianum
Ga galllium

GaAs gallium arsenide



GaN
GPa
H>
HPCVD
HREELS
HVPE
In
INAIN
InCl
InCl3
InGaAIN
InGaN
InH

INnN

InP

keV

KOH

LCD
LD

LED

XV

gallium nitride
gigapascal
hydrogen
high pressahemical vapor deposition
high resabutielectron energy loss spectroscopy
hydride vapdrase epitaxy
indium
indium alummunitride
indiuchloride
indium trichloride
indium gallium aluminum nidke
indium lyain nitride
indium hydrogen
indium nitride
indium phosphide
infrared
kelvin
kiloeteon volt
potasium hydroxide
Langmuir
liquid ctgs diode
laser diode

light emitg diode



LO
LPCVD
LPE
MEE
MESFET
MgO
MMHy
MOCVD
N>
NaOH
NH3
N-H
N-N
PA-ALE
PID

PL

PLE

PR
QMS
RBS

RF

RFA

Ru

XVi

longitudingptical
low-press chemical vapor deposition
liquid pleaspitaxy
migration enlsad epitaxy
tadesemiconductor field effect transistor
magnesium oxide
monomethylhydrazine
metal orgaiwhemical vapor deposition
nitrogen
sodium hydroxide
ammonia
nitrogen-hydrogen
nitrogamtrogen
plasma-agsisatomic layer epitaxy
proportadmntegral differential
photoluminescence
photoluminescepgeitation
photo modutlateflection
guaalnle mass spectrometer
hetford back scattering spectroscopy
radio-frequency
retarding field analyzer

ruthenium



SCCM

Si

ST™M

TEM

T™MG

T™I

TO

TPD

UHP

UHV

uv

XRD

XVii
standard cubic centimeter
silicon
scanntngneling microscope
transmission electron microscopy
trimethylgallium
trimethylindium
transveogxical
temgteire programmed desorption
ultrahighriy
ultrahiglhhcuum
ultraviolet
x-ray diffraction

watt



1 INTRODUCTION AND MOTIVATION

1.1 Introduction

This thesis describes the surface properties,rpso kinetics and thermal stability of
INN and In.,GaN epilayers. This work contains a detailed desiaipbf the characterization
techniques and apparatus in addition to the residilthe investigations themselves. Chapter 2
gives an introduction to Group llI-nitride semicaatbrs, especially InN, which is followed by a
discussion of some important properties and appbics. In addition, a brief introduction of the
most common growth techniques for Ill-nitride seomductors is presented. In chapter 3, the
experimental techniques and methods which were @raglto characterize the grown films are
discussed. The structure, film orientation andax@fconfiguration of high pressure chemical
vapor deposition (HPCVD)-grown InN are describectimapter 4. An investigation of thermal
stability of HPCVD-grown InN epilayers is reportéd chapter 5. In chapter 6, the surface
properties and thdesorption of hydrogen from the atomic layer degpmsi(ALD)-grown N-polar
InN surface are presented along with the determoinaif the thermal desorption kinetic parameters.
In chapter 7, structural, compositional, and thérstebility studies on kw«Gay 0N epilayers are
discussed. Finally, the important conclusions efiwthole study and future goals of the research
are presented in chapter 8.

The experimental results discussed in chaptensd4d5ahave already been published in
scientific journals.
X Observation of NH, species on tilted INN(0111) facets

A. R. Acharya, M. Buegler, R. Atalay, J. S. Tweedie, R. CollagoDietz, and B. D.

Thoms, Journal of Vacuum Science and Technolo@@ £4), 041402 (2011).



Thermal stability of InN epilayers grown by high pressure chemical vapor

Deposition

A.R. Acharya, S. Gamage, M. K. I. Senevirathne, M. Alevli,Bahadir, A. G. Melton, 1.

Ferguson, N. Dietz, and B. D. Thoms, Applied Swef8cience69, 1 (2013).

In addition, one related article has been publighatis not included in this dissertation.

Effect of reactor pressure on the electrical and stctural properties of InN
epilayers grown by high-pressure chemical vapor degsition

M. K. I. Senevirathna, S. Gamage, R. Ataldy, R. Acharya, A. G. U. Perera, M.
Buegler, A. Hoffmann, L. Su, A. Melton, I. Fergus@amd N. Dietz

J. Vac. Sci. Technol. A 30, 031511 (2012).

The experimental results discussed in chaptersl& ame being prepared for submission.

Surface structure, polarity and surface kinetics ofinN grown by Atomic Layer
Deposition: A HREELS study

A. R. Acharya, N. Nepal, C. R. Eddy, and B. D. Thoms, in prepana(2013).
Structural, compositional, and thermal stability stuudies on InygdGagodN epilayers
grown by high pressure chemical vapor deposition

A. R. Acharya, M. Buegler, S. Gamage, N. Dietz and B. D. Thomgreparation

(2013).

One additional study is being prepared for pubilocabut is not included in this dissertation.

/7
0.0

Desorption of hydrogen from a mixed polar InN surface grown by high pressure
chemical vapor deposition: A HREELS and TPD study

A. R. Acharya, S. Gamage, N. Dietz and B. D. Thoms, in preparg2013).



1.2 Motivation

The unique physical properties of InN such as Iff@ctive mass, high electron mobility,
saturation velocity and direct band gap make itoteqtial material for optoelectronic and
microelectronic device structures such as lightteems, sensors, and high electron mobility
transistors. In addition, InN is one of the binaonrners in the ternary alloy system_|GaN.
By changing the composition of In, the band gapnefGaN can be tuned from 0.7 eV to 3.4
eV covering a broad range of spectrum from neaaiafl to ultraviolet regions. This property
has made the InGaN alloy system a promising one for high efficierlght emitting diodes,
laser diodes and solar cells. The performance @fdévices depends upon the quality of the
films. However, the growth of high quality InN anddium-rich In,GaN has remained a
challenge mainly due to low dissociation tempergurhigh equilibrium vapor pressure of
nitrogen and lack of lattice matched substrategrdwing the growth of high quality materials
requires a better understanding of the growth mashawhich enables choosing the appropriate
growth parameters such as temperature, reactosysegrecursors ratio, precursors flow rate,
and substrate. Furthermore, understanding thecaudeoperties, reactions and thermal stability
of the grown epilayers provides better choicesh@a growth conditions and techniques. The
work described in this dissertation is part of dforé to gain a better understanding of the
surface properties, growth reactions and thernadlilgtty of INN and In..GaN epilayers.

Developing detailed models of film growth requirdstailed knowledge of surface
properties such as structure, morphology and bgndonfiguration. To make heterostructure
devices, layers of one material are grown on thitase of other materials. The growth rate and
quality of the epilayers depend on a number ofdiacsuch as surface termination, defects and

morphology. For example, the growth rate on theatnated surface is greater than that on In-



terminated surface and the growth rate is highea earface with fewer defects. In addition, the
study of these properties provides a knowledge datian for the design and production of
device structures with predictable device propsrtie

During the metalorganic growth of InN films, surdameactions involving hydrogen are
important steps. When a precursor such as trimathiyin (TMI) is decomposed during the
growth of InN, surface hydrogen atoms are produtéése surface hydrogen atoms may reduce
the number of available reaction sites for indiund aitrogen precursors affecting the quality
and composition of the films. Surface hydrogen a&opnoduced by the decomposition of
precursors during the growth are most frequentiyiabted by desorption after reacting with
adsorbed methyl groups or other hydrogen atomsteftre, understanding the mechanism and
kinetics of hydrogen desorption is an importanp ste the growth mechanism. On the other
hand, the study on the thermal stability of thelayirs is significantly important for a better
understanding in the growth mechanism which pravidéormation about the temperature up to
which the epilayers are stable. Therefore, undedstg the kinetics of hydrogen desorption and
thermal stability of the epilayers provides limfty the growth window and informs choices

regarding the growth conditions and techniques tdwae growth of better quality epilayer.



2 GROURP Il = NITRIDE SEMICONDUCTORS

2.1 Introduction

A lll-nitride compound semiconductor is formed dhe bonding of one of the group Il
elements such as, boron, aluminum, gallium or imdwith the group V element, nitrogen. The
llI-nitrides and their alloys are direct band gamsconductors. Their band gap varies from 0.7
eV for indium nitride (InN), 3.4 eV for gallium mide (GaN), to 6.2 eV for aluminum nitride
(AIN). Ternary llI-nitride alloys like indium gallim nitride (InGaN), indium aluminum nitride
(InAIN), and aluminum gallium nitride (AlGaN) offethe tunable band gap which covers the
whole visible spectrum and into the deep ultraviqldV) region. So, lll-nitride alloys are
particularly suitable for applications in optoelectic devices for solid state lighting, such as
laser diodes (LDs) and light emitting diodes (LEDHjgh electron mobility and saturation
velocity, high breakdown field, and high thermalndactivity are advantages of lll-nitrides
especially for high-power, high-speed electroniise developments in the field of lll-nitride
semiconductors have been spectacular due to tighiyhattractive inherent properties. The
outstanding achievements in the development of/blwaviolet (UV) LEDs, LDs and high-
frequency transistors operating at high powers #smperatures [1-3] have proved the
remarkable advantages of lll-nitride semiconducigstems. The wide band gap energy range
also makes these materials good candidates forkadydayers in solar cells since the absorption
edge of these materials can be varied to optimetkeetficiency. IlI- nitride based electronic
devices are also more environmentally friendly liseathey do not contain toxic elements such
as arsenic that are used to fabricate other contpsamiconductors such as gallium arsenide

(GaAs).



In the recent years, the llI-nitrides based redeaas attracted remarkable attention and
gained a significant position in the science amntinelogy of compound semiconductors due to a
great number of possible applications of IlI-niridemiconductors. GaN and its alloy InGaN
have become dominant materials for producing higighiness LEDs and LDs that emit light in
the green/blue region of the visible spectrum. INGased light emitting diodes are already in
use in full color liquid crystal diode (LCD) dispts and traffic lights. All these applications
demonstrate the technological relevance of thaitilde compounds and the reason for these

materials to be the subject of an active reseaeddh. f

2.2 Properties

The binary group llI-nitrideé\IN, GaN and InN can crystallize in three structyhases;
(@) wurtzite, (b) zincblende and (c) rock-salt (WaGHowever, wurtzite structure is the
thermodynamically stable phase at ambient conditipf6]. The zincblende structure is
metastable and can be stabilizedhayeroepitaxial thin film growth on the (001) ciisplanes
of cubic structures such as Si, Mgidd GaAs [7]. A phase transition to the rock-salicture
takes place at high pressure [The wurtzite and zincblende structures are similamany
aspects. In both cases, tr@up Il element is surrounded by four atoms &f ¢ginoup V element,
which are arranged at tieelges of a tetrahedron. Likewise, the group V efgnsesurrounded by
four atoms of group Il elements. Also, the twelwext-nearest neighbors are at the equal
distance in both structures. The main differencevéen wurtzite and zincblende structure is
found only from the third next nearest neighbdnst is, they have different stacking sequences.
The stacking sequence of the wurtzite structuraga[0001] is ABAB, while that of zincblende

structure along [001] direction is ABCABC, where B, and C refer to allowed sites of the IlI-N



pairs of the closed-packed layers. A fault in staglsequence may transform one structure into
another or create a structural defect. The wurtitecture can be transformed into the rock-salt
structure at high pressures. In this transformatibe bond character changes mostly from
covalent to ionic and from four to six fold coordion of atoms. The structural phase transition
was experimentally observed at pressures of 228, GP.2 GPa and 12.1 GPa for AIN, GaN

and InN, respectively [8-10].

As mentioned above, the llI-nitride semiconductansl their alloys are direct band gap
semiconductors. The band gap energy of a semictordig an important parameter that
determines its transport and optical propertiesvak as many other phenomena. The major
technological advantage of the lll-nitride systesrthat by alloying GaN with InN and/or AIN
the band gap can be tuned in a controllable fastmwering a wide spectral range from deep UV
(AIN = 6.2 eV) to near IR (InN = 0.7 eV). So, termand quaternary alloy systems of AIN, GaN
and InN (such as InGaN, InAIN, AlGaN, and AIGAInEan have continuous band gap energy
from 0.7 eV to 6.2 eV depending upon the compasitibln or Ga or Al in the alloy system.

A unique characteristic inherent in llI-nitridesthe strong polarization [11, 12]. Due to
the lack of a center of symmetry and the largecioyniof the metal-nitrogen bonds, spontaneous
polarization is present along the c-axis in thetaite structure of the llI-nitride materials. Also,
the introduction of an external strain on this stinee produces piezoelectric polarization. So, the
net polarization is composed of two parts: (1) $aoeous, which is inherent to the material and
(2) strain-induced piezoelectricity; both are ieihced by the polarity of the IlI-nitride.
Spontaneous and piezoelectric polarizations prasentrtzite lll-nitrides influence the optical

and electrical properties of the material.



The chemical bonding within llI-nitrides is veryrang. Due to this strong chemical
bonding, IlI-nitride semiconductors have a high tmel point, mechanical strength and chemical
stability. In addition, their strong bonding mak#sm resistant to high-current electrical
degradation and radiation damage that is presethteiractive regions of light emitting devices
[13]. These materials also possess good thermaduotinity. Ill-nitride based devices can
operate at high temperatures as well as in hastironments.

The performance and efficiency of llI-nitrides bas#ectronic devices depend upon the
electronic properties, particularly carrier concation and mobility. A range of values of
electron mobility and background concentration hia@en measured for AIN, GaN, and InN by
using Hall measurements. Carrier mobility depengsnuvarious factors such as temperature,
electric field, doping concentration and materiablify of the semiconductors. If the lattice
mismatch is large then the value of carrier mopiig low. Using a buffer layer during the
nucleation reduces the strain which enhances tieicenobility.

The optical properties of the lll-nitride based ideg depend upon some important
factors such as refractive index and dielectricstamt of the materials. Some important
structural, electronic, thermal and optical proesrof wurtzite AIN, GaN and InN are listed in

Table 2.1.



Table 2.1 Properties of wurtzite Ill-nitride tagals

7,14-21

Propert AIN GaN InN
Thermal expansion coefficie
(300K)
a(x 1(°K™ 4.2 5.5¢ 5.7
c (x 1C° K™Y 5.2 3.17 3.7
Thermal conductivity (Wci'K™) 2.C 1.2 0.€
Melting point (°C >300( >250( >110(
Bulk modulus (GPa) (300l 21C 210 £ X« 14C
Refractive inde 2.2 2.3t 2.5¢
Bond length (A 1.8¢ 1.94 2.1F
Cohesive energy per bond (¢ 2.8¢ 2.2¢ 1.9¢
Lattice constant (£ 43.11,°4.97 #3.18 °5.1¢ 43.545.7(
Energy gap (e\ 6.2 3.3¢ 0.7
Effective electron mass () 0.4¢ 0.2 0.0¢
Electron mobility (cr’v's™) 300(Theo. 1000 (Theo. 14000(Theo
426 (Expt. 900(Expt. 3980(Expt.
Peak drift velocity (x 1’cm ¢%) 0.0z 3.1 4.z
Electron concentration (¢®) <1C* ~ 1" >10"
Dielectric constal g = 8.5+ 0.; g0 =10.( g =15.2
€, = 4.6¢-4.84 €,=b.k £€,=8.
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2.3 InN
2.3.1 Introduction

Among the lll-nitride semiconductors (INN, AIN ar@aN), InN has been the least
studied semiconductor. The main reasons for pasg attention to the study of InN than that
of GaN and AIN are as follows. First, the growthhigh quality single crystalline InN is a
challenge mainly due to the low dissociation terapee of InN and high equilibrium vapor
pressure of nitrogen over InN. One of the waysuoidhthermal dissociation is to grow InN
epilayers at low temperatures. However, at low terafure, the cracking efficiency of ammonia
(NH3) precursor is extremely low. Second, there exiermative, well characterized
semiconductors such as GaAs and AlGaAs, which lkeaeegy band gaps close to 1.89 eV, the
band gap previously associated with InN. Howewereicent years, the number of publications
concerning InN research has increased remarkahhgesithere have been significant
improvements in the growth of InN films.

The first attempt to synthesize InN was made aJand Hahn in 1938 [22]. They
obtained InN from Ing{NH,)3 and reported the crystal structure of InN to betzite. After that,
several attempts were made to synthesize InN by dod Rabenua in 1956 [23], Renner in 1958
[24], Pastrnak and Souckova in 1963 [25], and Samsin 1969 [26]. It was pointed out that
direct interaction of metallic indium and nitrogenan inactivated form does not take place even
at rather high temperatures [27]. McChesees. reported that the dissociation pressure of InN
is extremely high and InN is not formed by diregaction of N molecules and indium [28]. In
all of the above methods, interaction of indium eoond with ammonia or thermal
decomposition of the complex compound containingrid N was used, and the prepared InN

was in the form of powder or small crystals. Theiest success in the growth of InN with some
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good electrical properties was obtained by Hoved &uomo in 1972 [29]. A number of
investigations were carried out to characterizeftinelamental properties of InN. However, there
were wide variations in the reported values of amdntal parameters, including the band gap,
lattice constants, electron effective mass, andtrele mobility. After realization of the
commercial importance of the InGaN alloy systenowgh of good quality InN was pursued by
several groups but was not successful until thee1880s.

In the recent years, there have been significaptovements in the growth of InN films.
High quality single crystalline InN film with twokshensional growth and high growth rate are
now routinely obtained. The background carrier emtiation and Hall mobility have also
improved. A major breakthrough in InN research ozl few years ago, when the growth of
good quality single crystalline films of InN on gdyre substrate by molecular beam epitaxy
(MBE) was reported [30-32] and the band gap enesgg claimed to be 0.67+0.05 eV
[30,33,34]. With the discovery of this low band gagergy value of InN, the research interest in
the study of InN has increased dramatically. Bdthotetical calculations and experimental
results have shown that InN has some remarkablerrahaproperties such as low electron
effective mass, high electron mobility, high peakl @aturation velocity and a small direct band
gap [33].

InN is considered to be a very attractive matefaal future photonic and electronic
devices, such as high speed field-effect transisterahertz emitters, and high efficiency solar
cells, owing to its outstanding material properlige smallest effective mass, largest mobility,
highest peak and saturation velocities, and sntatleect band gap energy among nitride
semiconductors. The higher refractive index of lodipared to GaN and AIN is one of the

important aspects of using this material for phatdrand edge design [35]. The use of InN-
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based optoelectronic devices offers the potentiahoenvironmentally friendly red emitter with
no toxic elements to replace GaAs-based devicékidralso a potential material for transparent
conducting window material for heterojunction tamdsolar cells [36]. INN has a stronger
surface charge accumulation than InAs [37]. Theuamdated electrons, which largely stay
within 4 nm from the top InN surface, contributensiwlerably to the lateral conductivity of thin
InN films [38]. If this surface charge is sensititee environment and can be modulated by
external treatments, INN could be a sensitive sarensing material. INN and In-rich nitrides
have shown radiation hardness as measured by phot@scence and will be useful for a wide
range of sensing units operating in a high radia&ovironment [39]. Liet al. [40] studied the
electrical response of InN surface to chemical eyp® and demonstrated that InN surface shows
a fast response to certain solvent exposures wldinga increase in surface carrier density. This
increase in surface charge is accompanied by aaneement of an average Hall mobility and
both decay gradually. Similarly, by performing Merarlo simulations it has been shown that
InN is promising material for an emitter in the Tiequency range [41-44]. Other potential
applications of InN are in fabrication of metal-seomductor field effect transistor (MISFET)
devices [45], anodes for Lithium - ion thin filmtberies [46], and thermoelectric devices [47,

48].

2.3.2 Growth

As discussed before, the growth of InN is the mdifficult among the lll-nitride
semiconductors because the equilibrium vapor pressinitrogen over the InN is several orders
higher than that of AIN and GaN [49]. Due to thevItnN dissociation temperature and high

equilibrium nitrogen vapor pressure over the Inkhfithe preparation of InN requires a low
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growth temperature. Therefore, the current growdthods for InN and indium rich group IlI-
nitride materials have been dominated by low teruoee growth techniques such as, molecular
beam epitaxy (MBE), metal organic chemical vapgradition (MOCVD), hydride vapor phase
epitaxy (HVPE), and atomic layer deposition (ALDhe important growth techniques which are

aimed to the growth of high quality InN and in-rigioup llI-nitrides are discussed below.

2.3.2.1 Metal organic chemical vapor deposition

Metal organic chemical vapor deposition (MOCVD)yamknown as metal organic vapor
phase epitaxy (MOVPE), is an arranged chemical vdpposition method. In this technique, the
crystals are grown by chemical reaction and nosjgay deposition. As of today, this technique
is preferred for the formation of devices incorgim@g thermodynamically metastable alloys, and
it has become one of the major processes in theuiaemre of optoelectronic devices. For
MOCVD growth of InN, trimethylindium (TMI) and ammda (NHs;) are used as an indium
source and a nitrogen source respectively. Nitrd®&h and Hydrogen (k) are being used as
carrier gas. Due to the low (~ 500 °C) growth terapee, the MOCVD growth of InN is
thought to be restricted by a low decompositiore rat NH;. Although a higher growth
temperature is expected to result in a higher deosition rate of NH it can also bring about
thermal decomposition or thermal etching of theagrdnN. On the other hand, growth at a low
temperature (<400 °C) is dominated by the formatibmetallic In droplets due to the shortage
of reactive nitrogen [50]. Epitaxial growth at lotemperature becomes impossible due to
reduced migration of the deposited materials. Tloeegthe region suitable for the deposition of
InN is very narrow. Experimental results show teahancement of NfHdecomposition, by

increasing growth temperature, group V/III precursatio and growth pressure, favors the
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MOCVD growth of InN. Matsuoakat al. reported that at a V/IIl ratio lower than 1.6%10
indium droplets formed on a surface [51]. The amainndium droplets present was decreased
with the increasing V/IIl ratio. At a ratio of motkan 1.6x18 the indium peak in the XRD
spectrum disappeared. The reason that a high Whlliratio is required is to provide sufficient
amount of reactive nitrogen, since the \lécomposition rate is low at low growth temperatur
However, in the case of a relatively high growtmperature (~650 °C), the growth mechanism
is different. Since NEl decomposition is highly enhanced at such a highpégature, a high
input V/1I ratio impedes the growth. In additioenhancement of NHdecomposition results in
an increase of Hpartial pressure. Koukitet al. [52] reported that an increase of hydrogen in the
growth system resulted in a decrease of the InNslgpn rate. Thus the reaction depositing InN
proceeds more effectively in the inert gas systadhia prevented with the increase of fhis is
the reason that it is necessary to use an inertecagas in the growth of InN from indium
containing nitrides. In the growth of InN by MOCVIhe most crucial parameter to control the
film quality is the growth temperature. Growth tesmgture has a strong influence on the
crystallinity, surface morphology, growth rate,atecal, and optical properties of the grown InN
epilayers. Based on the overall quality of the grdwN film, the most suitable region for the
MOCVD growth of InN is 500 — 650 °C [50]. The grdwtate is found to be dependent on the
growth temperature. The growth rate increases witiheasing growth temperature and TMI
supply. Adachi et al. carried out a detailed stwahout the growth rate and its limiting
parameters for MOCVD growth of InN [53]. They repsat that the growth rate of InN increases
with increasing temperature over the range 400 6-%3 even at a constant TMI supply, and
showed a saturation against an increase in TMIlgupgich indicates that the growth rate is

limited by NH; decomposition at such temperatures. At 630 — &50t8e growth rate is
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proportional to TMI supply as NgHlecomposition is highly enhanced and a growth aathigh

as 0.8 microns per hour was attained at around65@8bove 650 °C, the growth rate decreased
with increasing temperature due to decompositiombd, and In droplet formation dominated.
However, according to Kellast al. [54] the growth rate drastically decreased withréasing the
temperature above 620 °C. The variation of the tatpre dependence in crystalline quality
and growth rate found by different groups is likelye to differences in the temperature
measurement methods and other parameters of theM#EQyowth system (e.g., horizontal or
perpendicular reactor, growth pressure, gas vgl@it flow system, susceptor structure, etc.).
The growth temperature was also found to be acatiparameter for the electrical properties of
the InN films. From both experimental and theowdtemalysis it has been reported that the most
suitable region of temperature for the MOCVD growthnN is 550 — 650 °C. In the MOCVD
growth system, growth pressure is also one of #siclparameters. However, there are very few
studies about the influence of growth pressuréhen MOCVD growth of InN. It was reported
that growth pressure significantly influences thewn InN film, especially the electrical
properties. The crystalline quality of the InN filgiown in low pressure was better than that
grown in an atmospheric pressure at low growth tratpre regime (~ 450 °C) [55]. However,
the electrical properties of the InN film grown atnospheric pressure was found to be better

than that for the film grown at low pressure, caavide temperature range [56, 57].

2.3.2.2 Molecular beam epitaxy
Molecular beam epitaxy (MBE) is another technigised for the epitaxial growth of
crystals. MBE growth is characterized by the intéoa of a single or multiple molecular or

atomic beams at the surface of a heated crystalibstrate. This interaction takes place in an
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ultra-high vacuum chamber (~¥@orr). At this pressure the mean free path ofs particle is
approximately 40 km; therefore the gas moleculds sullide with the chamber walls many
times before colliding with each other. The low kground pressure also provides the best
available purity, because the arrival rates of aombants are significant orders of magnitude
less than typical chemical vapor deposition condgi Unlike other deposition techniques, MBE
growth is able to grow impurity-free, quality filmsith abrupt layers. For the growth of llI-
nitrides, the solid sources of the group Ill eletsesuch as Ga, In, and Al are used. However,
nitrogen is supplied by the gas source suchaand NH. If the metalorganic chemical beams
are used as the group lll element sources, it lieccanetalorganic molecular beam epitaxy
(MOMBE) or chemical beam epitaxy. In both cases, khy issue in the growth is the nitrogen
source. Since the dissociation energy efnfblecules is as high as 9.5 eV, the supply pbak
to the substrate surface with the group-Ill eleraebeams cannot induce any growth of the
nitrides. In order to get atomic reactive nitrogie N molecules are dissociated by the radio-
frequency (RF)-plasma or the electron cyclotroromesice (ECR). In RF plasma, effective
generation of reactive nitrogen requires a smadape size. In case of an ECR plasma source,
the generation rate of reactive atomic nitrogemaases with increasing input microwave power.
Therefore, nitrogen ions with energy higher tha60~eV may induce defects in the epitaxial
layer. Koukitu and Seki [58] reported a thermodyiaanalysis on the MBE growth of IlI-
nitrides. The chemical reaction, which connectsjpdcies at the substrate is,

In(g) + N(g) = InN(s). (2.1)
In the case of NK] the reaction is

NHs(g) — (1-0)NH3(g) + @/2)Nx(9) + (3a/2)Hx(g), (2.2)

wherea is the molar fraction of the decomposedNH
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Koukitu and Seki calculated the phase diagram duitie deposition to find the suitable growth
conditions for the MBE growth of lll-nitrides. Theseported that the growth temperature
suitable for the growth of InN is 600 to 700 °Cwi¢/lll > 1. However, experimental growth
temperature range is from 450 to 550 °C which ishmawer than that predicted theoretically.
The growth of good quality InN epilayers by MBEhaique started in 2002. In this year,
Davydovet al. [30] grew single crystalline hexagonal InN samplg¢sch had a band gap value
of < 1.1 eV. Mamutiret al. [59] grew undoped InN layers on the c-plane sapbubstrates
using ECR- plasma assisted MBE. &ual. [60] grew InN layers by rf-MBE technique which
provided the band gap energy of < 1 eV. For thevtr@f InN layers in the MBE chamber, both
groups used a turbo molecular pump to get the passsure ~ I8 Torr. Metallic indium was
supplied from an effusion cell. An ECR plasma sewrtEPI unibulk rf-plasma source was used
for generating atomic reactive nitrogen with floates from 0.7 to 5 standard cubic centimeters
per minute. During the growth, the nitrogen flusused a nitrogen partial pressure of 1.8%10

Torr in the MBE chamber.

2.3.2.3 High pressure chemical vapor deposition

In MOCVD and MBE techniques, InN epilayers are vgnounder low pressure
conditions. However, this is problematic becausedbcomposition temperature of InN is low
and the equilibrium pressure of nitrogen risesdigpwith the increase of growth temperature
[61].These problems of growth at low pressure ereadriations in the measured values of
material properties due to point defect chemistrinN which at present are not well understood
[62]. In addition, the growth of llI-nitride alloyat low pressure is a challenge due to the

constraint that InN growth requires temperature80€ °C while good quality GaN and AIN
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growth requires temperatures > 1000 °C. It is rpbthat INN can be grown at much higher
temperature if stabilized at high nitrogen press{ié&]. Motivated by this, a novel high pressure
chemical vapor deposition (HPCVD) system has besreldped in Dr. Dietz’s research lab at
Georgia State University, Atlanta, USA. This systaiows the control of vastly different partial
pressures of constituents involved in the growthndf and indium-rich group lliI-nitride alloys
[64-69]. The HPCVD reactor system utilizes the pdl@recursor injection technique, which is
essential in order to achieve compression of tleeysors to reactor pressure, minimization of
gas phase reactions, optimization of nucleatioretits and analysis of gas phase and surface
decomposition dynamics in real-time. The detailstied design of HPCVD reactor system,
growth procedure and real time optical characteaomaof InN growth can be found in Mustafa

Alevli's dissertation [70].

2.3.2.4 Hydride vapor phase epitaxy

Hydride vapor phase epitaxy (HVPE) was demonstragethe first epitaxial growth of
InN [71]. This growth technique has received muttardgion due to its capability of high growth
rate compared with that of MOCVD and MBE growthhieicues. HVPE method has been used
to deposit single crystal layers of both GaN anN Adr over 3 decades. The HVPE process is a
chemical vapor deposition method, which is usuadlgried out in a hot wall reactor (horizontal
or vertical) at atmospheric pressure. For the dgnowoft InN, the source materials are indium
monochloride (InCl) or indium trichloride (Ing}las In source and N+or monomethylhydrazine
(MMHy) as N source. A higher growth rate was obedrusing the INnGINH3; material source
system as compared to the InCl-Nhhaterial source system. Due to the slow progress a

technical challenges in growing bulk layers via MCand MBE, the HVPE method has been
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a pathway to produce substrate materials of gruptitide semiconductors. Free standing GaN
wafers with an electron mobility of 1320 &ivis and a donor concentration of 7.8%16m*
have been grown by this method [72, 33]. It isorggd that the dislocation density in GaN
layers decreases with an increase in layer thickfigd]. So, HVPE is an attractive method for
the growth of quasibulk materials, which can previdttice matched growth surfaces and thick,
strain relieved buffer layers. The growth of InNlagers has been attempted on a GaN buffer
layer using InG+-NHj3; source system at growth temperatures as high@8@$74]. It is reported
that the growth rate decreases with the increageaoith temperature and for the growth of InN

at high temperature, a high input partial pressfil@Cls is required.

2.3.2.5 Atomic layer deposition
Atomic layer deposition (ALD) was originally deepled for fabrication of

polycrystalline luminescent ZnS:Mn and amorphouglAlnsulator films for electroluminescent
flat panel displays, and the method itself was &stratomic layer epitaxy (ALE) [75]. The early
ALE literature dealt with polycrystalline 11-VI copounds and amorphous oxide films [76].
Since 1985, epitaxial growth of 11I-V and 1I-VI counds gained much interest [77-79], but
no real breakthrough was achieved in this areatoulke complicated surface chemistry. Since
the mid 1990s, rapidly increasing interest towaddl® has originated from the silicon based
microelectronics. This increase is a consequendbeokver decreasing device dimensions and
increasing aspect ratios in integrated circuit9.(lhe ALD method relies on alternate pulsing of
the precursor gases and vapors onto the subsuaiEces and subsequent chemisorption or
surface reaction of the precursors [80]. The reastqurged with an inert gas between the

precursor pulses. With a proper adjustment of ¥peemental conditions the process proceeds
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via saturative steps. Under such conditions thevtjrds stable and the thickness increase is
constant in each deposition cycle. The self-lingitgrowth mechanism facilitates the growth of
conformal thin films with accurate thickness ongkarareas [81]. The growth of different
multilayer structures is also straightforward [8Zhese advantages make the ALD method
attractive for microelectronics for manufacturinf foture generation integrated circuits [83].
Just like MOCVD, ALD processes may also be perfatimemany kinds of reactors over a wide
pressure range. The characteristic feature of Atli2, use of sequential saturated surface
reactions, gives rise to inherent surface contharacteristics in ALD processing. Instead of
being a source- or material flux-controlled metloddnaterial deposition, ALD can be classified
as a surface-controlled method of growing mateAatordingly, the rate of growth in ALD is
proportional to the repetition rate of the reactg@guences rather than to the flux of reactant.
Any MBE or CVD system can be used in ALD mode pded that there are means for switching
the fluxes of the reactants. In MBE systems, thigckmg is generally made by using shutters
for internal heated sources. In CVD systems, @lrdactants are normally volatile gases and can
be switched by gas valving. The characteristicuieabf ALD is that each reaction sequence is
fed to a saturated surface condition on the sulstwehich means that the substrate temperature
and the vapor pressures of the reactants as witleagaction products must fulfill the saturation
requirements. The ALD method has already showratsatility in industrial use for deposition
of dielectric and luminescent films for electrolumascent flat panel displays. This technique has
great potential because of the accurate thicknessad in deposition of very thin films and
100% conformality. However, the major limitation ALD is evidently its slower deposition

rate.
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The samples studied in this work were grown by techniques (1) HPCVD in Dr.
Dietz’s lab at Georgia State University, Atlant&§AJand (2) plasma-assisted ALD in Dr. Eddy's

lab at Naval Research Laboratory, Washington D. C.

2.3.3 Structural properties

The quality and performance of the InN based desicaectures are dependent on the
crystal structure. Single crystal group Il nitrigemiconductors AIN, GaN and InN crystallize in
three structures: wurtzite (hexagonal), zincble(mbic) and rock salt. The hexagonal wurtzite
structure of InN is the thermodynamically stablegdin contrast to cubic Ill-V semiconductors
such as GaAs and InP which possess zincblenddwseyé4]. Juza and Hahn first reported the
crystalline structure of InN to be wurtzite havilagtice parameter a = 3.53 A and ¢ = 5.69 A
[85]. However, Tansley and Foley measured lattimeameter a = 3.548 A and ¢ = 5.760 A for
rf — sputtered InN film [86]. Davydoet al. reported the lattice parameter a = 3.536 A and
¢ = 5.7039 Ain the high quality hexagonal InN film [30]. A cormison of lattice parameters for
polycrystalline and single crystalline InN reportegdsome authors shows that the variation in a-
lattice parameter is very little and all the valaes quite close and are in good agreement with
the theoretical values scattered in the range ©f3e501 — 3.536 A. The experimental c-lattice
parameter scattered in the range of ¢ = 5.690 0554 and the theoretical reported values
scattered in the range of ¢ = 5.540 — 5.709 As Isuggested that the possible reasons for the
variation in experimental values are crystallinealgy and incorporation of oxygen
contamination [87].

There are several techniques to characterize tistat structure. However, x-ray

diffraction (XRD) is the most versatile and non tdestive technique used for the
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characterization of crystal structure. This techeicdivulges detailed information about the
crystallographic structure as well as the chemicamhposition of any natural and manufactured
materials. In order to investigate the microstruetaf InN films such as dislocations and grain
boundaries, transmission electron microscopy (TEM)generally used. Rutherford back
scattering spectroscopy (RBS) measurements arellysparformed to assess the film
stoichiometry. These techniques are commonly usedstudy the bulk crystal structure.
However, to analyze the crystal structure of thdase, the low energy electron diffraction

(LEED) technique is used. Details of this technigue presented in chapter three.

2.3.4 Electrical properties

With no intentional doping, as grown InN is alwags n-type with a very high
background carrier concentration. There has beanhnspeculation as to what species is
responsible for high background donor concentraiionthe grown InN. Both theoretical
calculations and experimental results give configctviews regarding the major reason
responsible for such high n-type conductivity. fedential candidates for such high background
donors are native defects, such as N vacancy,geitr@ntisite, oxygen impurities and possibly
interstitial H [50]. According to Tansley and Foldlie n-type behavior is caused by an antisite
defect: N on an In site (N, which they had suggested might be a double d{8&]r Another
defect possibly responsible for the n-type charamfténN is oxygen on an N site, which is not a
native defect, but is likely to be present in sfigant concentration. It is most likely that every
nitrogen vacancy donates a single donor but pgssithates three electrons to the conduction
band [89]. The donor nature of the N vacancy isstoieted as a missing N atom surrounded by

four In atoms that provide three valence electtmnsomplete the bonding octet with the five
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missing electrons of nitrogen. Two of these threeteons would be donated to the conduction
band. Therefore, it has been believed that nitroggeancy is the dominant donor in the as-
grown InN film.

Until the 1980s, most of the InN films were depediusing sputtering. The grown films
were polycrystalline with a carrier concentrationthe range of 18 to 16 cm® and Hall
mobility from 20 to 250 cfiVs. However, Tansley and Foley reported the canimcentration
in the range of 1§ cm® and carrier mobility as high as 2700%¥s at room temperature [90].
Sato achieved a carrier density of 4¥16m?*in the InN epitaxial layer grown on sapphire
substrate by plasma assisted MOVPE in 1997 [91inatauchiet al. showed that selection of
GaN for the underlying layer and increased InN filmckness significantly improve the Hall
mobility. A Hall mobility of about 700 cAfVs was obtained in the InN film grown on GaN even
at an electron concentration of 5%16m?® [92]. Yamamotoet al. [56, 57, 93] showed a high
NH3/TMI molar ratio and enhanced NHlecomposition significantly improved the electrica
properties of MOVPE grown InN film. As a resultcarrier concentration on the order of‘10
cm® and electron mobility of 730 civs were obtained. For HVPE-grown InN on GaN
template, Luet al. have achieved a carrier concentration in theravdd0'’ cmi® and a mobility
of more than 2000 cffVs [94]. The carrier concentration and electrorbitity in the InN film
grown by migration enhanced epitaxy (MEE) were fbua be 3x1& cm® and 542 crffVs
respectively. It is also reported that for both MBRd MBE growth methods, Hall mobility
increases with the film thickness [95]. The usedjuffer layer of AIN, GaN or InNN seems to
contribute to the improved structural and electrm@perties of MBE grown InN. The better

electrical properties in the MBE InN films companedh MOVPE are believed to be due to the
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ability to supply active nitrogen independent o tirowth temperature and reduced impurity

incorporation in the MBE growth.

2.3.5 Optical properties

There is a huge conflict about one of the basigsiglal properties of InN, the optical
band gap energy. The band gap energy of InN reppdwgeransley and Foley was ~ 1.9 eV [86]
which was the most commonly accepted value unf@22@ut various measurements such as,
optical absorption, photoluminescence (PL) and @odulated reflection (PR) resulted the
band gap of MBE-grown InN to be 0.67+ 0.05 eV [38, and 34]. However, Shubietal. [96]
commented on this interpretation of optical absorpand photoluminescence data for the band
gap of InN. They claimed that the band gap of Iakuch wider than this newly accepted value.
According to their report, the lower absorption edg due to Mie scattering by metallic indium
clusters and the PL peak at 0.7 eV in InN origisdtem optical transitions involving interface
states between the indium clusters and the inditmde matrix. Inushimaet al. insisted that the
fundamental absorption edge of MBE grown InN laies around 1.1 eV, which is much lower
than the previously reported values [97]. Davyebal. reported a band gap value of 0.9 eV for
high quality MBE grown InN, studied by means ofiogk absorption, PL, photoluminescence
excitation (PLE) spectroscopy, as well as dly initio calculation [30]. Analysis of optical
absorption, PL, PLE, and photoreflectivity dataadsed on single crystalline hexagonal InN
film leads to the conclusion that the true band gafmN is E ~ 0.7 eV [ 98, 99]. However, to
settle the band gap value of InN, growth of moghhguality InN film and further studies on the

measurement of optical properties are required.



25

2.3.6 Polarity
In group llI-nitride semiconductors, either group or N atoms can occupy the first

atomic layer, i.e., the grown llI-nitrides have algr configuration. Generally, group IlI

terminated plane is denoted as (0001) and grouprivinated plane is denoted as (000In
other words, if three of the bonds of a tetrahdgli@ordinated Il atom point towards substrate,
i.e., opposite of the growth direction, the filmshaetal-polarity. But if three bonds point away
from the substrate or along the growth directidme film is N-polar. The wurtzite crystal
structure of a) N-polar and b) In-polar InN filmsealepicted in Fig. 2.1 [100]. Investigation has
revealed that these two polar films have vastlfed#nt growth and surface structure properties.
In addition, the film polarity has significant efts on the electrical and optical properties of the
film [50]. Other properties of the material suchedshing, defect generation and plasticity, and
piezoelectricity also depend on its polarity. THere, it is very important to determine the
polarity in the characterization of nitride semidantors. There are various methods used in the
determination of polarity of INN. One of the commamd easy methods is the wet etching of the
crystal by KOH or NaOH solution. However, this nadhs destructive since the sample cannot
be used again once it is etched. The non-desteuctiethods are convergent beam electron
diffraction (CBED), coaxial impact collision ion attering spectroscopy (CAICISS) and high
resolution electron energy loss spectroscopy (HREEHREELS is a non-destructive technique
to determine the polarity of InN film. Details dfd determination of polarity of InN film using
HREELS have been presented in Rudra Bhatta’s tidser [101]. From study of GaN it is
found that the polarity of the layer is a key paggen for obtaining smooth and low defect
density film. In general, the N-terminated GaN aydérs are found to show a rough surface

morphology consisting of grains and extended dsfdntcontrast, Ga-terminated GaN film has
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an atomically flat surface [102]. However, Wang afashikawa [103] reported that the surface
morphology and the crystalline quality of N-polaiNl are better than that of In-polar InN. They
also reported that the electrical properties ofdi&apInN films are better than those of In-polar
films. The room temperature mobilities of N-polarNI films were 500-1500 cffVs with
electron concentrations of (1-10) x*@nm™ while the mobilities of In-polar InN films were
300-900 cri'Vs with electron concentrations of (4 -10) x*3@nm ™. Other properties such as
stability are also affected by the polarity of InNNaoi et al. have reported that the In-polar
surface is chemically more stable whereas the Mrpairface is thermally more stable [104]. It
is found that the substrate surface and its treatisigch as nitridation, buffer layer material and
growth condition such as V/II ratio are very imfaont to control the polarity of the grown film.
Wang and Yoshikawa [103] reported that the polasftynN film depends on the polarity of the
materials in the buffer layer. InN films grown ongélar GaN or AIN buffer layers were N-polar
and that grown on Ga-polar or Al-polar buffer lss/@rere In-polar. Whereas, when grown on a
sapphire substrate with an InN buffer layer, N-pdfeN is generally obtained due to nitridation
of the sapphire substrate before the depositiolmNf Saitoet al. evaluated the polarity of
single-crystalline InN using CAICISS [105]. Thewifdd that the polarity of the rf-MBE grown
INN on sapphire is very sensitive to the growthgerature. Low temperature (~ 300 °C) grown
InN was found to be mainly N-polarity, high tempera (~ 550 °C) grown InN was found to be
mainly In-polarity, and two-step grown InN was fauto be a mixture of In-polarity and N-

polarity.
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Figure 2.1 Wurtzite crystal structures of a) InggdhN and b) N-polar InN [3].
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2.3.7 Desorption of hydrogen

Study of the stability of hydrogen bonding with fage atoms of nitride semiconductors
like InN, GaN, and their alloys is of great intdrégcause understanding the mechanisms and
kinetics of hydrogen desorption is important foveleping both qualitative and quantitative
models of the growth of lll-nitride semiconductdike GaN and InN or their alloys. For
instance, if the growth temperature is lower thaa ltydrogen desorption temperature, sites on
the lll-nitride growth surface could be occupied lydrogen, which is produced during the
precursors decomposition process. This may redueentimber of reaction sites available for
adsorption of precursors and could affect the gnotate and quality of the filmOn the other
hand, it is also reported that presence of hydragethe surface during the growth prevents the
incorporation of impurities, particularly carbondalxygen, into the film and enhances the
growth. Since the presence of hydrogen stabilihessemiconductor surfaces against surface
reconstructions, the study of interaction of hy@mogvith semiconductor surfaces is of great
interest. The surface structure of the nitride semiuctors can be changed by the adsorption or
desorption of any molecular species. Removal obdiddes from the surface, such as hydrogen,
leaves surface dangling bonds. This may cause cgunfaconstruction depending upon the
proximity of neighboring atoms and energy consitiens. Using first principle calculations,
Rapcewizzet al. [106] reported that adsorption of three fourtlisaomonolayer of hydrogen
stabilizes GaN surfaces of both polarities andItesn 2x2 symmetry. However, Elsneral.
[107] calculated that three fourths monolayer hgero coverage results in a [1x1] periodicity
for both polarities of GaN. Using electron energgd spectroscopy (EELS) and photoelectron
spectroscopy, Bermudez al. [108] showed that adsorption of hydrogen affedescteonic

properties of GaN surfaces. However, such studsé® mot been done on InN surfaces yet.
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Investigation of thermal kinetic parameters of logln from InN surfaces, such as activation
energy, is very important to understand the growthchanism, particularly the growth

temperature. Eventually, this helps grow bettedigufim and hence better performing devices.
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3 CHARACTERIZATION TECHNIQUES AND METHODS

3.1 Introduction

In order to perform various characterizations aohgkes, a number of experimental tools
and methods are required. The details of the ctexiaation techniques and methods that have
been implemented to accomplish this work are dssadign this chapter. In order to do the
compositional analysis and monitor the surface rdieass of the samples Auger electron
spectroscopy (AES) is used. The structural chanaeten of the surface of the samples is done
by using low energy electron diffraction (LEED). Ttudy the surface configuration and
molecular bonding on the surface, high resoluti@cteon energy loss spectroscopy (HREELS),
a surface sensitive vibrational spectroscopic teghe is implemented. Raman spectroscopy is
used to study the local bonding in a crystal, wagreng range ordering, i.e., bulk structure is
studied by x-ray diffraction (XRD). To scrutinizieet kinetics of thermal desorption, temperature
programmed desorption (TPD) is employed. In orderfihd the layer thickness and void
fraction, experimental IR reflection spectra ar@algred using a multilayer stack model and
Lorentz-drude model. The surface morphology ofdpiayers is characterized by atomic force
microscopy (AFM). The experiments on AES, LEED, HRIS and TPD were performed in our
surface science lab at Georgia State Universitye Raman spectroscopy and IR reflection
spectroscopy measurements were carried out in [2tz’B lab at Georgia State University. The
XRD measurements were done in Dr. Collazo’s laN@th Carolina State University, Raleigh
and in Dr. Fergusson’s lab at University of Northr@ina, Charlotte. AFM measurements were
performed in Dr. Mustafa’s lab at Marmara Universiturkey. Details of the experimental set

up and the characterization techniques mentiona@ lage presented in Victor Bellito’s
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dissertation [1] and Mustafa Alevli’s dissertati@j). However, it seems relevant to report a brief

description of each characterization techniquéiis dissertation too.

3.2 Low energy electron diffraction

Low-energy electron diffraction (LEED) is the mosbmmon technique for the
determination of the surface structure [3-5] ofstajline materials by bombardment with a
collimated beam of low energy electrons (20-200aM) observation of diffraction pattern of the
electrons scattered from the crystal surface. Téshnique was discovered in 1927. However,
the use of this technique did not gain popularioag the researchers for surface analysis until
early 1960s. Due to inadequate vacuum techniquesjtoning directions and intensities of
diffracted beams were quite difficult experimentalln addition, LEED required well-ordered
surface structures since it is a surface sendsielenique. In the early 1960s, with the availapilit
of commercial ultra high vacuum devices, the LEEBtimd became an attractive tool for the
determination of surface structure of crystallinatenials. Using this technique diffracted
electrons are accelerated to high energies to peodlear and visible diffraction patterns on a
fluorescent screen.

The principle of the LEED method is similar to ayr diffraction (Bragg's law).

According to the wave-particle duality principleleerons also behave like a wave. The

wavelength associated with this wave, called deglBrovavelength, is given ak = E where
p

momentum is calculated by p = mass x velocity =B = ( 2meV}? , and where h is the

Planck’s constant, m is the mass of an electronis the electronic charge and V is the
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accelerating voltage. Also, inserting the vajue v2meV = ,/2mE(eV) in equation = h we
p

get,

o[ 150 :
A= { E(evJ

where E is the energy in eV. Therefore, as elecaoergy is increased from 20 to 100 eV,
electron wavelength decreases from 2.7 to A8This distance is in the range of interatomic
spacing on a surface which is one of the necessarglitions for diffraction. If a beam of low
energy electrons is directed at a surface, 1 toob%em will be elastically scattered. These
elastically scattered electrons can be accelerateda fluorescent screen. If the surface is well
ordered, a pattern of spots will appear due taatifion of the electrons off of the atoms at or
near the crystal surface. The condition for comsive interference of scattered electrons of
wavelengthk incident normal on a surface with atoms spacepagtas, m = d sirt, where n is
an integer and is the scattering direction measured from theaga@rhormal. Since the surface is
a two dimensional array of atoms, interference spoé observed instead of the streaks which
are observed for a multiple slit experiment. Du¢hi® low incident energy (< 100 eV), electrons
used in LEED penetrate ~ 1 nm before being scattetesreas in x- ray diffraction, the energy
used is ~ 30 keV which can penetrate = &fh [5] into the crystal lattice. This is the reaso

LEED is a sensitive technique for determining stefatructure.

Figure 3.1 is a schematic representation of thED E&pparatus [1]. The LEED system
consists of four metal grids at different voltagasfluorescent screen (kept at 6 keV positive

potential) and an electron gun which produces thmary electron beam. The sample is
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mounted perpendicular to the electron gun. The @risl (counted from the sample) is at ground
potential to ensure a field free region arounddample. The next two grids are set to the so-
called retarding voltage. This voltage is slightyyver than the kinetic energy of the electrons
produced by the gun. It repels almost all the istedally scattered electrons. The elastically
scattered electrons pass the next grid which isteeground voltage again and are then
accelerated towards the fluorescent screen whidetigo a high positive voltage. Behind the
screen there is a window in the vacuum system ab ttite LEED pattern can be observed
directly or recorded with a camera. The analysispft positions provides information on the
size, symmetry and rotational alignment of the sals unit cell as well as the adsorbate unit
cell. The sharpness and intensity of the spots measure of the degree of surface order.
Intensity in the background is an indication offace disorder. So, bright spots and a dark

background on the fluorescent screen indicate #leardered surface of the sample.
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Figure 3.1 Schematic diagram of the LEED system.
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3.3 Auger electron spectroscopy

Auger electron spectroscopy (AES), also called Awspectroscopy was developed from
the effect that was first observed by Pierre Ayggra French physicist in the mid-1920s. AES
is a surface sensitive technique which uses theseom of low energy electrons in the Auger
process. It is one of the most commonly employethsa analytical techniques for quantitative
analysis of the surface region [3-5, 7]. It is aksgually applicable to monitor the surface
cleanliness of the samples. In addition, it canused to determine the chemical states of
elements and depth profiling by inert gas sputterithe sensitivity of AES is very high (about
1% of a monolayer).

In an Auger process, a high energy incident elacstoikes the core level electron and
ionizes the atom. The vacancy created due to ibaizaf core level electron is filled with the
jump of an electron from upper energy level. Du¢hie jump of the electron, either an x-ray is
released or the energy is shared with anotherrefeet a higher energy level and secondary
ionization takes place. This ejected electron dusecondary ionization is called Auger electron.
The kinetic energy of Auger electron is independgrgnergy of the incident electron but is the
characteristic of the material [8]. The result is@ectrum of the intensity of electrons as a
function of the kinetic energy of the Auger eleatnith the placement of the peaks giving a
gualitative view of what elements are present enstlirface.

Figure 3.2 represents the schematic diagram oAtlgeer electron emission process. As
shown in the figure, a high energy electron (tylyca-3 keV) is incident which knocks out a
core level electron from the atom with energy stteAn electron from the upper energy level
E, falls to the energy level Bo fill the vacancy. The energy released in tigcess either

comes out in the form of x-rays or is shared bytlagoelectron in the energy statg B part of
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this energy is used to overcome the binding enefdiie electron in the energy statgafd the
remaining energy is imparted to the electron (Auglectron) as kinetic energy. Therefore, the

kinetic energy of the Auger electron can be exgass terms of energy levels as,

KE = (& - Es) - Es.

This kinetic energy of Auger electron is indeperidanthe incident energy of the electron and
the mechanism of the initial core hole formatidrisicharacteristic of the material. In the Auger
spectrum, peaks at various kinetic energies arerebd which correspond to the elements
present on the sample being analyzed.

A schematic representation of the Auger systemig§1$hown in Fig. 3.3. We use a
spherical grid type retarding field analyzer (RFAJr acquisition of Auger data. The
experimental set up of Auger system is similarhat tof LEED system except the electronics.
The two center grids (2 & 3) are connected so i@y can discriminate energy of the electrons
and only those electrons which succeed to reacbrdhcent screen can be determined.
Lanthanum-hexaboride (LaBfilament is used as a cathode which can emittreles at low
power inputs. In order to emit a consistent bearaleftrons, the cathode is heated by passing a
current of 1.2 A. The beam of electrons is accéterdao 3 keV energy and focused on to the
sample surface. Depending upon the material tonla¢yzed, the range of energy is varied to
different values. For InN samples, the range ofgynesed is 100 — 550 eV and that for InGaN
samples, the range is 100 — 1150 eV. Emitted elestnave energy in the range of 50 — 1200 eV
and in this range electrons have a short mearpatein a solid. Only the electrons emitted from
the top few layers of the sample emerge with tharatteristic energy. Thus AES is surface
sensitive. This technique is used for quantitaawalysis of the surface region as well as for

monitoring the surface cleanliness. However, AES $@me limitations. Since AES is a three
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electron process, it is not sensitive to hydrogea lzelium. AES can be used only for metals and
semiconductors. In case of insulators, study by A&Edfficult due to surface charging. Due to

the high energy electrons beam, this techniquedaayage the sample surface.
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Figure 3.3 Schematic diagram of AES apparatus.
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3.4 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique tosstudy vibrational, rotational,
and other low-frequency modes in a system [9]aft also be used to determine structure, free
carrier concentration and to analyze stress as agellefect in the crystal lattice [2]. When a
sample is illuminated by a light source (usuallyelabeam), the interaction of electromagnetic
wave with matter leads to polarization. The indugedarization includes two terms, elastic
scattering (Rayleigh scattering) and inelastic tecialg (Raman scattering). The Raman effect
occurs when light impinges upon a molecule andaacts with the electron cloud and the bonds
of that molecule. When the molecule relaxes it smaitphoton and it returns to a different
rotational or vibrational state. The differenceeimergy between the original state and this new
state leads to a shift in the emitted photon'sueagy away from the excitation frequency. If the
final vibrational state of the molecule is more myatic than the initial state, then the emitted
photon will be shifted to a lower frequency in ardier the total energy of the system to remain
balanced. This shift in frequency is designatec &tokes shift. If the final vibrational state is
less energetic than the initial state, then thetechphoton will be shifted to a higher frequency,
and this is designated as an Anti-Stokes shift.ofdiog to the symmetry of the crystal and
vibrational mode, the intensity of the scatteredia®on has a non-zero value only for specific
polarizations and scattering geometries. Thesekiaog/n as Raman selection rules, which are
essential for determining the crystal symmetry afidwed Raman modes. Hexagonal InN
crystallizes into wurtzite structure with four aterin the unit cell and belongs td'«¢ space
group. According to group theory analysis at thpoint, the phonon modes in hexagonal InN
are characterized by the following irreducible esg@ntations,

Fac+ Topt = (A1 + E) + (AL + 2B, + E1 +2B). 13
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Raman selection rules predict that &nd & modes are both Raman and IR activgifonly
Raman active and4Bs the silent mode. Thus six optical modes mayplieerved in a first order
Raman spectrum [10]: ;khigh), BE(low), E(LO), Ei(TO), Ai(TO), and A(LO). The Raman
selection rules for the wurtzite structure of grdugitrides are given in Table 3.1, of which

X(yz)y belongs to 90° scattering geometry, whibeyXt, x(zz)x  x(yy)x, and x(yzJx belong to

the backscattering geometry. The allowed modediatdy sensitive to the polarization of the
incident light and orientation of the crystal. Hggaal InN thin films are usually grown along
the [0001] direction of the substrate, which puke tc-axis of the hexagonal structure

perpendicular to the crystal plane. Therefore, urmbekscattering geometry, the z(xx@nd
z(xy)z configurations are easily observable due to thdirextion being along the [0001]

direction.

Raman measurements were carried out with a custoimMicro Raman spectrometer,
which consists of a McPherson 2062 scanning mowocator as the main monochromator, and
a McPherson 275 DS double subtractive monochronzsa variable notch filter with an 2.33

eV excitation source. The signal is collected yteogen cooled CCD.



Table 3.1 Raman Selection rules for hexagonalgib-nitrides.

Configuration Allowed de
z(xx)z A;1(LO), Ex(low), Ex(high)
z(xy)z Ez(low), Ex(high)
X(zz)x A;(LO)
x(yy)x A1(LO), Ex(low), Ex(high)
x(yz)y E4«(TO), B(LO)

X(yz)X E:(TO), E(LO)
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3.5  X-ray diffraction

X-ray diffraction (XRD) is a non destructive techue which is used to determine atomic
arrangement, crystalline phases and structuraleptieg of crystals. In addition, it is used to
determine the lattice parameters, strain, graire,sgpitaxy, phase composition, preferred
orientation and to measure the thickness of thimsfiand multi-layers. This technique is based
on the principle of Bragg's law in which a beamxefays is incident on atomic planes of the
crystal and exhibit the phenomenon of diffractiBnschematic diagram of the x-ray diffraction
from the parallel atomic planes is shown in Figd 3X-rays diffracted from neighboring parallel
atomic planes interfere either destructively or storctively. When the waves interfere
constructively, a large output signal is obtained ao signal is obtained in case of destructive
interference. For constructive interference to octhe diffracted waves should satisfy Bragg’s
condition which is given as:

A = 2dsird (3.2)

where n is an integer (order of diffractioh)is the wavelength of the x-ray source, d is thigck
spacing and is the Bragg angle. The diffraction pattern frone tepilayers is analyzed to
determine the a-spacing and c-spacing lattice aatsf the crystal according to Bragg's law.
In addition, the line width of a rocking curve messment ¢ scans), i.e., full width at half

maximum (FWHM), on the a-axis or c-axis may be usedetermine the crystalline quality.
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Figure 3.4 A schematic diagram of x-ray diffraction
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3.6 Infrared reflection spectroscopy
3.6.1 Theoretical model

Infrared (IR) reflection spectroscopy is the tagme which deals with the infrared region
of the electromagnetic spectrum. Experimental neflareflection spectra are fit to a model by
introducing a dielectric function and analyzed tataon the phonon and plasmon properties,
carrier concentrations, carrier mobility, layerctmess, and interface behavior. The dielectric
function is determined by establishing the intaoactof electromagnetic radiation with the
matter through solution of equations of motiondtwms. Assuming the contribution of phonons

and free carriers, the IR dielectric function canpitten in the following form [2].

. s (02 —al ) e
e=¢elw)=6,+> 22— ¥ (3.3)
~

- - —iol o +ioy,

wherey, is the electron damping due to the scattering framdomly distributed stationary
impurities,wp is the plasmon frequencly,is the oscillating broadening constamte, wo, S are
the frequency, oscillator strength, and dampingupeter of the ith oscillator, respectively, and
€ IS the dielectric response in the high-energy lifioit the film. Light propagation in a
multilayer thin film structure is modeled using theansfer Matrix Method [11, 12], assuming a
certain number of uniform layers each with own elegeristic parameters. Reflectivity is
calculated by solving the Maxwell equations fornaaelectromagnetic waves with boundary
conditions for the electric and magnetic field caments at the air/film and film/substrate
interfaces. There are two waves with the electdltfamplitudes E and E propagating in
opposite directions in each layer. If air, film asgbstrate are represented by “0”, “1” and “2”,
respectively, the resultant matrix M described by the following equation [9].

M = Mo1 M1 M2 (3.4)
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The reflectance is given by the equation,

*?"-{4-1_0 (35)

3.6.2 Experimental methods

Infrared reflection measurements were performadguthe Perkin Elmer system 2000
Fourier transform infrared spectrometer along vétiGraseby reflection accessories setAip.
mercury cadmium telluride detector was used forsthert wavelength (1.5 — 30m) range, and
a TGS based pyroelectric detector was used forldhg wavelength (< 5Qm) range. An
aluminium mirror was used to collect backgroundcs@el,. Then, this mirror was replaced with
INN sample and scanned for the same number offénbgrams. After Fourier transformation,
this yields k, the reflected intensity spectrum. The reflecyigpectrum R of the InN film is then
determined by the ratiorl,. The best-fit parameters for the InN film and Gékh were

obtained using the nonlinear Levenberg-Marquardl fitting algorithm.

3.7  High resolution electron energy loss spectroscopy

High resolution electron energy loss spectroscdg EELS) is a non destructive and
surface sensitive vibrational spectroscopic tealmmiq This technique utilizes the inelastic
scattering of low energy electrons to study theatibns of adsorbates on the crystal surface [14-
16]. Due to the high-sensitivity (<0.1 % of a manar) and broad spectral range (0-1000 meV),
HREELS is one of the most effective tools to expltire properties of a wide variety of surfaces
which include single crystal metals, semiconductord polycrystalline foils and polymers. In
this technique, a highly monochromatic beam of tebes is incident on a crystal surface at a

certain angle and inelastically scattered electrpass through the analyzer. Normally,
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inelastically scattered electrons are collected an specular direction and analyzed

spectroscopically. The scattering of electrons nelke place by two mechanisms: dipole

scattering and impact scattering. Dipole scatteisngmall-angle scattering in which the incident
electrons interact with long range field set upthe vacuum above the crystal surface by the
oscillating dipoles. Dipolar scattering is produasat only by vibrational motions of adsorbed

molecules and atoms in the crystal surface, but lsysany elementary excitation of the sample
accompanied by a fluctuation in charge density .[Mile in impact scattering regime, the

scattering of electrons is large-angle scatteriigere a fully microscopic description of the

interaction of electrons with the vibrating subtris required.

The energy loss of the electrons is of the orddewf hundred milli electron volts. The
analyzer must be capable of high resolution and im@dent beam must be highly
monochromatic in order to get high resolution witle spectrometer. It is generally useful to
combine the HREELS measurement with other surfacleniques, primarily those of LEED and
AES which enable the HREELS data to be interprefdte basic theory applicable in the
HREELS experiment is shown in the Fig. 3.5.

The HREELS apparatus used in our surface scieibcs the ELS3000, manufactured by
LK technology which may have resolution below 2 me\d the incident energy of the electron
can be varied in the range of 1 to 200 eV. Thetspeeter consists of a symmetrical system of
input-output zoom lenses positioned between momwochtor and analyzer which is used to
focus and accelerate/decelerate the electron beand from the sample surface. A schematic
representation of the HREEL spectrometer [1] iswshan the Fig. 3.6. The ELS3000
spectrometer consists of a cathode containing dawtim-hexaboride filament which generates

electrons on heating the cathode. The electronseeae the source™ only through a lens system
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(emission system), e.g., a slot lens system camgistf several slits all on different potential.
The purpose of this system is to focus the elestmmthe entrance of the monochromator unit to
get a high initial electron flux. The monochromai®usually in a cylindrical shape. It lets only
those electrons pass which have the chosen ieitilgy. To make the apparatus more sensitive,
an additional monochromator, the second monochmmmsused. The electrons are then focused
by a lens system onto the sample. Inelasticallfteseal electrons from the sample pass into the
analyzer through a lens system in a specular dwrecThe analyzer again allows electrons of
certain energies to pass to a channeltron, a chatewron multiplier. The analyzer energy is
varied to accumulate a spectrum, a plot of intgnstthe energy loss of electrons. The analyzer
is fixed in its position but both the monochromatand the sample can be rotated from 0 to 90
to investigate angular distribution of the scatieetectrons. Dual magnetic shields are provided
at the flange to interface with the chamber magnghields in order to minimize the ambient
magnetic fields for satisfactory operation. To parf HREELS experiments, the incident energy
of the electron is varied from 7 to 35 eV and th&slenergy less than 500 meV is detected. The
energy loss of electrons is usually expressedringeof meV or wave number (reciprocal cm),

where 1 meV = 8.056 cm
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3.8  Temperature programmed desorption
3.8.1 Experimental set up

In order to study the kinetics of desorption froemsconductor surfaces, temperature
programmed desorption is one of the most importanhniques. This technique has been
employed successfully for semiconductor surfaceb sis Si [17], diamond [18-20], GaAs [21],
GaN [22-24], InP [25], and InN [26]. In this techjoe, the sample surface is generally heated at
uniform rate or held at constant temperature. Tdrapte surface is cleaned and desorption of
species from the sample surface is performed irH¥ dhamber. A schematic diagram of the
temperature programmed desorption system is showiig. 3.7. While heating the sample
surface with a PID (Proportional Integral Differiahk temperature controller, the desorbing flux
of selected species and the temperature are retobge a differentially-pumped mass
spectrometer. The details of the mass spectrorsgstem used in our lab can be found in V. J.
Bellitto’s dissertation [1]. The desorbed speciasspthrough a small aperture in a nose cone to
eliminate signal from background gas or speciesribesi from the sample mount. These species
are ionized and monitored by a mass spectromeggdimg inside the nose cone. The mass
spectrometer measures the mass to charge ratle abnized species (m/e). Depending on the
required analysis, a single mass to charge ratiouwtiple mass to charge ratios can be recorded.
In these experiments, the effect of re-adsorptsonarmally neglected due to the large pumping
speed. In addition, thermalization is consideretbeéovery fast compared to desorption and the

sample is assumed to be in thermal equilibrium.



60

3.8.2 Theoretical background

When the thermal energy is equal to the adsormitergy of the adsorbed species, the
species may desorb from the surface or combine aribther species before desorbing and
return into the gas phase. This is called the m®oé thermal desorption. The surface thermal
desorption rate R(t) of adsorbed species is gdgpeagiaien by the expression [27],

R(t)= -6ddt = 6" v, exp~™ & | (3.6)

where#f is the surface coverage, n is the order of deworpt is the pre-exponential factor, E is
the activation energy, k is the Boltzmann constartt T is the temperature in Kelvin. The TPD
method can be used effectively to determine theievaf desorption order n, the activation
energy E and the pre-exponential fagtor

Depending upon the nature of desorption of the ispeftom the heated surface, the
desorption orders are generally grouped into 4gyfiest order, second order, half order and
zero order desorption. In first order desorptioig(RB.8a), all the adsorbed particles have the
same probability of desorption. This means all ddsorbed particles are independent of each
other. The only binding is from the attachment witk surface and is the same to all. In second
order desorption (Fig. 3.8b), the detected pasi@des the chemical combination of the two
identical adsorbed surface particles and the coatioim of the particles is made during the
process of desorption. Each component is randomdyritlited and the possibility of
combination is proportional to the square of theecage. In half order desorption (Fig.3.8c), the
surface particles are distributed in islands. Tégodption energy of the particles on the border of
the islands is smaller than those inside it so they more easily activated. In zero order

desorption (Fig.3.8d), the surface has built uptiplel layers of surface species before heating,
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As a result, the desorbed particles do not chahgecbverage at all and the desorption is
temperature dependent only.

Thermal stability of InN epilayers is very importdactor in the growth process as well
for the device performance and life time. Howevewer studies have been done on the thermal
stability and decomposition behavior of the InNlaggers than have been reported for electronic,
structural and optical properties. Details of thertnal stability of InN epilayers are presented in

chapter 5.
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Figure 3.7 Schematic diagram of TPD system.
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3.9  Atomic force microscopy

Atomic force microscopy (AFM) is one of the foreshdools for imaging, measuring, and
manipulating matter at the nanoscale. The atonmfmicroscope was developed to overcome a
basic drawback with scanning tunneling microsc&B\) that it can only image conducting or
semiconducting surfaces. The AFM, however, hasathentage of imaging almost any type of
surface, including polymers, ceramics, composigtsss, and biological samples. The schematic
of the microscopic setup of AFM is depicted in RBdLO. In this technique, an atomically sharp
tip mounted at the end of a cantilever is scanmedsa the surface of the sample. When the tip
moves up and down over its topography, the disphece caused by the features on the surface
can be measured to create an image. The AFM meahad/an der Waals force between the tip
and the surface; this may be either the short-raegelsive force (in contact-mode) or the
longer-range attractive force (in non-contact mod&gere are three scanning modes associated
with AFM, namely; contact mode, non-contact mods] gapping mode. Contact mode is the
scanning mode in which the tip is in contact wilie tsurface and the image is obtained by
repulsive forces between tip and the sample. Ipitgpmode, the image is obtained by the tip,
which just taps the surface for small periods ofeti In non-contact mode, the tip oscillates
above the surface, and the image is obtained frarattractive forces between the tip and the
sample. The tip is scanned over a surface withbiaeki mechanisms that enable the piezo-
electric scanners to maintain the tip at a condtace (to obtain height information) or height
above the sample surface (to obtain force inforomdti As the tip scans the surface of the
sample, the focused laser beam is deflected ofattazhed cantilever into a position sensitive

dual photodiode system. Feedback from the dual
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photodiode system and the control software endahkesip to maintain either a constant force or
constant height above the sample. The surface ralmgies of the InN layers in this dissertation

were analyzed using a PSIA-XE-100 AFM in both cohtand non-contact mode.
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Figure 3.9 Diagram of an atomic force microscopyuge
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3.10 Experimental methods
3.10.1 Sputtering

Since the samples are exposed to the atmospheret@rihe installation in to the UHV
chamber, they get contaminated and hence they neeble cleaned before doing any
characterization work. One of the effective teches to remove the surface impurities of the
samples is sputtering. Sputtering is the methogavbigh the topmost atomic layers of a sample
surface are removed by bombardment with gas igmscally argon or nitrogen. During the
process of cleaning by sputtering, the energeticingident on the sample surface transfers its
momentum to atom(s) causing its (their) ejectioonfrthe surface in the form of neutral,
positive, or negative ions [5]. For nitride semidantors, the sputtering with nitrogen ions is
more effective in cleaning and less damaging thah by argon ions [28]. Moreover, sputtering
GaN surface with argon ions has been shown to laavtrogen deficient surface [29]. Since the
cleaning with 1 keV nitrogen ions has been foundetmve a contaminant free surface, the
samples in this work were sputtered by nitrogers.ion

In order to clean the samples by 1 keV nitrogarsisputtering was done with an ion
gun. The Kimball Physics ILG-2C ion gun with its tolang IGPS-2C power supply was used to
produce nitrogen ions. The details of the consimacand working of the ion gun can be found in
chapter Il of V.J. Bellitto’s dissertation [1]. €hion gun uses a refractory oxide filament to
generate ions by electron impact ionization of lgasknd gas or nitrogen gas admitted through a
leak valve. The gun can deliveru® into an approximate 1 mm spot, at a 20 mm digtaatcl
keV. Both beam energy and beam current are indgpeiydadjustable over a wide range. Since

the sputtering makes the surface disordered, thdambardment is not done directly to avoid
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more surface destruction. The samples were bomthavite 1 keV nitrogen ions at 7@rom the

surface normal.

3.10.2 Atomic hydrogen cleaning

Prior to the installation of sample into the UHVaahber, it needs some cleaning
procedures to remove the surface contaminantsadilne texposure of the sample to air and other
physical contacts. The sample is first cleaned vgitipropyl alcohol and inserted into the UHV
chamber. In UHV chamber, samples are cleaned bgustechniques such as, sputtering with
nitrogen ions, heating and exposing atomic hydroders highly desired to have a cleaning
process which can be employed in UHV to removexlties, carbides and other contaminations
without removing a significant amount of the basm&onductor material. Among the several
cleaning processes atomic hydrogen cleaning hasfbaad one of the most efficient techniques
to remove contaminants from the sample surfaces Téghnique was first suggested by Prof.
McCoville and coworkers at University of Warwick O3 This technique was employed
successfully to remove the oxygen contaminants ¢tetely and most of the carbon
contaminants from the InN samples grown by highsguee chemical vapor deposition
(HPCVD) [31].

A schematic representation of the atomic hydrageaning process is shown in Fig. 3.9.
In order to carry out the process of atomic hydrogeaning, the upper chamber of UHV system
is back filled with molecular hydrogen to a pressaf 8.4 x 10" Torr. by opening the leak valve
which connects the gas handling system and thergbh@enber. The molecular hydrogen passes
through a tungsten filament heated to ~ 15Z5so that it converts molecular hydrogen into

atomic hydrogen. The sample is faced towards tla¢elefilament and kept very near to it. The
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parameters of sample position are set at x = 5 ynm34 mm, z = 30 mm, artl= 152". The
sample is exposed to hydrogen for 20 minutes wisiagquivalent to the 1000L exposure of H
(1L = 8.4 x 10 Torr x 1 sec.). After 20 minutes the sample istéao 600 K for another 20
minutes keeping the hydrogen exposure on. The expad hydrogen is equivalent to another
1000 L After exposing the sample for a total 40 minutés, leak valve is closed to stop passing
hydrogen in to the UHV chamber. The power of the@a heater is turned off and the sample is
pulled back to allow cooling. The power of dosiilgrhent is also turned off. The removal of the
surface contaminants is monitored by AES. This @secis repeated for few cycles until the

removal of contaminants from the sample surfac®igirmed.
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3.10.3 Annealing

As discussed before, sputtering is one of the g¥iet¢echniques to remove the surface
contaminants. However, sputtering results the roaigth disordered surface. In order to bring
back the well-ordered and smooth surface, annedlasgbeen a useful technique. In addition,
after dosing with various gases such as, hydrogemferium, oxygen, etc., the sample is
annealed to a different range of temperatures serme the desorption rate. In order to anneal
the sample, the filament at the back of sample maurheated by passing electric current
through it. The sample mount is heated by the bodmant of electrons emitted from the heated
filament and the sample is also heated along wiehdample mount. The temperature of the
sample is measured by a chromel- alumel thermoeoagthched on the hot-plate near to the
sample. In order to heat the sample, an automatnpérature controlling unit, called the PID
(Proportional Integral Differential) temperature ntwller is used. The PID temperature
controller takes the feedback from the thermocoagtigched next to the sample and adjusts the
heating power by changing only the filament flogtimoltage to follow the heating profile
programmed in it. It responds to the feedback aljdsts the power very efficiently. Heating by
the automatic controller is of much better lingaehd has a smaller temperature variation than
when controlled manually. The typical temperatuagiation is as low as +1C from the set

program.
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3.11 Gas handling system

In order to perform the experiments on the intéoacof gases with the sample surface,
high purity gases are used. For dosing, hydrogentedium and oxygen gases are generally
used. For sputtering, either argon or nitrogenigased. Our gas handling system consists of a
baked metal gas manifold which is equipped to hamgls cylinders. For the gas lines, 1/4”
stainless steel tubing is used which is conneaietthd gas cylinders by manual control valves.
Nupro valves isolate the gas manifold from the lgass. The system is independently pumped
with a molecular drag pump. The pressure of thehgaslling system is measured with the help
of convectron gauge, and the lowest pressure i& x 1L0° Torr. For dosing and sputtering the
sample, gases are delivered into the UHV systeougtr variable leak valves connected to the

upper chamber.
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4 OBSERVATION OF NH, SPECIES ON TILTED INDIUM NITRIDE(011 1) FACETS

4.1 Abstract

The structural properties and surface bonding gondition of InN layers grown by high
pressure chemical vapor deposition (HPCVD) have nbebaracterized using Raman
spectroscopy, x-ray diffraction (XRD) and high resion electron energy loss spectroscopy

(HREELS). The appearance of thg(RO) mode at 447 cthin un-polarizedz(..)z Raman

spectrum indicates distortions in the crystal ¢attilue to the growth of tilted plane crystallit&s.
Bragg reflex in the x-ray diffraction spectrum & 2 33 has been assigned to tilted InN facets
in the polycrystalline InN layer. The HREEL specirdor this InN layer features vibration
modes assigned to NHspecies indicating a surface orientation consistéth the crystalline
properties observed in Raman spectroscopy and XRi2. appearance of tilted planes is
suggested to be due to the effects of a high \fdtio and lattice mismatch on the growth

mechanism.

4.2 Introduction

Since the first attempt to synthesize InN by Juzd Hahn in 1938 [1], the interest in
studying and understanding the revised physicalpgn@es of InN have been growing
significantly due to its highly attractive optoeiemic properties. During the last 10 years, it has
been shown that InN is a narrow band gap semicdaadc0.7eV) with potential for a wide
range of applications including chemical and bigtaf sensors [2], high electron mobility
transistors [3], multi-junction tandem solar cegHd, thermoelectric devices [5] and terahertz
radiation devices [6]. InN is the binary corner ternary (InGaN and InAIN) and quaternary

(InGaAIN) group llI-nitride alloys, which are pres®y explored for frequency agile detectors
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and emitters operating from ultraviolet (UV) to neafrared (IR) region. For instance, along
with GaN, ternary InGaN alloys are integrated in variety of heterostructure-based
optoelectronic devices, such as LEDs [7, 8], lasedes [9], or in unique detectors that cover the
wavelength regime from UV down to the far IR [1L03N is predicted to have the lowest
effective electron mass of all lll-nitride semicoistbrs [11], enabling device elements with
high mobility and high saturation drift velocity.

The growth of high crystalline quality InN and indi-rich group IlI-nitride alloys
remains a challenge-mainly due to the low dissamiademperature of InN. Thermal dissociation
can be avoided by growing at low enough temperafuaieout 608C for low-pressure chemical
vapor deposition (LPCVD) [12]. The cracking effieey of ammonia in this temperature regime
is extremely low, requiring a large group V-Ill presor ratio [13]. Highly volatile compounds,
such as InN and related alloys, can be grown ahrhigher temperatures if surface stabilization
is done at high pressures [14, 15]. In order tbikta InN growth at elevated temperatures,
high-pressure chemical vapor deposition (HPCVD) lbeen found to be an effective technique
for producing high quality IlI-N layers [13].

Growth of lll-nitride based semiconductors in thdiection may be preferred because
of the cost effective fabrication of the devicesawéver, due to the lattice geometry and the
induced strain, large piezoelectric fields are @néswithin the heterostructure [16]. In
optoelectronic devices, the spontaneous and pieael polarizations affect the internal
guantum efficiency of the quantum well structurég][ Despite the present difficulty in the
device fabrication, new approaches have been esgla.g., growth on tilted or various non-
polar (a-, r- and m-) planes [18, 19]. It has bsBown that layers grown on a- or m-plane

increase the efficiency of the devices as the mation effects are minimized. Ahat al. [20]
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reported two orders of magnitude increase in thehertz emission from a-plane compared to c-
plane InN.

Other properties such as stability are also aftedty the surface orientation of InN
layers. Naoket al. have reported that the In-polar surface is chelgicaore stable whereas the
N-polar surface is thermally more stable [21]. Thayggest that differences in chemical
reactivity and stability for InN surfaces are rethtto differences in work function. Similar
studies of chemical and thermal stability have yett been reported for non-polar or mixed
polarity InN planes.

This work uses Raman spectroscopy, XRD and HREELharacterize the structure and
bonding properties of an HPCVD-grown InN layer ditmng tilted facets. In addition, the
relationship of the growth conditions to the prattuc of tilted facets on the InN surface is

discussed.

4.3 Experimental methods

The InN layer analyzed in this work was grown by at a growth temperature of
865 °C, a reactor pressure of 15 bar, and an anar{biik) to trimethylindium (TMI) precursor
ratio of 3000. The layer was deposited directlyaosapphire(0001) substrate. In the previous
work, studies on InN layers grown on GaN bufferelayon a sapphire(0001) leading to c-plane
orientation of the layers were reported [22]. Dstasf the HPCVD reactor, the growth
configuration, and the real-time optical characaion techniques employed have been

published elsewhere [13, 23, 24].

For Raman analysis, an excitation source of 532(2u33 eV) was used. The Raman

spectrometer consists of a McPherson double suiliEamonochromator and a single 2m
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monochromator system. The Raman measurements amredcout in back scattering geometry.
The ©-20 XRD results were obtained utilizing an X Pert PRAIPD (Philips) 4-circle
diffractometer equipped with a monochromatic x-(@y-K,) source. The sample was aligned
prior to the measurements utilizing the substrageipphire(0006) Bragg reflex. HREELS, a
surface sensitive vibrational technique, was peréat in a stainless-steel ultrahigh vacuum
(UHV) system with a base pressure of 2%4Torr. Bellittoet al. have reported the details of the
UHV system and sample mount [23]he sample was cleaned with acetone and rinsed with
isopropyl alcohol before insertion into the UHV aoftzer. Inside the UHV chamber, the sample
was cleaned by a procedure of bombardment with . higrogen ions followed by atomic
hydrogen cleaning (AHC), which was demonstratedaaseffective way to remove surface
contaminants by Pipest al.[26]. The removal of surface contaminants (carbmjgen) was
confirmed by Auger electron spectroscopy (AES).mitmhydrogen cleaning was performed by
backfilling the vacuum chamber with hydrogen taresgure of 8.4xI0Torr in the presence of a
tungsten filament heated to 1575 °C to producedthat The sample was kept at 20 mm from
the dosing filament for 5 minutes (giving an expesof 250 L of hydrogen, 1 L= 1xF0rorr.s).
During this time the sample temperature increase@0t °C due to the heated dosing filament.
After 5 minutes, the sample was heated to 350 °@éypombardment of the electrons from the
back of the sample mount for 10 minutes while Hratxposure continued (giving an additional
exposure of 500 L of hydrogen). HREELS experimevgse performed in a specular geometry
with an incident and scattered angle of @m the surface normal, and an incident electron

beam energy of 5.6 eV.
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4.4 Results and discussion

The Raman spectrum for the InN layer is shown g &il. The prominent peak at 592.5
cm'is assigned to the .0) vibration mode [27]. The broad peak betweeb 46i* and 540
cm’ is deconvoluted to resolve into four significammponents using Gaussian line shape
analysis as depicted in Fig. 4.1, with parameteransarized in Table 4.1. The largest peak
contribution centered at 489.6 ¢nmas been assigned to(Righ) [27, 28]. The Raman mode
centered at 449.6 chrhas been assigned tq(AO) and the peak centered at 470.4'dmas been
assigned to £TO) modes [27, 29]. From the Raman selection rlesvever, the mode pairs
A1(LO)-Ex(high) and A(TO)-Ey(TO) are forbidden in the same plane. Thus, themiasion of
all these modes in the Raman spectrum indicatéshdayer contains grain facets tilted against

the direction of the incident beam, i.e., the gtoditection.

In addition, the weak Raman feature centered at25&8i* (denoted by in Fig. 4.1)
belongs neither to any known InN modes nor to apphkire substrate related mode of vibration.
One possible explanation for this feature mightabgecond order Raman effect of thgl@w)
mode. However, Dharet al. [30] have interpreted a feature at the same sgquobsition to a
disorder assisted longitudinal optical (DALO) mode.

The x-ray diffraction spectrum for the InN layecoeded inm-20-geometry is shown in
Fig. 4.2. The XRD spectrum shows a dominant hexalgmi(0002) Bragg reflex at 31.24° with
a FWHM of 536 arcsec, corresponding to a c-lattisestant of 5.722A. Two additional Bragg
reflexes are observed, centered at 32.8° and 333b&fbinaet al. [31] assigned the “anomalous”
peak in x-ray diffraction pattern aB2= 33° to metallic indium. However, Ye al. [32] later
suggested that the “anomalous” 33° peak might Hateed to the diffraction peak of

polycrystalline InN. Our studies found that the lpemntered at 32.86° can be assigned to
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residual metallic indium at the surface, relatedttte In(101) Bragg reflex (2.723A) with a
FWHM of 428 arcsec. The indium on the surface camdmoved by 2 min. wet etching in HCI
after which the In(101) Bragg reflex at 32.86° ® wbserved anymore. In agreement with a
previous report by Yt al., the second peak located at 33.06° (2.707A) wiEWHM of 636
arcsec is attributed to tilted crystallites expgsinN (0111) facets [32].

Previous HREELS studies by the authors on InN geia grown on GaN/sapphire
templates [33-35] showed a strong loss featuré@tchi', which has been assigned to a Fuchs-
Kliewer surface phonon. The loss peak at 3260 ¢an the atomic hydrogen cleaned (AHC)
surface was assigned to an N-H stretching vibratwinile the loss feature at 870 ¢mvas
assigned to an N-H bending vibration. From thesseplations it was concluded that the InN
film in that previous work was N-polar and N-H tenated. In one study, a broad loss feature
was assigned to a conduction band plasmon excitatiml spectra acquired as a function of
incident energy revealed the presence of a sudi@otron accumulation [34].

In the present work, a HREEL spectrum was acqun@d the InN sample after atomic-
hydrogen cleaning and is shown in Fig. 4.3. Vilmadil loss features are observed at 640,cm
1260 cnt, 1440 cnit, 1600 cnit, 2960 cnif, 3400 crit and 3710 c. However, no loss features
related to a conduction band plasmon are obsemedsaenergies up to 4500 ¢rimdicating the
layer has a relatively high carrier concentration.

The loss peaks at 1260, 1600 and 3400 @micate that the dominant surface species is
NH. as opposed to the NH observed in the earlier j&8K35]. The loss feature at 3400 Cris
assigned to an Nitretching vibration in agreement with that asstgby Tanakat al. [36] for
NH, symmetric stretching vibration on InP(110). Thesldeatures at 1260 chand at 1600 crh

are assigned to NHvagging and scissor modes of vibration which halese agreement with
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those assigned by Tindadt al. [37] on Ge(100). Bhattet al. [35] reported a strong but sharp
loss feature at 550 ¢chon InN(0001) which they assigned to Fuchs-Kliewer surfacenpimoand
Tindall et al. [37] reported a rocking mode of MHibration at 884 ci. Instead of these two
individual loss features, a strong and broad lessuie has been observed at 640" amthis
work. This strong and broad loss feature is assigoethe unresolved overlap of the Fuchs-
Kliewer surface phonon and the rocking mode of MWitd, vibration. A small C-H stretch
vibrational peak is observed at 2960 tdue to residual carbon. Though no carbon was seen i
AES after a few cycles of sputtering followed byratc hydrogen cleaning, the HREEL
spectrum shows a little carbon contaminant on timase since HREELS is more sensitive than
AES. Small loss features at 1440 tamd at 3710 cthhave been assigned to the bending mode
of C-H and the stretching mode of O-H, respectivélienhauset al. [38] reported the InH
stretching vibration at 1650-1700 ¢rim HREELS experiments and at 1630-1650"citom ab
initio calculations [39pn InP surfaces. However, no loss feature in e was observed in
the present work indicating no surface InH existstbe atomic hydrogen cleaned surface.
HREELS spectra (not shown) were also taken from ghemple dosed with hydrogen at
temperature as low as 6C. But no loss feature related to InH was obsefvethe HREEL
spectra. Although surface metallic indium was iatkd in XRD, the sample was sputtered to
remove contaminants before taking the HREELS measemts which showed no indium-related
vibrations on the surface. The various loss featarel their assignments have been summarized
in Table 4.2.

The Raman spectroscopic analysis indicates théeexis of non c-plane crystallites at or

near the InN surface. The existence of such nolamepcrystallites is further supported by XRD

results, which show the presence of tilted (@L1nN facets [32]. Similarly, the observation of
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NH. rather than NH surface species indicates a ndarepsurface orientation. In the wurtzite

structure (0111) facets are semi-polar and both In and N atoms wheldxpected to be present
at the surface. However, in the HREEL spectrum oss |features attributable to InH are
observed but only Npvibrations. It is suggested that surface indiuonet are either not present
or not available for reaction with atomic hydrogelNo surface reconstruction was observed in
low energy electron diffraction due to the polydcajiine nature of the layer. If indium atoms
were present and reactive, exposure to atomic kygdronear room temperature should have
produced InH vibrations in HREELS. From the HREEg®ctrum, it can be concluded that the
presence of NEspecies on InN layer is due to the tilted facetssistent with the XRD and
Raman spectroscopy results.

It is expected that the presence of tilted planayg ohange the piezoelectric polarization
properties of the surface as well as any surfaeetrein accumulation [40,41]. Both of these
effects may impact the properties of heterojunctioterfaces or metallic contacts. The
predominance of NHspecies on the surface, in contrast to the NHitetion observed on c-
plane oriented layers, suggests that these tilledep are likely to also exhibit differences in
surface chemistry that can affect growth and prsiogs

The growth of tilted planes and the appearancetdf ielated vibrational modes on the
surface may be due to the growth of microcrystaloeiated with a 3D crystal growth mode.
Two possible reasons reported for the 3D growtimifare insufficient adatom surface diffusion
due to nitrogen-rich growth conditions, i.e., higHll ratio condition, and strain produced by
lattice mismatch between InN and the substrate [#2previous studies of HPCVD-grown InN
layers by the authors [33-35], c-plane orientati@s observed from layers grown on GaN buffer

layers on the sapphire substrate (lattice mismiasttveen GaN and InN ~ 10%). In the present
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work, growth occurred directly on sapphire with Inaffer layer (lattice mismatch between InN
and sapphire ~ 29%). The strain due to the ldeggce mismatch may be a cause for the growth
of tilted crystallites. However, the V-III precurs@tio may also be a contributing factor. The c-
plane oriented layers in the author’'s previous waete grown with lower ammonia to TMI
ratios (as low as 630) than the layer exhibitingedi planes studied in the present work
(ammonia to TMI ratio of 3000). Other parameteushsas, pressure, temperature, and precursor
flow rate were similar between the present work dred previous studies. When V/III ratio is
high, there is insufficient adatom surface diffusidue to nitrogen-rich growth conditions.
Lattice mismatch may lead to the formation of 3ansls during epitaxy to relieve the film strain
[42]. The present work suggests that sapphire substrdteigh NH to TMI ratio are key factors
for the growth of InN layers in different orientatis other than c-plane.

The present work shows correlations between cteraations of surface and bulk

structure and bonding on InN(01) facets but additional work is needed to investighie
effects on interface and device properties. Siheeperformance of InN based devices depends
upon the surface orientation, the study of chemieattivity and thermal stability on the tilted
planes may be of importance. In the authors’ rebegroup the study of surface reactions and

thermal stability on the tilted InN planes is irogress.

4.5  Conclusion
In summary, the structural properties of an InNetagrown on sapphire was studied by
Raman spectroscopy, XRD and HREELS. The Raman sieadrows the appearance of both

mode pairs, ALO)-Ex(high) and A(TO)-E1(TO), due to the presence of tilted InN facetshia t

layer. XRD shows an additional Bragg reflex at0®3.supporting the presence of tilted (a1
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InN crystallites. The tilted orientation of the stgls results in an InN surface mainly consisting
of NH, species as observed in HREELS in contrast to tHevibrations observed from the
INN(0001) surface. Growth of tilted planes in InN is ansequence of a 3D growth mode

suggested to be due to the high V/IlI ratio andedattice mismatch with the sapphire substrate.



Table 4.1 Raman spectroscopy results asigrasents.

Literature Valué’ Literature Valu®  Experimental Value

Symmetry
Mode Center peak pos. Center peak pos.  Center peak pos.
(cm) (cm™) (cmi)
A, (T0) 443 445 449.6
E, (o) 477 472 470.4
EZH 491 488 489.6
B - - 515.2
590 588 592.5

A, (Lo)
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Table 4.2 HREELS vibrational frequencies and asagmts from InN.

Frequency (cm) Assignment

640 Fuchs-Kliewer phonon + NHock
1260 NH Wag

1440 C-H bend

1600 NH, Scissor

2960 C-H stretch

3400 NH stretch

3710 O-H stretch
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Figure 4.1 Raman spectrum of an InN layer growsapphire with deconvolution of the Raman

modes using Gaussian curves.
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Figure 4.2 X-Ray diffraction results of HPCVD-growrN in ®-20-geometry.
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Figure 4.3 HREEL spectra of HPCVD-grown InN aftesraic hydrogen cleaning.
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5 THERMAL STABILITY OF INDIUM NITRIDE EPILAYERS GROWN BY HIGH

PRESSURE CHEMICAL VAPOR DEPOSITION

5.1  Abstract

The thermal stability of InN layers grown on sapphdy high-pressure chemical vapor
deposition has been studied by thermal desorpatomic force microscopy, x-ray diffraction,
and infrared reflection measurements. Desorptioulyets from samples grown with group V/II
precursor ratios from 1200 to 4800, but otherwidentical growth conditions, have been
monitored using differentially-pumped mass specetwyn while the sample temperature was
ramped from room temperature to 825 °C. No sigaifiadesorption of nitrogen from the surface
was observed below 630 °C, with a rapid increasededorption of molecular nitrogen at
substrate temperatures above 630 °C. No signifidasbrption of NHor NH, fragments was
observed. From Arrhenius plots, the activation gnéor desorption of nitrogen was found to be
1.6 £ 0.2 eV. It was observed that the activatinargy for the desorption of nitrogen from InN
samples was independent of V/III precursor ratiowver, the temperature corresponding to the
maximum desorption was found to be dependent oih (M&cursor ratio, increasing from 749 °C
for V/III precursor ratio of 1200 to 776 °C for Wiprecursor ratio of 4800. The observed shift
in the peak desorption temperature with increasgngup V/1ll precursor ratio is attributed to the

decrease in extended defects and the increasaimgize.

5.2 Introduction
Due to the low band gap and unigue optoelectrgmaperties of InN, the binary

cornerstone InN has attracted renewed attentiathendevelopment of group lll-nitride based
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materials structures and device elements. The gapdnergy of InN has been reported to be as
low as 0.7 eV [1], which enables the utilizationtle¢ group llI-nitride material system to a host
of potential optoelectronic device structures sasHight-emitting diodes operating from near-
infrared to deep ultraviolet [2)r high efficiency photovoltaic solar cells [3]. Amg the IlI-
nitride semiconductors InN has the highest measeleciron mobility, exceeding 3500 &ivis

at room temperature [4Recent theoretical calculations using ensemble M@drlo methods
have predicted that the room temperature electrohility of INN may be as high as 14000
cnt/Vs [5]. This exceptional electronic transport pedy is most favorable for high speed
electronic devices and hence InN could be an ideaterial for high electron mobility
transistors. In addition, InN has a potential fovide range of applications including chemical
and biological sensors [6] as well as thermoeledagvices [7] and terahertz radiation devices
[8].

Despite having a number of remarkable physicapgries, the utilization of InN is
hamperedy a limitation in the growth of high-quality InNylthemical vapor deposition (CVD)
due to thermal instability and inconsistent surfacerphologies. One of the ways to avoid
thermal dissociation is to grow InN epilayers atv [temperature. But at low temperature the
cracking efficiency of ammonia precursor is extrgmiew, requiring a large group V/III
precursor ratio for low-pressure CVD growth [9]hHs been reported that INN and related alloys
can be grown at much higher temperatures througfacgu stabilization at higher reactor
pressures [9]. High-pressure chemical vapor deposiHPCVD) has been shown to be a viable
approach to produce high quality 11I-N epilayer§ [9

In recent decades several research groups explbeedpitaxial growth of InN layers

using techniques such as plasma-assisted moleoeitan epitaxy (PA-MBE), low- and high-
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pressure metal organic chemical vapor depositio®@QWD), and hydride vapor phase epitaxy
(HVPE). Fewer studies have been done on the thestahllity and decomposition behavior of
the InN epilayers [10-14] than have been reported dlectronic, structural and optical
properties.Thermal stability is very important factor in theogith process as well for the device
performance and life time. However, these studiagehshown inconsistent results for the
decomposition activation energy ranging from 1.¥5te 3.4 eV. Huangt al. [10] studied the
thermal stability of MOCVD-grown InN in a nitrogeenvironment using in-situ laser
reflectance. The reported activation energy anctotesnperature of nitrogen desorption were
2.1 £+ 0.1 eV and 500 °C respectively. Togaghal. [11] studied the temperature dependent
decomposition of HVPE grown N-polar InN in a nitemgambient. The estimated values of the
activation energy and onset temperature of nitrodesorption were 3.33 eV and 610 °C
respectively. In another study [12] the same autlaliserved a polarity dependent activation
energy when the samples were annealed in hydrogdrsent. In that work N-polar InN
displayed an activation energy of 1.10 eV and degor onset temperature was 350 °C while In-
polarInN showed an activation energy of 1.74 eV. Thesallts indicate that the decomposition
of InN is enhanced by the presence of hydrogen thedactivation energy is dependent on
growth direction. Ambacheet al. [13] performed experiments on the decompositiorioof
pressure chemical vapor deposition (LPCVD)-growN.lithe sample was put in a quartz tube
evacuated to less than 1.5%10orr and the desorbed species were measured wjttad@rupole
mass spectrometer (QMS). Desorption spectra wer@suned by heating samples inside the
quartz tube with a linear temperature ramp (20 i€yfnom room temperature to 1100 °C. From
the Arrhenius plot, the calculated activation egewps 3.48 eV and the observed onset of

nitrogen desorption temperature was 630 °C. Kodeni#t al. [14] studied the thermal
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instability of InN (0001) grown by PA-MBE, monitorg the indium desorption under vacuum
conditions using QMS. From their analysis, différealues of the activation energy were found
for two temperature regimes, lower temperature (5@&®5 °C) and higher temperature (605 —
645 °C). In higher temperature regime, the regbvidue of the activation energy was 1.15 eV
whereas in lower temperature regime, the activatioergy was measured to be 4.4 eV and the
onset of temperature for INN decomposition was 60The reported variation in the activation
energy of InN epilayers indicates a strong infleeraf the growth process on the thermal
stability and physical properties of InN, motivaiour studies on the thermal stability of InN
samples grown under HPCVD conditions. In this paper report the results of an investigation
of the thermal stability of HPCVD-grown InN epilageby temperature programmed desorption

including a determination of the activation enefgymolecular nitrogen evolution.

5.3  Experimental methods

The indium nitride (InN) epilayers studied in thigork were grown on sapphire
substrates at a temperature of 832 °C and a repotssure of 15 bar. Ammonia (MHand
trimethylindium (TMI) were used as group-V and goeli precursors, respectively. The
precursors were embedded into a nitrogen carrier ggeeam. In order to avoid gas phase
reactions during the growth process they were faegeseparately by pulsed injection which was
temporally controlled, maintaining a constant reagressure at all times. The carrier gas flow
was adjusted so that the gas flow velocity aboeestimple surface was kept constant. Details of
the HPCVD reactor system, the growth configuraticas well as real-time optical

characterization techniques employed have beenighell elsewhere [15, 16]. The four InN



99

samples discussed in this work were grown undenticl process conditions and growth
duration, varying only the group V/III precursotiocafrom 1200 to 4800.

Infrared (IR) reflection measurements were pergmnat room temperature over the
frequency range of 450-7000 chrusing a fast Fourier transform infrared spectremeind
mercury cadmium telluride detector [17]. All IR lexftion spectra were taken under near normal
(~8°) incident light arrangement to minimize thesatropy effect in InN films. The surface
morphology of the layers was analyzed by atomicdomicroscopy (AFM). The crystalline
structure of the InN layers was characterized with20 x-ray diffraction (XRD) measurements
which confirmed the crystallite orientation @11 1) for these polycrystalline films as observed
in the authors’ earlier work [18].

The InN samples were rinsed with isopropyl alcobefore transfer into the ultra high
vacuum (UHV) chamber. The samples were mounted @mtalum sample holder and held in
place by tantalum clips. The details of the UHVtegs and sample mount have been reported
elsewhere [19]The base pressure of our UHV system was 1.7%T0rr. To remove the surface
contaminants due to the exposure to the air, saoidming was performed by sputtering with 1
keV nitrogen ions followed by atomic hydrogen cliegn The details of sputtering and atomic
hydrogen cleaning are also published elsewhere 308, Auger electron spectroscopy (AES)
was used to monitor the cleanliness of the sampgé&sS was also used to determine the
composition of the near surface region which shoegdal amounts of indium and nitrogen
indicating no In adlayers or droplets after surfpoeparation in UHV.

The desorption study was carried out by heatimgsgimples from room temperature to
825 °C by ramping at the rate of 30 °C per minugimg a temperature controller. The samples

were heated by the bombardment of electrons frarbtck of the tantalum sample holder and
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the temperatures were measured using a chromekélin@rmocouple attached on the mount
next to the sample. In order to check the religbibf the temperature measurements by
thermocouple, an optical pyrometer was also usedsihificantdifference in temperatures was
observed between the two measuremermgsorption products were measured with a
differentially-pumped QMS having a pinhole in the@se cone. The sample was placed
approximately 5 mm from the nose cone of the mpssteometer and the desorbed species were

monitored with the QMS while the sample temperawas ramped.

5.4  Results and discussion

The desorption of molecular nitrogen from InN wiitte increase of temperature is shown
in Fig. 5.1. No significant Nk (17 amu) desorption was observed. The 14 and 28 am
desorption signals showed identical behavior at6D@ °C. This confirms desorption of nitrogen
from the InN samples in the form obNHowever, below 600 °C, a small desorption peakR®f
amu was observed with no desorption of 14 amu.Z&hamu signal desorbed below 600 °C is
attributed to carbon monoxide. In all four sampbssorption of nitrogen started at around 630
°C, increased rapidly with increasing temperatarg] peaked before decreasing as shown in Fig.
5.2. After attaining the peak value, the desorptete decreased with the increase of temperature
indicating that the film was getting thinner untile entire film was desorbed completely.
Though the signal to noise ratio for indium desorptvas not as good as that for nitrogen, the
desorption of indium was observed similar to thiahitrogen (not shown). In all InN samples
studied, the shape of desorption curves was sintlawever, the temperature corresponding to

the maximum desorption was found to be differerges in Fig. 5.2.
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The experimental IR reflection spectra were aredyzsing a multilayer stack model [21]
and a Lorentz-Drude model for the dielectric of thedium to obtain the thickness of the layers.
From the analysis, the film thicknesses of 270 869 nm, 320 nm and 270 nm were obtained
for the samples grown with group V/III precursotioga of 1200, 2400, 3600 and 4800
respectively. Ideally, a direct correlation of tffien thicknesses with the area under the
desorption curves (Fig. 5.2) is expected. HoweWWehe films contain different amount of voids
and defects, the thicknesses of the films wouldaootelate with the area under the desorption
curves. Using the effective medium theory, the vcédtion was calculated in each sample. The
void fractions were 0.023, 0.23, 0.09 and 0.26ersamples grown with group V/IlI precursor
ratios of 1200, 2400, 3600 and 4800 respectivelyrrécted values for the total thickness
accounting for the void fraction were calculated @ahese values correlate very well with the
area under the desorption curves.

Figure 5.3 showspin x Ium AFM images obtained from three of the four InMhgées
grown with group V/IIl molar precursor ratios of A@ 2400, and 4800. The results show
average grain sizes of 180 nm, 200 nm and 220 mrthéthree films, respectively, indicating
that average grain size increases with the inangagioup V/III precursor ratio. The increase in
the average grain area (larger grain size) witheiaging V/IIl molar precursor ratio suggests a
decrease in extended defects (fewer grain bourg)afiee higher V/III molar precursor ratios
[22]. It has been reported that thermal stabiliegréases with the decrease of grain size [23].
That is, as the extended defects are reduced amd gize is increased, the material is more
thermally stable and a longer or higher temperatumeealing is required to desorb InN films.
This is consistent with the result reported hew fiims grown with higher group V/III ratios

also exhibit larger grain sizes and yield a higleenperature of maximum desorption.
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Desorption curves were used to calculate an dmiveenergy for the desorption of
nitrogen from each sample by an Arrhenius analydi® desorption rate, R, is assumed to be
described by the equation [24],

R = ottt =0" v, e~ EKD (5.1)
where®f is the surface coverage, n is the order of deworpt is the pre exponential factor, E is
the activation energy, k is the Boltzmann const@md T is the temperature in Kelvin. The
desorption order was assumed to be zero since gesiion leaves the surface in an identical
configuration. So the desorption rate would themgiven by

R = - di/dt =vo e~ EKD), (5.2)
For each of the four samples studied here the aldtg of the desorption rate was plotted versus
inverse temperature to determine the activatiomggntor the desorption of nitrogen from InN.
In each case, only the leading edge of the desorpturve (Fig. 5.2) was used to find the
activation energy. Figure 5.4 shows the fittingduse determine the activation energy for one of
the samples in this work. The value of the actoragnergy was found to be 1.6 + 0.2 eV for all
four samples showing that the activation energyndf layers is independent of group V/III
precursor ratio. The activation energies for thérdecomposition of InN reported previously
together with our results are summarized in Takle 5

In this work, the decomposition of InN was studiedler high vacuum conditions. The
desorbed species were measured with a QMS, kedpngose cone of the mass spectrometer in
close proximity (~5 mm) to front of the sample. Toeset of the InN decomposition was
observed around 630 °C. From the Arrhenius ploteadh sample the calculated value of
activation energy was found out to be 1.6 + 0.2 &though the activation energy as

determined in previous studies varies by a largeuant) the value determined in this work is
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close to that reported by Koblmdulletrral. [14] for the high temperature regime and also Isimi
to the value given by Huargg al. [10]. These decomposition studies show that lia &lso a
large range for the activation energy (1.15 — 3\4) similar to the range reported for
decomposition of GaN (0.34 — 3.62 eV) [25, 26]. E&N, the decomposition rate is reported to
depend upon growth reactor designs and flow dyra{gig].

The studies on thermal stability of InN also indéc¢hat a number of factors may affect
the decomposition rate and activation energy. Tadyais results summarized in Table 5.1 were
performed on InN layers grown by five different mads which resulted in at least three
different growth directions. Although there are @idhriations in the activation energy reported,
no clear trend with growth technique or film origmdn is apparent. However, from the data in
Table 5.1 it is clear that the onset temperaturesinilar (500-630 °C) for measurements made
in nitrogen or vacuum ambient while considerablydo in the presence of hydrogen (<350 °C).
The activation energy measured in a hydrogen backgt is also at the low end of the range
compared with measurements made when no hydrogetiaduced. Hydrogen in the InN layers
may react or be evolved during the decompositiacgss. Hydrogen may also be liberated from
metals during the heating of the samples. The wsffecunintentional hydrogen introduction are
difficult to account for or to eliminate. We suggdbat the effects of hydrogen on the

decomposition may add to the wide variation in mead activation energies reported.

5.5  Conclusion
In summary, thermal desorption measurements wsed to study the thermal stability of
HPCVD-grown InN epilayers that had been charaaterizy AFM, XRD, and infrared reflection

measurements. The desorption of nitrogen from it durface started around 630 °C with a
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calculated activation energy of 1.6 + 0.2 eV, whishindependent from the group V/III
precursor ratio. The temperature at which the marindesorption was observed shifted with
increasing group V/III precursor ratio from 749 f&@& a ratio 1200 to 776 °C for a ratio 4800.
The analysis of surface topography suggests thststiift is related to the decreased extended

defects and increased grain size with increasing@W/1ll precursor ratio.
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Table 5.1 Summary of the results for thermal siigbdf INN reported in the literature and

current work.

Authors Growth Growth Measurement Annealing Desorption Activation
(Reference) technique  direction technique medium onset temp. energy
(°C) (eV)
Huanget al. MOCVD - Laser N, 500 2.1+0.1
(Ref. 10) reflection
Togashiet al. HVPE [0001] - N, 610 3.33
(Ref. 11)
Togashiet al. HVPE [0001] - N 550 -
(Ref. 22)
Togashiet al. HVPE [0001] - H, < 350 1.10
(Ref. 22)
Togashiet al. HVPE [0001] - H <350 1.74
(Ref. 22)
Ambacheret al. LPCVD - QMS Vacuum 630 3.48
(Ref. 12)
KobImdilleretal. PA-MBE [0001] QMS Vacuum 560 1.15 (high
(Ref. 13) temp. regime)
Koblmulleretal. PA-MBE [000_1] QMS Vacuum 560 4.4 (low
(Ref.13) temp. regime)

Current work HPCVD [011 1] QMS Vacuum 630 1.6+0.2
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28 amu

MS- signal intensity (arb. u.)

14 amu

L - - i - 1
I ] I

200 300 400 500 600 700
Temperature (°C)

Figure 5.1 Mass spectrometer signal intensity afogen species desorbed from InN as a
function of temperature. These data were collefitad InN layer grown with a V/III precursor

ratio of 2400 although data from other samplessardéar.
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V/AII-
4 ratio

4800
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MS- signal intensity(arb.u.)
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Figure 5.2 Mass spectrometer signal intensity ®afhu as a function of temperature measured
while sample temperature was increased linearlgGat’C /min from InN samples of V/IlI

precursor ratios varying from 1200 to 4800.
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219.95 nm

(b)

()

Figure 5.3 im x lum AFM images for InN epilayers deposited on sa001) substrates.

The layers were grown with group V/III molar presor ratios of (a) 1200 (b) 2400, and (c)

4800. Analysis of the images yields average graiessof 180 nm, 200 nm and 220 nm for the

three films, respectively.
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E =(1.6£02)eV

In(desorption rate) [arb.u.]

152 160 168 176 184 19.2
1/KT [eV ™

Figure 5.4 Natural log of 28 amu mass spectronstgral as a function of 1/kT for InN sample
with V/II- ratio of 2400 while sample temperatunas linearly increased at 30 °C /min. The
activation energy was calculated using the slopthefbest fit line for the linear region of the

graph.
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6 SURFACE STRUCTURE, POLARITY AND SURFACE KINTET ICS OF INDIUM
NITRIDE GROWN BY PLASMA-ASSISTED ATOMIC LAYER EPITA XY: A HREELS

STUDY

6.1  Abstract

The surface bonding configuration and kinetics ydrbgen desorption from InN grown
on Si(100) by plasma-assisted atomic layer epitaaye been investigated. High resolution
electron energy loss spectra exhibited loss pesdigreed to a Fuchs-Kliewer surface phonon, N-
N and N-H surface species. The observation of Nithb In-H surface species suggests N-polar
InN. Isothermal desorption data was best fit by finst-order desorption kinetics with an
activation energy of 0.88 + 0.06 eV and pre-exptiakfactor of (1.5 + 0.5) x10s™. The lower
activation energy, the first-order desorption kicetand surface N-N vibrations are attributed to

surface defects.

6.2  Introduction

Indium nitride, a group-Ill nitride compound semcluctor, has attracted an extensive
research interest over the past decade due tonitgiel electronic properties such as; small
effective mass, large electronic mobility, high p@ad saturation velocities and small band gap
energy. These properties make InN a potential nehtéor a number of electronic and
optoelectronic devices [1]. However, among oth@ugrIll nitride semiconductors, InN is less
studied due to difficulties in producing good qtialnN films ensuing from its low dissociation
temperature, high equilibrium vapor pressure ofogin and lack of suitable lattice matched

substrates [2]. InN epilayers have been grown kbyumber of techniques including metal
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organic chemical vapor deposition (MOCVD), molecuteeam epitaxy (MBE), liquid phase
epitaxy (LPE), and hydride vapor phase epitaxy (HYRAtomic layer epitaxy (ALE) has been
found to be an effective technique to produce ggaality metal nitrides [3, 4]This technique

has a wide range of advantages such as stoichionfibtr growth with large area uniformity,
precise thickness control, and low temperature siépa [5].

In recent years, the number of publications relatedinN research has increased
significantly. Most of the studies have been foduse the structural (crystalline), chemical,
electrical and optical properties. However, there a very few studies on the fundamental
surface properties of InN. These studies are vewyortant to gain an understanding of the
growth mechanism because surface structure andrgpatfect kinetic processes during growth
which determine the quality of the films and thefpenance of subsequent devices fabricated in
such films [6]. In previous work from the author&ssearch group, Bhattt al. [6] reported on
the surface structure and bonding configurationdigh pressure chemical vapor deposition
(HPCVD)—grown InN samples using high resolution celen energy loss spectroscopy
(HREELS). From HREELS measurements it was conclutted the HPCVD-grown InN
surfaces were nitrogen terminated indicating thatfims were N polar. In other work from the
author’s grougtilted planes on HPCVD—grown InN were observed atidbuted to the effects
of high group V/IlI ratio and lattice mismatch [7].

During the metalorganic growth of InN films, surdameactions involving hydrogen are
important steps. When a precursor such as Ig(£krimethylindium (TMI), is decomposed
during the growth of InN, surface hydrogen atones @moduced. These surface hydrogen atoms
reduce the number of available reaction sites ridium and nitrogen precursors affecting the

quality and composition of the films. The surfacgtogen atoms produced during epitaxial
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growth of InN are usually eliminated by desorptafter reacting with adsorbed methyl groups
or other hydrogen atoms. It has been reported dhaincrease in hydrogen partial pressure
decreases the deposition rate of InN and the isereah production switches the system from

deposition mode to the etching mode [8]. Moreow@N strongly reacts with atomic hydrogen

resulting in the depletion of nitrogen and formataf In droplets at the surface [9].

Knowing the kinetic parameters for surface readi@ncrucial in order for determining
the effects of hydrogen on the growth of InN. Hoeewery few studies have been done and
both qualitative and quantitative details of mariythee important surface reactions occurring
during the growth are still unknown [10]. In thisok, we have determined the kinetic
parameters for hydrogen desorption from the plasssisted atomic layer epitaxy (PA-ALE)-
grown InN surface using HREELS. In addition, HREEh&s been used to study the surface

bonding configurations and polarity of InN grown Bp-ALE.

6.3  Experimental methods

The InN layers used in this study were grown by A4 on silicon(100) at 240 °C as
described in detail by Nepat al. [11]. After ex situ cleaning with deionized water and acid
pretreatment, the substrate was treatedtu with 50 sccm N plasma at 300 W prior to the
growth of InN in an argon ambient. TrimethylindiumMI), a group lll-precursor, was pulsed
for 60 ms and added to 30 sccm flow of ultrahightgUHP) argon carrier gas while 100 sccm
of UHP argon was introduced separately throughplema source. This total flow of argon
resulted in a reactor pressure to 166 millitorrohder to enhance the saturation of the sample
surface with TMI molecules, the main pumping valvas stopped for 5 sec after each TMI

pulse. After each stop, the chamber was purged WHP Ar for 10 sec to remove unreacted
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precursor and by products. A 20 s long, 300 W Ult®gen plasma pulse with a flow rate of

100 sccm was used as a group-V precursor. Unregctenlirsors and reaction products were
then removed by purging the deposition chamber WitdP Ar for 10s. In order to synthesize

INN epilayers, 800 cycles of ALE were employed d@he growth rate was 0.51 nm/cycle (1

atomic layer per cycle).

The sample was exposed to air before insertioo am ultra-high vacuum (UHV)
chamber with a base pressure of 1.5¥1Dorr. The sample was mounted on a tantalum sample
holder, and held in place by tantalum clips. Sampating was done by bombardment of
electrons from the back of the tantalum sample droldhe temperature of the sample was
measured with a chromel-alumel thermocouple. Augkerctron spectroscopy (AES) was
performed to monitor the surface cleanliness. AE®B® as-inserted sample showed oxygen and
carbon contamination due to the exposure of theokato the atmosphere. Sample cleaning was
performed by sputtering the sample surface witheY Iitrogen ions followed by atomic
hydrogen cleaning (AHC) or atomic deuterium clegnjADC). The details of the cleaning the
sample by sputtering followed by AHC have been shield elsewhere [6, 7, 10]. AES spectra
after a few cycles of cleaning confirmed that tié Isurface was free from contaminants.
HREEL spectra were achieved in a specular geomthyan incident and scattered angle of 60°
from the normal. The energy of the incident elawdrovas 7.0 eV. In order to determine the
surface kinetic parameters, two series of isothkedesorption experiments were performed. To
avoid the confounding effects of background hydmgeeuterium () was used to model the
surface interaction with hydrogen. In the firstisgrthe sample was heated to a target
temperature between 200 °C and 375 °C and hel@Ofdrseconds. In the second series sample

was heated to a target temperature between 200 423 °C and held for 90 seconds. The
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surface was restored to its original condition tigio ADC before each isothermal heating

treatment.

6.4  Results and discussion

HREEL spectra of InN acquired after AHC and ADC sihewn in Fig. 6.1. A loss peak
observed at 550 chin both spectra is assigned to the Fuchs-Kliewefase phonon [12]. Loss
peaks observed at 3260 ¢nfor the AHC surface and 2410 énfor the ADC surface are
assigned to N-H and N-D stretching vibrations, eetipely. These assignments are in excellent
agreement with those by Bhatthal. [6] on AHC/ADC InN surface grown by high pressure
chemical vapor deposition (HPCVD). In contrasthe previous work on HPCVD-grown InN,
two prominent peaks at 1240 ¢rand 2020 cii are observed from both AHC and ADC PA-
ALE-grown InN surfaces. These peaks are not relatieldydrogen because no isotope shift is
observed between AHC and ADC surfaces. The authaygest that these loss peaks are due to
surface N-N vibrational modes. In the literatureNNstretching vibrational modes have been
reported over a wide range of frequencies. N-Ntatieg modes of vibration on Ru(001) were
reported at 2195 chmand 2200-2250 cithby De Paolaet al. [13] and Antonet al [14],
respectively. Apen and Glar{d5] observed the N-N stretching mode on the GaAs seirédc
1671 cm'. So, it is suggested that the loss peak at 2020 isndue to a surface N-N stretch
while the loss peak at 1240 2mould be due to a N-N bend.

On InP surfaces, the InH stretch has been repatetb50 — 1700 cthin HREELS
experiments [16-183nd at 1630 — 1680 chfrom calculations [19]. However, the present study
showed no HREELS loss features in this range itidigano InH on the InN surface. The x-ray

diffraction pattern measured m-20 scan (not shown here) shows Bragg reflexes frol In
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(0002) indicating the growth of the film along cisXThe observation of surface N-H vibrations
but no In-H vibrations demonstrates nitrogen teation of the InN layer. Together x-ray
diffraction and HREELS results are consistent wittraxis oriented nitrogen polar InN film [6].

HREEL spectra acquired after annealing the ADCamarto various temperatures for 900
s are shown in Fig. 6.2. The surface was restmréde same condition by sputtering and ADC
before each desorption experiment. Heating to°2Z7produced little change in the intensity of
N-D peak. Heating to 350 °C resulted in a muchdadgcrease in the intensity of the N-D peak
and heating to 375 °C completely removed deutefiom InN surface as shown in Fig. 6.2. The
results of a similar experiment on the sample aitheal times of 90 seconds (Figure not shown)
showed that as the temperature increased, the Ndk ntensity decreased and the peak
disappeared after annealing the sample at 425:%bth cases, the peaks at 1240'@and 2020
cm® remained unchanged even after removing the demtedompletely from the sample
surface. This further supports the idea that thess peaks are not related to hydrogen
vibrational modes. With higher annealing tempeeguN-H stretching vibrational peaks appear
at 3260 crit and are attributed to the readsorption of hydrdigsrated from the sample mount
during the heating [20].

To date, there has been no published work on teergion of hydrogen from the ALE-
grown InN surface. However, there have been a &wnts on the desorption of hydrogen from
INN and GaN surfaces grown by other techniquesttBledal. [21] reported the desorption of
hydrogen from HPCVD-grown N-polar InN surface ab#Z annealed for 900 s or at 500 °C
annealed for 30 s. Bellittet al. [22] observed a complete disappearance of Gareicht
intensity from MOCVD-grown GaN surface after brnietheating at 380 °C. Surgy al. [23]

reported the desorption of hydrogen from the nerogites on a metal organic vapor phase
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epitaxy grown GaN surface at 850 °C. In contradtjadg et al. [24] reported hydrogen
desorption from Ga-sites of a GaN surface at 25ari€from N-sites at 500 °C. The desorption
temperature from N-sites on ALE-grown InN reporitethis work is lower than that reported for
N-sites on InN and GaN grown by other techniqu2$:34]. Rendulict al. [25] studied the role

of surface defects in the desorption of hydrogeN@i11) surface. They reported that surface
defects introduced non-activated adsorption siteghwlowered the desorption temperature. In
this study, the HREELS spectra showed the promitesg peaks related to N-N vibrations
indicating the presence of a significant amourdwface defects. Therefore, we suggest that the
observation of lower desorption temperature of bgédn from ALE-grown InN surface is
attributed to the presence of surface defects.

The kinetic parameters have also been determired the HREEL spectra. Relative
surface coverages were obtained by integratingutba under N-D stretching vibrational peak in
each normalized HREEL spectrum. The normalized Nti2tch intensity is assumed to be
proportional to the surface coverage [26]. The radized N-D intensity was plotted as a
function of annealing temperature. During ADC, Haenple was annealed to 325 °C. However,
the exposure with atomic deuterium was continuetl the sample was cooled down to ~200
°C. For this reason, N-D stretch intensities aR&C are plotted as equivalent to a 200 °C
anneal.

The experimental data were fit using the first @edond order desorption kinetics. To
determine the kinetic parameters for hydrogen ggor the integrated N-D stretch intensities
were fit using equations for first and second omiesorption kinetics. The data were fit with

the equations [10],
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' =e (6.1)
0
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0 1
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whered is the surface deuterium coveraggis the initial coveragd,is the anneal timey is the

first-order pre-exponential factomn;, is the second-order pre-exponential facthr,is the

activation energyk is the Boltzmann constant and T is the temperairé&elvin. The

normalized N-D stretch intensity as a function eperature was fit to both first-order and

second-order desorption kinetics using equatioriy ¢hd (6.2), respectively. First- and second-

order fits to data for 900 s anneals are showrgn@=3. Although the data can be fit well using

either first- or second-order kinetics, only fissder kinetics was able to fit data for both 900 s

and 90 s (not shown) anneal data with the samegaticin energy and pre-exponential factor.

This analysis yields first-order desorption kingtiith activation energy of 0.88 + 0.06 eV and a

pre-exponential factor of (1.5 + 0.5) ®16. Bhattaet al. [21] reported that desorption of

hydrogen from HPCVD-grown InN samples was best rilesd by second-order kinetics with an

activation energy of 1.3 £ 0.2 eV. We suggest thatface defect sites result in first-order

desorption process for hydrogen recombination beoarginant on this surface and resulting in a

lower activation energy and temperature [25] thiaseoved in the case of HPCVD-grown InN.
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6.5  Conclusion
In summary, the surface bonding configuration kineétics of hydrogen desorption from

PA-ALE-grown InN were investigated using high regmn electron energy loss spectroscopy.
HREELS showed surface N-N vibrational modes at 1840 and 2020 cm indicating the
presence of surface defects. Hydrogenated and rd&adelnN surface showed N-H and N-D
stretch vibrationsrespectively, while no In-H modes were observedcaithg N-polar InN.
Complete desorption of surface hydrogen was obdeafter heating to 375 °C for 900 s or 425
°C for 90 s. First-order kinetics best describexldbsorption of hydrogen from InN surface with
an activation energy of 0.88 + 0.06 eV and a preeerntial factor of (1.5 + 0.5) x1@™. The
lower values of activation energy and desorptianperature than previously reported along

with first-order desorption kinetics were attribdit® the presence of surface defects.
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Figure 6.1 HREELS of InN after atomic hydrogen amtamic deuterium cleaning. Spectra were

acquired in the specular direction with an incidelettron energy of 7.0 eV.
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Figure 6.2 HREEL spectra after INnN sample prepamaltly atomic deuterium cleaning (ADC)
and after heating to 275, 300, 325, 350 and 37%P®00 s. The surface was restored to the

same initial state with ADC prior to each heat timeent.
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Figure 6.3 Fitting of first and second-order desiorpkinetics to measurements of deuterium
coverage (obtained from HREELS N-D stretch intgfisis a function of heating temperature for
the InN sample after preparation by atomic deuterileaning and heating for 900 s to 275, 300,

325, 350, and 375 °C. Equations and parametersinisied fitting are described in the text.
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7 STRUCTURAL, COMPOSITIONAL, AND THERMAL STABI LITY STUDIES ON
INo.96Gap 0N EPILAYERS GROWN BY HIGH PRESSURE CHEMICAL VAPOR

DEPOSITION

7.1  Abstract

The structural and compositional properties ofiund gallium nitride (18.96G& 04N)
epilayers grown by high-pressure chemical vaporodi#jpn have been studied using x-ray
diffraction (XRD), Auger electron spectroscopy (AEghd high-resolution electron energy loss
spectroscopy (HREELS). In addition, the thermabisity of the epilayers has been studied using
temperature programmed desorption (TPD). The pe&8k.88° in the XRD pattern is assigned
to Ing.oeGay odN (0002) Bragg reflex, indicating single-phase arakis oriented epilayers. AES
measurements also indicate 4% gallium and 96% mdiu the film. The HREEL spectra of
atomic hydrogen-exposed surfaces exhibited modsgres] to a surface N—H species, which
were confirmed by observation of isotopic shiftddeing exposure to atomic deuterium. No In—
H or Ga-H vibrations were observed suggesting goldr film. Two prominent peaks at 1240
cm™ and 2020 cm were assigned to N-N modes of vibration indicating present of surface
defects. The thermal desorption study indicatetl ifteogen desorption from the sample started
at 625 °C and peaked at 740 °C. No significant ggm of NH or NH, fragments was
observed. From an Arrhenius plot, an activationrgynéor the desorption of nitrogen of 1.14 +

0.06 eV was calculated.
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7.2 Introduction

In;xGaN alloy system, a ternary compound of lll-nitridexterials, attracts significant
attention to the researchers as it is a potentateral for device applications such as light
emitting diodes and photovoltaics [1,2]. GaN andri@h In; xGaN have been considered as the
most important and indispensable materials usedhiifabrication of light emitters which are
active in entire visible and part of the near U\édpal regions. The optical band gap of the In
xGaN alloy system can be tuned continuously from ulbiet (GaN=3.4 eV) to near-infrared
(InN=0.7eV) [3-6], which has an almost perfect rhatic the terrestrial solar spectrum. This is of
interest for the development of high-efficiency rabithic multijunction photovoltaic solar cells
[7], photoelectrochemical cells [8] and high brigdds nitride light emitting diodes and laser
diodes [3]. Despite having outstanding applicatidrevever, the realization of high crystalline
quality IixGaN films in the entire composition range is a grefadllenge, particularly when a
high indium concentration is required. One of th@mproblems associated with the growth of
high crystalline quality In,GaN alloys is the thermal instability of InN. One tife ways to
avoid thermal dissociation is to growi:h&aN epilayers at low temperature. But at low
temperature the cracking efficiency of the ammamecursor is extremely low, requiring a large
group V-III precursors ratio for low-pressure CVibgth [9]. It has been reported that InN and
related alloys can be grown at much higher tempegatthrough surface stabilization at higher
reactor pressures [9]. High-pressure chemical vepposition (HPCVD) has been shown to be a
viable approach to produce high quality IlI-N epées [9].

Despite the extensive study and significant pregyiie InGaN technology, however,
the fundamental physics related to theBaN materials has not been well developed yet.

Some of the physical and chemical properties aik edtimated based on the two binary
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compounds, GaN and InN [10]. Moreover, though theree several reports on the fundamental
surface properties of GaN and InN [11-15], no ssicidies have been done in iGaN. Studies

of the surface structure and reactions are an itapbpart of gaining an understanding of the
growth mechanism. Surface structure and bondingctffinetic processes during the growth
which determine the quality of the fiims and thefpenance of the devices [11]. It is well
known that the polarity of lll-nitride materialsrehgly influences its electrical and chemical
properties [16, 17]. On the other hand, studiestton thermal stability and decomposition
behavior of the In,GaN epilayerss very important in understanding and controlling growth
process as well as estimating the device perforenamd life time [18]. In this work, the
structure, composition and surface bonding conéiion of HPCVD-grown IlggeGayodN
epilayers have been studied using X-ray diffrac(l§RD), Auger electron spectroscopy (AES),
and high resolution electron energy loss spectmsc(HREELS). From the HREELS
measurement, the polarity of the §Ga 0N film is reported. In addition, we report the risu
of an investigation of the thermal stability of HY¥Q-grown InyoGayodN epilayers by
temperature programmed desorption including a detetion of the activation energy for

molecular nitrogen evolution.

7.3  Experimental methods

The InoGayodN epilayers investigated were grown by HPCVD on nbthick GaN/c-
plane sapphire template. Trimethylindium (TMI)mathylgallium (TMG), and ammonia (NH
precursors were used as the sources of indiumjugelend nitrogen, respectively. The
precursors were temporally embedded in a nitrogener gas stream, such that the total flow

and pressure remained constant at any given time.I 96Gay odN epilayers were grown at a
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temperature of 875 °C, a reactor pressure of 15 damain gas carrier flow gNof 12 sim
(standard liters per minute), and a growth tim& aburs. The details of the growth process have
been published elsewhere [19, 20]. Th&® XRD results were obtained utilizing an X Pert
PRO MPD (Philips) 4-circle diffractometer equippedth a monochromatic x-ray (CugK
source. The sample was aligned prior to the measnts utilizing the substrate’s sapphire
(0006) Bragg reflex. The sample was rinsed witlplispyl alcohol and mounted on a tantalum
sample holder with the help of tantalum clips ie tiHV chamber. The details of the UHV
system and sample mount have been reported elseyt# The base pressure of our UHV
system was 1.5x1¥ Torr. Sample cleaning was performed by sputteviith 1 keV nitrogen
ions followed by atomic hydrogen cleaning (AHC)oAtic deuterium cleaning (ADC) was also
performed in a similar way to aid in the assignmehtvibrational modes. The details of
sputtering and atomic hydrogen cleaning are pubtistisewhere [12, 19 order to perform
the compositional analysis and monitor the cleasln of the samples, Auger electron
spectroscopy (AES) was used. HREELS, a surfacdtsentechnique was used to study the
bonding configurations on the sample surface. HREEXxperiments were performed in a
specular geometry with an incident and scatteregleanf 60 from the surface normal, and
incident electron beam energy of 8.0 &\he desorption study was carried out by heating the
sample from room temperature to 935 °C by rampintha rate of 30 °C per minute using a
temperature controller. The sample was heated &yptmbardment of electrons from the back
of the tantalum sample holder. The temperature wesmsured using a chromel-alumel
thermocouple. A differentially-pumped quadrupolessiapectrometer (QMS) having a pinhole

in the nose cone was equipped in the UHV chambee. Sample was placed approximately 5
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mm from the nose cone of the mass spectrometeth@ndesorbed species were monitored with

the QMS while the sample temperature was ramped up.

7.4  Results and discussion

The x-ray diffraction pattern for theilgGaN recorded inw-20-geometry is shown in
Fig. 7.1. The XRD spectrum shows three prominemikpeat 31.41°, 32.86° and 34.51°. The
peaks at 31.42° and 34.51° are assigned to hexiagon&aN(0002) and GaN(0002) Bragg
reflexes, respectively. Our studies found that peek centered at 32.86° can be assigned to
residual metallic indium at the surface, relatedh® In(101) Bragg reflex. The indium on the
surface can be removed by 2 minutes wet etchirdQhafter which the In(101) Bragg reflex at
32.86° is no longer observed [15]. The XRD resekkibit single 13.,GaN(0002) Bragg reflex,
indicating no macroscopic observable phase separ&RD spectra were analyzed by Gaussian
curve fitting to determine the position and fulldth at half maximum (FWHM) of the (0002)
Bragg reflex. The position and corresponding miltetices of this Bragg reflex were evaluated
together to calculate the lattice parameter ‘dhef In..GaN layers [21]. The composition of the
In1xGaN epilayers were estimated using Vegard's law, Wwhassumes a linear dependence of
the ternary lattice parameters and their binarleysaGaN and InN, respectively. Neglecting
further any interfacial strain effects on XRD spacthe lattice parameter ‘c’ can be expressed

as, fcan = X.Gnn+ (1 — X).Gsan (7.1)

X = Cincan ~ Coan

s (7.2)

from which x can be determined by

InN GaN

Using equation (7.2), the indium and gallium conipass in the sample were found to be 96%

and 4% respectively. The indium and gallium compmss were also calculated using AES
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measurements. The indium and gallium percentag¢hén sample as obtained from AES
measurements were in excellent agreement with thioséned from XRD measurements.

Several papers have reported the bonding confignsabn the surface of GaN [14, 22-
27] and InN [11-13, 15, 28] samples using HREELS8.tke GaN surface, the intense loss peak
at 700 crit has been assigned to the Fuchs-Kliewer (F-K) phd88-27]. The loss peaks at
1400, 2100, 2800 and 3500 Crare assigned to the multiple loss peaks of thegh#hons [22,
24-27]. Bellito et al. [14] performed HREELS experiments to study thelrbgenated GaN
surface. From these observations, they confirmed@h-polarity of the MOCVD-grown GaN.
Similar experiments were performed on HPCVD-growN lsamples by Bhattet al. [11-13].
The loss peak at 550 ¢hwas assigned to F-K surface phonon [29]. A losskpeas seen at
3260 cntt (2410 cnf) for the AHC (ADC) surface which they assignedaim N-H (N-D)
stretching vibration. Since N-H termination of therface was observed but no In-H, N-polarity
indium nitride was concluded. To our knowledge, suzh studies have been reported on the
ternary In.xGaN alloys using HREELS. In this paper, the bondingfguration of HPCVD-
grown InygeGapodN surface is reported. Assigning the modes of vitina the polarity of the
INp.9eGayodN sample is also reported.

HREEL spectra of HPCVD-grown §B¢Gay 0dN sample after AHC and ADC are depicted
in Fig. 7.2. An intense loss peak is observed & @@ in both hydrogenated and deuterated
surfaces. We assign this loss peak to an F-K saiidoonon. A loss peak is observed at 3280
cm™ (2420 cn') for the AHC (ADC) surface. This peak is assigte@n N-H (N-D) stretching
vibration [30]. The Ga-H and Ga-D stretching viiwas have been reported at 1830-1875'cm
and 1340-1360 cih) respectively, on the hydrogenated GaAs surfade R2]. The In-H

stretching vibration has been reported at 1650-1@%0 in HREELS experiments on InP



132

surfaces [33-35]. However, no loss features ingh@sges were observed in the present work
indicating that no In-H or Ga-H on the surface lod 1y 96Gay 0N sample. The observation of
surface N-H but no In-H or Ga-H vibrations indicate nitrogen polar bpeGaoN film. Two
prominent peaks at 1240 &mand 2020 ci are observed from both AHC and ADC
Inp.osGa odN surfaces. These peaks are not related to hydrbgeause no isotope shift is
observed between AHC and ADC surfaces. The authargest that these loss peaks are due to
surface N-N vibrational modes. In the literatureNNstretching vibrational modes have been
reported over a wide range of frequencies. De Raah [36] and Antonet al. [37] reported N-

N stretching mode of vibration on a Ru(001) surfat2195 crit and 2200-2250 cth Apen and
Gland [38]observed the N-N stretching mode on the GaAs serftc1671 ci. So, it is
suggested that the loss peak at 2020 @rdue to a surface N-N stretch while the losskpea
1240 cnt could be due to a N-N bend. The prominent loskpealated to N-N vibrations
indicate the presence of a significant amount diase defects in the film [39].

In our previous study [18], we reported on theriia stability of InN epilayers grown by
HPCVD. The onset of nitrogen desorption was repogt around 630 °C and the activation
energy was calculated to be 1.6 + 0.2 eV which wdspendent of the group V/III precursors
ratio. In this work, the thermal stability of HPCW@pown Iny oGy odN epilayers has also been
studied using TPD following the same procedurengbé previous work [18]. The desorption of
molecular nitrogen from bpeGaodN with increase of temperature is shown in Fig.. N8
significant NH (17 amu) desorption was observed. The 14 and 28 @esorption signals
showed identical behavior at 600 °C < T< 820 °GsT™onfirms desorption of nitrogen from the
INN samples in the form of NThe desorption of nitrogen started at around B825increased

rapidly with increasing temperature, and peaked4& °C before decreasing as shown in Fig.
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7.3. After attaining the peak value, the desorptate decreased with the increase of temperature
indicating that the film was getting thinner andhtter until the film was desorbed completely.
Though the signal to noise ratio for indium andigal desorption was not as good as that for
nitrogen, the desorption pattern of indium andigail(not shown) was observed to be similar to
that of nitrogen. After 820 °C, the desorption & @mu increased again with the increase of
temperature. However, the desorption of 14 amu iredaunchanged with the increase of
temperature beyond 820 °C. This is attributed éodésorption of CO from the GaN template. A
similar trend was observed between the temperatumge 250-350 °C. This is also attributed to
the desorption of CO. The activation energy fordesorption of nitrogen from §ReGay 0N was
calculated using the slope of the best fit line toe linear region of the Arrhenius plot. The
details of calculating the activation energy haeerbreported previously [18]. We report that
the activation energy of the nitrogen desorptiamiithe Ip.9¢Gay 0N sample is 1.14 = 0.06 eV.
Thaleret al. [40] have reported an activation energy of 0.80.@7 eV for nitrogen desorption
from Iny16Gay gN film. These results indicate that activation rgyeof nitrogen desorption from
InixGaN film may depend on indium or gallium incorporatian the film. The studies on
thermal stability of InN have indicated that a n@mnbf factors might affect the decomposition
rate and activation energy. Depending upon the tiréechnique, film orientation and annealing
medium, the activation energy for nitrogen desorpfrom InN varied over a broad range (1.15-
4.4 eV) [18].

The present work reports the surface and bulkadtarizations as well as the thermal
stability of InoeGayodN epilayers grown under high pressure which may tagtimize the
parameters for the growth of good quality. l6aN epilayers. However, further studies are

required to address several issues concerned ketlperformance of InGaN based devices.
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As discussed before, thermal stability ofi.J&@aN epilayers may depend on the film
stoichiometry and the influence of growth proceesaditions. However, there have not been
enough studies on 1RGaN epilayers to know the dependence of stabilityrese factors and a
systematic study over a broader range of x valles<1) and growth process conditions is

suggested.

7.5  Conclusion

In summary, HPCVD-grown byeGayodN epilayers have been studied by XRD, AES,
HREELS and TPD. The XRD pattern showed a singlesphiaGaN film. Both XRD and AES
measurements indicate 4% gallium and 96% indiunorparation in the sample. HREELS
showed F-K phonons at 600 ¢mLoss peaks at 1240 énand 2020 ci are assigned to N- N
vibrational modes which indicate the presence ofase defects. Hydrogenated and deuterated
INN surface showed N-H and N-D stretch vibratiorspectively, while no In-H and Ga-H
modes were observed indicating N-polagdi&a 04N film. The desorption of nitrogen from the
sample started at 628C and peaked at 740C. No significant desorption of NH or NH
fragments was observed. From Arrhenius plot, thevaton energy for desorption of nitrogen

was found to be 1.14 + 0.06 eV.
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8 SUMMARY AND FUTURE WORK

8.1 Summary

The research presented in this dissertation hasséac on the composition, structure,
surface bonding configuration, thermal stabilitydamydrogen desorption kinetics of InN and
InGaN epilayers grown by HPCVD and ALD techniquElsese properties were analyzed using
various techniques. The surfaces of the samples prepared by sputtering with 1 keV nitrogen
ions followed by atomic hydrogen cleaning in an UBlstem. Sputtering and AHC removed the
contaminants such as, carbon and oxygen, accurdubatehe surface of the sample due to its
exposure to the atmosphere. AES was used to mottitorcleanliness and investigate the
composition of the samples. In order to study tméase morphology of the samples, AFM was
used. The short range and long range orderingsh@fsamples were analyzed by Raman
spectroscopy and XRD, respectively. Surface bondiagfigurations were investigated by
HREELS. The experimental IR reflection spectra wamalyzed using a multilayer stack model
and a Lorentz-Drude model for the dielectric of thedium to obtain the thickness of the layers.
Thermal desorption experiments were carried oubgusnass spectroscopy and temperature-
programmed desorption.

The correlations between characterizations of saréand bulk structure and bonding on
HPCVD-grown InN were studied. HREELS study on Infdnple grown on sapphire revealed

the presence of NHspecies. Raman spectroscopy and XRD measuremmargstipated the

presence of tilted (011) InN crystallites. The tilted orientation of theystals resulted in an InN
surface mainly consisting of NH$pecies as observed in HREELS experiments. Grofilied
planes in InN was a consequence of a 3D growth nsodgested to be due to the high V/III

ratio and large lattice mismatch with the sapplsubstrate. The thermal stability HPCVD —
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grown InN epilayers was studied using thermal dasmm measurements. The desorption of
nitrogen from the InN surface started around 63@f@ a calculated activation energy of 1.6 +
0.2 eV. The activation energy was found indepenaérthe group V/III precursor ratio. The
temperature at which the maximum desorption wasmks shifted with increasing group V/1I
precursors ratio from 749 °C for a ratio 1200 t6 7T for a ratio 4800. The analysis of surface
topography suggested that this shift was relatati¢alecreased extended defects and increased
grain size with increasing group V/IlI precursoadio. Corrected values for the total thickness
accounting for the void fraction were calculatedialihcorrelated very well with the area under
the desorption curves.

These studies have also been extended to preliynwmark on the ternary alloy InGaN.
The structure, composition, surface bonding coméigan and thermal stability of HPCVD-
grown InGaN epilayers were investigated using XRES, HREELS, and TPD. Both XRD and
AES measurements resulted in estimates of 4% galdnd 96% indium incorporation in the
sample. HREEL spectra taken at incident energye¥ Bhowed F-K phonons at 600 tnioss
peaks at 1240 cmand 2020 ci are assigned to N- N vibrational modes which iatticthe
presence of surface defects. Only the modes oftidir related to N-H but no In-H or Ga-H
were observed in the HREEL spectra which indicegblarity of the film. The desorption of
nitrogen from the InoeGan.0dN surface started around 626 with a calculated activation energy
of 1.14 + 0.06 eV.

The surface bonding configuration and desorptibinyalirogen from ALD-grown InN
(0001) were studied using HREELS. HREEL spectra takemaitlent energy of 7 eV showed
Fuchs — Kliewer phonons at 550 ¢rand surface N-N vibrational modes at 1240"and 2020

cm®. The observation of modes of N-N vibration indézhtthe presence of surface defects.
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Hydrogenated and deuterated InN surface showed adHN-D stretch vibrational modes at
3260 cnttand 2410 cri, respectively. The modes of vibration related tdHimvere not observed

in the HREELS spectra. Hence the InN film was NapolThe desorption of hydrogen from InN
surface was studied by annealing the sample atrdift temperatures for 900 s and 90 s. The
surface hydrogen was completely desorbed afteradingethe sample at 425 °C for 900 s or 375
°C for 90 s. First-order kinetics best describexldbsorption of hydrogen from InN surface with
an activation energy of 0.88 + 0.06 eV and a preeerntial factor of (1.5 + 0.5) x1@™. The

lower value of activation energy was attributedh® presence of surface defects.

8.2 Future work

The ternary compounds of lll-nitride materials; J@8aN alloy system have attracted
significant attention to researchers due to thateptial applications in the fabrication of
optoelectronic device structures. They are usethasactive layer in short-wavelength light
emitting diodes and laser diodes [1, 2]. The optiand gap energy of thelgGaN alloy
system can be tuned from 3.4 eV to 0.7 eV [3,4} twwers a broad range of spectrum from
ultraviolet to near-infrared region. So, use of the,GaN alloy system makes it possible to
produce nitride-based light emitting diodes opeafrom the ultraviolet well into the infrared.
The tunable band gap energy is also of intereghiodevelopment of high-efficiency monolithic
multijunction photovoltaic solar cells [5]. Despitaving outstanding physical properties and
potential applications, however, the realizatiorhigih crystalline quality InGaN films in the
entire composition range is a great challenge jqaatly when a high indium concentration is
required. The major challenges associated withgtbeith of high quality In,GaN films are:

higher equilibrium vapor pressure of nitrogen oley, lattice mismatch between GaN and InN



144

and lower dissociation temperature of InN than tfaBaN. Studies of the fundamental surface

properties, surface reactions and thermal stabgitg an important part of gaining an

understanding of the growth mechanism of the Hifish¢ semiconductors. We have performed

such studies on GaN and InN and presented thetseshich have given a high impact on the

growth of good quality materials. In order to stulde fundamental surface properties, reactions

and thermal stability of lGaN epilayers over a broad range (0<x<1), we wouke lo

perform the following experiments in the future.

1) Investigation of the surface structure, compasjtbonding configuration and polarity of
InxGaN epilayers using LEED, AES and HREELS.

2) Study of the desorption kinetics from k&aN surface using HREELS and TPD.

3) Study of the thermal stability of 1RGaN epilayers using TPD.
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