
-o
tl

a
A

D
D

75
/

 1
2

0
2

 +g
cfda

e*GM
FTSH

9

 NBSI 6-2530-46-259-879  )detnirp( 

 NBSI 3-3530-46-259-879  )fdp( 

 NSSI 4394-9971  )detnirp( 

 NSSI 2494-9971  )fdp( 

ytisrevinU otlaA

ecneicS fo loohcS

scisyhP deilppA fo tnemtrapeD

 fi.otlaa.www

+SSENISUB
YMONOCE

+TRA
+NGISED

ERUTCETIHCRA

+ECNEICS
YGOLONHCET

REVOSSORC

LAROTCOD
SNOITATRESSID

 n
e

ni
al

aj
ra

K 
it

t
n

A
₃

Oi
Tr

S 
dn

a
₃

O₂
a

G-
 f

o 
y

p
oc

s
or

tc
e

ps
 n

oi
ta

li
hi

nn
a 

n
or

ti
s

o
P :

se
di

x
o 

xe
l

p
m

oc
 n

i 
n

oi
ta

c
fii

tn
ed

i 
tc

ef
e

D
 y

ti
sr

ev
i

n
U 

otl
a

A

 1202

β

 scisyhP deilppA fo tnemtrapeD

ni noitacfiitnedi tcefeD
nortisoP :sedixo xelpmoc
ypocsortceps noitalihinna

₃OiTrSdna₃O₂aG-fo

nenialajraKittnA

LAROTCOD
SNOITATRESSID

β



 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  75 /  1202

:sedixo xelpmoc ni noitacfiitnedi tcefeD  
 fo ypocsortceps noitalihinna nortisoP

₃₃₂-Ga O  and SrTiO  β

 nenialajraK ittnA

fo rotcoD fo eerged eht rof detelpmoc noitatressid larotcod A  
eht fo noissimrep eht htiw ,dednefed eb ot )ygolonhceT( ecneicS  
ht82 no noitcennoc etomer no ,ecneicS fo loohcS ytisrevinU otlaA  

 .00:81 ta 1202 yaM

 ytisrevinU otlaA
 ecneicS fo loohcS

 scisyhP deilppA fo tnemtrapeD
 puorg gnireenignE raelcuN dna rettamitnA



Printed matter
4041-0619

N
O

R
DIC

 SWAN ECOLAB
E

L

Printed matter
1234 5678

 rosseforp gnisivrepuS
 dnalniF ,ytisrevinU otlaA ,htorejliL reteP .forP

 
 rosivda sisehT

 dnalniF ,iknisleH fo ytisrevinU ,otsimouT piliF .forP
 

 srenimaxe yranimilerP
 dnalniF ,ytisrevinU TUL ,inilleibraB odranreB .forP

 ASU ,erawaleD fo ytisrevinU ,ittonaJ nosrednA .forP
 

 stnenoppO
 ASU ,hatU fo ytisrevinU ehT ,allupracS ekiM .forP

 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  75 /  1202

 
 © 1202   nenialajraK ittnA

 
 NBSI 6-2530-46-259-879  )detnirp( 
 NBSI 3-3530-46-259-879  )fdp( 
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

:NBSI:NRU/if.nru//:ptth  3-3530-46-259-879
 

segamI  :  nenialajraK ittnA
 

 yO aifarginU
 iknisleH  1202

 
 dnalniF

 



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

 rohtuA
 nenialajraK ittnA

 noitatressid larotcod eht fo emaN
 ₃OiTrS dna ₃O₂aG-β fo ypocsortceps noitalihinna nortisoP :sedixo xelpmoc ni noitacfiitnedi tcefeD

 rehsilbuP  ecneicS fo loohcS

 tinU  scisyhP deilppA fo tnemtrapeD

 seireS seires noitacilbup ytisrevinU otlaA  SNOITATRESSID LAROTCOD  75 /  1202

 hcraeser fo dleiF  scisyhP gnireenignE

 dettimbus tpircsunaM  1202 yraurbeF 1  ecnefed eht fo etaD  1202 yaM 82

 )etad( detnarg ecnefed cilbup rof noissimreP  1202 lirpA 21  egaugnaL  hsilgnE

 hpargonoM  noitatressid elcitrA  noitatressid yassE

 tcartsbA
aG-β( edixo muillag-ateb ni stcefed tniop ,krow siht nI 2O3 OiTrS( etanatit muitnorts dna ) 3 erew )  

aG-β .ypocsortceps noitalihinna nortisop htiw deiduts 2O3 rotcudnocimes pagdnab ediwartlu na si  
-hgih ni ,CiS ,lairetam tra-eht-fo-etats tnerruc eht dnoyeb gnippets laitnetop evah seitreporp esohw

OiTrS fo gnidnatsrednU .snoitacilppa rewop 3 dia nac ,lairetam etiksvorep epytotorp elpmis a ,  
detartsnomed krow sihT .ylimaf lairetam etiksvorep gnitseretni yllacfiitneics eht gnidnatsrednu  

eerf-tcefed erehw slairetam xelpmoc ot deilppa eb nac ypocsortceps noitalihinna nortisop woh  
 .tsixe ton seod lairetam ecnerefer

aG-β eht fo yrtemmys wol ehT 2O3 desilacoled lanoisnemid-eno a ot esir sevig erutcurts latsyrc  
langis relppoD ehT .slangis gninedaorb relppoD eht ni yportosina lassoloc dna etats ecittal nortisop  

aG-β eht neewteb ecnereffid eht naht regral si yportosina 2O3 stcefed ycnacav dna langis ecittal  
yllaitnesse snoitcerid ecittal defiicepsnu fo stluser relppoD fo nosirapmoc eht sredner hcihw  

seicnacav aG tilps fo epyt railucep ni ciportosina yllaicepse era slangis relppoD ehT .sselgninaem  
otni emulov nepo eht tilps dna etis ycnacav eht sdrawot dexaler sah mota gniruobhgien a erehw  

 .owt
aG-β ecnerefer eerf-tcefed sA 2O3 tcefed ni yportosina langis relppoD fo esu eht ,tsixe t'ndid  

aG-β .detartsnomed saw noitacfiitnedi 2O3 noitubirtsid tcefed detacilpmoc a tsefinam slatsyrc elgnis  
eht fo sseldrager seicnacav aG tilps fo sepyt tnereffid elpitlum fo noitartnecnoc hgih a fo gnitsisnoc  

 depod-nS .devresbo ton erew seicnacav aG )tilps-non( raluger elihw ,ytivitcudnoc ro tnapod n epyt-  
aG-β 2O3 elcitraP .lairetam gnitalusni-imes naht snoitartnecnoc ycnacav rehgih neve detibihxe  

,revewoH .noitasnepmoc lacirtcele gnorts sesuac dna seicnacav aG raluger secudortni noitaidarri  
krow ehT .noitasnepmoc eht etagitim yam seitirupmi negordyh htiw seicnacav aG fo noitcaretni eht  

aG-β ni slangis nortisop euqinu dna detacilpmoc eht fo gnidnatsrednu tsrfi a tliub 2O3 gnilbane  
 .krow erutuf

OiTrS ni dnuof erew stcefed gnitepmoc tnereffid eerhT 3 saw langis ecittal eerf-tcefed on elihw  
lla ni tneserp tcefed eht ,egdelwonk laciteroeht dna latnemirepxe gnitsixe gninibmoc yB .devresbo  

detaicossa si erutaretil ni hcihw etisitna iT sa defiitnedi saw snoitartnecnoc hgih yrev ni selpmas  
rewol ni dnuof erew sexelpmoc ycnacav O - ycnacav rS regral dna rellamS .yticirtceleorref htiw  

fo tnuoma eht detceffa erehpsomta htworg fo noitartnecnoc negyxo eht erehw snoitartnecnoc  
 .seicnacav O tnecajda

 sdrowyeK  yportosina ,nortisop ,3OiTrS ,3O2aG ,tcefed

 )detnirp( NBSI  6-2530-46-259-879  )fdp( NBSI  3-3530-46-259-879

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

 rehsilbup fo noitacoL  iknisleH  gnitnirp fo noitacoL  iknisleH  raeY  1202

 segaP  711  nru :NBSI:NRU/fi.nru//:ptth  3-3530-46-259-879





 ämletsiviiT
  otlaA 67000 ,00011 LP ,otsipoily-otlaA  if.otlaa.www

 äjikeT
 nenialajraK ittnA

 imin najriksötiäV
:assielaairetamedhojiloup assisiaktuminom sutsinnut nediehrivennekaR  

 ass:₃OiTrS aj ass:₃O₂aG-β aipoksortkepsoitaalihinnainortisop

 ajisiakluJ  uluokaekrok nedieteitsureP

 ökkiskY  sotial nakiisyf nesillinkeT

 ajraS seires noitacilbup ytisrevinU otlaA  SNOITATRESSID LAROTCOD  75 /  1202

 alasumiktuT  akkiisyf nenillinkeT

 mvp neskutiojrikisäK  1202.20.10  äviäpsötiäV  1202.50.82

 äviäpsimätnöym navulylettiäV  1202.40.21  ileiK  itnalgnE

 aifargonoM  ajriksötiävilekkitrA  ajriksötiäveessE

 ämletsiviiT
ätiehrivennekar nosatimota allaipoksortkepsoitaalihinnainortisop niittiktut assajriksötiäv ässäT  

aG-β( assidiskomuillag-ateb 2O3 OiTrS( assitaanatitmuitnorts aj ) 3 aG-β .) 2O3 aknoj ,edhojiloup no  
apoj aatsillodham taviov teduusianimo aknoj aj )Ve 4>( iskäevelartlu naalletikoul okkua-aigrene  
neittnenopmok nakiinortkeleohet neipmerap ,)CiS( aidibrakiip netuk ,ajelaairetamuppiuh äisiykyn  

OiTrS .nesimatsimlav 3 nenimiktut aknoj ,ilaairetam nenietnekarittiiksvorep neniatreknisky saat no  
.äämhyr neilaairetam-ittiiksvorep atsiotniikneleim nivyh itsesilleeteit näämäträmmy aattua iov  

atsioj ,ajelaairetam aiktut naadiov ällimleteneminortisop akniuk aapatsimytsehäl niittetihek ässöyT  
 .ättetyänilaairetam ätnöteehrivennekar assamelo elo ie

aG-β 2O3 neruus nesilleskuekkiop aattuehia airtemmys neniahla neetnekaredik n:  
nalit ninortisop naapav äkes assilaangis-relppoD noitaalihinnainortisop neduuvuppiiratnuus  

iskammeruus uutuattioso suuvuppiiratnuus nilaangis-relppoD .iskesiettoluisky niav nesimuttiojar  
aG-β nämötteehriv ätim niuk 2O3 ässönnätyäk äkim ,ore neilaangisehrivennekar aj neetik-  

-relppoD .äimöttydöyh tavo tilaangis-relppoD tutatim atsannuus atsamottametnut ätte ,aattiokrat
assienutuakaj iskiloup assilleskuekkiop atsakamiov nesiytire no suuvuppiiratnuus nilaangis  

 .assiessnakavmuillag
aG-β-uliatrev ätnöteehriv aksoK 2O3 atsiavuppiiratnuus ätte ,niittetioso ässöyt ,assamelo elo ie ai:  

aG-β .asseskutsinnut nediehrivennekar iskävyh äättyäk naadiov ailaangis-relppoD 2O3 
atseruus uutsook es aj ,neniaktuminom iskeethojiloup no sumutsookehrivennekar nedietiksiättisky  

aG-β nutiktut attamuppiir ajessnakavmuillag atienutuakaj aisialire atiesu atseduusiotip 2O3-
 uttetsoes allanit niknetiuK .atseduuvathojnökhäs iat atseskutsoes nilaairetam n aG-β nenippyyt- 2O3 

aimottamutuakaj atielaamroN .ilaairetam ävätsireiloup niuk ätiehrivissnakav nämmene äleiv isläsis  
aatsiop aj ajessnakavmuillag ajelaamron aattout naajis nes sytylietäS .uttiavah ie ajessnakavmuillag  

aG-β 2O3 aattualap aattaas nihiessnakavmuillag nenimytriis nydev attum ,neduuvathoj nesiökhäs n:  
 .neduuvathoj neennodak

OiTrS 3 nuk ,ailaangisehrivennekar aaveliaplik nääneksek emlok ionimod ailaangisinortisop ass:  
nivyh ässiettyän assikiaK .naaknello uttiavah ie ailaangis äävyttiil nilaairetam näämötteehriv saat  

iT( iskeehrivsiajisinaatit niittetsinnut ehrivennekar uttiavah aniskuusiotip aniruus rS ällämätsidhy )  
iT asseduusillajriK .teskolut tesillanneksal aj tesilleekok rS OiTrS navelo yttetise no 3 nävenemli ass:  

-issnakavmuitnorts atsiokokire iskak niittetsinnut ätsiettyän iskäsiL .allatsuat nedyysiökhäsorref
nusaaksutavsak iytyärääm äräämukul neissnakavippah neivelo assioj ,aiskelpmokissnakavippah  

 .alleetsurep neduusiotipippah

 tanasniavA  aiportosina ,inortisop ,3OiTrS ,3O2aG ,ehrivennekar

 )utteniap( NBSI  6-2530-46-259-879  )fdp( NBSI  3-3530-46-259-879

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

 akkiapusiakluJ  iknisleH  akkiaponiaP  iknisleH  isouV  1202

 äräämuviS  711  nru :NBSI:NRU/fi.nru//:ptth  3-3530-46-259-879





Contents

Contents i

List of Publications iii

Author’s Contribution v

1. Introduction 1

2. Defects and their characterisation methods 5
2.1 Classification of defects . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Defect characterisation methods . . . . . . . . . . . . . . . . . . . 7

3. Positron annihilation spectroscopy 9
3.1 Positrons in solids . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.2 Positron lifetime spectroscopy . . . . . . . . . . . . . . . . . . . . . 12
3.3 Doppler broadening spectroscopy . . . . . . . . . . . . . . . . . . . 14
3.4 Experimental positron setups . . . . . . . . . . . . . . . . . . . . . 15

3.4.1 Positron lifetime experiment . . . . . . . . . . . . . . . . 15
3.4.2 Orientation-dependent Doppler experiment . . . . . . . 16
3.4.3 Slow positron beams . . . . . . . . . . . . . . . . . . . . . 21

3.5 First-principles positron calculations . . . . . . . . . . . . . . . . . 21

4. β-Ga2O3 25
4.1 The structure of β-Ga2O3 and split Ga vacancies . . . . . . . . . 26
4.2 Theory of positrons in β-Ga2O3 . . . . . . . . . . . . . . . . . . . . 28

4.2.1 One-dimensional positron state in β-Ga2O3 lattice . . . 28
4.2.2 Colossal Doppler signal anisotropy . . . . . . . . . . . . . 29
4.2.3 Donor-VGa complexes: VGa-H, VGa-VO and VGa-Sn . . . . 30

4.3 Vacancies in as-received β-Ga2O3 single crystals . . . . . . . . . 33
4.4 Interplay of VGa, H and electrical conductivity in β-Ga2O3 . . . . 34
4.5 Implications for future positron studies in β-Ga2O3 . . . . . . . . 37

5. SrTiO3 41
5.1 TiSr and 185 ps positron lifetime . . . . . . . . . . . . . . . . . . . 42

i



Contents

6. Conclusions 45

Bibliography 49

Publications 55

ii



List of Publications

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

I Antti Karjalainen, Vera Prozheeva, Kristoffer Simula, Ilja Makkonen, Vin-
cent Callewaert, Joel B. Varley, and Filip Tuomisto. Split Ga vacancies and
the unusually strong anisotropy of positron annihilation spectra in β-Ga2O3.
Physical Review B, 102, 19, 195207, November 2020.

II Antti Karjalainen, Ilja Makkonen, Jarkko Etula, Ken Goto, Hisashi Mu-
rakami, Yoshinao Kumagai, and Filip Tuomisto. Split Ga vacancies in n-type
and semi-insulating β-Ga2O3 single crystals. Applied Physics Letters, 118, 7,
072104, February 2021.

III Antti Karjalainen, Philip Weiser, Ilja Makkonen, Vilde Mari Reinertsen,
Lasse Vines, and Filip Tuomisto. Interplay of vacancies, hydrogen, and elec-
trical compensation in irradiated and annealed n-type β-Ga2O3. Journal of
Applied Physics, 129, 16, 165702, April 2021.

IV Antti Karjalainen, Vera Prozheeva, Ilja Makkonen, Christo Guguschev, Toni
Markurt, Matthias Bickermann, and Filip Tuomisto. TiSr antisite: an abun-
dant point defect in SrTiO3. Journal of Applied Physics, 127, 24, 245702, June
2020.

iii





Author’s Contribution

Publication I: “Split Ga vacancies and the unusually strong
anisotropy of positron annihilation spectra in β-Ga2O3”

A. Karjalainen performed the experiments and analysed the results. A. Kar-
jalainen performed the calculations with the help of I. Makkonen and A. Kar-
jalainen analysed the results. V. Callewaert developed the used code to allow
the calculation of systems with non-rectangular unit cells. J. Varley provided
the defect structures for the calculations. K. Simula calculated the positron
momentum Fourier components. V. Prozheeva did the initial experimental
observation of the anisotropic Doppler signals in β-Ga2O3. A. Karjalainen wrote
the manuscript with the input from all coauthors.

Publication II: “Split Ga vacancies in n-type and semi-insulating
β-Ga2O3 single crystals”

A. Karjalainen performed the experiments and analysed the results. A. Kar-
jalainen performed the calculations with the help of I. Makkonen and A. Kar-
jalainen analysed the results. K. Goto, H. Murakami, and Y. Kumagai provided
the EFG-grown samples. J. Etula defined the crystal orientations of the sam-
ples with XRD. A. Karjalainen wrote the manuscript with the input from all
coauthors.

Publication III: “Interplay of vacancies, hydrogen, and electrical
compensation in irradiated and annealed n-type β-Ga2O3”

A. Karjalainen performed the positron experiments and analysed their results.
A. Karjalainen performed the positron calculations with the help of I. Makkonen
and A. Karjalainen analysed their results. P. Weiser performed the infrared

v



Author’s Contribution

absorption experiments and analysed the their results. V. Reinertsen performed
the SIMS measurements and analysed their results. A. Karjalainen wrote the
manuscript with the input from all coauthors.

Publication IV: “TiSr antisite: an abundant point defect in SrTiO3”

A. Karjalainen performed the experiments and analysed their results. V. Prozheeva
performed the calculations with the help of I. Makkonen and A. Karjalainen
analysed their results. C. Guguschev, T. Markurt, and M. Bickermann provided
the samples. A. Karjalainen wrote the manuscript with the input from all
coauthors.

vi



1. Introduction

Nowadays electricity powers a countless amount of devices, ranging from tiny
sensors to lighting and household devices where the power ratings range from
milliwatts to a few kilowatts. Although devices of higher power ratings also exist,
they are still more often powered by fossil fuels. However in order to reduce the
emission of green house gasses to mitigate the climate change, more and more
high power applications, especially within the industry and transportation, are
also run by electricity. This electrification increases the need to control high
electrical powers of megawatts and higher, and the need to do that efficiently. Si-
based electronics are the best-mastered, but Si itself is not the optimal material
for high-power applications. In these applications, devices need low on-state
resistances and high breakdown voltages. In devices, these two quantities are
interchangeable, by thickening the component higher voltages can be tolerated
- but the thickening of the material increases the resistance and conduction
power losses. One way to quantify the suitability of different semiconductor
materials for high power applications is Baliga’s figure of merit (BFOM) which
describes the above mentioned behaviour in conduction losses. This figure
of merit (BFOM= εμE3

C) depends on the dielectric constant of the material
(ε) and the mobility of charge carriers (μ) and the third power of the critical
electric field (EC) [1, 2, 3, 4]. The critical electric field of a material follows
approximately the square of the band gap, and therefore, the conduction losses
decrease proportional to the sixth power of the material band gap. Also other
figures of merits exist, for example for high-frequency applications, but all of
them are unanimous that semiconductors with wider band gaps perform better
in high-power applications.

Today, the industry is in the process of stepping beyond Si in high-power
devices with SiC. The wide band gap semiconductor 4H-SiC has a band gap
of EG = 3.3 eV and electric breakdown field of Ec = 3.1 MV/m which exceed
the modest properties of Si EG = 1.1 eV and Ec = 0.3 MV/m [5]. The BFOM
predicts that due to larger band gap and electric breakdown fields, SiC devices
could have a hundred times smaller on-state resistances with the same break-
down voltages while a larger band gap provides an increased stability to high
temperatures. Although the current SiC-device technology has not reached its

1
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full potential, already the current commercial SiC Schottky diodes and high-
power SiC metal-oxide field-effect transistors (MOSFETs) have reached 10 times
smaller switching losses over the equivalent Si-based devices. SiC devices have
also been shown to provide a superior temperature stability over Si [6, 7, 8, 9].
With the promising results on SiC, the research community is already looking
for the next step and focusing on ultrawide band gap materials (EG > 4 eV).
Their properties carry the potential to similarly outgrow the properties of SiC
devices and not only bring further reduction in energy losses and size but also
enable the control of ever larger electrical powers and the electrification of whole
new applications.

In this thesis, I have studied point defects in the lattice structure of two semi-
conductor materials, ultrawide band gap β-Ga2O3 (EG = 4.8 eV, Publications I, II
& III) and perovskite-structured wide band gap SrTiO3 (EG = 3.3 eV, Publication
IV) [5, 10]. Point defects are one of the last opponents in the development of
semiconductor materials, and need to be mastered in order to have the full
control of material properties. Positron annihilation spectroscopy is a defect
characterisation method specifically sensitive to point defects with open volume,
such as vacancy defects. Positron methods have been used successfully in iden-
tifying and studying in detail dominant point defects in many semiconductor
materials, such as GaN and ZnO. In those cases, however, the defect identifica-
tion is based on the comparison to a “defect-free” reference sample of the same
material. In contrast, in β-Ga2O3 and SrTiO3, even the state-of-the-art growth
processes are far from producing “defect-free” material. This work demonstrates
how positrons methods can be applied to study defects in complex materials
where the basic approach is not applicable.

The crystal structures of both SrTiO3 and β-Ga2O3 are very different from the
structures of well-studied semiconductors such as Si, Ge, GaAs, GaN or ZnO.
For example, the monoclinic lattice structure of β-Ga2O3 exhibits significantly
fewer structural symmetries than the cubic or hexagonal structures of the above-
mentioned semiconductors. The low structural symmetries are followed by, for
instance, direction-dependent (anisotropic) electrical and optical material prop-
erties [11, 12]. Complicated crystal structures also render defect identification
more difficult. Technology-wise, β-Ga2O3 has been proposed as one of the ultra-

Figure 1.1. Band gaps of Si, 4H-SiC and β-Ga2O3. Baliga’s figure of merit predicts that the
on-state resistance of a transistor is proportional to the sixth power of the band gap.
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wide band gap semiconductor candidates to follow SiC in high-power and UV
applications. According to the BFOM, β-Ga2O3 devices could possess a thousand
times smaller on-state resistances over Si and a tenfold improvement beyond
4H-SiC, with the same breakdown voltages, due to the ultrawide band gap and
the excellent breakdown field of EC = 8 MV/cm [5]. The potential capabilities of
β-Ga2O3 have led to significant research interest worldwide as demonstrated
also in this thesis. In the case of SrTiO3, the research interest stems more from
what SrTiO3 represents. Although SrTiO3 has also applications on its own, it
is typically considered as a prototype perovskite material as relatively high-
quality SrTiO3 single crystals can be grown, to pave the way for understanding
other perovskites. Perovskite-structured materials (including SrTiO3) house
interesting phenomena ranging from superconductivity to multiferroism [13].
In photovoltaics, the potential of perovskite-structured methylammonium lead
halide solarcells has lately been demonstrated by the outstanding growth of
efficiency from 4 % to the present 26 % in only 11 years [14, 15].

In the case of β-Ga2O3, the research had two objectives: to study point defects,
but first to make sense of the so far enigmatic positron annihilation signals in
β-Ga2O3. Publication I constructs a theoretical understanding of the colossally
anisotropic Doppler broadening signals in β-Ga2O3, and explains the puzzling
experimental results. In Publication II, we utilise the theoretical understanding
and perform an experimental study of as-received β-Ga2O3 single crystals of
various conductivities. We find that split Ga vacancies, a peculiar type of a
point defect, are present in β-Ga2O3 in high concentrations regardless of the
doping. Publication III combines positron annihilation, infrared spectroscopy
and secondary ion mass spectrometry to study irradiated and annealed β-Ga2O3.
We find that the electrical compensation in β-Ga2O3 is governed by a complex
interplay between Ga vacancies in different forms and H. Thanks to the answers
to the underlying methodological issues in applying positron annihilation spec-
troscopy to β-Ga2O3, the thesis allows future positron annihilation studies to
focus purely on the physics of defects.

Publication IV dives into point defects in SrTiO3, where the same defect-related
positron annihilation signals have been reported in different studies, but without
clear agreement on the defects causing these signals. After a systematic study
employing temperature-dependent positron lifetime experiments and state-of-
the-art theoretical calculations of positron annihilation signals, we find that the
most commonly observed defect signal in SrTiO3 is actually the TiSr antisite
defect. Interestingly, this defect has been associated with the ferroelectricity
found in SrTiO3.

The rest of the thesis is organised as follows. Chapter 2 briefly introduces
the structure and role of defects in semiconductors, and methods of their char-
acterisation. Positron annihilation methods are given a chapter of their own
(Chapter 3), as they are the main method used in this work. Results on β-Ga2O3

and SrTiO3 are described in Chapters 4 and 5, respectively. Finally, Chapter 6
summarises the key findings.
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2. Defects and their characterisation
methods

Pure and defect-free semiconductors are, as a matter of fact, useless. The electri-
cal versatility of semiconductors comes from the property that semiconductor can
be doped to reach the desired type and degree of conductivity. In doping, a small
amount of other material, dopant, is mixed with the semiconductor material in
the material synthesis process. The doping introduces electron energy levels
close to the valence or conduction bands. Available populated (empty) energy
levels close to conduction (valence) band enable the n-type (p-type) conductivity
by allowing the flow of electrons (holes). Typical doping concentrations are of
the order of parts per million or parts per thousand which corresponds atom
densities from 1017 cm−3 to 1020 cm−3.

Dopants are technically intentionally created defects in the crystal structure of
the semiconductor, while the word “defect” usually refers to unintentional defects.
Defects are any disruptions in the periodic structure of a solid: structural defects
or impurities. They can have any size from visible cracks to one-atom-sized
defects. Any defects, intentional or not, can cause additional energy levels in
the band gap of the material or affect the semiconductor properties in other
ways, if they are present in a sufficient concentration. Typical opto-electronically
relevant defect concentrations range from 1015 cm−3 to 1019 cm−3. Unintentional
compensating defects can for example reduce the number of charge carriers and
the electrical conductivity. Identifying and quantifying such defects is both
interesting from the material science perspective and technologically relevant.

2.1 Classification of defects

A typical high-level classification of defects is by their size and dimension. The
largest defects are of 3D-structure which includes for example voids and impurity
precipitates. Planar defects extend in two dimensions and are usually stacking
faults or boundaries between two otherwise well-ordered crystal grains. 1D or
linear defects are different kinds of dislocations. When the defect consists of
only one atom (or a few atoms), the defect is classified as a zero dimensional
or a point defect. Examples of each defect group is given if Figures 2.1a-2.1d.
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Different point defects are presented in more detail in the following and in
Figure 2.1e. The simplest point defect is a missing atom i.e. a vacancy. A
vacancy of atom species A is labelled as VA. In vacancy sites, the surrounding
ions undergo a structural relaxation to achieve a new minimum energy state.
This relaxation can be large: in an extreme case an adjacent atom can move
a distance comparable to the interatomic distances in the lattice. If an atom
occupies a location that is not a lattice site it is called as an interstitial defect,
Ai. In compound semiconductors that consist of more than one element (for
example A and B), an atom can occupy the site of the other element. This is
an antisite defect, AB or BA. If A and B have a significant size difference, as in
many compound semiconductors, an antisite defect where a smaller ion replaces
the larger ion can also result in open volume capable of trapping a positron,
as seen in Publication IV. An impurity atom, X, can either occupy a site of the
crystal structure, A, as a substitutional defect XA, or an interstitial site, Xi.

(a) Void (3D) (b) Grain boundary
(2D)

(c) Dislocation (1D) (d) Vacancy (0D)

(e) Point defects. Note the increased open volume in vacancies and in BA antisite.

Figure 2.1. Illustration of defect classification by dimension and different point defects.
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2.2 Defect characterisation methods

Synthesis of ever better semiconductor materials is difficult without the knowl-
edge on which defects are hampering the semiconductor properties. Defect
characterisation methods also yield instant feedback how the altering of ma-
terial growth affects the crucial properties or defect concentrations. Defect
characterisation can be carried out with a range of different techniques and the
following lists some of the most used. Positron annihilation spectroscopy is given
a detailed chapter of its own (Chapter 3) as it is the main method employed in
this thesis.

Electrical characterisation methods, as the name suggests, can yield informa-
tion of the electrical properties of defects by observing the electrical conductivity
in the material, the resistance, majority charge carrier type (p or n), concen-
tration or mobility. Hall effect measurements in Van der Pauw configuration
are a typical first step for defining the semiconductor properties before the
defect characterisation. Some advanced electrical techniques like deep level
transient spectroscopy (DLTS) can identify the presence of electrically active
defects directly [16]. DLTS can observe the concentration of (majority) charge
carrier traps and the positions of their energy levels in the band gap while
minority carrier traps can be probed by optical pumping. DLTS requires a p−n
or Schottky junction on the sample, which sometimes limits its employability.

Optical methods in the visible to ultraviolet range of the spectrum can probe
optically active charge transitions whereas in the infrared range they are sen-
sitive to the atomic and molecular vibrations. The energy of the absorbed or
emitted (luminescence) is equivalent to the energy level difference of the associ-
ated charge transition or to the associated vibration mode. Photoluminescence
(PL) [17, 18, 19] and Fourier-transform infrared spectroscopy (FTIR) [20] are
typical examples of visible spectrum and infrared optical methods used in the
study of defects in semiconductors.

The presence of impurities can be probed for example with Secondary ion mass
spectrometry (SIMS) that provides the concentration of elements as a function of
depth. The characterisation of impurities is very powerful when the information
on the concentration of impurities is compared to the sample properties (e.g.
charge carrier concentration) or results of other defect characterisation methods
[21]. The downside of SIMS is that it is a partially destructive method and the
analysis produces a small 100 μm wide crater on the sample. The combination of
SIMS and FTIR were utilised with positron annihilation methods in Publication
III to study the behaviour of hydrogen and vacancies in β-Ga2O3.

The most accurate microscopy techniques such as (scanning) transmission
electron microscopy ([S]TEM) can reach atomic resolution and allow in some
cases direct identification of point defecs [22]. The downsides of TEM based
methods are that a rather high defect concentrations needed for the detection
and the sample preparation is challenging.

Electron paramagnetic resonance (EPR) can detect defects with unpaired
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electrons [23, 24]. EPR yields a signature of the defect and their total number
in the sample where the latter sets limits on thin film samples which are often
used in semiconductor industry. EPR can also be appended with optical sample
state manipulation to provoke unpaired electrons states.

As individual characterisation methods are more or less limited to a single
property of the defect or the semiconductor, the identification of a defect and
the characterisation of its properties typically relies on combination of differ-
ent techniques and/or comparison to theoretical modelling. In most cases, the
measurable quantities such as optical charge transitions, energy level positions
(DLTS) or vibrational modes (FTIR) of different defects can be calculated, usually
starting from first principles. Although the comparison of theory and experi-
ments rarely yields a one-to-one correspondence, theoretical predictions give
significant and often crucial insight to the interpretation of experiments. Very
often they are capable of excluding many of the possible defect candidates and
predicting trends among different defects.
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3. Positron annihilation spectroscopy

Positron annihilation spectroscopy is an efficient tool for studying charge neu-
tral or negative defects of open volume defects in crystalline solids. Positron
methods are sensitive to vacancy defects and also negative ion-like defects in the
technologically relevant concentration range 1015 −1019 cm−3. In positron exper-
iments, positrons are implanted into the material and the annihilation γ quanta
resulting from the positron-electron annihilation are measured. Positrons can
annihilate either in the free state in the lattice or as trapped at defects, and
each annihilation site has different annihilation characteristics. The two main
branches of positron annihilation methods in defect studies are the positron
lifetime spectroscopy and Doppler broadening spectroscopy. Extensive reviews
on positron methods can be found in Refs. [25] and [26].

3.1 Positrons in solids

When a positron is implanted into a crystalline solid, it loses its kinetic energy
in electronic collisions within a few picoseconds. Afterwards, it diffuses in the
solid with thermal energy. During diffusion, it may get trapped into potential
wells, such as vacancies, dislocations or negative ions. The life of a positron ends
in annihilation with an electron and the positron lifetime is of the order of a few
hundred picoseconds and inversely proportional to the electron density at the
positron site. The most commonly used source of positrons is the β+-decay of
Na-22

22Na → 22Ne∗ +e++ν (3.1)

22Ne∗ → 22Ne+γ1.27 MeV, (3.2)

where 22Ne∗ refers to an excited 22Ne nucleus, e+ to a positron, ν to a neutrino
and γ1.27 MeV to a γ quantum of 1.27 MeV. Positrons can be also generated via
pair production from an intense flux of γ with energy larger than 1.022 MeV, the
combined rest energy of an electron-positron pair. Such γ fluxes are typically
produced with nuclear reactors or linear electron accelerators. These facilities
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provide greater positron fluxes than radioactive sources but they are expensive
and, hence, rare.

When positrons are implanted into matter, their stopping distribution depends
on their kinetic energy. The stopping distribution of positrons from a radioactive
source follows approximately an exponential profile

p(x)≈αe−αx (3.3)

where x stands for depth and

α= 16
ρ[g/cm3]

(Kmax[MeV])1.4 cm−1. (3.4)

In the equation (3.4), ρ stands for the density of the material and Kmax for the
maximum kinetic energy of positrons (541 keV for 22Na) [25]. The stopping
profile of positrons emitted by 22Na in β-Ga2O3 is illustrated in Figure 3.1. The
mean stopping depth (1/α) for example in β-Ga2O3 is 45 μm which implies that
such stopping profile yields information from much deeper than the thickness
of thin films used in semiconductor industry (up to hundreds of nanometers).
Hence, positrons emitted directly from radioactive sources can be used to study
bulk crystals (substrate material).

Figure 3.1. Stopping profile of positrons from 22Na decay in β-Ga2O3, according equations (3.3)
and (3.4).

Thin films can be studied with variable-energy slow positron beams. For a
monoenergic positron beam of a sufficiently small kinetic energy (<50 keV), the
stopping profile follows the equation

p(x)≈ 2x
x2

0
e−(x/x0)2

(3.5)

with a mean stopping depth of

x̄ ≈ 0.886x0 = A(K[keV])n, (3.6)

where A = 4/ρ ·μg/cm2, ρ is the density of the material and n ≈ 1.6. The stopping
profile of positrons of different kinetic energies in β-Ga2O3 is shown in figure
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Figure 3.2. Stopping distribution of monoenergetic positrons in β-Ga2O3. The different curves
are not in scale with respect to each other in y-axis to fit them into the same plot.

3.2 as an example. As the figure shows, positrons with higher kinetic energies
penetrate deeper into the material but the stopping profile also gets wider.

The stopping of positrons is a fast process taking only a few picoseconds. After
positrons have lost their kinetic energy in collisions in the material, i.e. stopped
and thermalised, they diffuse around the solid until getting trapped to a defect
or annihilated. The positron diffusion length depends on the material specific
positron diffusion constant, D+, and the “reduced lattice lifetime”, τ1, according
the equation

L+ =
√

6D+τ1. (3.7)

The reduced lattice lifetime τ1 = 1/(λ+Σiκi) (where κi is the trapping rate of
the defect i, as described below) describes how long positrons positrons can
diffuse freely in the lattice before getting trapped or being annihilated. The
diffusion length is the longest in defect-free material and reduced by positron
trapping. For a typical diffusion constant of D+ ≈ 1.5 cm2/s at room temperature
and a positron lifetime of τ≈ 100 ps, the diffusion length is L+ ≈ 300 nm, which
corresponds to hundreds of lattice sites.

The sensitivity of positron methods to detect defects arises from the fact that
the positron “probes” the material for defects during their whole diffusion and
“explores” millions (billions) of lattice sites. If it encounters a defect with open
volume or a negative charge state (or both), the positron gets trapped into
the defect. In defects with open volume, such as in vacancies, the potential
well arises from the reduced electrostatic repulsion in the vacancy site. In the
delocalised state in the lattice, a positron experiences the repulsion from the
positive atom cores of the lattice. In a vacancy, the atom (including the positive
core) is missing forming a potential well. Also other defects with increased open
volume can act as potential wells for positrons, including some dislocations and
substitutional/antisite defects in which a smaller atom replaces a larger one. In
negative defects (without open volume), the potential well arises only from the
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attractive electrostatic potential.
The trapping rate of positrons into a defect, κ, is proportional to the concentra-

tion, c, and trapping coefficient, μD , of the defect [25]

κ= cμD . (3.8)

The trapping coefficient of neutral defects is of the order of μD ≈ 1014 −1015 1/s
irrespective of the temperature. In the case of negative defects, it is larger
already at room temperature (μD ≈ 1015 −1016 1/s) and it increases toward low
temperatures being proportional to T−1/2 [27]. The temperature dependence
of neutral and negative defects is a typical tool to identify the charge states
of positron trapping defects, as shown in Publications II and IV. In the case
of positively charged vacancies, even if the open volume could form a bound
positron state, the long-range electrostatic repulsion prevents positron trapping
within the typical positron lifetimes [27].

The relative amount of positrons annihilating in the lattice or a specific defect,
the annihilation fraction η, arises from the competition of the positron trapping
rates into defects and annihilation rate in the lattice, λ, [25]

ηB = λ

λ+∑
j κ j

(3.9)

ηDi = κi

λ+∑
j κ j

(3.10)

where ηB and ηDi represent the fractions positrons annihilating in the lattice
and defect i, respectively, and the summation runs through trapping rates of all
defects that trap positrons in the sample. The simple equations (3.9) and (3.10)
assume that the defects are deep traps, e.g. vacancies, where detrapping does
not occur. When multiple defects trap positrons, the measured positron signals
(average positron lifetime or the Doppler broadening signal, as described in the
next sections) are linear combinations of the defect-specific signals.

Positrons can escape a potential well given enough thermal energy to overcome
the barrier [25]. In cation vacancies the open volume is typically large rendering
them as deep traps for positrons, ∼1 eV, where detrapping does not occur at
typical measurement temperatures. In the case of defects with small open
volume or negative ions, detrapping is possible and the detrapping temperature
depends on the binding energy to the defect that dictated either by the charge
state or the size of the open volume. The nontrivial trapping behaviour due to
detrapping from a small open volume was one of the clues in the identification
of TiSr antisite defect in Publication IV.

3.2 Positron lifetime spectroscopy

The lifetime of positrons in the material carries information on the electron
density at the annihilation site. Positron (annihilation) lifetime spectroscopy
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is utilised in Publications IV, I and II. Typically, the lifetime of positrons is
measured as the delay between the 1.27 MeV γ from 22Na decay and the 511
keV γ from the positron annihilation.

The positron annihilation rate, λ= 1/τ (τ is the positron lifetime), is propor-
tional to the overlap of positron and electron densities

λ= 1
τ
=πr2

0c
∫

|ψ+(r)|2n(r)dr, (3.11)

where r0 is the classical electron radius, c is the speed of light, ψ+(r) is the
positron wave function and n(r) is the electron density [25]. (Note that when
calculating positron lifetimes, an enhancement factor for the electron density
needs to be included in the equation due to the used approximations.) Positrons
of a given positron state corresponding to characteristic positron lifetime of τ,
either the delocalised state in lattice or a trapped state localised to a defect, have
a lifetime distribution of a negative exponential function

P(t)= exp(−t/τ). (3.12)

When positrons annihilate in the lattice and at a defect or in multiple defects,
the full lifetime spectrum is a sum of multiple exponential lifetime components

n(t)=
∑

i

I iexp(−t/τi) (3.13)

where Ii and τi are the intensity and lifetime of the lifetime component i.
Because the detectors have a finite resolution, the measured spectrum is the
ideal spectrum convoluted with the resolution function G(t) of the detector

n(t)=G(t)∗
(∑

i

I iexp(−λi t)

)
. (3.14)

In a high-quality measurement setup, the resolution function G(t) is well ap-
proximated by a Gaussian function. It is possible to fit the equation (3.14) to
the measured spectrum to resolve multiple lifetime components but it depends
on the intensities and differences of lifetime components whether the lifetime
decomposition succeeds. If the intensities of the components are small or the
lifetimes of the components are close to each other the fitting procedure is likely
to fail. Typically 1-3 lifetime components can be resolved. Regardless of the suc-
cess of the lifetime decomposition, the average lifetime of the lifetime spectrum,
τave, is a useful and accurate parameter in defect spectroscopy

τave = ηBτB +
∑

i

ηDiτDi =
∑

j

I jτ j (3.15)

where η describes the fraction of positrons annihilating in lattice (ηB) or defect
i (ηi), τ the positron lifetime in lattice (τB) or defect i (τDi), and I j and τ j

represent intensities and lifetimes in a lifetime spectrum [25]. The average
lifetime can be used to identify defect characteristics of the samples especially
when measured as function of temperature.
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3.3 Doppler broadening spectroscopy

The electron momenta around positron annihilation sites can be studied by mea-
suring the energy distribution of positron annihilation γ quanta. This method is
referred to as Doppler broadening spectroscopy and is utilised in Publications I,
II and III. Because momentum is conserved in the positron-electron annihilation,
the total momentum of the annihilating electron-positron pair is transferred
to the annihilation γ pair. The Doppler shift, ΔE, of annihilation quanta is
proportional to the total momentum of the positron annihilation pair in the
direction of the γ emission, pL, [25]

ΔE ≈ 1
2

cpL. (3.16)

Positrons are at thermal equilibrium before annihilation with the typical
thermal energy of 3kBT/2. In the classical picture, the thermal momentum
of positron is negligible compared to measured Doppler shifts (of the order of
1 keV) of positron-electron pairs and the Doppler shift of annihilation γ reflects
the momentum of electron the positron has annihilated with. In principle, the
confinement of the positron wave function, for example in a trapped state, can
increase the positron momentum. However, the question is of little relevance
for the defect identification as the Doppler broadening results are used as
fingerprints in defect spectroscopy rather than an accurate measure of the
electron momentum distribution.

An example of a typical Doppler broadening measurement is shown in Figure
3.3. The Doppler broadening spectrum can either be analysed as such or inte-
grated over peak and wing regions. The integral over the central peak, referred to
as the S parameter, corresponds the fraction of annihilations of low-momentum
electron-positron pairs, or positron annihilations with low momentum-energy
electrons. The W parameter, is the integral over the wing region of the spectrum
and it corresponds to the fraction of annihilations with high momentum elec-
trons. The valence electrons are the biggest contributor the S parameter, while
annihilations with core electrons dominate the W parameter. The S parameter
integration window is typically around 0-0.5 atomic units (a.u., approximately
0-0.9 keV) and in the case of the W parameter typically 1.5-4 a.u. (3-7.5 keV).

The S and W parameters are used to reduce the statistical error. An acceptable
S parameter can be acquired from a measurement with in total 105 counts, a W
parameter with acceptable accuracy requires 106 counts, while analysing the
details of the Doppler broadened spectrum requires a coincidence measurement
with at least 2 ·107 counts.

When positrons annihilate in more than one annihilation state (lattice or
defect), the measured S (or W) parameter is the direct weighted average

S = ηBSB +
∑

i

ηDiSDi (3.17)

where η describes the fraction of positrons annihilating in lattice, ηB, or defect i,
ηDi, and SB and SDi the S parameters of lattice and defect i.
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Figure 3.3. An example of Doppler broadening spectrum and typical S and W windows.

3.4 Experimental positron setups

The experiments of this thesis were performed with three different kinds of
setups, fast-positron lifetime setups, slow positron beams and an orientation-
dependent Doppler setup which was developed during the thesis. A fast-positron
setup is an experiment where the positrons from a radioactive decay are directly
implanted to the material. According to the stopping distribution presented
in Equation (3.3), a fast positron experiment measures material at the range
of tens (to hundreds) of micrometers depth, providing information on the bulk
of the material. Slow positron beams allow adjusting the kinetic energy, and
stopping depth, of positrons. In addition, a simple Doppler setup capable of
capturing the details of Doppler signal anisotropy in β-Ga2O3 was developed.

3.4.1 Positron lifetime experiment

A fast-positron setup is a table-top experiment and depending on the detectors
it can measure either positron lifetime, Doppler broadening signal or both at the
same time. The positrons are generated used 22NaCl wrapped in a micrometer-
thin Al foil. The source is placed between two identical samples. With thin Al-foil
as the source “capsule” over 95 % of positrons annihilate in the samples, the rest
annihilating the NaCl positron source or Al-foil. To allow temperature-resolved
measurements that can reveal the charge states of the positron trapping defects,
the sample holder is mounted to a pulse-tube cryofinger which enables measure-
ments at temperatures down to 10 K. Measurements above room temperature
up to 600 K are made possible by a high temperature interface and heating
resistor between the sample holder and cryofinger.

Figure 3.4 shows a lifetime setup used in this work. The emission and annihila-
tion γ are measured with scintillator-photomultiplier detectors where fast plastic
is used as scintillator material. The signal of the scintillator-photomultiplier
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detector is fed to a fast digitiser and the timing is done with computer soft-
ware. The used setup has a Gaussian time resolution with a full-width at
half-maximum of ∼250 ps. The annihilations in the 22Na positron source, in the
source foil and as positronium are substracted from the data before extracting
the average lifetime or lifetime components.

Figure 3.4. The positron lifetime setup used in this work. The scintillator-photomultiplier
detectors surround the (small) sample holder in the centre. The sample holder stands
on top of the pulse tube cryofinger. A vacuum lid is placed on top of the sample holder
to close the vacuum system in temperature-controlled measurements.

3.4.2 Orientation-dependent Doppler experiment

To measure the anisotropy of the Doppler broadening signal in β-Ga2O3, an
angle-resolved fast-positron setup was assembled. As shown in Figure 3.5, it
consists of samples mounted in a known and well-defined crystal orientation,
rotating stage, small linear manipulator to adjust the sample height and a
high-purity Ge (HPGe) detector (energy resolution 1.15 keV FWHM at 511 keV).
The most crucial part of the orientation-dependent positron experiment is the
crystally well-defined sample-source sandwich. Then, the sample-source assem-
bly is simply rotated to measure the desired crystal directions. In the following,
this chapter discusses the features of orientation-dependent experiments which
differ from standard fast-positron Doppler experiment and shows an example of
a typical workflow how to perform these measurements.
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Figure 3.5. The angle-resolved Doppler broadening setup used in this work.

In the case of monoclinic β-Ga2O3 where all three crystal directions are “differ-
ent”, the only alignment of the two sample pieces in the sample sandwich that
allows undistorted measurements in all crystal directions, is when both sample
pieces have the same crystal orientation. Samples of positron experiments are
typically polished to minimise annihilations in surface-related defects but the
polishing is commonly done only for one side. If polished surfaces are kept
towards the positron source (“front-front” geometry) the sample pieces are not in
a same crystal orientation and all crystal directions cannot be measured. When
the samples are mounted in the same crystal orientation, one of samples has the
non-polished side towards the positron source (“front-back” geometry) leaving a
potential problem of annihilations in the rough surface or subsurface damage.
In the orientation-dependent measurements of this work, a positron lifetime
spectrum was measured in the samples first in face-face geometry, to define the
“real” positron lifetime spectrum, and then in front-back geometry. The lifetime
distribution of the front-back geometry was compared to the measurement with
polished surfaces facing the positron source before the sample sandwich was set
onto “3D-Doppler” experiment.

Because the sample and sample holder are rotated during the experiment, the
thickness of the sample holder (and sample) material between the source and
detector varies in different angles (the assumption of a non-spherical sample
holder). A standard sample holder consisting of two copper plates caused small
but clearly notable deformation in W parameter. Hence, a plastic sample holder
consisting of two 3 mm thick and 20 mm long plastic squares was used to
minimise the mass between the point of γ emission and the detector. The
plastic sample holder was not observed to affect S and W parameters, but when
analysing the Doppler spectra directly or as “ratio curves” also the plastic sample
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Figure 3.6. Illustration of the sample alignment in orientation-dependent Doppler broadening
experiment.

holder was noted to affect the details of the Doppler spectra. This occurred when
results of two measurement directions were compared where different amount
of plastic sample holder had been in between the sample and the detector.

The angular resolution of the experiment, α, can be estimated from the sample-
detector distance and the width of the detector crystal. In the experiments of
this work, the distance was 35 cm and the width of the HPGe detector crystal
63 mm. The resulting angular resolution as illustrated in Figure 3.7 is

α= 2
0.5W

L
≈ 63mm

35cm
≈ 10°. (3.18)

This angular resolution was found sufficient to not to alter the measured Doppler
signal values by averaging. For comparison, in a typical slow positron beam
geometry, the distance between the sample and the detector is 2–3 cm yielding
an approximate angular resolution of α∼ 90° which can significantly average
the features of the anisotropy.

Figure 3.7. The angular resolution of the setup

The measurement procedure goes as follows:

1. First, the sample-source-sample sandwich is prepared. Two sample pieces,
both in same crystal orientation, are aligned parallel to each other and the
rectangular (plastic) sample holder. With samples where only one side is
polished this means that one of the samples faces the positron source with
the unpolished “back” side. Sample alignment should be done properly, as
any errors in the alignment between the samples or between the samples and
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the sample holder edges propagate to the final results. To aid the alignment
process, the sample holder was marked with vertical and horizontal lines
(scratches) made for standard (5 mm×5 m) sample size. If the sample pieces
and the sample holder are visually parallel, the accuracy is sufficient.

2. As one of sample pieces is measured from the non-polished side, the next step
is to check if it affects the positron results. This can be done by first measuring
the “real” positron lifetime spectrum (in room temperature) with “normal”
sample alignment where both polished sides are facing the positron source.
Then after assembling the crystally well-defined sample sandwich in step 1),
the positron lifetime can be measured again with that sample assembly. This
step should be done at least with (new) samples where the contribution of the
unpolished backside is unknown. In this work, the effect of the unpolished
backside to the average positron lifetime was less than 0.1 ps.

3. Alignment of the height and angle of the sample stage (Figure 3.8). First,
measure the height of the centre of the defector. Calculate the height needed
for the adjustable height such that the positron source (the centre of the sample
assembly) is at the same height as the centre of the detector. Adjust the linear
manipulator controlling the height. Align the surface plane of the angle stage
to be horizontal. One way is to place a stick on the stage, parallel to the stage
surface, and choosing the angle of the plane such that the stick touches a
corresponding height at the detector. After the stage has been aligned to be
horizontal, the adjustable height usually needs to be fixed that it doesn’t move
but stays in the aligned orientation (does not move when touching it). This
can be done e.g. with tape.

Figure 3.8. The height and angle alignment of the stage before mounting the sample holder.

4. Mounting the sample holder onto the rotation state (Figure 3.9). Choose
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which crystal direction you want to allocate as angle “0°”. Set rotation stage to
0° or 90°, such that you can aim a long side of the sample holder towards the
detector, as illustrated in Figure 3.9. Set two-sided tape on the rotation stage.
Place the sample holder on the centre of the rotation stage gently. Do not to fix
it too hard on the tape yet. Align the sample holder such that selected crystal
direction points to the detector with the chosen angle on the rotation stage
and then press sample holder towards the two-sided tape to fix it steady. Also
align the sample holder to point upwards, not to be tilted (if it is tilted, the
crystal will not rotate around the right axis). If needed use tape.

Figure 3.9. The alignment of the sample holder.

5. Measure desired amount of counts (e.g. 1×106 counts) in desired directions.
Rotate the stage when needed.

6. The best practice adapted to allocate of the measured data to the correspond-
ing crystal direction was to by known sample alignment and the angle reading
of the stage. Carefully done they should enable to reach total accuracy as good
as a few (<5) degrees which appears well sufficient i.e. the error related to
uncertainty in the angle is smaller than the statistical uncertainty of the data.

7. After finishing measurements in one measurement plane, flip the sample
holder to the next desired orientation and start again from step 4. If you turn
the sample holder to an orientation that changes the height of the positron
source, go back to step 3.

8. Theoretical work (Publication I) has suggested that all interesting features
of the Doppler signal anisotropy in β-Ga2O3 are located either in [100], [010]
or [001] lattice directions or along the “geodesics” connecting these lattice
directions. Hence, it is sufficient measure Doppler signal in these directions to
describe the behaviour of the anisotropy.
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3.4.3 Slow positron beams

Monoenergetic variable energy positron beams enable studying defects in epi-
taxial layers. The positrons are generated by a 22Na-source with an activity of
∼1 GBq. The emitted positrons are then moderated, in this work using a thin W
film (200 nm-2 μm). Due to the positive positron work function, a small fraction
of the initial positrons is emitted as thermalised, monoenergetic positrons. The
positrons with non-moderated kinetic energy are removed from the beam with
magnetic and electric energy filters. The beam is guided with an axial magnetic
field and accelerated to the desired energy (typically 0.5–35 keV) with an elec-
trostatic accelerator. The kinetic energy of the positrons determines the positron
implantation depth [according to the equation (3.5)] and the annihilation γ are
measured with a high-purity Ge detector (HPGe). The energy resolutions of the
detectors in slow positron beams used in this thesis were 1.15–1.35 keV. One of
the used positron beams used in this thesis is shown in Figure 3.10.

Figure 3.10. A slow positron beam used this work. The positron source is on the left and the
sample locates in the sample chamber at right between two last coils. Solenoidal
magnet and coils surround the beam line.

3.5 First-principles positron calculations

Positron annihilation parameters of different materials and defect structures can
be modelled using first-principles calculations schemes. The advantage of the
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calculations is that you can calculate annihilation parameters of any material
or defect structure you can define. In experiments, the workflow is vice-versa,
obtaining the annihilation parameters is relatively easy but the actual work is to
figure out what annihilation state (defect or lattice) produces those annihilation
parameters. The downside of the calculated annihilation parameters is that
modelling the solid in calculations requires a set of approximations and, hence,
the absolute calculated parameters differ from the experimentally acquired.
Nevertheless, the calculated parameters have typically the same trends as the
experiments and they provide a major aid in interpreting the experimental
results.

Electrons in solids can be modeled using the many-body Shrödinger equation

EΨi = ĤΨi = (T̂ + V̂ ext + V̂ int)Ψi =
(
−1

2

∑
i

∇2
i +

∑
i

Vext(ri)+
∑
i �= j

1
2|ri −rj|

)
Ψi

(3.19)
where T̂ is the operator for kinetic energy, V̂ ext the Coulomb potential of nuclei
and V̂ int the Coulomb potential of other electrons. The modelling uses the
Born-Oppenheimer approximation where the many-body wave function of the
electronic system is calculated for given locations of fixed classical nuclei. If
locations of nuclei are to be changed or relaxed, the wave functions are calculated
for each set of nuclear positions. This approach of calculating wave functions
of each electron in three dimensions would lead to unrealistic workload in any
system large enough to describe any interesting or relevant defect structure.

Instead of solving the many-body wave functions, solids are usually modelled
with density-functional theory (DFT) where the total electron density is used as
a the basic variable instead of the multi-dimensional many-body wave function
[28]. Similarly to the Schrödinger equation, the ground state energy is given as
a functional of electron density, n,

E[n]= T[n]+Eint[n]+Vext[n] (3.20)

where the value of functionals depends on the electron density n(r) at every
location r. Because the exact functional is not known, a typical approach is the
Kohn-Sham method where the unknown functionals of kinetic energy T[n] and
electron-electron coulomb interactions Eint[n] are approximated with simple but
adequate approximations of non-interacting electrons and the error is compen-
sated with an exchange and correlation term, Exc[n], describing the many-body
effects not described by the terms of non-interacting electrons. Ideally, the value
of Exc[n] is the difference between the exact T[n] and Eint[n] terms and their
approximations, TS[n] and EHartree[n],

Exc[n]= T[n]−TS[n]+Eint[n]−EHartree[n] (3.21)

but in practice it has to be approximated. In the simplest approximation, the
local density approximation (LDA), the exchange-correlation energy density,
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εxc, is estimated by the exchange-correlation energy density of homogeneous
electron gas, εhom

xc , with a density of n(r)

Exc[n]≈
∫

εhom
xc (n(r))n(r)dr. (3.22)

Positron annihilation in solids can be modelled with two-component density
functional theory where the energy of the system is a functional of both positron
and electron densities, n+(r) and n+(r):

E[n−,n+]= F[n−]+F[n+]−
∫

n−(r)n+(r′)
|r−r′| drdr′ +

∫
Vext(r) (n−(r)−n+(r))dr+Ee−p

c [n−,n+] (3.23)

where F[n] contains the kinetic, Coulomb and exchange-correlation energies
of electron or positron species F[n] = TS[n]+EHartree[n]+Exc[n]. Because of
the rate of emitted positrons in positron experiments, it is relevant to consider
only one positron at the time, and a self-interaction correction is made where
the self-Hartree and the exchange-correlation terms of the positron cancel each
other. In the positron calculation, it is typically assumed that electrons screen
the charge of positron density effectively i.e. the positron density does not affect
to the global average electron density. In practice, the electron density is first
calculated without the positron and the positron wave function is then calcu-
lated in the given electron density. In the case of electron-positron correlation,
Ee−p

c [n−,n+], the zero-positron density limit is used. These two assumptions
are accurate in the case of a delocalised positron where the positron density has
spatially spread over the lattice, and the positron density in any given location
is diminishingly small. In the case of localised positrons, the positron density is
non-zero but this approach has been found to yield consistent results to more
self-consistent modelling [29]. The attracting effect from positron density to elec-
trons is accounted in a parametrised enhancement factor, γ, when calculating
the positron lifetime, τ,

λ= 1
τ
=πr2

0c
∫

|ψ+(r)|2n(r)γ[n(r)]dr, (3.24)

or the momentum distribution of the annihilating positron-electron pairs

ρ(p)=πr2
e c
∑

j

γ j

∣∣∣∣
∫

e−ip·rψ+(r)ψ j(r)
∣∣∣∣
2

dr (3.25)

where the summation index j runs over occupied electron states ψ j [30]. In this
work, the LDA Boronski-Nieminen parametrisation of the enhancement factor
was used [31].

When calculating the Doppler broadening signal to compare with experiments,
the three-dimensional momentum distribution, ρ(p), is projected into a certain
crystal direction

ρ(pL)=
∫ ∫

ρ(p)dpxdpy. (3.26)
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In the equation above, the integrations are carried out on directions perpendicu-
lar to the projection direction and ρ(pL) is the projection of momentum density in
the direction of the given crystal direction. In most of the materials, the momen-
tum distribution is isotropic enough that it is sufficient to consider the projection
to only one lattice direction, but in β-Ga2O3, the anisotropy is larger than dif-
ferences between vacancies and defect-free lattice. In β-Ga2O3, the calculated
momentum distribution of annihilated positron electron pairs was projected
onto different crystal directions and visualised either three-dimensionally or as
curves on two-dimensional S-W graph (Figures 4.3a-4.3c in Chapter 4).
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4. β-Ga2O3

β-Ga2O3 is an ultrawide band gap semiconductor (4.9 eV [5]) whose properties
surpass those of GaN and SiC in high-power and ultraviolet (UV) applications.
The band gap of β-Ga2O3 in principle allows UV emission up to 280 nm, and
being beyond visible wavelengths, it also allows solar-blind applications. The
electric breakdown field of 8 MV/m predicts a thousandfold decrease in the
on-state resistance of a high-power transistor compared to Si and tenfold re-
duction beyond SiC, the current state-of-the-art high-power semiconductor. In
addition to the electrical properties, β-Ga2O3 bulk single crystal substrates can
be melt grown which brings a potential for lower costs compared to vapour grown
GaN and SiC bulk crystals. Lastly, β-Ga2O3 has a low-symmetry monoclinic
crystal structure which leads to, for example, anisotropic electrical and optical
properties raising also purely scientific interest towards β-Ga2O3.

Following the vast technological and scientific interests, β-Ga2O3 has been
under intensive research that has lead to high quality bulk single crystals [5],
demonstration of unipolar devices [32] and controlled n-type doping [33]. The
research has shown that achieving a functional p-type conductivity might even
be impossible due to large effective hole masses [34], self-trapping tendency
of holes in β-Ga2O3 [35] and the difficulty on realising shallow acceptor states
[36]. These points highlight the importance of a good n-type conductivity for
unipolar and heterojunction devices. Recent reviews have pointed out the
identification of dominating (point and extended) defects as the most crucial
goal to further improve the properties of β-Ga2O3 devices [5, 37]. Although
cation vacancies are the typical compensating acceptor defects in compound
semiconductors the identification of such defects in β-Ga2O3 is only taking
its first steps. For example only few defect studies [38, 39] utilising positron
annihilation spectroscopy on β-Ga2O3 had been published prior the beginning of
this work. The difficulties caused by the highly anisotropic Doppler broadening
signals is likely to be the reason for this.

From the perspective of positron annihilation spectroscopy, studying β-Ga2O3

is very different from, e.g., studying Si, GaN or ZnO. In β-Ga2O3, we are far
from having a “defect-free” reference which prevents defect identification with
traditional approaches of the method. The lattice structure of β-Ga2O3 is much
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more complicated and it is predicted to host not one but five different cation
monovacancies. This thesis began at a point where our research group had ob-
tained incomprehesinble and irreproducible results in β-Ga2O3 samples studied
after the first publication in 2015 [39]. Dr. Vera Prozheeva found that there
was a strong sample orientation dependence in the Doppler signals measured
in β-Ga2O3 that was at the origin of the confusion. Hence, the goal of the work
on β-Ga2O3 was twofold: first, to build an understanding of the anisotropic
Doppler signals in β-Ga2O3, and second, to establish how positron methods can
be applied in the study of study point defects without a defect-free reference in a
material with a vast number of possible vacancy defects.

Publication I builds the foundation for positron studies in β-Ga2O3 by ex-
tensive theoretical work and demonstrates that the colossal Doppler signal
anisotropy in β-Ga2O3 can be actually turned from a nuisance into a tool for
defect identification. Publication II consist of a comprehensive experimental and
theoretical positron annihilation study of as-received β-Ga2O3 single crystals
and reveals that split Ga vacancies are manifested in β-Ga2O3 in high concen-
trations of �1×1018 cm regardless of the dopant or conductivity. Publication III
utilises the results of Publications I and II and shows that irradiation gener-
ates defects with similar Doppler signal anisotropy to “regular” Ga vacancies.
The results further suggest that the electrical compensation in β-Ga2O3 indeed
originates from the generation of Ga vacancies but the level of compensation
of the n-type conductivity is actually defined by the degree of their hydrogen
passivation.

4.1 The structure of β-Ga2O3 and split Ga vacancies

β-Ga2O3 has a monoclinic crystal structure of a relatively low symmetry and
belongs to the crystal group C2/m. The standard conventional unit cell cell
consists of 20 atoms and is almost rectangular, the only non-rectangular angle
is 104° between [100] and [001] lattice directions. The β-Ga2O3 lattice hosts
two inequivalent Ga and three inequivalent O sites: fourfold coordinated Ga(1)
and sixfold coordinated Ga(2), threefold coordinated O(1) and O(2), and fourfold
coordinated O(3). As we will later see, O vacancies VO do not trap positrons,
and hence we will mainly focus on Ga sites and vacancies, VGa. A notable
feature in the structure of β-Ga2O3 is that the cross section perpendicular to
[010] has “open channels” (Figure 4.1) which do not exist in the [100] or [001]
lattice directions. The low symmetry of the crystal is accompanied by anisotropic
thermal, electrical and optical properties [11, 12].

Ga monovacancies have a peculiar property that the “regular” Ga monova-
cancies, VGa1 and VGa2, can further relax into three different monovacancy
structures, denoted as V ia

Ga, V ib
Ga and V ic

Ga (illustrated in Figure 4.1). These “split
Ga vacancies” form when a Ga atom neighbouring the initial VGa relaxes half-
way inwards resulting in two “half vacancies” on both sides of this so called
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Figure 4.1. The structure of split-vacancies in β-Ga2O3.

“center interstitial”. The split Ga vacancies have also been predicted to have a
lower formation energy than the “regular” VGa1 and VGa2[16] which suggests
that they have at least as important role in β-Ga2O3 as VGa1 and VGa2. Furher-
more, they have been experimentally observed with scanning transmission
electron microscopy [22] which suggests that are present in β-Ga2O3 in large
concentrations.

Regular and split Ga vacancies are predicted by be deep acceptors with charge
state of -3 in n-type β-Ga2O3 [16] and suspected to be related to the compensation
of n-type conductivity. In electrical measurements, irradiation has been observed
to cause strong compensation of electrical conductivity [16] implying strong
formation of compensating acceptor defects. Electron paramagnetic resonance
(EPR) studies on irradiated β-Ga2O3 have found two irradiation-generated
defect signals labeled as EPR1 and EPR2 [40, 41, 24, 23] from which EPR1 has
been lately suggested to arise from split-vacancy V ib

Ga [23, 24]. The reason why
only one out of five possible cation monovacancies was detected in EPR was
explained by V ib

Ga being the only cation vacancy in an EPR active -2 charge state
in n-type β-Ga2O3 [23]. Deep level transient spectroscopy (DLTS) studies have
observed that irradiation gives raise for two charge state transition levels E2*
and E4 [16, 42, 43] although an initial annealing was necessary to restore the
conductivity to enable electrical measurements. However, DLTS studies have
concluded that the concentrations of observed defects are too low to explain
the drop in conductivity with irradiation which implies that either the defect(s)
accountable for the compensation of the electrical conductivity are removed
in the initial annealing stage or the charge-transition levels of the defects are
deeper in the band gap unreachable by DLTS [42, 43]. Hydrogen is a typical
and difficult impurity in semiconductors whose detection is difficult. Infrared
absorption studies have identified that thermal annealing can drive hydrogen
into IR-active V ib

Ga-2H defects which might facilitate detection of hydrogen in
β-Ga2O3.
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4.2 Theory of positrons in β-Ga2O3

4.2.1 One-dimensional positron state in β-Ga2O3 lattice

The positron density in the β-Ga2O3 lattice was found to have a strongly one-
dimensional nature, as illustrated in Figure 4.2a. Typically, the positron density
in defect-free lattice of 3D-materials forms three-dimensional networks where
the “connectivity” of the positron density network is equally strong in all three
dimensions, as in In2O3, Si and ZnO given as examples in Figures 4.2b-4.2d. In
β-Ga2O3, the “connectivity” of the density network is significantly stronger in the
direction of the [010] lattice vector compared to perpendicular directions. This
suggests that the positron state in β-Ga2O3 lattice might result in the diffusion
of positrons (and small ions) being more efficient in [010] lattice direction.

(a) β-Ga2O3 (b) In2O3

(c) Si (d) ZnO

Figure 4.2. Positron densities in (defect-free) β-Ga2O3, In2O3, Si and ZnO lattices (positron
density in grey, oxygen atoms in red) [44, 45]. Positron density isosurface values
were chosen to represent the overall behaviour of the positron density. In β-Ga2O3,
the positron density "tubes" travel along the [010] lattice vector.
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The resulting Doppler broadening signal anisotropy follows a behaviour similar
to the positron state in the β-Ga2O3 lattice. Figures 4.3a and 4.3b show the
three-dimensional anisotropy of S and W parameters of the β-Ga2O3 lattice
signal. The S parameter has a clear maxima along the [010] lattice directions
which is the direction of the one-dimensional positron density “tubes” and in
which the β-Ga2O3 lattice structure is significantly more open. In the directions
perpendicular to [010], the S parameter has only small deviations as does the
positron density. The W parameter behaves opposite to the S parameter but has
essentially no deviation in the directions perpendicular to [010]. It was found
that the essential behaviour of three-dimensional Doppler signal anisotropy can
be sufficiently described by representing the (S,W) parameters in [100], [010]
and [001] lattice directions and in directions of the “geodesics” connecting these
three directions. This is illustrated in Figure 4.3c, corresponding lines are also
drawn in Figures 4.3a and 4.3b. Due to the intrinsic inversion symmetry of the
Doppler broadening signal, the signals repeat after a 180° rotation. However
due to lack of symmetry, the two 90° halves are different, e.g., from [100] to [010]
is different from [010] to [1̄00].

4.2.2 Colossal Doppler signal anisotropy

The Doppler broadening signal in β-Ga2O3 was found to exhibit unusually
strong, colossal anisotropy in the lattice and all studied defects. Figure 4.4
shows that all Ga monovacancies show at least as strong anisotropy as the β-
Ga2O3 lattice signal. In the case of split Ga vacancies V ib

Ga and V ic
Ga, the Doppler

signal anisotropy is 1.5-fold and later we will see that some of their complexes
have twice as strong anisotropy as the β-Ga2O3 lattice signal.

The significance of the magnitude of the Doppler signal anisotropy in β-Ga2O3

can be described by four points. First, the magnitude of the anisotropy is tenfold
to what has previously been encountered in positron studies of 3D materials.
Second, because of the unusually strong Doppler signal anisotropy (up to ∼1.04
in S parameter) and the relatively small vacancy-lattice differences (∼1.02 in S
parameter), the Doppler signal anisotropy is either of the same magnitude or
larger than the vacancy-lattice difference, depending on the defect. A similar
trend also holds in positron experiments, as we will later see in Chapters 4.3
and 4.4. In other studied 3D materials, the magnitude of the anisotropy is
insignificant compared to the difference between the vacancy and lattice signals,
and the anisotropy is more of a detail which does not affect the analysis or
interpretations. Third, partly resulting from the second point, the possible
(S,W) parameters of the β-Ga2O3 lattice and defects overlap to the extent that
basically any (S,W) parameters of the β-Ga2O3 lattice can arise from a defect
in a suitable direction, as Figure 4.4 illustrates. As a result of the points
two and three, comparing Doppler signals of different measurement directions
makes simply no sense. Fourth, in some cases even that does not help. The
theory predicts that even considering the Doppler signals in well-defined lattice
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(a) Three-dimensional anisoropy of S
parameter

(b) Three-dimensional anisoropy of W
parameter

(c) S and W parameters in directions of lattice direction (markers)
and in directions between them (lines)

Figure 4.3. The anisotropic Doppler signal in β-Ga2O3 lattice. The full, dashed and dotted lines
in Figure 4.3c represent the directions between [100] and [010], [010] and [001] and
[100] lattice directions, respectively. The same lines and markers are also illustrated
in Figures 4.3a and 4.3b.

directions, in specific directions V ib
Ga, V ic

Ga and some of their complexes have
smaller S parameters and higher W parameters than the β-Ga2O3 lattice, as can
be seen in Figure 4.4. Normally, the lattice signal a has the lowest S and highest
W parameters, and in practice, it is typical to assign reduced S and increased
W parameters as more “defect-free” positron annihilation signal. These points
highlight the care needed in designing the experiments and interpreting the
obtained results in β-Ga2O3. Chapter 4.5 discusses guidelines for future positron
annihilation studies in β-Ga2O3 and how the possible pitfalls can be avoided.

4.2.3 Donor-VGa complexes: VGa-H, VGa-VO and VGa-Sn

For donors it is energetically favourable to complex with compensating acceptor
defects, like Ga vacancies, to reach a more charge neutral configuration. The
VGa-donor complexes with unintentional H and VO and (intentional) Sn were
considered as the most likely. H is a typical impurity in all semiconductors
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Figure 4.4. The Doppler signal anisotropy in Ga monovacancies. The signal of β-Ga2O3 lattice
is illustrated with a grey shadow.

and, in β-Ga2O3, it is suspected to produce unintentional n-type conductivity
in undoped β-Ga2O3, alongside with Si [33, 37]. Hence, H is estimated to be
present in 1017 −1018 cm−3 concentrations [46]. Similarly to H, VO are expected
to be present in oxides in high concentrations while the detection of both VO

and H is difficult [5]. Sn is an important n-type dopant in β-Ga2O3 and electron
concentrations of 1016-1019 cm−3 have already been achieved with Sn-doping [34].
In addition of being likely to manifest in β-Ga2O3, the electrical compensation
of Ga vacancies in donor-acceptor complexes is still equally strong as in bare
Ga vacancies (VGa

−3+ donor+1 → (VGa-donor)−2) leaving them equally harmful
for device performance. Out of these complexes, V ib

Ga-2H have been observed
with infrared absorption [20] and 2VGa1-Snib and 2VGa1-Snic (Sn as the centre
interstitial of split Ga vacancy) with scanning transmission electron microscopy
[22].

VGa-H and VGa-VO

In split Ga vacancies with one H or VO, the positron density localises to the
non-affected “half-vacancy” without H or VO (not shown). In that sense, it is
expectable that V i

Ga-1H and V i
Ga-1VO resemble their plain V ib

Ga and V ic
Ga coun-

terparts both in (S,W) parameters (Figure 4.5) and in positron lifetime. The
slight increase in the amplitude of the Doppler signal anisotropy in V i

Ga-1H and
V i

Ga-1VO defects (15-35 %) is allocated the positron density being localised only
into one of the two half-vacancies which extrudes the positron density further
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from the centre of the open volume. The small changes in the lifetime follow the
changes in the electron density. The introduction of H (in V i

Ga-1H) decreases the
positron lifetime by ∼5 ps, and the removal of the neighbouring oxygen atom (in
V i

Ga-VO) increases the positron lifetime by 3 ps compared to “normal” V ib
Ga and

V ic
Ga.

Figure 4.5. The Doppler signal anisotropy in Ga monovacancies. The signal of the β-Ga2O3
lattice is illustrated with a grey shadow.

In the case of introducing multiple H atoms or VO in the Ga vacancy, the
positron density is forced into the same volume with H or VO, which changes
the Doppler signal anisotropies and positron lifetime significantly. The Doppler
signal anisotropy in V ia

Ga-3VO and V ib
Ga-2VO reminds actually normal Ga vacancies

VGa1 and VGa2, except having clearly higher S parameters (1.04-1.07). In V ib
Ga-2H

and V ic
Ga-2H, the anisotropy reminds the β-Ga2O3 lattice signal more than their

non-hydrogenated counterparts (but with larger anisotropy), as seen in Figure
4.5. The additional electron density caused by the introduction of H in the same
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open volume with positron density cuts the positron lifetime significantly to
∼20 ps shorter in V ib

Ga and V ic
Ga being only 10-15 ps above positron lifetime in

β-Ga2O3 lattice; whereas the introduction of oxygen vacancies in V ia
Ga-3VO and

V ib
Ga-2VO has only a minor effect on positron lifetime (+ 5-7 ps).

Sn-VGa complexes in Sn-doped β-Ga2O3

Our theoretical calculations predict that split Ga vacancies complexed with Sn
show similar positron annihilation characteristics to split vacancies without
Sn. The normal split vacancies and their Sn-complexed versions share very
similar anisotropies. They only have small deviations: the relative S parameters
differ at most by ∼0.002 and relative W parameters less than 0.004. Positron
lifetimes in Sn-complexed split Ga vacancies are also essentially the same as in
their counterparts without Sn: 2VGa1-Snib and 2VGa1-Snic have only 2 ps longer
lifetime and with (2VGa1-Snib)-2H and (2VGa1-Snic)-2H the difference is only
+1 ps. The differences in both (S,W) parameters and lifetime are such small
that defects with and without Sn can be considered identical.

4.3 Vacancies in as-received β-Ga2O3 single crystals

Publication II deals with melt-grown β-Ga2O3 single crystals prepared using
Czochralski [47, 48] (CZ) and edge-defined film-fed growth [49] (EFG) meth-
ods. The CZ crystals were doped with Mg for semi-insulating behaviour. The
EFG crystals were either unintentionally doped (uid) having a free electron
concentration of 5×1017 cm−3 from residual donors, or doped during growth
with Fe for semi-insulating behaviour or Sn for n-type behaviour (free electron
concentration 2×1018 cm−3). The surfaces of the plate-like samples were (100)
for CZ samples, (010) for EFG:uid and (001) for EFG:Fe and EFG:Sn.

Orientation-dependent Doppler broadening measurements (Figure 4.6a)) show
that CZ- and EFG-grown β-Ga2O3 manifest a strong and linear Doppler signal
anisotropy similar to that theoretically predicted for V ic

Ga-type of split Ga va-
cancies. The resemblance is especially strong in the case of CZ:Mg, suggesting
that the sample is dominated by V ic

Ga-type split Ga vacancies. In the Fe-doped
EFG-crystal the anisotropy is noticeably more loop-like. In EFG:Fe, the re-
sults suggest a small but visible contribution from β-Ga2O3 lattice and/or other
vacancy defects as well. The positron beam measurements on undoped and
Sn-doped EFG-β-Ga2O3 (Figure 4.6b) suggest that the split Ga vacancies domi-
nate positron trapping also in these samples, as they show similar anisotropy
as in the orientation-dependent measurements. The dominance of the split
Ga vacancy signal implies that their concentration in all samples is (at least)
�1×1018 cm−3.

Temperature-resolved positron lifetime results (Figure 4.7) show clearly that
that multiple different vacancy defects play a significant role in β-Ga2O3, which
is different from materials like GaN or AlN where only one type of cation vacancy
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Figure 4.6. (S,W) parameters of as-received β-Ga2O3 single crystal measured with a)
orientation-dependent Doppler setup and b) positron beam. Measurement directions
are illustrated in c).

defects is typically found. Combining the lifetime and Doppler anisotropy results
implies that multiple vacancy defects are present in each studied sample as
well. Moreover, theoretical positron work suggests that the different vacancy
signals are most probably all split Ga vacancies decorated with VO and/or H. The
differences in average positron lifetimes are rather small whereas the positron
lifetimes of other defects are 20 ps higher (VGa1, VGa2). The overall longest
positron lifetime and the non-decreasing positron lifetime at high temperatures
implies that sample EFG:Sn has a higher vacancy defect concentration than
the undoped or semi-insulating samples. This is in agreement with theoretical
predictions on thermodynamics-driven defect formation that n-type doping de-
creases acceptor defect formation energy via the increase of Fermi level [22, 16].

4.4 Interplay of VGa, H and electrical conductivity in β-Ga2O3

In Publication III, irradiated and annealed strongly n-type β-Ga2O3 bulk single
crystals were studied. The samples were grown with edge-defined film-fed
growth (EFG) method and were doped with Sn to a free-electron concentration
of 8×1018 cm−3. The samples had a (2̄01) surface which enabled slow positron
beam measurements in [010] and [102] lattice directions. To study the effects of
irradiation and thermal annealing on cation vacancies, samples were implanted
with 1.1 MeV D ions to a fluence of 2×1015 cm−2 and subsequently annealed at
300 ◦C and 625 ◦C in air. The complementary infrared absorption measurements
were performed on undoped and 200 keV implanted samples (residual free
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Figure 4.7. Average positron lifetime in as-received β-Ga2O3 samples as a function of the mea-
surement temperature.

electron concentration 1×1018 cm−3) as the strong free-carrier absorption of
Sn-doped samples overwhelms interesting defect signals.

Irradiation has been observed to remove the electrical conductivity in β-Ga2O3

due to strong compensation of the n-type conductivity [16]. Slow positron beam
measurements in Figure 4.8 show that the irradiation generates vacancy-defects
with higher (lower) S (W) parameter and smaller Doppler signal anisotropy
implying that the compensation is due to formation of Ga vacancies. The as-
received sample has the strongest anisotropy in accordance with the Chapter 4.3
where split Ga vacancies of strong anisotropy were identified in many as-received
β-Ga2O3 single crystals. The Doppler signal of the irradiation-generated defects
is in agreement with what is theoretically predicted for “regular” Ga vacancies,
VGa1 and VGa2. However, VGa1 and VGa2 have been predicted to have relatively
low relaxation barriers (∼0.5 eV) into split Ga vacancies which suggests the
relaxation taking place already at room temperature. Interestingly, recent
studies utilising deep-level transient spectroscopy [50, 51] have suggested VGa-
VO divacancies being responsible of irradiation-generated energy level called as
E2*. Complexing with a single VO does not typically change the positron signal
of a cation vacancy, and hence, the observed positron signal can originate from
VGa-VO divacancies.

The annealing at 300 ◦C has been observed to return the n-type conductivity
of the irradiated β-Ga2O3 [16]. Surprisingly, the annealing at 300 ◦C does not
remove the irradiation-generated vacancy signal but actually further increases
(decreases) S (W) parameter and reduces The Doppler signal anisotropy. A
careful analysis of the shape of the Doppler broadened spectrum implies that the
observed change in Doppler signal is due to the irradiation-generated vacancy
signal getting stronger rather than a change in the vacancy structure or gen-
eration of new defects. The strengthening of an irradiation-generated vacancy
signal after a thermal annealing is uncommon. However, the infrared absorption
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Figure 4.8. The Doppler broadening signal in as-received, irradiated and annealed β-Ga2O3. W
parameter is integrated from 1.5 to 4.1 a.u. and W2 parameter from 2.0 to 4.1 a.u.

results show that the 300 ◦C annealing strongly increases the absorption signal
related to V ib

Ga-2D defect [20] (see Figure 4.9). The increase in the absorption has
been explained by the implanted D becoming mobile, interacting with Ga vacan-
cies and forming V ib

Ga-2D defects which are predicted to be the most energetically
favourable configurations of hydrogen and Ga vacancies [20, 16]. A similar be-
haviour provides a plausible explanation on the seemingly contradictory positron
result: the 300 ◦C annealing drives omnipresent H impurities into “as-received”
split Ga vacancies and forms V ib

Ga-2H. The positron trapping into manifoldly
hydrogenated split vacancies is expected to be weaker by a factor of ∼10 due to
a smaller remaining open volume and more positive charge state [25, 27]. As a
result, the hydrogenated split Ga vacancies in 300 ◦C annealed sample provide
less competition for the irradiation-generated vacancies in positron trapping,
a larger amount of positrons get trapped into irradiation-generated VGa1- and
VGa2-like defects and the signal of the irradiation-generated vacancies increases.
In earlier work [46, 37, 33], hydrogen impurities have been proposed to be one
of the two sources for the unintentional n-type conductivity in concentrations
of 1017 −1018 cm−3 which is in agreement with the positron results. Hence, it
appears that hydrogen indeed plays a significant role in the unintentional n-type
conductivity in β-Ga2O3.

The positron results on the sample annealed at 625 ◦C show that the irradiation-
generated vacancy signal has vanished providing an experimental estimate of
1.9±0.5 eV for their migration barrier. Infrared absorption shows that anneal-
ing at 625 ◦C diminishes the strong V ib

Ga-2D related absorption line (Figure 4.9).
However, the positron annihilation results illustrate that split Ga vacancies are
present in the 625 ◦C annealed sample in an equally high concentration as they
are in the as-received sample, and the secondary ion mass spectrometry shows
that the majority of D still remains in the original implantation peak region (not
shown). As both split Ga vacancies and D are still present in the sample, the
results imply that D, or the whole V ib

Ga-2D defects, starts to interact with other
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Figure 4.9. Infrared absorption in similar but undoped β-Ga2O3 samples. The absorption peak
at 2546 cm−1 has been assigned to V ib

Ga-2D defect [20].

impurities or defects resulting in IR-inactive configurations.

4.5 Implications for future positron studies in β-Ga2O3

This section outlines the experience to aid further studies in β-Ga2O3. The
possible pitfalls related to the colossal Doppler signal anisotropy and the fact
that some defect have smaller S parameter than the β-Ga2O3 lattice can be
circumvented by performing the Doppler broadening experiments in well-defined
lattice directions in three dimensions: “3D-Doppler”. Lifetime experiments
are unaffected by the anisotropy in Doppler signal, but at this stage the lack
of a proper reference sample for the experimental positron lifetimes hinders
the defect identification when using only positron lifetime. Regular Doppler
approach of comparing experimental (S,W) parameters to the calculated is
hindered by the fact that even the state-of-the-art calculations cannot reproduce
the details of Doppler signals at the level that is needed for this approach, as
discussed in Publication I.

At the moment, the anisotropy of the Doppler signal is the most powerful
experimental positron method in β-Ga2O3. It can provide a more solid picture
of positron trapping defects than it is possible with lifetime measurements - or
Doppler measurements of one or two directions. However, after establishing a
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fixed, well-known point with 3D-Doppler experiments, (temperature-resolved)
lifetime experiments are an excellent tool to deepen the understanding, as shown
in Publication II. Also the rather limited view of Doppler signal anisotropy
visible via slow beam Doppler broadening experiments can provide surpris-
ingly useful results when compared to a well-established anisotropy gained by
three-dimensional orientation-dependent measurements, as demonstrated in
Publication III.

This work also implies that state-of-the-art calculations have a crucial role in
predicting the shape of anisotropy of (new) defect configurations. Further work
is still required as the detailed comparison between theory and experiment does
not at present yield perfect matches.

The anisotropy of Doppler signal in β-Ga2O3 is, in addition of being an useful
tool for defect identification, also scientifically interesting. However, the origin
of the anisotropy requires further study. It is, for example, possible that in
materials studied so far (e.g. in Si, GaN or ZnO) the anisotropic momentum
components cancel or average out due to lattice symmetries but because of the
low symmetry in the β-Ga2O3 lattice structure this does not happen in β-Ga2O3.
Some observations of the mechanisms of the anisotropy were made which can
aid further studies on defects in β-Ga2O3, or the Doppler signal anisotropy itself.

First, the shapes of the positron densities correlate with the (S,W) parameters
of the defects in an intriguing way. The (local) (S,W) parameter extrema in the
[100]-[001] lattice plane are not always in the high symmetry [100] and [001]
directions, but actually, they are located in the directions of the long axes of
the positron densities. The correlation between the (S,W) parameter extrema
in the [100]-[001] lattice plane and the shape of positron density applies to the
all studied defects and it is best visible in V ib

Ga, V ic
Ga and in their hydrogenated

counterparts, as illustrated in Figure 4.10. V ib
Ga and V ic

Ga have a relatively similar
structure and their (S,W) parameters differ only by a 45° rotation in the [100]-
[001] lattice plane. The addition of two hydrogen atoms into V ib

Ga rotates the
positron density by 45° into the same direction with V ic

Ga-defects rendering the
(S,W) parameters of V ib

Ga-2H identical to V ic
Ga-2H.

The second observation is a correlation of an oxygen atom very near the
positron density and the strong linear diagonal shaped Doppler signal anisotropy
characteristic for V ib

Ga- and V ic
Ga-defects. This is bests illustrated in the case of

V ib
Ga-VO and V ib

Ga-2VO (Figures 4.10c and 4.10f), where adding of one VO i.e. re-
moving the O atom in question, results in the linear diagonal shaped anisotropy
changing into the “right-pointing triangle”-shaped (Figure 4.5). In Figure 4.10,
these oxygen atoms are highlighted with a yellow arrow. This correlation be-
tween the strong linear anisotropy and an oxygen atom almost touching the
positron density also extends to the all studied defects. The current knowledge
suggests “right-pointing triangle”-shaped Doppler signal anisotropy being intrin-
sically typical for vacancies in β-Ga2O3 while this anisotropy can be modified by
an O or H atom very close the positron density.
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(a) V ib
Ga (b) V ib

Ga-2H (c) V ib
Ga-VO

(d) V ic
Ga (e) V ic

Ga-2H (f) V ib
Ga-2VO

Figure 4.10. Positron density in some Ga monovacancy based defects. The yellow arrow highlight
the oxygen atom which is found to correlate with split vacancy -like, especially
strong linear anisotropy.
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5. SrTiO3, a prototype perovskite oxide

Perovskite oxides are a family of structurally similar materials with exotic
electrical properties. Their electrical properties range from insulating to semi-
conducting while they also exhibit phenomena like superconductivity, ferromag-
netism, ferroelectricity and multiferroism. The perovskite-structured methylam-
monium lead halide solar cells have shown outstanding potential in photovoltaics.
Although they have been concerned with stability issues, their efficiency has
rocketed from 3.8 % in 2009 [14] to 26 % in 2020 [15]. Because the perovskite
crystal structure is different from the structure of well-studied semiconduc-
tors (typically diamond, zinc blende and wurtzite structures) the accumulated
knowledge cannot be directly applied to perovskite materials. Strontium ti-
tanate (SrTiO3) is a wide band gap (3.25 eV [10]) semiconductor (Figure 5.1)
and typically considered as a prototype perovskite oxide as it is available as
relatively good quality bulk single crystals. In SrTiO3 single crystals, the level
of extended defects is already sufficiently low that the focus can be turned on
the point defects for further control on the material properties. In addition
to being a representative of the intriguing perovskite family, SrTiO3 has also
applications on its own as a widely used substrate of complex oxides and in
thin-film heterostructures [52]. The main point defect of interest has been VO

due to its abundance at both surfaces and bulk [52, 53]. However, there has
been much less experimental work on defects in Sr and Ti sublattices. Lately, Ti
antisite (TiSr) related defects have gained some attention due to their possible
association with ferroelectricity [54, 55, 56, 57, 58, 59].

A handful of positron annihilation studies [60, 61, 62, 63, 64, 65, 66, 67, 68]
has been performed on SrTiO3 but the state of positron research is far from well-
studied materials like GaN or ZnO being in a way similar to β-Ga2O3. There
is no defect-free reference material, multiple different cation vacancies are
present and the lattice structure differs from well-studied wurtzite or zincblende
structures. In SrTiO3, similar positron lifetimes have been acquired in different
positron studies but the identification of the defects behind the lifetimes is only
preliminary. A range of defect lifetimes ranging from ∼170 ps to ∼320 ps has
been reported while the lifetimes 180-190 ps being the most frequently observed
[60, 61, 62, 63, 64, 65, 66, 67].
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Figure 5.1. The lattice structure of SrTiO3 perovskite oxide. Sr has 12 nearest neighbour oxygen
whereas Ti has 6. In general the composition of perovskite oxides is ABO3, where O
is oxygen and A and B are cations.

Publication IV approaches SrTiO3 with a systematic study utilising both
experimental and theoretical positron annihilation methods. We find multiple
different vacancy defects present in SrTiO3 samples and reach an allocation for
the defect lifetimes consistent with sample stoichiometries and defect formation
enthalpies. We find that the omnipresent 180-190 ps defect lifetime is most
likely related to neutral TiSr related defects instead of its earlier association
with VTi.

5.1 TiSr and 185 ps positron lifetime

The studied SrTiO3 samples were single crystals grown with Czochralski (CZ)
and edge-defined film-fed growth (EFG) methods at 2350 K and slightly oxygen
enriched argon atmosphere at atmospheric pressure. The samples EFG-A1 and
EFG-A2 were prepared form the same EFG crystal where the O2 concentration
of the growth atmosphere was continuously lowered during the growth (from
1550 to 2 ppmV) so that, for sample EFG-A1, the O2 concentration was 2 ppmV

and, for EFG-A2, it was 450 ppmV. The samples EFG-B and EFG-C are from
different growth runs where the oxygen concentration of the growth atmosphere
was significantly higher (1550 ppmV). The sample Cz-D was grown with the
highest oxygen concentration (1600 ppmV).

Positron lifetime measurements revealed that all samples have high concen-
trations of multiple defects culminating to the defect with 185±5 ps positron
lifetime which is present in all samples at concentrations >1019 cm−3. The aver-
age positron lifetime measured as a function of sample temperature (shown at
the top in Figure 5.2) shows saturation trapping to this defect at low tempera-
tures in all five samples. The decomposition of the lifetime spectra of samples
EFG-A1, EFG-A2, EFG-B and EFG-C (bottom in Figure 5.2) further revealed
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positron trapping to defects with positron lifetimes of 255±15 ps and 320±20 ps
at high temperatures. The concentrations of the 255±15 ps and 320±20 ps
defects are in the low-1017 cm−3.

Figure 5.2. Top: the average positron lifetime, τave, of the SrTiO3 samples as a function of
measurement temperature. Bottom: extracted second lifetime component, τ2, and its
intensity, I2. The decomposition is only shown at temperatures where it succeeded.

In addition to the 185±5 ps defect lifetime being almost always observed at
high concentrations (∼1019 cm−3) [60, 61, 62, 63, 64, 65, 66, 67] it has a peculiar
temperature behaviour. Typically, enhanced trapping at low temperatures is
associated with a negative defect charge state due to a T−1/2-dependent positron
trapping coefficient [27]. However, above a sample-dependent temperature,
the positron trapping to the 185±5 ps defect drops dramatically in all studied
samples, taken into account the temperature range, resembling more a T−3-
dependence instead of T−1/2. Such clear deviation from the T−1/2-behaviour
implies that the Coulomb attraction of positrons by a negative defect (T−1/2-
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dependence) is not the origin of the observed temperature behaviour. A similar
faster-than-T−1/2 drop can be also identified in temperature-resolved positron
lifetime measurements published earlier [60] although the behaviour was inter-
preted to arise from a negative charge of the defect.

The identification of the defects behind the observed positron lifetimes was
possible via an extensive combination of the theoretical first-principles positron
calculations and existing knowledge on defect formation energies and sample
stoichiometry. The 185±5 ps positron lifetime arises from TiSr antisite defect
whereas 255±15 ps originates from VSr possibly complexed with one or two VO,
and 320±20 ps from larger VSr-VO cluster consisting of multiple VO and 1-2 VSr.
TiSr has also been observed with cathodoluminescence [59] and scanning trans-
mission electron microscopy [57] methods where the latter suggests they are
present in SrTiO3 in concentrations large enough the explain the omnipresence
of 180-190 ps positron lifetime [60, 61, 62, 63, 64, 65, 66, 67]. The properties of
TiSr also provide a possible explanation for the nontrivial temperature behaviour:
The fast drop in positron trapping can originate either from temperature-induced
detrapping from the small open volume of the antisite or from change of charge
state to positive.

It is important to note that detailed defect identification was achieved in spite
of the lack of a "defect-free" SrTiO3 reference sample, a common issue in SrTiO3

and β-Ga2O3. This prevents using the "traditional" approach that relies on
comparison to reference samples. By performing thorough positron measure-
ments as a function of the measurement direction (β-Ga2O3) or temperature
(SrTiO3) and combining them to state-of-the-art calculations, this limitation was
circumvented and the studies resulted in significant advances on how to apply
positron methods in these kinds of “challenging environments”.
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6. Conclusions

In this thesis, complex semiconducting oxides β-Ga2O3 and SrTiO3were investi-
gated with positron annihilation spectroscopy. The major part of the work was
to establish how positron annihilation methods can be applied in complicated
materials and building the necessary fundamental understanding for the defect
identification. The fundamental effort was required as, both in β-Ga2O3 and
SrTiO3, (i) defect-free reference material, which is the cornerstone of defect
identification in a traditional positron approach, does not exist; (ii) the defect
distributions in both are complex and constitute of not one but several different
competing defects; and (iii) the list of possible defect candidates is even longer.
All in all, β-Ga2O3 and SrTiO3 provide a challenging environment for defect
identification.

In Publication I, the first understanding of the colossal Doppler broadening
signal anisotropy in β-Ga2O3 is built by the means of state-of-the-art theoretical
calculations. The direction-dependency (anisotropy) of the Doppler broadening
signals in β-Ga2O3 was found to be ten times stronger than those typically
encountered. As a result, the Doppler broadening signals of the defect-free β-
Ga2O3 lattice and different defects overlap completely. In other words, without
the knowledge of the crystal direction where the Doppler broadening signal
is measured the data are essentially useless. The work shows that, while the
colossal Doppler broadening signal anisotropy requires more care in positron
experiments, the additional information within the anisotropic signals is actually
a valuable tool in defect identification.

Publication II investigates as-received β-Ga2O3 single crystals and finds that
all samples exhibit multiple competing defect signals in technologically relevant
concentrations. Split Ga vacancies are present in all samples in concentrations
of 1018 cm−3 or more, while “regular” Ga vacancies were not observed. The
observed positron signals suggest that the multiple defect signals are probably
different split Ga vacancy configurations or their complexes with H or VO. In
most samples, more than one defect was observed to contribute to the positron
signal also at room temperature. Sn-doped n-type material is estimated to have
the highest vacancy concentration, in agreement with theoretical predictions.
Fe-doped semi-insulating EFG-grown β-Ga2O3 was found to have the smallest,
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but still surprisingly large split Ga vacancy concentration.
Publication III builds on top of the understanding gained in Publications I and

II, and studies how Ga vacancies and hydrogen affect the electrical compensation
in n-type β-Ga2O3. Particle irradiation causes strong compensation of the n-type
conductivity and renders n-type β-Ga2O3 as insulating. Unlike in as-received
β-Ga2O3, the irradiated material expressed small Doppler broadening signal
anisotropy suggesting that "regular" Ga vacancies are formed, possibly deco-
rated with an oxygen vacancy. Annealing irradiated β-Ga2O3 at 300 ◦C returns
the n-type conductivity but further strengthens the irradiation-generated va-
cancy signal. Comparison to the infrared absorption results suggests that the
increase arises from the reduced competition in positron trapping due to hydro-
gen impurities diffusing into “as-received” split Ga vacancies making them less
efficient positron traps. The results suggest that Ga vacancies are behind the
compensation of the n-type conductivity but it is the interplay of Ga vacancies
and hydrogen which defines how much Ga vacancies actually compensate the
conductivity. The annealing at 625 ◦C removes the irradiation-generated vacancy
signal and yields an experimental estimate of 1.9±0.4 eV for the relaxation or
recovery of the irradiation-generated defects, whereas the annealing does not
affect split Ga vacancies. The disappearance of the V ib

Ga-2D infrared absorption
signal after 625 ◦C annealing is not due to lack of V ib

Gaor D, and was allocated to
deuterium forming infrared inactive bonds with different impurities or defects.

In Publication IV, a complicated defect distribution was found in SrTiO3

through the combination of T-dependent positron lifetime experiments and state-
of-the-art theoretical calculations. TiSr was found to be present in all samples
in a concentration greater than 1×1019 cm−3 and to exhibit an unconventional
temperature behaviour. Two defects consisting of VSr and a different number
of accompanying VO were identified in low-1017 cm−3 concentrations, and the
oxygen concentration of the growth atmosphere was found be connected to the
formation of VSr-nVO clusters.

In summary, the work has built fundamental understanding of positron anni-
hilation signals in β-Ga2O3 and SrTiO3. In the future, wider systematic defect
studies are possible how defect distributions change in different growth envi-
ronments or sample treatments, and detailed studies of electrical compensation.
In particular, it would be interesting to further study the connection between
hydrogen and positron trapping as it can help to understand the behaviour
of omnipresent hydrogen impurities in β-Ga2O3, as well as their role in the
(unintentional) n-type conductivity. Regarding the use of positron annihilation
methods in β-Ga2O3, a potential next state-of-the-art high-power semiconduc-
tor, the work turned the table upside down. The previously incomprehensible
experimental positron annihilation signals now actually make sense, and the
previously largest issue, the colossal Doppler broadening signal anisotropy, be-
came the most important asset in defect identification. In SrTiO3, the work
provided a whole new means to study the ferroelectricity-associated TiSr antisite
defect: it appears to be responsible for the most frequently observed positron
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annihilation signal in SrTiO3. All in all, the thesis highlights the benefits
of performing positron annihilation experiments under varying measurement
conditions and augmenting the analyses with state-of-the-art theoretical calcula-
tions of positron states and annilhiation signals. This approach allows detailed
defect studies also in situations where "defect-free" reference material is not
available.
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