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Abstract

Thel trawide bandgap semicond®)ctfoeatmarteesr i @i
pr opefrotri ense x t generation eltehdtamadmiap adtdhvéacleSsgd’
predicted b,rtehaek dpovans ifbiiellidi-tyy pteo ceomgliurcaarvi it ys t
dopiamglhhee gh chemijacrkeky st abt bréeytensovesappltesat
of powere)ctronics and ,0pdoed eicdlIrloynti tesr dedy ca&®Bie C
st ablplhalsre ,f atchmat er palsenstsemaodil yimer emti smet ast ab
GaOs(Ub,otangcame st athioluigZedvari ous epi.Amengl the
met astabl eo@abtlyan®r pben theoretclhal gt epriedlead tla
spont aneousdrpiovianrg zZsattgaomd ®tc mhAt e r i Mad n estyhset beens. s
GaOza t hroughout wundterwsdtanrdalngarmd epoitmte def ect s
its functionadt ptriog edlahreleye f ptsaeeggee hhewor k focuse
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understanding of its i npgadthion ptahees efnuan cntgi ot nhael
of dméeicapédnentransport. The study then expl
presehcstructur al defects in two different e

Foll owing the analysis of bd rruxcltarafl cgBmdyetct de
of fering a practicalt hampprgdacnh |tdo aenmghaallaiawg tthr
temperature stdammi tihtey fiilinbé sbieloidn od , Oitsfh fe eurcet nutr e
is discussed, along with insights into the di

studied | ayer.
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1 Introducti on

The semiconductor technol ogal, r @aasn urmdeaigihalt

i mpact on modern society. Beginning in the 1
germani um ( Ge) gained interest for i MPhement
extensive study allows for increased knowl edg

increasingly performant -bmeaged i it ansilsnt or9 4wa s
Laboratory by J. BawWwdeBnat Wai 8hoakwhegwedanmi t h
1956 for t heir groundbreaking discovery, wh i

| nformati on Age. While the crucible of war fu
drigvihmmanity to push the boundaries of innova
has continually fuelled the discovery of new

urgency and peace. The hamtme ydioi dedniidrotred ufcd
(S and Ge, t e flobeefioon¥eebmpRakdsstituted

el ements from the |11 aedG¥AsoauodhGaPdahiddmer |
and)(4he ultrawi de banSdggeap r(aUWba@) pDdIG&se.d Itfh et H e
| andscape, theV,Aicsotnivielntcihoanrad cot elrlilz ed . bey<, r2el3at |

eV, foresees the -gapssargilndegr i og whaed pl ay
composition/doping and | eads to i mplementatio
e.bighectron mobdrdd tlya sHTrh édjizsdexrsat i on, compr |
with highierz.b3aneg¥asdp.,4 eV, such as 6i Emi &aNpnuri
visible and presents higher breakdown*®aaobt ag:
el ectronics devices, respectively. As the r1e:
of fer ed Ybeynetrtae i D ns SCs, al so the UWBG mater.
includes coFgpoBdnads AWiGtalN, di amodmad OFd@thiec dBN ec
consequences of UWBG val ues -fiisekadn, -8 1 MIVAEt ;mmd pn
dedJfy seintsytcoupled with vispbobeodbeéet endin@rss, i mj
without the e mbAurytnheenrtmoorfe ,f ialsty@iaxs .taH d oga se sa fe

possibility of bandgap tuning through variati.
accesdsgi bféregm 3.4 eV (x = 0, GCdW)thopghotBieVf
considered i mmatur e, extensive research has f
substrates, (iit)ert hod maxeismeu s udbisameat es -t yamal (|
andtyppe doping. So far, none of the investigat

but this does not -mecfeesmandeg dewainctédhacamnmagth
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Among the BWBGofGgarticular interest. It
di fferentlippodymerdphbgomambicthemicubi-spidgdiet i v
cubic Blaxdytdéde os2%hlolr hfoemedtiwr i ng ubmpiod yenop pdip e rb
the thermodynamically stable phase, can .bee pr
Czoc htlaflgie f i nefdedf idrmowtth®f (E&Ge ,2(RZ)d, vertic
Briddgwan,h reported commerci al l yi movhai d%dWhnet edru
repobyft@ébaOsi s approxi mately 4.8 eV, leading to
8 MVEEm. offers goboypée unambd b értriy veiotf yc,ro mvsi ptahh ndaah ¢ «
over inHéd%cmdange, when dcpeEeBCGdnsitsh adir ecard ySnwi d el
in el &% ndnopt ?&lMdeovtirceersi,c and its high stabildi

semiconductor, ma k e se n i rsouninteanbt|se -tea lragca m o rcks g
processing applications and WieWweswssr ,commani
asymmetry of its crystal Sstr uctnuertea s thaabsl ed rpiovl e

I n partWanadpdrasetsha hat exhibit a higher degree
through differehdnepopaci adi & fegahmpitMgsE®asi?r at e
Whil e t heUpchoarsiendpuons sess t he hGadhpeslty nbogdpdngsa  a
eV), the peculi apGédgi oft Héheproedihotrdhd mbiigh s pon
itslicection (which is also the gt wobetomérnw
suggested f8Amroé¢hect diegir & 0pma tf erreieadlo ns yosft e rh el ¢

—+

hat bal lapadlsymor phs can be alloyed with I n anc

—+

o engineer*™fChoenisri deearnidnggapa.l | these aspects, e:
oleprhase, there i a1st e g ot eantplaelt htoa ao pod pos
ppropriately deseghedhhetecbosbnuaotobries ty tr
ol atile memoryedeévi ands ar @xdatpdwoetvoedre ttehcet obrisg.g e

- < 9 T

or the orthorhombic polymorph is coming frort
vertically oriented extended defects, that ar
potential?P>di8%ctbserdrameswougksed hien wohks ddi ss
p

rimari |l yo-Gabgusmindgr gomarticul ar emphasis on the
structural and electrical properties, whikch al
material system as a whole is provi dpaod)] yanod ptht
i's consi st entbiGpOsc ognipvaere dt hwa tphar al | el s bet ween

work is structured as foll ows:
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AChaptieGaO:2nat er i ai prso/witceers an ovesmateer ioavler sy
properties, highlighting strengths and weakn
on the oretpharsleo mthiada represents the main char
AChaptiExp®ri mentioluthétnesdsoth growth and cha

candi date was exposed to during the full PhD

AChaptRol & of str bGaidils dedfseaed sone of the ke
with this materi al system: its intrinsic de
functional properties;

AChaptigGowadrds s up@aOerscti aotni cofapr eoenati 1 st he ext
conducted by the candidate aimed at mitigat.
AChaptieeroi Bt deGadgitds sicusses the different sha
associated to different growth techniques an
engineer them;

AChaptien t Ai um diOsftthsinoinf eiprmsGa t he possibilit
effect on the dfliincht e Oes@lr uEat upeerst,i end ghl i ghtir

defects in mediating the diffusion processes
1. Personal contributions

The research presented in this thesis is the |
research institutes worl dwi de. At the openin

(Chapt7#),s t4dhe contri butiildndoeofhialhll impertteidc it pa mt
al | the people involved. The per somgpl hearetarfit
having the candidate activelyo@ax!|faoyered:andcer
photodethactact ®ri zati ons6ir7e p drhtee Raima nChdaptaerel 4
in Chapter 4; -bttatmenssbandaMBE @grewt hs repol
experimental 1iX\WRest)i,gdthieomvEeABM| wookr di satbsean
6 together with AFM and XRD investigation.

1. S3cientific contributions

(in reverse chronological order)

Part of the work discussed inreheetwbdsjosuhaat
AA. Ardenghi, O. Bierwagen, J, J. L2hA.emaanghiE
P. Mazzolini

ARPheasxd ecti ve vgh-Ga®:hnoiG@tO:zby -mMerdi ated met al

catalysi-assnhspkedsmal ecul ar beam epitaxyo
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APL Materials, 12, 1011101 (2024)

A PMaz z ol .iBair JAePya,r i /.3 amd ,gvhRav dsBio,sMdB,o iSer aBa ML i ,
JanMe MMar g dNr.Baefr,n hva.rRl@ g nfe. A d e rOgBhiie,r waGahkenstei
JKI Kkr. e SadwuMar tFiMe z z &dBroir,RIFloir,nar i
AEngineering shatdébecotea@it Wiempf il lemel -crogmpmird n
vapour phase epitaxy to molecular beam epita>

Mat eri al Today Physics, 45, 101463 (2024)

AP. Mazzolini, Z . Fogar assy, A Pari sAi.niSack.hil
G. Spaggiari, D. Bersani, O. Bi erwagen, B. M.
P®cz, A. Tahraoui , A. Bosi o, C. Borel l i, S. L

"Siimemde at ed expans-d0opxeGaDsedpd maixrnys ainmd Siplsamenp a
el ectronic conduction”
Advanced Functional(2M&a23e)yi al s, 33, 2207821,

AA. Parisini, P. Mazzolini A.OSaBbdMbr Bagen, LC. S

Tahraoui, and R. Fornar.

"StudyH®AOspEn Alli odes i n planar geometry"”

Journal of Vacuum Science & Technology A 40,
The candidate was also involved in other p

AThDi t tAPahiM.Pav AsBia,r aAl.9ld ¢,FtMie z z PMraiz,z oM.B a &i.

Ser aA®BlolsiR,bpr nar i

AEl ectronic states n &&ra0za oalGaDeeepsi | aanyde risn ti enrvfeas

surface photovoltage spectroscopy, photocondu

Surfaces and I nterfaces, 51, 104642 (2024)

A G Spaggiari, R. Fornari, P. Mazzolini, F. Me

Pavesi, A. BaAal 8acbBi BRampnhno,

ARaman Spectroscopy as an Effective Tool for

of Gal liudsOXhdie FG& mso

Applied Spectroscopy (2024)

Parts of the work are ptewmnedetdojbarpabbished

AA. Saw.chSi,doli, A. Ardenghi, O. Bi erwagen, J.
D. Spallek, J. L2@hnemann, H. Tornatzky, M. R.
G. Spaggiari, D. Bersani, K. MPaothiat al, i ,F. M.Tu
Mezzadri, S. Pasini, A. Bosi o, R. Fornari, P.
AEffect of | itdgi bimhdiiffFomsoon in Ga

Il n preparation

AA. Sac€&hi Mezzadri, A. Ardenghi, 0. Bi erwagen,
H. Ni shi naka, R. Fornari, P. Mazzolini

fiMol ecul ar beamGe@t haxny fUGlafeg®dd) ofpl amte sapph
Ssubstrateso

Il n preparation


https://doi.org/10.1063/5.0226050
https://doi.org/10.1016/j.mtphys.2024.101463
https://doi.org/10.1002/adfm.202207821
https://doi.org/10.1116/6.0001857
https://doi.org/10.1016/j.surfin.2024.104642
https://doi.org/10.1177/00037028241267925
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Parts of the work have been presented at ¢

A A, SacMhi Sidol i, A. Ardenghi , 0. Bi erwagen, J
D. Spallek, J. L&hnemann, H. Tornatzky, M. R.
G. Spaggi ari, D. Bersani, K. MPaothiat al, i ,F. M.Tu
Mezzadri, S. Pasini, A. Bosi o, R. Fornari, P.
AEffect of | it;géepimtdxiféalusiloinnihi IGms o

A" nternational Workshop on Gallium Oxide and
Poster

AA. Sacé€&hi Mezzadr i, A Ardenghi , 0. Bi erwagen.
H. Ni shinaka, R. Fornari, P. Mazzolini

fiMol ecul ar beaeamGaOpti Hiax yfUBH Mmegs@drs)t r at es 0

A" nternational Workshop on Gallium Oxide and
Contributed talk

AA. Sacchi, F. Mezzadri, A. Ardenghi, O. Bierw
Ni shinaka, R. Fornari, P. Mazzolini

ATowards epita@alasi nggloewtdho noafi mo

European Cost Action Network for I nnovative
Contributed talk

AA. SacPhiMazzolini, G. Magnani, M. Sidoli, D.
Pavesi, G. Spaggiari, D. Bersani, A. Ardenghi
M. Janzen, M. R. Wagner , A Fal kenstein, M. N
A i ffusi onOzehfeaecfilmsGa

39 nternational Workshop on Gallium Oxide and
Poster

AA. Sac6&hi Magnani, M. Sidoli, D. Pontiroli, N
Spaggi ari, D. Bersani, A. Ardenghi, O. Bierwa
Wagner, A. Falkenstein, M. Martin, R. Fornar.

AControl of the electricabeapndacptalcahipr dpeén
Traini nCh@Qahaodleri zati on Techniques for Epita:
Poster

AA. SaPcchMazzol i nM, SidMaignvabiRiPcocntk.rAoMéBRaaido | |,
Pav &sSpagbgi aBreik,s aMri dGe.ngBhiie,rMwa Bors,i Ser aval Bi, A.
JanzM¥n,Wagner, ALl MaRKkekagt ea mi,

ATail oring semiconducti npGaDs bpgetses t ofva rodrst
suppress-dopiagd Li

Graf Ox f all meeting, Berlin 2022

Poster



2 GaOsmaterial system

2. Galspol ymor phi sm

GaOs, as an UonBiGd enegemi conductor, bri ngvs dteoge
bandgap, high breakdown field, transparency t
the possibility to obtain Ifli vehadwiffgergedulpiod ry
further the potenti al of thisO:wmas$ eunaei lsgdten
Roet ‘i.th the identification of five differ
accommodating Ga and O atoms in the 2:3 stoic
greek il.dt.t,édr,s wi t hi,t Ud dimenoagl it hMiect her modynami ¢
al |l the others reppatbdytoabebmesasbablileegd t
techniqgues but woul d ebmpeonltyunad rl pyh caotn vseuftf itcoi etnht

The wunit icved |dsi foffertennet fpolFy m@&trehs are reportec

(d)

Figat®chematics of the UGalst (che)l Hesp foeBeabtjav)e ct)r icgudbniacl bi x b
Gals;, (d) meGadc | andc (e) s®ra@.h oGeh o(mburcpl e) or O (red) ato

reproduced from B. M.%Janzen PhD thesis e
Thepol ymorph possesses a trigonal "o@r unadtutnm c
const anab=s HFf9G=7 1i3;. 44Fi gRlf(end @ . Due to the sha

materi adA$0s An# s nt hi s pol ymor ph I s considere
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heterostructures ahddalelddynthwGaDdal tshbe 3 & pwaltls t
bandgap an®pgl! ymer. Bds 5E36°?efVhdt ynpe conductivit:
and Sn doping has been &%1%Tehd kdy peox p amoir mehn tcaa nl
through several epitidxtita’® Welkc Rhd@Fh&¥Majeorn hehal
posed UGwOst berel ated to: (i) the high UOAI ocat
due to the high I°%ttice ptey pmatormdacts S yf orc o
t he:Os@ao |l ymorphs) and (i'fThesiet $§amépbast abve sagn
devel oplteadstb acsfed devices, as they lead to (i)
i mpossibility t¢g udediigpmsbiamal ari i h 9 motehnep eir naa kuir
po-gtowth annealing, which i set,gpiincpalalnyt adt’eisocin ep
The | atter drawback is natwurall yOsvalid for al

Thaphase possesses a cubi cO@n,i tl actetlilc, a=$%cpoancset
=c= 8. 2376Ri gidllebe ¢ . The identification-ray th
di ffraction was tri’é¢ldd way iotnd yi nmerectendi yemt
growt hplafnec ori ented {dielfracti vhatspithel d&bifect
Not ewort hy, o-GaDgalrues ioofntsenofdet ected ®&tanw@Gads subs
het er o?@pddt’l@axsy.f or mati on can be inldaged byclteh

accommodated in the’defective spinel structur

The exi stiphas edOfrfeant@ma ns controversial . Whil €
a cubic bixbyite struQmtulrat t(ispa<kecys ®apd2§immne
sEegflr(ec) ], neutr ofd ndiifcfartaec ttihoant diahtias pthase |

—

o]

nadp hases.

The descripthamd odf ttheeCadatbdbet algl ot h i nvol

of the candidate, are reported with a higher
2. Monoc b-GaQsc

2.2Chystal structure

TheGaOsi s showing a monoclinic unit oerm.t® bel c
The arrangement of Ga and O atoms in the unit
and O, | abetlpgdd, aO®On Ggd GkEieg22(ea)] . The O atoms a

coordinatieaddtoctabe®Grnal | yscbesdi aatedpbdoot eldewl
i Fi gAz2(eb) . The monoclinic unit cell i's char ac
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presence of t hbd rmBsDePs) @l (red )c] amegtlveeen t he [ 100]
The experi marMtemtlt ivad uasn §dadl 8; A+#e5.,800 1,0P. 8A.

Ga, Gf"n 0, 0, Oy

@OPeooo
Figa2(ea) Unit cel |Ib-Ga®; t hiee mowo cil n e &ndadanie Isli taess tohfe (
inequi vmalrentr e@orted with slight change of colours. The
angl eé& 12i0s3.18Mbell ed as well. (b) The monoclinic unit ce
coordination ofnGahl ateomadrgpeenedrespectively. The wur

2. 2ERPectronic structure

The el ectroni 6G&sind a&tnarktalr ¢ opf c. l ndeed,
reported for t he energy band gap val weeg. am
absor®firmmsmittanctdampendiend ecnh amlce , pol ari zat
field w.r.t. the <c¢crystallographic direction,
t heoretical works addressed the band diagram
appr o%citd®™gu3reeports the band di agreatm®¥sldaarcdiur g
to the Perdew, Burke and Ernzerhof (PBE) DFT
approxi mation (GGA); here the bottomiecsidmmedof
4¢dtatest 6pootder), while the top of2p h&&a@rndl en
O2stat ebsot(ttoorp or der ) . AlEyvhaoluugehs ah awi ed eb eream gree pod
DFT approaches, there is a sharligdiinnFsiigRite t ha

whi |l @ 6B g ef%Gabshaats. been confir mgapaseamconduc
VB maxi mum (VBM) -pei hbund B6ameWhbki gher 0t han
poi®mtonet hel ess, due to this b@dOaits veoefltye ns ntarl d a

direcgapasn@mi conductor.
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From the paraboligpseihmple, of he¢ hel €B8GCeldigsee f{ f «
reported from several different DBT&afZPPrheache
hole effective mass, due to the fl atness of t
direcdeéppenmdent . These factors ctoynpge icbafi’dddrdtiov it
the i mpossi bitlyge o ondaucchtiiewiet yp°2-1@madlie eedx,p &t o tmre r
investrgabronhs hppsegyy fof holes (STHs), charact
resulting in practically i mmobile hol es.

Theoret i%@a% Asatvued ieexsp | or ealn drhe@l artoel de poofi nGta d e f
understand the origins eafypteh ec oenxdpuecrtiinveinttyalilny u

b-GaOsmat eri al. However, both i nbtGraDshave Hemorfart
be deep | evel s, suggesting they are noypdair.
condudtHowetwer, other impurities that can be
either in the bule&., a8, ws&li | &s i an%akotr ebosvieamy a It
nntype condGad:cantlgeofuned by intent3%03h%9%%% xt r
Gé%br N4 introduced in the material in substi

free carrier concnén icladtinbkheswe et .h et hea ngfef iodi e n
dopant <can be influenced by compen $at ivaarc afnrco r
(¥) and related complexes, Mags cHedklicZmMVi ekt ni hbi
contChxatp/tdérscusses the effect of a Li di ffusio

doping biGRO:hOMOepi t axi al |l ayer s.
16
T R~ —F e ] 1=
RESSEE S eSS
10 IR K ﬁ%yxg
— _i—’/: _ " _| —
% s N D S S
> s~ ~ 4 SIS
= — 4
S 41 7 T 7< i
c 2-'/
L 0d_
) — == —;;—;M}_{ﬂ? e
e TRECOEH i — . - o
2 P AR %ﬂ%
EEE SR ESR = S
= = PN S
ryFrf |1 ZF X, X r NM r

Fi g@3@G@omputed banfGaiwiucht utrbeE TTGOOER B E)d .a phepr oduced with
from eMockPhys. Rev B Ch,py24mhaBm@O0aeanh. Physical So
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2. 2EBi t abk@aOyp f

The availabil i 6-@aOoldulski nmdteerciraylstgariown fr o1
opportunity to develop the homoepea.tgamegtaf ©bhyg
vapour phase epitaxyg.mbAVePcEll aarn do ePaviD e(pi td&y ME
Il n the context of | ow pressure BYBpgmowiwh hmé
involving the prelimi n®t amorsmatoingn yofl i tah e ¢ &
G a0s. Thi s is also found to be depen®&aQ: on
homoepthaxtyly due to the different surfaee en
201), (001), and {0145 ferieant sd rau legytirest €sa.n b
relatively |l ow growth ratEeGaOgntoukuet ehedusr bh:¢

(e.,gohr 'Snas will be fur Bheorr dtihsec usssde alix mOhi B aop
source materi al i n place of Ga metal. On the
orientation dependent | imitations emf hbbhe gnot
qual ity homo'¢pitaxial | ayers.

The biggestbhGalgabli éagy 1mays though in the i
monoclinic cell. I n fact, even in thie,.e&a6a0df
(001671 the empl-dementdotubis,ter.at @0 BfAdCLIhcsu2tA t o v
theiqwl ane dtiwewltd onpsaglalbiGad thhiignh fi |l ms. Ot he
orientations, ' i ke the AR00ni)n adllwa yosr ireenstweldt (ilr
incoherentgill*%g$g®cht wnooherent twin boundaries
el ectront!@ htirsampoperst . serious | i mi théGtadsbayeabsoi
fact , on varei.ops asebstapPDddgy e) st hes(preferent
direction that therefore results in a high co
orientations due to the presence ocft utrhad nidoenf ocec
the het erb@a@®i(-2@k)y ldteroepitaxial |l ayers and
presened hr-naghdXffractiiom)Chsapmtlembe recall ed

2. ®rt hor hoedGmbi c

T h 8G a0s, being a metastable phase, cannot b €
woul d eventual |l yb-GaGsav e it te mp¥r talfy @ né'aowlear er seve
di fferent CVD and RVD.met dlaxri ggdnite cvhanp agtfre’ssPh as
mi-€vDO! fh%lide vapour phidspfepetdaxpseéHVEEPD'sit
mol ecul ar beam**é' P&t amiyc (IMBESr dFBpbsiwtdCmds ( AkeD
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l ayer stabilization eng.t(O@GAsf) @006 & )FSeidn N s(ulblsit
MgO, (121-20 8§30:.0

2.3Crystal structure

aGaldsi s showing a orthorhombic 0ugd)t andl Il aft
constant . 0638 702d= {9.a&BBBIi g4|[(endd . The GCGa a
accommodated in four ineg@ui teltermtheglirtaed sy ¢iommo rtdh
octahedral coordination. O atomg raingelday nsiax

cl epsaec k ed s tRaicgkZidfed) [ s e®ahnedi ro ctteathread r a | coordina
results in two typempumrmnd @ot & haotrail & &d d ibefmssa e
e)], laying in the (001)2%1l ane and aligned to

b
Ga, Ga, Gay Gay

O.f Oh‘ Oh‘f OIV OV OW

Fi g4(ea) Unit cel |l oa@faOst hBherdrhygsthalmbogr aphi ¢ VIEESpIrAe sent
based on the | attirceeff.pafamefeus ifepgutedlbpnpt Ga sites

reported with different colours and the |l egend in prov
coordination of O and Ga iinvélYOo](@andTh®O®O0ddt phedralt i a
octahedr al ri bbon laying in the (0€)) reppawoehapdr mi § gn

fromeGo@dyst EngConit50%, CEDPY )Y i ghtRqyYaODl Soci.ety of Ct

The real oGa:astjuunet ofescri bed, was unveil ed
XRETEM investigation perf oreme®dainodre etdhi sf oma tl eorni
pol ymorph was believed toi .pmsa®esiggmang ahteex aggrome
and commonl YyThefBEMesit b®GpO:lody é091grown by MOV
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sapphire substrat ef; porleyvneoarl pehd wahsat actthueal Gg (
orthorhombic unit cglldnewnvidrhi &nrhtratei odnisf frea teantt e di
transform (IFIFITa) ge fRirgelhgedEi)nl . When the struct
medi ated on a wider region of the area with r
suggests the presence of anFilgpe@s&donhal Asysmrhe
represent agliame odr tahreGad®eant t ot et hei s retpicalt ed
[Fi gB5(eg) ] . UsGad:MPVPEheeposited | ayers result
domains with a typical l atalnmsi(zegudivatl rinl u t
i mproper assignment to hexagonal phase due t

i mpiolsisl ity to discriminate the nanoscale arral

[010]

[001] [100]

‘019 , °

= & +r ™% dyg0=0.2523 nm

4 (110) { o1 (110] ¢ % dy30= 0.2515 nm

° (1 0) ° 01/ 0[310} ™ I ° o dOZD =0.4351 nm

1 9 (), dio=0.4365 nm
o o i 7)) R

Single unit cell (9)

Fi gas(eA) HRTEM i mage ewf seGCa@hamghiare sample i4)[ 001]
corresponding FFTs from the lvabuwnflead ger eaasai.n ((FA) .FFTh
i mage ifhgdAhemdguygi)c representodtad:abhomi ct herangememod mbinc t
single unit cell, on the |l eft, is then rotateR) on the
Reproduced with geéer mCsgyist EnfgQdtmaCAaREATODY )y i gh tRA Rl
Society of Chemistry. Il mage (g) reapdapducéd SVHiBEPRN NS S

E The Japan Society of Applied Physics. Reproduced b
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Nonet hel ess, iern 4220108 i Miesthianauksae f ul met hod t
di scriminate between an hexagonal and orthor!l
domains presence without a degtTrEuM.t iTvhee sceh & rweoc
di scussedhianBtdéetteari lani nover vi ew overe tthaels XrRiDb ¢ &

t he f or matpiloann eo fr otthaet iiom a | domains to a twof ol
unit cell i nherent symmetry when rotated of 1
as per (i), when theewmgodhorhomdp0A woiaticen,| w

over |l aps -rnoittaht eedheonuen [ bl ue anki g2é&fegrpl and, t he:
planes (100) and (110) are equivalent with t|
itself of takGeaO:0 mthleoremad imlyi @ger mits the formatio
As per (ii), also the cowywsdal tseimipétamy Moo el &
schemati calFliyg2bfesprn ct®@O0 i) Gad admud @1I)MiSraTi @
valid in -glhene asa&pmwhi rcelet.taplradav20, tNiaghitmak sy
underlying substrates was the prevailing reas
oGaldzi s epitaxially grown on t oip. é&Gfa Fé@ohteh efri rost
si ndyd mawiGAOswas obtained. Furt herb5 deahaeirles tahree dfe
study performed by the o&6aldn dtadtei d mavlardemaiumpPp
(@) (b)
£-Ga,0;[100] || GaN [10-10] . &-Ga;0; [100] || STO [11-2]
£-Ga,0, [110] || GaN [10-10] £-Ga,05[110] || STO [11-2]

£-Ga,0, [010] || GaN [11-20] ¢, £-Ga,0, [010] || STO [1-10]
£-Ga,0, [310] || GaN [11-20] * €-Ga,0, [310] || STO [1-10]

—[100]

+[110]
~[010]
[310]

Figaechematics of the occurr exrCa@:dafe thr ederctrygtsit@analst
GaN template and (b)) STOos&athwittrlattehe TGB&@Noanen$SBO®i dinr ed

IThBGa Fesubssarsatoewi ng an orcted 8 rotGme@mp ymouph t (bel on®in@mag@ t o t
space group), however BhéysaréncommenwyprKabdfelyeded agh btel
indexing would be more rigorous.
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top of elamahgdsnargepr oduced with egedaphinssd onAfMI6 ERhyYy Ni s h
The Japan Society of Applied Physics. Reproduced by

2. 3EkRectronic and optical properties

Simi |l BGaOy, tad so i #aGad0he thaeve edfi cal studies r
of byampd according to the difft&dhert01PF Tdtappihoma
reportegam dfanabout 2 . 4O0F Te Vmeut shiondg. tLhaeted@Gal i. n
calcul ated two values: 2.32 eV with the PBEsoO
The |l ower values significantly ugdpr@&té¥whnte
while the 4.62 eV uvalhue xgleirg mde inng @it eh recel Hoasined syd i wa
structure for such calculation is hence repor
at @phoei nt , resulting 8&@aOan AbBr eadtr ebhdfpd daglapa $tef
orthorhombic polymorph, according to theyp&B a
conductivity. Futyper mompeé,ngextami nbsei ca tnifiZe vhe d
reported carrier concent mat 1761rd& mMrhmweh tNoate tan
Séahas been experimentally demonst¥mh etdo e(leelcea
spectroscopy andogpflaptoyeéhbectr srh ah@®a® ademrosr. iTH
conduction though has been afngwen d otpg i bnt§ hgaopvtearame
4, reports a detailed discdopa@Gad:|l afyerrlse andan ¢
experi ment al proof of the f famet cofn dructtadtoinon a

previously suetgslted by Knei C

SN T g e o :
e o

AS —-‘ >

st / NV

Ba4f” | TR

1 A S A N |

=l E =462eV

Ok = : ———
I S YI'Z UR TZ

FigaTfTBand st mrGad:wi e hPofae t hor hombi ¢ phase, calcul ated
B3LYP poy=end.ieBheVYBM i s set to O eV. Reproduced with
Exprliels611010)*C20y&i2ghtThe Japan Society of Applie
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I n 2018et ,P¥lveepsoirt e >Gay-baseéd-gph¥Codetector s,
already promising performances despites the i
on -ptane sapphire substrates. Further mor e,
cathodol umi nes armwea dii myge dthiegdtiiren s eghmepmalteif ;e crt
f ®Ga0s. The detailed study of the optical prope
i -GaOsi s provieééd in Chapt

2.3UBique propPadsti es of

The extensive r eo6ald;c hd easnpdi ti entietrse sitn torviemwrs i c
driven also by additional uni que properties n
Maccieo nirleported that due to-ceher asiy mmecterlilc sa
inversion, the structur eaxsiFhsqws @ql &1 ,prwaogeér tai

ofP= 0.2 €0mh intrinsic polarization is abou
respectivel y. Consistent val uadsatwtSe b at¢ g woe nctal
Mezzadr*fauggested the presence oGRO;:MOVRETrbayec
grown onJAROOB3trates, further enhancing the
potenti al devel opment of hetdriddmnolat ures meéi
devr’ead quantum wel |l i hforwaerveedr , p htohteo dpertiencatroyr sa
wi der ex pdQ@addi st itagmianf its intrinsic defective

presvomtk, wi dde@bapteati ng the 1 mpact odl arme r

transport properties, followed byb5the efforts
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3 Experi ment al met hods

This chapter gives an over vi eme tpanl drhgea reipd tvaaxp
epitaxy (MOVPE) and plasma oxygen assisted (F
gr owt h of t he sampl es di scussed 8t tama@usgihtow t

characterization techniques are introduced.

3. Growth techniques

Epitaxy describes the ordered growth of a

growth of high crystal guality thin films. A
the epitaxial | ayer and t heansdu bssttrruacteu rsahlarseyr
heteroepitaxy, when t he epil ayer and substr
crystall ographic structure. I n heteroepi-taxy,

| ayer/ substratetmateper | ndegdpopwwhemer a subst
strukeéepagngl east a certain degree of symmetry

sever al aspects muste.,bel actatriecfeul 4 tyr acionn,s i tdree rerd
rotational domains formation, interdiffusion
present, which can be mbatml i gs oop e d-haenndc htbhee

physi cadepapiotuiron means (€NVY) aiOdlhayVeB@as rreesppoerctte
work are al/l heteroepitaxial (no availability
by two different epitaxial tedMBEIi  ae PVDMPYBE e
3.1Métalorganic vapour phase epitaxy (MOVPE)

The metal organic vapour phase epitaxyhgMOV

epitaxial growth happens from the vapour phas
GaOsgr owt h, a controlled fIlwmx medah t h &1 mmdrtiiadlaohryg a
gallium TEGa), is transported in the Her owt Ar gt

oxidizingoeiO8ime st pfOvi ded t hrow@h(ea) |]s.e pTalrea tceh .
reactions are happeni nki gaBtk(ebh¢e sbhheksate ¢ hef
met al organic precumsthal foXxil davteidomyl ¢ dacki 2&p t o
| ayers-prodec, gL HH are expelled through the e
heated to furnish the activation energy for t
obtain higher homogeneity of the deposiagaed |
MOVPE reactoil@mbaaround 10
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Two different reactor conf a@aDslaatyieornss twheer ec a
studied during the PhD programp ainn hParima natalt
of Materials for Electronics and Magnetism (I
Mazzolinii Upi MEM. gk o mebtortihc al configurations t
precursors was TMGa and ultrapure water as o0Xi
and kept at temh@randir2® AC, lrespectively. Di
Hz, He and Ar.

v

Metalorganic .i;, Onxidizer

compound
Metalorganic  Oxidizer
compound  (e.g. H,0)
(e.g. TMGa)

By-products
(e.g. CHy)

g
&% G T

-

(ﬂ'} - Chamber /

Exhaust / By-products Cooling Jacket

FigBt®chematic representation of (a) a vertical MOV PE
sur f ac®;dfeqpro sGand ger.r epr oduecte,8aplf.r aome¥. | haernadat8sonal Pu
(202°@) pyri oBpPr2mer Nature Switzerland AG.

3.1.Horli zont al MOVPE reactor

I n the horizont al MOV RIb peldagy ¢ s i udli e Unh
were grown. The s b@aDdaqrrawtchosn da rt@aodée dighiree vt h n
temperTg,t uTMG @ndl Hxes were kept fixedaowhiHe, t
resulting respectively in | ovcabD:l ary elmisglieopnes
in detail&.i Th€h@preeshe eGC is controlled by &

pressures of the precurséeMFEs) hr owghsempasaft & ow:
for delivering the precursors into the growth
gas flow prior to injectproonduicritso atnhde rcehsa nbuearl.
di retca ed cracking furnace heated to approxin
decomposed. Too-Gab:isaimpl is; doped system is equip
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anzx>dd | uted mixtur esfiosf h4a0Ot & sah abhe BI HWxed in
precursors with a controlled flux through its

Ty pc hamt

Carr [AC [mbar PH2 1 Mca
H> 6 5 ( 60 350
He 6 5 ¢( 100 200

Tab3l&st andard MOVPE gr®»GeOfi ayeramgetoavteh RMertcardr i er ga:

lrmocouple

insets

Fi gB2(ea) Graphite substrate holder of the horizontal
pocket and the ther moad)ulprhaeg eaxn do fh etalt @ n\gerithisedls . MOWP E
substrate heater and 20 substrate hold

The susceptor used in this FKiogd2{(egyufatTbae otk
temperature i pr ogppgruthinedgatla Ib(RE)rveontrol | er, co
t hermocouple positioned at the center of the
allow for the substrate rotation during the ¢
from the rddieon ndleds eorf ttche pirheicguhresrorgr o w irgehtee
reportedt dafloBrpsgrowth performed in this very
bet we ®mo htGre@::phase stabilization ahdwéheggowivh |
(G..R < 5 nm/ min) werbephfacsuen.d Itno |sitgahbtiTgkoifz & thiAIBe, a rt
HO as oxidizing precursor, one additional fur
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stabil i zaptoiloynmoorfp ht hies t he grow rate that for s
exceed the thré%hold of 10 nm/ min.

3. 1. Mer2ti cal MOVPE reactor
The vertical MGEGY B2 (ele)alctwas [iseet all ed and

candidate second year of PhD. For this reason

—+

he new epil ayreosce ppadadizmg i @anconti nuous feed

rowsgOssGampl-ray (Ki ffraction and photodetectors

S Q

ot included samples grown with this new reac
tructure witHitglB&(es)u]s,c epulogtFjapgtaE(ett o] dand|[ aep:

(7]

heado. -ulphiasl Isoewsts f or rotation up to 1000 rpm
thickness homogeneity of the deposited | ayer
to reaCvVbedmpesitthioaomgh aweph avast nmeotseotpt i mi zed i

3.1M@al ecul ar beam epitaxy (MBE)

This section is based on the materials and methods section presented in the PhD thesis of M.
Budde®” The MBE system described hereafter is the one the candidate worked on, for a total of
seven months spent ad the Paul Drude Institute as a PhD visiting student in the oxides epitaxy group
of Oliver Bierwagen. The results of this work are extensively redadrt Chater5. Figure3.3 (a)
reports a schematic representation of the used MBE system. In the growth chamber (GC), an ultra
high vacuum (UHV) environmenitg., base pressuggsc & intbar, is achieved through different
pumps,.e.,turbomolecular, cryogenic and ion. Additionally, the GC is enclosed by a dwalikd
structure filled with liquid nitrogen, forming a cnghield that reduces the density of condensable
contaminantsg.g, H.O and CQ) and lowers the overall pressure inside the chamber. The system is
also equipped with two additional pceambers that allow not to affect the base vacuum of the GC.:
the load lock (LL) to introduce/extract thergales in/from the MBE system and the middle chamber
(MC) to transfer samples between LL and GC. Both LL and MC are equipped with vacuum pumps
as well as heaters to degas the substrates and sample holders prior the introduction in the GC.

In contrasto MOVPE, MBE foresees the employment of high purity sources that do not have
to be cracked like in the case of the metalorganic precursors used in CVD methods; this is ideal to
potentially reduce the possible contaminations and impurities incorporatibe epttaxial layers
(e.g, C and H). Indeed, at the bottom of the GC, several different effusion cells contain either high
purity metals or metabxides, that can be individually heated at different temperatures; their opening
in individually controlled byshutterdseeFigure3.3 (b)]. A larger main shutter covers the substrate
and can be used to precisely control the start of the growth precgspdssible fluctuations of the
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individual T of the cells when their shutter is opened), even when using multiple metal sources. In
this work Ga, In and SnO effusion cells where used (see Clidpteaidditional details). To calibrate
the metal fluxes, the beam equivalent pressure (BEP) is recorded. BEP is the local pressure induced
by the metal flux coming from the cells. It is measured at the substrate position through a retractable
ion gauge thiais placed at the substrate position before the growth; the BEP is proportional to the
generated particle flux according to the heating temperature of the metal effusioT@gllsThie
active oxygen flux is supplied by a radio frequency (RF)l&ma source equipped with a mass flow
controller. The plasma source enhances oxidation efficiency by generating activated oxygen atoms;
the actual oxidation power provided by the RF plasmace can be controlled by either the plasma
power (Prr) and/or by theprovided O-flow. The RF plasma source is required to obtain a full
oxidation of the provided metal fluxes given the Ipgt associated to the MBE growth process.
Nonetheless, it is important to highlight that the cavity of the RF plasma source mounted on the
PAMBE system at PDI is made of quartz. This has been found to cause the incorporation of Si
impurities in the deposite@a0s3 layers that were subject of the following studies. According to the
different growth conditionse(g, provided Q-flux as well a®Prr) as well as usage of the systera.(
usage time of the Rplasma source), the background Si concentration hadfbaed to vary in the
range of 16’ to 10 cm® (see Chapter6 i 7). The possible contamination of Si from the quartz
cavity in a PAMBE system had already been previously reported in litePatdpe>°

In PAMBE, two main advantages come from the UHV environment: (i) the atomic/molecular
fluxes propagates from the source to the substrate with minimized scattering events, (ii) the-use of
situ measurement techniquesg, reflection highenergy electron diffraction (RHEED) and laser

reflectometry (LR) is allowedr{-situ techniques described in teectionbelow).

(a) (b) rotatable substrate holder

su bstraé electron

gun

_“'main shutter-_ ~

RHEED

screen photo-diode

RHEED
screen -

electron o 5
é’Z/:‘? B\ (o
gun o ) o\ _\Q
a metal %\13"
laser ; cell ° photo-diode

Fi gB83(ea) Schematic i mage of the MBE system used in thi:
middl e cM@mihergr owt(hGC)hTahmeb egrr owt h chamber has seven met
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I n addiitsiigamal yei s, LR anar RHEEDDaamptPahamasi ¢ view insic

including shuttersjsfilhaaesr ¢smmbadedetupas) Thhaeadi mage s

The substrate can be independently heated in the 1D@0 °C range; the temperature of the
substrate heater is measured by either a thermocouple positioned between the substrate and the
heating filament as well as a pyrometer, allocated at the botttre &C and aligned with the center
of the substrate holder. The heat adsorption from the substrate can be granted either-bgatibgck
of strontium ruthenate (starting with a SrRuyt@wder in suspension in isopropanol applied with a
brush on the backde of the substratéf°or by indium bonding on a silicon wafer; for the latter case,
further details will be provided in ChapterA motor mounted on top of the chamber allows for the

substrate rotation during growth (2 rotations per minute), ensuring uniform thickness and heating.

3.2mitu characterization techniques

3.2Laser reflectometry (LR)

Laser reflectometry (LR) is used to reéahe monitoring of thegrow rateGR and thickness
(t) of a sample during MBE growtk. i g 3i14r(a schematically reports the working principle of the
method, based on the interference between two reflected waves with defhéide vacuum/epi
layer and eplayer/substrate interfaces. The interference of the reflected waves is given by the
additional path of the transmitted wave through theagr, hence it depends on the layer thickness
(t). The reflected light is then collected by a photodiode and the variation of the laser intensity would
result in a sinusoidal curve during a steady growth, assuming a constant incidence angle (for the used
systemiU=60°) [sed i g 4(bd]. Noteworthy, the interference phenomenon of the reflected waves
is observed only if a difference in the refractive index is present for the substrate andldyerepi

i.e.,LR is applicable exclusively for heteroepitaxy.

substrate n_,
epi-layer n,
vacuum n,,,

/\

(}t@
[=4
© 7
O
\\
N\ L
N photodiode
Fi gB4%chematic i mage of the LR mechanism resulting in i
at the sample surface and heterointerface, resutl ting i

and the indidence angl e
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From the oscillation lengtHY of the recorded sinusoidal curve, B& of the epitaxial film
can be extracted, accordingEag u a 3.1, watin the refractive inderLf 0 fGa@n,=2 a @d @&
usedby the candidate was either blasr= 402 nm) or redeaser= 650 nm).

¢e OY

Equatil®mt ract GBnf otfhe heepi | ayetloff rtolme thienwsciidalatyvami at i
ti meaessed was eithesr Ddb®as or red and

Each full oscillation ofU twhie. & Ra woiurd idmuhna vte
of the epil aGRercdloc welxd&Eqad 84 D lipgeeads, | thime t h t he b
and red |l aser were a 175 and 112 nm, respect.i
o =— AT DOAOET ¢
ce

EquatRpinni mum | ayer thickness resulting fromaasdtihle os

|l ayer refmandiveei hdsedlr incident angle

3.2R2fl ection high energy electron diffractio

Reflection HighEnergy Electron Diffraction (RHEED) is a powerfatsitutool to study: (i)
the quality of the substrate surface, (ii) thelagier growth mode and (iii) surface kinetic&/n this
work, an electron gun provided by Createc GmbH, generates high eBgrgy 20 keV) electrons
(wavelength ~0.062 nm) directed on the sample surface at a grazing incidence angle (< 2°). Due to
the low incident angle and the strong Coulomb interaction between the electron beam and the electron
cloud of the aims of the layer, RHEED technique has a low penetration depth, making it highly
surfacesensitive investigation tool. The scattered electrons are then collected on a phosphorous
screen, placed on the diffracted beam path. The diffraction spots recorthedsoreen, represent the
sampl ebébs reciprocal Il attice; their formation |

diffracted waves are obtained. Laue equation furnishes the condition for constructive interference in

the reciprocal space dosidering the impinging@® and diffracted QP wave vector] given the
reciprocal lattice vector of the probed crystal lattice (Sepu a 3.3). 0 n

® O D
ADVE

EquatdBlomue equation setting the condition®hod théfcans

MPwaves in the reciprocal spac-e, given by the
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The graphical representation of the Laue equation is the Ewald sphere,i(sg@.5), ehich
has a radius 6f2 — and all points on the sphere satisfy the Laue equation. Since RHEED primarily

probes the first few monolayers due to its high surface sensitivity, there is no periodicity in the z
direction, leading to a transformation from discrete reciprocal latticetgp@ito continuous rods,

called reciprocal lattice rods (grey pointsHn g 85), @rhich intersect the Ewald sphere (in red) at
various heights, forming diffraction spots arranged in a circle, known as the Lauekeirclg.85 e

also reports two exemplarily RHEED patterns generated by diffraction from a flat and a rough
surface. When surface quality degrades due to extended defects, steps, or roughness, the reciproca
rods become broader, and the diffraction spots elongateing@astreaky patterr=(i g 85). €or

further details about the RHEED technique, see Yéf1[].} 4 2
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FigB85@n the top, scthhtad& EdDautmdeioargertany .o fTdd mpieardeemetheer s nci «
el ectron wavelengt h, incident angl e, and surface azi mt
the primary electron beamr eRéMptr otdhuec ebdo twiotnh, psecrhnei nsastiiocn
towi ew of the Ewalds sphere and the resulting diffract

exemplary RHEED patteroefrRBepraorfdifd’e[dahdomough s

3. 8xsitu characterization techniques

3.3Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a scanning probe technique used to collect information
over the surface morphology of thin films at the nanometer scale. It employs a sharp tip (few
nanometers radius) mounted on a flexible cantilever that scans the soffélte sample. A
piezoelectric crystal (piezo scanner) is used to move the sample precisely. As the AFM tip interacts
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with the sample surfaceeither repelled or attracted due to electrostatic fortes cantilever bends.

A laser light, aligned on and reflected by the cantilever, is recorded on an array of diodfes (gee r e
3.6). The distribution of the reflected laser spot on the detector generates a specific voltage, which,
combined with an electronic feedback system, enables the derivation of the sample's surface
morphology. AFM can commonly operates in three different md¢gesantact mode (constafdrce

or constarrheight), (i) noncontact mode, and (iii) tapping mode. Even though contact mode offers
the highest resolution, it can lead to tip or surface damage. In contraspmct mode minimizes

this risks but it idhowever is more susceptible to interference from surface contaminants. Therefore,
tapping mode was employed in this work, representing a good-dfathetween resolution and

damage control.

quadrant
photodetector
Qe
6)/'
‘3’?1‘/'/
ti
sample
piezo scanner
Fi gB88lfeFM schempti dhe bending of the cantilever, monito
topography variation. The optical i nput is then conver
scans profileg.ef¥BRdproduced from

The lateral resolution of the AFM is determined by the diameter of the tip, with commercially
available tips usually ranging from 2 nm to 20 nm. From the height profiles obtained from AFM
measurements, the digital images of the surface morphology araigehand the surface remiean
square roughnesf&lM9 can be extracted (s&eqg u a 8.4). dheRMSis provided as an indication
of the layer roughness. In this work two different AFM instruments were used by the candidate: (i)
Bruker Dimension Edgeand (WE1 0 O mi c The AFdldagiasand images reported in this work
have been elaborated by the candidate with the open source Gwydion software.

B¢

YO Y -
V]

EquatBidRMS value extraction cdNnsthersinggd dnreg ofumibiélin e @ g @ 1p
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3.3XRay diffraction (XRD)

Xray diffraction (XRD) i sdeprnoluaxhdliwet e cma
structural characterizati en,gocfr tshtianl fg uarsi,t yp,r
| attice constants. The working gnig®é(ep)l :e- tolf e X
rays etnhpei nsgampl e atdaanndnit eciadentwi amgltde at oms
tdat oamrse arranged in thedéefoirmedfs ppa ccdndy-saagtlst iaa e
scatterdadedfanedwdhgli déent The scattered waves ¢
destructively. The condi ti,ond.itdaf ,roabcttaii onn csoingsn a |
by the Braggqdadsad3dawwheeed. 15406 gdinsf o heCl aKtic
for a defined crystal pl amkd nidalleé i hed wihteh ot Io

di ffraction maxi ma.

3 cQ i Q&
Equatdb®mmaggbds | aw

I'n this studly ffrwetdmétfterentare employed:
Hy Pi x 3000 detector (l ocated at Uni PR) and (i
at PDIl), botlr addiang omo mmear eui pp enE udierhi aan noorn
The cradle all owda ntdoa naggd cee s(sd, e fh enseidd ebsya yt hseo udr ect
positilannal al soot azaincdnx @as oumes rFe gBITr(ve)l]y. [ see

X-ra
y X-ray
source
l Z detector '
: wi < X

sample X

(b)
Fi g@8T(ea) Bragg's | aw represented through a schematic d
the ddstGonncset ructi ve interference bBguadbsofhb)y Sehemani a

XR setup used for this study. The Euld&y,iiamd cradl e s

Di fferent measurement configurations can b

applied by the candi dat e, and redu”drang:throu

(i)2ékscant his mode involves scarmni2riig a hle: Z
ratio to effectiveldyapropkee Bhaggdhsd Leaew
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(1
(i
(i v
(v)

symmetric r-efpll entei)onasr e( onueta § u Besd/,mmeh ir i €
refl ecpilane) (ane accessible. Nonet hel es
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|l aying onsbthecdepbgB®dgagde For t h2e cand
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indicative reflection for tdheloma®i fic
the (004) ed=f I38cTHI8ANf. wlilt hwi dt h at hal f
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i U9canthis mode iZXlvyaphpaiiedn f-bpli @ Ofler o
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not normal toxpheandHifgld@@e)X omettert ii s ca
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pl asgre O0() -pil maie ,0)woul d not account for t he
scatterinfgi gegd(ebor] [dsueee t ot hshueb sptrreasteen coef f
order to account for the off cdwtc,ana pol
di ffer epitn sttree@.sr afge& " QQuO6 O

Reci procal spacac quapxed( R®¥M)eval uate t he
pl ankeagpr . l ndicative reél,ddtl iahiRds i(snh d hle
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eachst ep, all owing for a mapping in th

refl ecti on.
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X-ray X-ray

sample

(a) | sample stage sample stage

Fi g88(ea) Schematic repgwelsetnt atte omi tod tame odiffcfutracti on ve

i n bdaschked | i n2dkysdastasdpedformed by wiompehsatwhgtt bas
2d2 empl oyed for nominally oriented substy=az{2iso,f flicsutnow
(b) Reports schematically the processional moti oh (pur

scan is performed. Toi cteanpkeenespa tteh e hsec @i if ecmigd n gl W eedwd X cier
det etctc@ngl e i s i nvol ved Xatxielst)i.n gHdetnhcee ,s anpel epodreo dlidur e
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not affecpeédnkyrobhated domains. Howe v erl,anief

contribdu@hldaas] | tpHeneselpdfatimnseseq di ffr2acti on
vyand can allow to highlightohnhéederesgntkeeofint
[ sésecan r epiogd9deb )i mi ghl i ghting the presence o0
GaO:|l ayer depplsanedsamphcid eljt.hibni @Ghapteéegati on
exploited teGalarvetsdtiiganal tcdhemai ns presence. Si
used to identify fihnre tphree sMBEaOg rad/ant sveat¢ ¢ s acf r ot

domains in the monoclinic polymorph.
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(122)k-Ga,0, (012) a-ALO,
20=33" -y =54° 20=2557" -4y =74°
s I m 1] [ n Im [ ]

10°f, ol ot s s o . T

| |
S T,
=] I| S !| i |' I | i
sen 00 11 | e \l II I
;, | Il \ i | ‘ j || [ [ ‘
g0 nhohn nnrer
: : H 5 I I Il i Il I I‘ I |i Iy
. . S T . b, 1 E ;,‘! I‘ I‘ | ‘ | | | | i
013 116 107: |:‘ “| ,' | | \‘I |
10 | O orthorhombic ... LT O N it 1] \'il- ‘l|.ﬂ (e
: : ; EL L VIn L Lt J ]\
0 ke hexagonal 886 | ] 898a AR AT R LI Yl A
2 0 3 O 0 5 0 7 0 ob 50 100 150 200 250 300 350
(a) 26 (deg) (b) 6]

FigB9ea) XRDehmgloohi phe(oradmnd hnentldgarialt u@se si md g GSa
reproduced with per mitsdmpro.n J.r ooHS5.6 AOGREpyak .t TH &0

Japan Society of Applied Physics. Repr oduc e dlsbcya np eorfmi s
the (122) refolGa®mit apar ode gpd @ihi®d s agprphd re highlighting th
domains (peaks belonging to each Hmmgéenr &pbredfff.elddwft b

3. 3EB e eotprta c all measurements

3.3 . WBr.alnsfer | ength method (TLM)

Transfer length method or transmission line model (TLM) is a powerful tool to evaluate the
resistivity (sem) Of the probed layer as well as the contact resistance of the deposited contacts. A
series of metasemiconductor contacts are deposited (in this case via magnetron sputfeding)
increasing distanceki.4 for the linear TLM ({TLM) geometry, or with increasing spacing between
concentric contacts, for the circular geometrf (V) [seeF i g 3ilr @&- b)]. In the case ofTLM
two probes are placed on adjacent contacts and the characteristic-coltage (-V) is acquired.

From thel-V curve, the measured resistafi@ei S extracted accoRndEimhg t o

with m, slope of the linear fit dfvs.V plot).
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Rin
45; ¢ R data
W -~fit 4
v, ‘
(a) ¢+ Slope
* m=R_ /W
2R | ¢
NORRONON © N S\
AR sty - { L, L
b
= © 1,1, L L,

Figart@a) asmldemdbt)i c representation of the LEReslkforand ci
the linear TLM geometry obtained frol¥V measurements for each couple of contacts with spaging

The measured resistané® is a linear combination of the contact resistaqcgY , as well

as the resistance of the semiconductor material between the cétacESg u a 8.6 reparts the
expression oRy with the resistance of the material expressed¥ as —— considering the sheet

resistance (2D) of the layeRg) and the geometrical parameter of the conduction chabaald\W).

Y oY Y A Y
S ) S

Equatdbbinnear dependenRafer om the memiscvomrduRtamrd ZD nd laedts
resi (Y{laamnstler e t he geometri cal parameteFs g8f@®ahf cont s

From the |insasL[cERpgBiIi@rc)éRwfhéhe semiconc
wel RRfaogs t he met al contacts can be extyaacetsed
respectiReliyheFremistivity of jdehei $ neetst agtae @
t@quad7iwinbhei ng the thickness of the investiga

” Y wo
Equatir@eah o-T L M.
For -ThHK, cthe approach is very siimitlrard,uclkeut
account for the d®&fonndeeterdy, Rafd b dt dnien eab-\ndt laamase. her i s
for inlgt BRSMNYedc al cul atEeqdu ad.8 coomriidtshntgh ¢ or adi us ¢

contact (sfemnsxetdhenThbbt aiTrnewd, csoinmiildarrliyn gt @ hle cc
l ayer thickn&guad3@aonreported in
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EquatBBRar dcodhLav.
” 'Y cu‘lb
Equat3bjgdk oAT Ladv.

3.3.Bh®t ocurrent spectroscopy (PCS)

Photocurrent spectroscopy (PCS) is wusoefd to
amat ewheedx pots@ddefined il.,eghy méamuting the cur
semiconductor materi al at a fixed applied bi

working principle of the methiode.p&gedmesreadt i om
el echtoloen pairs in the investi geée&EtqudhBin@inehenk . t |
change inoglohdactidealy materi al is described

(el eapparnodn s | esd t heéenang)o bainld tiisesdi(rectly rel a

denghint y
. L L
W Q° we wn Ko}
EquatBl@anductivity variation induced by il/
I n an i deal semiconductor (nominal IEyi ¢htr ee

E, the photoelectric effect should be expecte

VB that would eventually recombine with emiss
speci men has met al c8nBadtrs aommchtemasucf aepr €
contacts) and an external bias is applied to

el ectrEfcpfeekedts the recloombéenpaios ahdt Akl ewe
Mor eover, if the |l ight source is equipped wit

can be obtained by recording nthei RECi pgineg awvawd

| n t hes-&absshea voEfdg 4 59eV, the PCS is expected
24 250 nm. To collect information about a wid
in thé550m range. The PCS me@asntf emenéeé speepor
the candidate to characteri ze it,reep hoopttoi(E)s e cp el
perfor mances. Tohe conkesgesatainorOrsg etl optical
Quartz Tungsten Halogen Lamp (QTH) and a mono

range-70®20d0m) with 1 nm resolu¢eedvna TFhempfabres
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configur asdminc o(meedtatldr t hat requires thexdepos
¥ 1 TO/ Au contacts through maldfhhetron sputtering

The external bias (in our case Kkempet anr 20O
bet ween the met al contacts (geometbyi chlhe deamap |
il luminated with the monochromatic | ight-and 1
meter, for each selet6é&d® wav alasnmget.h Firm mt heh e:

responsiR@itsy deufrivree cE qaucad.di foaninrsg dted i ng t he i nci
P{@ over the effeéectkigae bel wWeenhi bhB dadhetraasl obad mt

with a calibrated photodiode sensor (Newport

00

v

EquaBl®Respons§ vity

3.Addi ti onal characterization met hods
Here after, some of the additional charact

i sted, pointing out the relative informatio

References are provided ifiomalredadai | woul d b

Van deri HR& uw me a sTuhree ke sw met hod, di¥akl owsdf D
the measurements of the resistivity and Hall

requirements should beemgtno (hiol ecso)ntainndui(tiyi )o fp

contacts with di mensions negl i gifbillem w.hrarta dtoer
it is also necessary that the substrate/templ
so to allow for the decoupling of its infl uen

t wo adj acenme awnrtiarcg st mendvol tage drop bet ween
deter mi ned. Repeating this process with diffe
magnetic field is applied, the Hahlk ¢taetfwvoi e
a detailed description '§¥. the method, please

Mercury (Hg) pr&bétdaGapmedscsapreeaanysprobe syst
deter mi ne t he 3D Oatrhimr fidlemsi ttyhiVoli g &HeCa p ac
measurement s. This method wutilizes temporary
applied to adhere to the film surface. The Hg

a geometry that i's def i @G¥me asyu rtehnee netx pcean melnlt
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profiling from the probed surface of the sampl
to WEFAT

Raman specstrasessotpyucti ve technique used to stu

inelastic scattering of l i ght . When the | igh
el astically scattered, whi |l e a nmstnearldc tfiroancst i win
vi bration. The energy shifts provi de a "fin
identification, characterization, and anal ysi

ob-anaGaOsis repor t®d%:h*8ref . |

X-ray photoel ect(rXoPiS9s me-simd @atdmguset rnuocnt i ve anal yt

based ormamadftter Xi nteractions. 't is mainly use
the surface atoms and chemical comp-d6i nmpn &f
additional detali‘fs please refer to ref.]

Ti me of flight s e ¢ 0 n(dT aiFInMSma sesx psl poe cttsr oesnceorpgye t
sputter a sample and collect infor-mabhlaogeovat
It can be used to collect depth profil eseonf di

requi re a c ad.implta mtna tsiaodplpet,mhidal &ar (asdkdki t i on a

r e¥d° [

El ectremcaddek ed( BBED)yacsi ansudéateuscstktinsetigel
backscattered el ectrons from the speci men

crystallographic structure and orlientation at
Phot ol umi nes c e n(cPeL ) sPpaeacttorl cusntionpeys c ¢ P &) exac iet atoit
destructive techmitgquwes imasadcdn olni. ghWthey use .
optical and electronic properties of the mate
a fixed ener gegyniarsd oint 3 sspector aled. PLE is pertf

as a function of the excitati dRLEneogpi nkrd &xh

appliedXamattérei &Gla systebf .is reported in ref. |

Depth resolved ca&aDRECUY| umwmi nseadenme i nvesti gat e
material s, with depth sensitivity contrell ed
destructive). The coll ected emission of t he

poperties as well'P? as defects presence.
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Transmission el ddEmM)n amil owessdwopyi nvestigate t
speci men for crystal structure identification

atomic level. Furthe.details can be found in
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4 Rol e of strue-Gaeldsal defects 1In

The core of this chapter is the bGalgasnd gat
its effect on the functi on,dls hpavwsp e(rit)i etsh ee fp rtoho
domai ns medi ab€@dOozamd s(itir)optyhefeffect ofpltame st
transport @grope@adsi dxn dfhi$i | atter section, foc
fl wxg 4§ .teheddSgi ng source, over the expansion o]
attentionmetsd rtulte i nen c har a&c tRarmama tainadn XtReDc h nfiogrt
domai ns <char acé4 ereipzoarttiso nt.h eS eccht a roar@ aOeprni zdai toidoen i
pl anar geometry, emGCla@ast rungut bk defecbé§ ohet
relative devices. TH#ealndeaud tcso Irlegotrda®dd diafifdlp Blelci

respectivel y.

4. The role of structural defects -on t he

d o p ®&@als

As discussed wk-baOch@mipt@xy on most single ¢
characterized by the presence of 120A rotated
along its girogvt (TOh@l e ptriecre,nce i masbOflidr.etE&rl ad et
with XRDEMombined i nvesstGagédMOYRPEogr dWBAKOO L DO
Ssubstrates). The study all owed f o#GaDduenido rcredoc
(spaca@éghoupstead of theiprexaglisphc@ad@ddupd
(additional 8etRi)8s8 TrhepdrEtMe d tiudy al so highl i g
pl atheafrect s/ boundaries (@nabadustdangasshé@&d8s) hemo
(110) twinn( nagntp |palonaessel aarnides ( APBs), detected
parallel to (100) pliaceger@&@he (abmreablfytheed
incoherent (otherwise), was not addressed. Or
Vyverko2atn ,microecGe®({ BHVPEOr own olAMmBaNmMp0ao0 &)
suggested the incoherent natur-@owmdifon hepaBal de

of APBs. The APBs are also showing steps and i
of incoherent TBs and -APBeecbubdspbay @mecbheaei:t
has been alre®&Ga0'divbeussachef presence of inc

[ especi atYay 2iof'YC 1@pY° P axy] i s accolaedrerdi ere srpmom
coll apse and inefficient extrinsb@algoplniey .0 Ho
epitaxy both the extended defects pt+é%iously
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The possible actiscGaOsrvnamrspbr TBsr opertitdse w
y KeeiP¥lhrough the devedadgmesretd SfBDwser ttihcealben e
evice per f or apanacnees twdhaeads, ptoleeet gismi ng TBs and AP

]

e qualitatively repor teegd>¥ Id.rnn iJsahneuda rtyh e2 0Ri3r, e

O 9 o T

tended defects mediated ani s eptlraonpey-ovsh aamwetg h
sistance meassGCaO:emgerts;ion(00p)of that, the

=

X
e

role of an additional silane fl awaderobngagdow
n the resul ting-pclraynset atlrlainnsep ogruta Ipirtoyp earntdi @ sn. B
e

scribed in the following subsections.

4. 11 pl ane -ovfsl. ame@ttransport measurements
The cuoléedate melasurements reported in this
the candidate at tHPe) Uwi vbersheéeyhelfpPaf m&. (Van't

g
l nstitute of Materials forP&lma)toronhesGaNdt &

=

owt h e6GalCad d mpglhees were performed by M. Bosi ,

MOVPE deposited by S. Leone from Fraunhofer
(I AF)Y ei burg) . The mathal edamt agt/ 4 iddpgsiatpihgn p
by A. Tarahoui from the Paul Drud-eBelrdstni)t.utle

interpretation was performed by the candidat
Bi erwagen (PDI) .

4. 1.SamMpl es design

To proipeé ahie) | ian ecopll amed veirt) caul -G alalnasypeorr st
were deposited on -edpaed ramd!| édgpompduwst(ilOrg0ildig G@ N
templ ates oBAHWOofporof(i()00a0nid) (i i), respectively.
MOVPE as rephbPt edominnatlef tddnibck n@san fadrops8d, no
measur awlogieffdoom CVan -lalrl Pmeassur ements perfor me
9-Gal:l ayers wer e PErowmdley MO¥ very sama@&ssgyat hieec
gas (growt h dSeetcadildsn I Tewo rdiefdf & rne a® aOt| hai ycekrnse, s sae ¢
and 1100 nm, are deposited on each -amddi®eeidns
respecti vedxycladdpeossdeét etool e of tipéd ainmsuewloatdiur
an additi onaGaO5l 90y enrm tdhiircekct |y deposited with
on a baUbmeO{subGl) ate, was also investigated.

ThaGaO:l ayers grown on the two different GaN
gual ity -rfayondiafnf rxacti on i nvestigation. Mor eov
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from XRD for the orthorhombic | ayers grown on
pointing towards an overall similar crystal C
20ddscans re&pagrdted) ] n The FWHM of tdarrenr achkei nrgar
expectedolfayrer @. B708A oirD. SBBPMAI roed. 83 GANon C:
Furthermore, aSa@&kpeetedhalé¢ itmeesti gated are
of the same 120A rotated domains. Finally, co
view ¥ BMoaltdayeer grown dir &dtglag(em)n] ;s apmpditrfee [ s@
domain size correlation, it can be stated tha
t he oovGaDzalolmain size distribution-2Whinanh riashgex g
these sampl es. Last struct ua@dOs/GasN escat mptloe sh e
reasonabl e >-gaCeisretnecrel aoyf¢ myatr / Gh&l epit erface. Ev
TEM study was not performed on these specifi
investigati omséampl ehgr MONVPEIAb@Gsubyt &I gAIDPL e e
(c)] and its widelohet ep o’f P & d&heP ald itRiomat adei f o

detail s) .
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10!]

—— (0001) a-Al,0, 0} Ga0, || @-ALOs
10° F— Si-GaN Sy (004) ) \ {UUDGUL:!
o —C:GaN _; | / \ d
1 | f .

GaN ,Em“;,_,ﬁf’ o

10° (0002) 107} E-- e
k-Ga,0, !
(004) e
a-AL, (006) 52

(0NN A\
( UO-;

107 K—63203 380 385 380 410 415

20-6 [deg]
kK-Ga,0; ) a-Al,0,

108

10°

Intensity [Arb. Units]

10t

b >, ‘My
"'{f‘ag' &

a D
) RN S5 (I
Fi gdt(ea) XRD <2ddorhe #@d0¢s ampl es grown by MOVPE in i-dentic
andddped GaN teldpzatubs{0@a0&) (in red and bUAW®)i andl dckp

I'n the upsen ¢olCe®:¢ @60 4hpcti oBAMmd e( 0O@POY ted. (b)) and (c
pl amed @i ews®GaOislmampl e grown dir &AK0Ly |lomagtesp r@fa’f@pa &)

To pr obpel atnhee tirmnsport ,t=3@mnm/ TOOAomfoweaet
el ecbhteraorm evapor aotfifonp reoncde sas-Ganfi th ® piGatNi tdager s .
di fferent geometries.|leifneadarMiflalansg -ZLBcdéwmnsh cw
defined spacing [ sTaddlpeadme terpir eBleqdtditcad ipinst hian ¢

ipl ane transport i nvestigation via tkectians
3.3).3.1

TLM geol Fi xed si Gap speagir

| i neTaLrM): wi dt em20 70, 60, 50

circedllLavr i nner dieammr 100, 75, 50
Tabd4leéseometrical details for the linear-paradecdinmacelrat TI

probing. The str uritguidéec prienhggéémnmght @che § n
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Fi g42(ea) reports the schematic representat.

probing, highlighting the multilayered struct

y 7y 7 77 7 7l o

: interlayer
k-Ga,0, / __ interlayer

insulating C:GaN .. conductive Si:GaN
(a) C'AI203 C-A|203

(d)

400 um

(c)

Figd2chematic representations of the two difpflamentanmde

(b) verotpilcaanle/ oturtansport measur ements. (c) Contact mask

|l ater al confmidgueadt icomt @lc it #@aaatntd d é mesxairt eechdorcircul ar T

t he i ndsetsrtucgtautrees) and (ii) the etching/lithography st

the top e&6Gazacatnsd (ioon bl ue the bottom contacts (on GaN

highlighted in blackieguaoafedshe(d)so$al emda tvierdptIti acnael me s .
transport.

To prob-efptl m@eowtr adnesfpionretd, wweerltla-Ga®dweg ter u stou rae
on top of Ghé&l womddcyieeching -(eaducvievebn ebd
RI'E, gas combi pand oh0 ofc &m $&8W@omh €d4-6 8021 afdodri t i on a
process detail s eppoThedi sol aceé¢ermasa $tructur
di ffer enA=caune ailpe inp ef@ np mdie P x 1ad ). After the dr
process, ohmic Ti/ Au dontlowti snghdwve Isaane ¢drpacd
described hereabove; ;Gaa\x dunyde r() o mar@iaOes e uctamveles ceosf 1 Wt
[ see the met akFi gddfeca ¢t s Tmaskfiective area of
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9Galss qu areessda s r e sSAElptYstp Php o beeahp T Y1OE QUL UG . The

sketch of the sample design and the top Vview
i FRi gu2(éb) and (d) Tabdspelkeidietfyer ént mesa si ze
top met al contmctAs as €eh esmantmie dal(ely) r eploe t esdoli a

ver taiGa@ls qu ameesdas forces the current to if.leaw ¢

avoiding the crossing of the vertically orien
Me s a Mesa | atwgp Squared | ater ¢

[em] [em]

1 200 180

2 150 130

3 100 80

4 70 55
Tabd426seometrical details of the different squ
The details of the samples just described

performed on wipelmmd3dee whummedhe r egudlathe -adntda ioru

pl ane measurements are reported in details in
Sampl SubstratTh'CMrContacts Transpo
[n h measuren
S1 C: GaN/ JADY 110 TLM ipl ane
S2 C: GaN/ (A D9 1100 TLM ipl ane
S3 ( 0 00ANO; 590 TLM ipl ane
S4 Si : GaN/UQA B 110 Me s a oudadp | ance
S5 Si: GaNUARR(I 1100 Me s a oudfp |l ance

Tab43det ails of the fi w&akgmewe sioSef)( 8h eGaNiQV RUB BOya mod  ( 00 |
(Sid4s5) Si: GaN templ ahekb| atoefrnladcrea/s\wdd ratuitc a | conduct

4. 1.I1lpl2ane transport measurements
Two poi nvVwerebpser f or meldM oah isMeorsetrraulc tlur es d e

sampl €SSEFS@43(ea) reports an optical i mage of th
surface of d-¥mphe a&S2er iTshtei cs were acquired u
Applying the TiLeMawaap pureo acsh ,e xttlreact ed fBirg43ae h i
(b) and (Rlriakidpoust yghee] spacihgepidiefilfMremd Tl
TLM, investigated on sample S2, tiggeadh@eblwet h
44r eporjtps avtealheues extracted for . ehS3lt hared diiffffeerr
geometry investigat ¢iggrawdhaesonbiTadtM awd IFlitM,h g oe
was reported %y rGraowerf f erent mater-ThM Bywheear

geometry.
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From

absol utiwea sercraolrc ul a tEeqdu ad.di, coafir rdoi nm gt 41 es éneeracha r d

@ and the meanUexperi ment al error
(.| ” - B
Equa#iPDont al absioductel areofrom t he mga() satnadn dtahred ndeeavni
experi meft.al error (
30x10° | 52 VN -TLM S sz __CIM ,*
17| " Rpeasured o(}-';-"’:-u':"‘_\-f-‘\--_'":.-’f P
510°F | ® Rerected| SR
2.5x10° | ' Ry
p = 6.25-10* + 5.16 - 10° Qcm . m sl P =1.65-10° +1.73 -10° Qcm ,
A e 4x10 ) .
= s = :
= 20x10° = o 3x10° | R il
_-m [
1.5x10° | ] ’ il coo
o 1x10° | ,|”
1.0x10° | e ..
{b) L L L D—(C) L 1 1 L
20 40 60 80 0 25 50 75 100
Spacing [pm] Spacing [pm]
Figd3(ea) optical i mage of sample S2 surface acquired wi
The micromani pul ators metalThreeids aammes hhh@bMi ghiMcght |y
struct (bprsanydaw@d)uetshexTlkMcamrldMd orredpecti vely. These me
to sample S2.
t -TLM dL M
Samp ) ( ) 1 ( )
[ nm [ac m] [a c m]
S1 110 8 p& 1 - -
S2 110 XAE@T AT oo g d
& Upmm uvp@m
P (pmm B TP T
S3 59Ct®d@mn v pptHPT YW
PH YPp m  uf TP T
Tab44eSump oOfipitaheel ues extract-&SB ff ATahnM daghridgMce s S 1

this set”

of

d gbmn TwhE ondeas

obtai ned.

dev
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It is noteworthy the fact that al/l sampl es
|l ndeed, I n the-pfliamet tstaeppoot @l ywas sdetde atl
Ssubsequent measurements, ifit¢tchesscsampllei giats & e

Vdata acqui si thiogd4 éAfsd-Veiploed £ da d qquemr 8 g aloleM t h e
contacts of Rgasmpdret ISBgt dacheaccording to Ohmos
the measurement is performed after resting the

light) for a 5 min, and of about 38@%erftenhags

with respect to the measur ement perfor med whi

behind the current builed up wil/ be discussed
_ * ambient/microscope light on o’
5x107 - « ~5min restin dark o R 24%
* =~24hrestin dark of ot v
o ot [RY38%
3x107 | ..',::.'
< PRl
£ l'..'
o or R
8 o':!!!
-3x107 ..°::':'.
-5x107 - ’ .“
E A f- 1 1 . 1 . 1 .
-150 -100 -50 0 50 100 150
Voltage [V]

Fi gd4le/curves acqueimrspacedt c-@b¥Maonhssamphel S3. The three
exposing the sample to |ight (in red), turning off Ilig

the curve (in black).

4. 1. Auo3dpl ane transport measurements
The-odultane transport measur ement si waGra@ cond

| ayers grown on cond(urcefi&eb#& & oGalM ame np kTahtedeest
experi mapt whsséehe same descri bedpliane hme apsruerve
(two poiimti cpomaes pul ator station). For Dboth ¢
t hi ck respebMciuwrevleys) ,wesreev earcaglui red for all the
(lateral di mensioamg aAahd 1 0ERheta:Bspaicded®WNer e
according to the Ohmés | aw. A thorough analy
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anal ysed mesas was conducted to adeédr gbs ckaoseses
gradients orflfi tpheogrespdy!i Eslies, especially at
enough data for statistics purposes.

The mappiRings wads tpheer f or meyde aedllo@n ¢ emgsyst em t o
coordinates on the s&mpli(eas)urffoarc es,a nmapsl ed expdi.c tFe
t hRheas3Pda contour pl ofFi waSs(ewo)ult.l i hheed d aRees@OL Nt
reported as black dots in each pl ot and the
i ncr eRacsabkurgd uesnvaébmrgatsed or the different me:c
around the central part of the sampl es, wher
processing of the sample was | imited/ absent

R 4 4
70 x 70 pm? 300 2411100 x 100 pm? 0
2.8x10* sl 1x10*
2.5x10* 184 1x10*
4 16 vy
2310 _ ] 1x10
2.1x10* £ 124 1x10*
> 104
1.9x10* 8. 1x10*
1.6x10* 61 10x10°
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1 2 14] 1.8x10
1 2.7x10°  E 121 1.6x10°
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4 44
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o] (d) 1508 O (e) 1.0x10°
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X (mm) X (mm)

Figdb(eeP) cture of the surface odwxasnpdier &t iwamph tthdedies
posi.tiTomes mi croscope optical i mage of the area n the
I n the zoom is depicted the repeating unit masks of th
red sqgu@efhee 3D cont oRnaspllcst s i butti o@ on the surface of
mes a is,jezmel,fip mnp nipu mp vhy g TG The colour scale is report

going from greenRndaovradkedesor increasing

A significant set of data was acquiRfe@duyedal
vs. size of the vésrefei gdd(epc)ohduthi enr eBradsdeeh t h
are plotted vs. the | ateral size ofaGabene@ami c
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strucit usg»,s)80, letn0 dmod 1&@ 786m nleGsOa,s, 1 0, s pizsc(
noteworthy that, despite-1h@e nmizkhesGhph @]f &5t
Rneaswa&d ues of the two is.aBndskBsds abmostcabivegl ap.
thickness. As a direct comparison under the a:
RsotVaplhues were calEquattiacddndaac er Bicp4or(ead d fiom b
the samples thicknesses.

a GO OdMO Qe Qi i

Ol AWOGHE O DO |

Eq uat“lRr flotropy

ThRneasdirsd i ndeed iRnsodfiiogne tviet H htime sampl e S4

S5, I's showing values arounRlsocomdytorn cerheafe rhaic
make a consideration abRadaturtdhe physical meani
: Rmeasureﬂ -110 nm
[ B Rinsasured- 1100 nm 5[
I jT] % o Risolmgy- 1100 nm 1L
105:_ o Risolroos'-‘lmnm E pin—plane
[ T (]
)
g % a
i :
104;’ - ~ 104 |
' Q
|
oo
103 1 1 1 1 1 1 1 1 1 1 1 1
50 75 100 125 150 175 50 75 100 125 150 175
(@)  Squared lateral top contact size [um] (b)  Squared lateral top contact size [um]

Figd#(ea) the Rntaemds oBquheed | ater al top cont@411Gi ze f
nm t hick (or anlgled Oc inrnt Iteh)i cakn d( bS 5u eR < gvusgyr es)q.u aTrheed tlraetnedr aol
size is reported in this graph as wel |, cal culasted f ol
(sEguad4d on(b) The viap yheh eo fb ltahcek nheocarniszt camtdaalr dl idneev ivaitti ho nt

by the grey arje@ap aceoOmg®d e&duhtad etdhd or sampl e S5, f ol

Considering the structure ooffpltahneeas dmpmmghue £[ i
42(b) ], tRheaswmadkuvaslare given by the contributdi
met al oGadacitrst,er|l ayer, GaNRneaxsmdnr @lhatni bee ienxtp
thRseries Egqpadd oduitn ofY wh,i cien tf hieo il @aneutr esi s

of atGme@z:mesa, i s the one here investigated.
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Y Y 7 - PINIEE Y Y Y g
EquatdBRmwaase¥pressed as the contributions from all/l

Not eworthy, the fact t hatoGa®: miesoer ecarsé na@r d e
magnifiuegaeampl e S4 vs. samplReaShHlt mdi oofesadfttleat

itself is no¥Y domnhat bdt by nts hiesF uurntghueesmoiroen,a bil e
Y . Therefor reaswiavheure s( if)ort heea c h -dreefsian esd zgee 0 N
of &@Ga@®mesa and (iii)i tsaemplaey=e351t00i cnkm e sist, was

define the upperjoba@usmsdaseEgembidt enf or t he

Y 0

” ”

'@ 0 N6 Qe Qi i

Equat4#)e kel amieghennd

Fi g4a6(eb) reportvat lu@ s ddhigduerds e dl at eral top
size (orange square)p aManl uteh e( oshame-mepan ghrforma it &

” Yopmm TPT wdis reported (horizontal black
(grey area). This fur nijisph 8o dadie nedbieriencgt tchoemplaart
one order of magnitude | ower and it demonstra
presence of wvertically oriented structural de

4. 1SPl-medi ated expansion of rotatiophadndomain
transpodopegEfaOsdiayer s

I n the following section, the Usiegpdubeksrrebani
Si doping source, on dbeaenrpadospie@aeloSy ¢ the gmoao
via M@QVRETr e pgpratse da.l riakly proven to be -dopcegsf
0fs-GaOsl aylédHeswever-dop&@aO3iayers were character:i

mobi il icthy ;¥4 ¢emnslantdhe transport mechanism in suc
vari abheppange(VRH), most | i k%IA3! rtenloatoeudy htloy td
i n thed4.slectthheombi |l ity to engisiCae@ept haytuscmusehn
for the role of structural defects I|ike the 71
crystal epitaxial | ayer -bomationsatsilzeea sair ec ofnutnrc
addr ess tphreo piemrttriienss iocf this materi al system,
el ectronic devices. Il n this framework, t he ¢

structur aldogpe&lad:t pyefs Sdepbaneedapphicre ( XRD,
APT) in rel at iogimfaltuox tdhuer ipnrgo vMQdVePdE gp loavit d . t M m <
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properties (Van der Pauw and Hall measur ement ¢

with the struct-dop®Gladefpedtay eaf each Si

The MOVPEoOTf recm®:e pi Iseagper f or med by M. Bosi ,

P. Mazzol-iPmair mal) MENThe XRD measurements and dat
Mezzadr. and P. Mazzolini (Uni Pr) . The Raman
andMB.anzen under the supervision of M. R. Wa
under the supervision of D. Bersani (Uni Pr).

the candidate with the support ToU) .P.ThMa zTzio/l Aun
depositi onddRoaruwt/HeaelYam€measurements was pedform

deRauw/ Hal | , t-hep etnedviepnete als ur ement s and their

performed by S. Vantaggio and A. Parisini (Uni
Z . Fogarassy and B. P®c z from the Hungari ar
measurement st iaomnd wenterprmreviaded by D. Diercks f

(Gol den, Col orado) .

4. 1.RanmMpl es preparation
The results presented hereaf-td e pa@ad:ll atyees st, o

deposited oUbAHOoPhsoeft EG@RGlgyer s wer eagroanr wet
using diff erediitl uftleudx ensi xotfu (GaenfoHo nD .00 5% cSn HUp t o
under otherwise i denmtrioaalh aeypmwtrB eci3s dic dMdiet il an
thickness was9 k0 pnmirnandge f8d0r0 all the sampl es.

4.1 .Xr.a2y di ffraction

The samples were fi-rayl ydi &Fhiagadrseead n .trherpoou ¢ e
ex empd-dgymmet ri c scansGadglqauy ere d( o eojprso gailt®eid cwimt) I
No additional di ffraction pfeahkisl weo &G gldaenmdt $ f 0
the {000Il-}ampmlisr eo.f Al | otGe@| apeest agat ddudid: t
di ffraction spelstdsavolegaddi esshefdépesition.
orthorhombic and all t he s anmpllanse arrcet actheadr adcar
presence was Uasscsaensss eodf tthhred-u(glZie® ) rehows-stbm; (1
foriadi e 0 o96GeOnwsampl e, the positions of the fou
domains were calculated and | abelled with rom
experiment al dat a. 't i s tdoBiogu gah sriegmairfkiacbhd net trf
FWHM val ues of it.mgs cramcsk iofg tder sa@aSstp eiarkt, ense r @@
[ sEega#e)] . I n particular, the vakium0s) gdoo wnr otn
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0. 153Wsiml brscecm). This is suggesting a decr ea
the substTrhaet eF WM maal.ues here shown fiomagshkyl &
< 0. & wf of. 5 sccm, are amongab:haylke st chaparct
rotation%tt?domatiIfs.
k-Ga,0,  -Ga,0, Kk-Ga,0, Kk-Ga,0, (122)k-Ga,0, (012) a-AlLO,
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Fi gdT7T¥RD qdddcan d-sdafbpfoGalG:l( ®#P4an de pdsainteed agpprphd r e wi t |
silane flux; the roman numbers |, ([ I'1'l and respecti
positions for the three 120A rotatedf dwsmadams.( r(cdkiFrud |
of the (004) peak dahse a rferemc tairam wesf ithhg ¢) highlight t
investigat ed abdya pTtiEamm ¥l . mhige r e
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reporRiegl48(ee) . I n | ine wWhthle gryevicals droen@mo mt s,i :
undoped sample is not exceeding ushse . BD. 1 ms ewvdrm
the size of the domains is reaching up to 320

al so possible to identify eRitgel®ee disliaf 2 cs$ cc mi
]

Osccm  (g) 5sccm  (b) 15sccm  (c) 17.5scem

R
; "'4:\.‘

¥ domain
boundaries

200 F plane T
150 |- defects

Largest domain size [nm)|

50+

[ (e)
0 1 L 1 1 i 1 1 1 L 1
0 2 4 6 8 10 12 14 16 18

Pg;i4 [sCCM)

Figd8(ed) Plan view TEM i mages umfu spampPiedod éddpgeseddamal
sizésiMss(f) Plan viewpiimegie mpbe. t Reane defects and doma

blue and red armasgeadidebo@gméftefvely.

The sreeass onal TEMgldin(ag e sanpisjeebi ghl i ghts th
t hh&Galzi nt er | aGa@s/safp pthlh € ei n dnet peernf daecreli,si @sn Nb het he ke

the adoption of a silane flow resumhlatpedil @istDrea s
(identified in combination with EDX spectrosc
detected in the vicinity of t k300 anyneri/ns utbhset rlaa

density is increm@esisigz avhiid ed it miesipis .raehreg bfaosre il ne
going from & 50 nm to & 5 nm fKpredi phdatl@s 5as
to possibly interact with the vertically ori e
matrix [blue &ndaawle.t e arr ows in
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(a,)

(as) 15 scem

.......

volume

Fi gd49(ea) ansyl, (bross sectional TEM and HRTEM imalges( d or
the white arrows hpogéatight ascemeand the i ®e arrows t he
of t hper e8aiOpit aampp .dck and bright field TEM i mage of FI
sccmsamples, rzaspgedéeir vayyofcthe bright field i mage p

removal (investigated volume correspohnfds to the s

Based on the punrniesefndlendd rtecupltay &n H mport at

the mobility of the adsorbedao&pgi @wt lo,n drh e(
accumul ati oxmnoft h&i iomi t 8iaH stages of the growt
size nucl ei resulting in a general | ower dens

rotational domai-asmbiadedt ipormdlel Y,o oM ap by i ¢ At
conducted on two samplie.gesiash r5 aadnyd slt5u dsicecdm.wiAtPhT
resolved and sensible alor dédhcky $$ s € 0 n TdEWHNt EdArKo wima
a precise spatial information of the detect ec
i nvestigate possible el emental accumul ati ons
FI' B technique, wer e aletigafeangdf f oxpmtelcb oS8 @Qt eadc i
i n the vilciyreirt/ys uobfs terpait e i nterface. Dark and b
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Fi g49(e») and] (were acquired before and after A
by the siradurx(ad)ela Fmom TEM dark field, higher

i's detected f oir.stnmngel I5e rs crcont astainopnlael, domai ns, r ¢
border wall s. However, the precise quantifice
homogeneous distribution®iaocacumel atperki gat &d@
not detected no matter t s whilph sdcems istaympdfe, d
di fference in the. PH55%caomcteht2BW]i oins detected

regions, attribubedltdomaondi fferent rotat.

4. 1. 12pldane transport properties
To assess the etpfleacnte otfr aSis povaGa@:tl lmgy ersi, e

sampl es were chafpaddctnegr ipzeodeatVvaRT deira PAuw conf
Hal | measurements. To do sed | TOUAumewalt ecdepa
magnetron sputtering at the corners of the sqglt
with Ag paste to Cu-uwi rpag pfocsre st.h €l hien stersu me n tv i s
was al soed nivre3@begklt®emper ature ylaqmelc Mratle RT
anmd cin ar e rFRipp#ltdead) ,i n(c) and (d), OGsienapecti vel

Theis following a trend sFimjd7ndec ) o she wiF Wd]
decr ik ajegeo,i ng f3i b ehgcdm 1doo wnlgcan & hEM®i ith ei ncreased
7.5 scecm. A fuwsrdbhdrnoncseametofi ndugealugs, fi
steady plateaum. viheesofhvhkbBebgfof thelGdiha ee
=0) samples could be rel-maeldgnrnourdd fIf evelnd fumo
memory {dmpmpiedr | &iyer s gr owt hs)j)vaMoureeso we rr,. tt.h & hre
for sWlatélrs rel abtessed oas heaHHri er gas (asfpect d
The behaviour jwastamperahuvuest bfat eid. Esoy0 ,t hF e e

and 15 sccm, and it suggested the electronic ¢
t hep)f or the three investi gatie.depsyasmpf BisngéileGor t ¢
(b)), are showing a double |ineadopad@aPd alyehsvi

and attributed t o t wo di stinct VRH mecThani s
respec¢%i el y.

The eBRM the other side i névis[sereisg4infGocn) ]& wh eun
increasidimg Molbhe |l ity values in this range are
l ocalized stataiss ¥hcwi vgrshe opheoRiBdDUHtorwenn d,
t o 280%1M[ skeiegaulr@d)] whenidsidqacreasing
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sccmMRTmo pidaintdyRIc har ge canegxterradteendsiftnitiml Vael et rPaaw me

of -d®ip=e@als;l ayer s as

ext
con

abo

Thi
ded
asp

wh i

arr ows

in (a),

Not ewort hy, t

reme

t

i s

s coul

centrat
u

SO

alsfmmwnovi oedodutheg the deposition.
(c) and (d) weeadéipoepifefinvestiga

he Hal | effect measur ement i

high | evel of UGOeiomip5e nsscacompber, RBIMTtdeteka

i on, while Hall datnanhi'fdefiriladrig.se.a n
orders of magnitude | ower Mot &OVes)p
found that i ncreasing the dopant ¢
point towards a higher compensatio

i catedgsHaddy measurements in tdémpermhatrurce)ar.
teh en cotehaasrecsanind dhe § st i fied by the r|

ect
c h

d be t

entatively connected to the g
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4. 1. Ramman spectroscopy

An independent further «c¢ha-dap®@aOjlzaayteirosn woaf
conducted with Ramawcaspect ngsgepyneitmybdédclm sa
surface measurements were performed onealydh th
= 1®il517.5 sccm, with a 633 nm | aser waveleng
on thasissamMe& 15 sccm and on an additional 10 sc

in parall el ppodinaer.i zAd tli arm et os ptelcea raa ar e t he r es

n order to incraase. tMeresogen] / prackhe spectru

pectrum subtraction and nor malii.Z2a%itom mde ed,e

(7]

=

eporRiegirilent he air signal is showing hilgho den

(@)

mi .tehe region most inter@Ramanbygctliffte omodthes h

air spectrum

Intensity [arb. units]

100 200 300 400 500 600 700 800
Raman shift [cm™]

FigdtRaman spectrum @&fhscaibB3aaquired with

Fi gadrZmanki g4r3r eports the Raman spectra a:
baslcattering configuration, respectively. The
the Raman modes (RMGazar ehdebethedhambhit fron
bot hups.etl n the edge configuration, the contrilt
9-GaOsRM are more defined. Neverthel es:is,(cihhandfyean
of the relative intensity@a/flcamadme }8fbeemmhwee eRan
nomi nal ly udadpedtds ampl &5, g4ldeac) Hangdldridess | ddif)t e r
the identificatis€GraOsBMst et emoteddehi hetdh the a
[ see col our/ Fh gt Zlag bFalgldidr &ga )il n a gaussian f i1
performed and the trend Oeifywsaesa cehv apl euaakt ewdi i dgtAs e[r Fe
412 b) and (c) anBi g4lkePbmoaredc(enr ime peak wi

i's decreasi nugi yif olen cirnecarseiansgi nngean domain si ze.



Rol e of str 6Gaeldsr al defects in 53

21} . (b)
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Figdr®a) Ramasnpeeatar=a 6(33 nmGad:;eamphes depositepdv at

PRI W& I n theup nsrett lcd otsveo pedfkesr atthd BrR2d amacplideds .cGb s ¢
(c) the fitted(podbuwidhmapevematch with the symbols rep
i s perfor med ,iontehseslkcodnecae d ypealss bl e i n b(etHi gadidrgeu iamidt iset i

in two different graphs fforrons®gkeef .of[ cl arity.

The peak width narrowing for increasing me
to the phonon mean | ifetime being affected by
undoped . B&2yernm mean size, the phonon diffusi

scattering phenomena happening at the domai n:

width. On the contrary, in tiheksliywy?®r,sctchmea rpahcotn
propagation is | ess affected by the borders s
observed. For eiv.een. 110a0r gnemm, dtohnea i enfsf,e ct i's | ess

mechani sms can affect the phonons | ifeti me.
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(b)
18 | [
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< 12F
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Figdt&a) Raman edgeb58pReoatmiGad:béamphes depogsii v epdrt at

pU wé I n theup nosrett hcd otsveo pedfkesr athd WBRd ameld 1dBd cm5 scc
the fitted pe@kolwouwdn hshape match with the symbols repo
performed oni steHescdlreahrpegaks si bl e i n b(eeFi galdrdeu iasmidt is@th i d

in two different graphs fforronsSdkeef .of[ cl arity.

To concl ude, i n the work described it- has
domai ns medi at e dp laann e -oWpsl.apoeu tacfo ntdhue titnwv i ty: (i
mitigate the effectewowmfargpgdmdntonal dmeuani( nmmse gn
interpretation of the ropéaoke thanstpoddapagpd alpe
GaOzand (iv) a comprehexdsgsveuahalbliegseiRectamidg Raekna
t o adhder ecsrsy stt al quality of the | ayers charact e

4. B3tudy 06Ga0spiO/di odes i n planar geometr
I n the second work mentioned in the introd

anal ysedasGab:slpe B8n@®bdes in planar geometry.

The MOVPE grdwtp&GaDil aayheer Swas per f or med by I
and P. Mazz®&®brma) (| WMEFM MBE growth of the SnoO

(PDI) . The met al contacts deposition and etc
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Tarahoui ( PDIc)h.arTahcet eRTi siti cs and their data el
candidate with the support of S. Vantaggio, A
depend¥negeasiurements as welwkraspdatarmeptebpr €t
Pari sini (Uni Pr) .

The structure of FtilgadX €eaVv)i,c ef,0orreespcerst ead 5i0n0
MOVPE gr-owpa@adsgr own on-oriophAded cAs seen in th
sectiodopt b@a08fas been obtained via imaedtHon
in the growt-hypkambaeducd6Gaihhays dfe etnh ec oSif:i r me d
Pauw method. The | ayer wars= c3hd% dcthkalilzendo biyl ia
cVisland a rjesi@eth. viAf yteyrpet Heaayrer charact-eypeati
(001) SNnO | ayer wiHtaOgr awRADBBEt 0gr oWwt h heeathina g
3.1.2The details of the ghbYAwt tdepFeuyélddp omndretdi d:

sqguared mesa structures of the SnO | ayer (i
contlddie depositedGadkahdpSonO LtagerSs: (mesa st
met al contacts deposition t e4d.h)n.ilgTuhees nael srae agdeyo n

t he same Traebg2er tTehce icrharacteri zation of the di

and temper ai-Voahea rdeecpteenrdiegptoii mg  ipmr otblees tcwon f i gur a

metal probes

Ti/Au

-type SnO
contacts PP

n-type Si:k-Ga,0,

1
f‘?’

Figdtr&chematic repres@altpan i dino doe. tlhre tSmeO/dashed & r ame,

GaOsconduction channels at thetypet®8mOomeseacht duotder, e ba

contact. The geometricawmapdr amet «mo waf ftolre eldtddilemelsa, a
whitl 8 the thitckmeG&is.0f the n
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4. 2RTI-Vcharacteristics

The IlIRFharacteristics were acquired t® conf
GaOspndi odes. The measurements were performed
reportedd4i h. $B@Wcehiaornact eri stic of two/three ge
acquired f or sFtiatdir &tai)c aa n dp u(rbpYocshiemsma ¢ tt esr it shtei ¢ s
di fferent mesa/diode sizes in |Iinear and semi

Figdr® a) anbVc(hba)r atchteer i stics of the four mesal/diode si
scale, recp@mi®vaealsy. mesa | ateral size yaxesrepespedtove
SvanRheahowed a certain scattering within the set of di

deviation. Th-hemogeaenbket ¢ ue,fettbhhiecnksraerspsd egr adi ent , and/

metallization (some diodes weer eopstliicgahlt Inyi cdraonsacgoepde

I n the | iFmiegdilrFgar)a pht hien recti fying behaviour
recti fi catliVonwarsatciad cautl B /ea4dS5ac Blamvadliunegs ,t oaver ag
di fferent diodes of same FJgeagdiingtcr)y oaya xhges d cewitta
their standard deviationw aBhd unzltuesn rodpdrtee
















































































































































































































































