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Abstract

Highlydoped semiconductor nanowires represent a promising class of nanostructures with
prospective applications; electronics, optoelectronics dyio-sensing. This thesis is focused on
the growth andin-depth characterization of germaniurand zinc oxide nanowires, with the aim

of acquiring high doping levels.

The first part of the thesis deals withe growthof germanium nanowires via the vapaliquidg

solid (VLS)process Several factors impacting the nanowire growth and morphology are
described ¢ the composition of the catalytic particle, the role of surface adsorbates and the
incorporation of atoms from the catalyst into the nanowifige nanowiresare grownfrom gold
nanoparticleseither in ultrahigh vacuumtbe MBElike process) oiin the presence of atomic
hydrogen vapoufmimicking the CVD processgsulting in dissimilar nanowire morphology and
growth direction. The combined effect of atomic hydrogen adsorption and gold catalyst
spreadings revealed; beingthe key elemenexplainng the differencein nanowire morphology
whenMBEand CVDgrowth techniguesare utilised

Further,the Ge nanowire growttirom grouplll-containing catalysts is studiedjth the intention

of doping the nanowires via the incorporation of atoms frone caalyst droplet. The in-situ
preparedalloyed AgGa catalyst ifound to beapplicable for germanium otaf-plane nanowire
growth ¢ although the catalyst stability is lower than for pure Adespite a high dopant
concentration in the catalyst, no galliuncrporation into the nanowire is observed. Hence, this
method of nanowire doping is proved unsuitable for the material system selected.

Thethird part of the thesis coverthe characterization of ZnO nanowires arngtdevelopmenof
a protocolfor their diffusional dopingwith gallium.The impact of nanowire annealingn the
concentration of oxygen vacanciéé,) isdemonstrded ¢ annealing in HO, gas decreases thé,
concentration, comparedvith annealing inhigh vacuum.Further, Ga incorporation into ZnO
nanowiresis documentedwith in-situ SEMwhen annealed above 350/ Moreover, gallium
induced decomposition of ZnO nanowiresobservedabove 450 / The concentration and
spatial distributionof Gawithin the nanowires is assessed usi®TEM ED&nd atheoretical
model for Gadiffusion The correlation betweetthe Vo concentrationand the Ga incorporation
into ZnOis found Gallium concentratiorin the order of10** cm?® is reached in the nanowirec
demonstratingthe suitability of the presented diffusnaldoping method for achieving high Ga
doping levelseeded for prospectivleio-sensingapplications in the IR region.
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1 Introduction

Semiconductomanowires

Growth and characterizationof semicondetor nanowiresis an establishedfield of scientific
research.Nanowires represent a new class of highly attractive materials, which are intensively
studied for their superior functional properties being quite different from their bulk countergdaits
Together with nanotubes, they exhibia large surfacdo-volume ratio, being beneficial for
applications such as sensing or catalysis, where intense interaction with the environment is needed.
Furthermore, hanks to their preise geometrythey represent technologically promising building
blocks for futureelectronic and optoelectronicevices.The nanowirebased architecture allows
building threedimensional devices, significantly outperforming conventional planar technology.

In various stateof-the-art and prospective application areas, doped semiconductor nanowires
represent a promising class of materials iimproving the performance of presewlay devices and

also for designing novelrehitectures and device®-be. In modern electronics,semiconductor
nanowiresare already being used as conductive channelhéncuttingedge transistor fabrication,

with a prospect ofjate-all-around transistos. Another exciting concept is to utilize the nanowires as
active sensing elemes. For biesensing applications, doped semiconductors seem highly promising
because their doping level and hence their electronic properties can be tuned and controlled, which
is not possible with metalsSpecificallythe plasmon resonase frequency canbe tuned by the
amount of activated dopantd-urthermore multiple differentlydoped segments can be built into
asingle nanowire, acting as separate sensing elem@pts

Doping of semiconductor nanowires

For cuttingedge andprospective applications, hightjoped semiconductor nanowires are required.

The doping levels needed are predicted to be as high <&@ for most semiconductors (including
silicon and germaniuii3]). This is close to owven beyond the solubility limit of known dopants; it is
difficult to achieve such levels with conventional semiconductors and doping techniques. Therefore,
novel strategies and processes for effective doping are being searched for. A promising class of
semconductor materials are the transparent conductive oxides, which can be doped to high levels
(up to 1G* cm®) by alloying with groupll metals[4]. Arepresentative of such a material is e.g. zinc
oxide (ZnO).

Currently, the dping of thin films and nanostructures is usually done by introducing a depant
containing precursor gas into the chamber in CVD or bgveporation of dopant atoms in MBE
during growth. According to the literature, the doping of nanowires is generalljhowtogeneous.
There is a nomniform doping profileg the dopant incorporation is enhanced closette nanowire
surface. This is caused by two independent effgs}s(i) direct vapougsolid deposition of dopants

onto the narowire sidewallg§6] and (ii) preferential incorporation of dopants via VLS process close to
the triple-phase boundary, where the ligujdolid interface is faceted and the supersaturatisthe
highest[7]. The former process can be affected by using a different gas precursor or by altering the
diffusion length of dopant adatoms. For the latter griee catalysgnanowire interface is decisive,
depending on the catalyst composition and growth kinetBssides the doping homogeneity, the
crucial difficulty of nanowire doping is achieving high doping levels necessding fafiorementioned
applications. The main obstacle is the solubility limit of dopants in conventional semiconductors (Si,
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Ge, IHVs).Furthermore, additional detrimental effects take plaaehigh dopant concentrationshe
doping efficiency decreses above certain doping level.

Fornanowires the incorporation of dopants is no longer ruled by thermodynamics only (even if the
growth and doping are performed close tthermodynamic equilibrium)instead it is governed
mostly by kinetic effects of atom adsorpti@amd diffusionon different facets, thus being dependent

on nanowire morphology and surface terminatif@j. For this reasonit proves difficult to reach the
solubility limit itself, not to mention even higher dopant concentrations. On the other hand,
nanowires can easily accommodate significant amount of strain originating from impurities
(includirg dopants) and differences in lattice constants. This lowers the number of defects, allowing
the nanowires to be grown even defetee, thus allowing higher dopant concentration to be
reached.

Thesis objectives

The global objective of the thesistie preparationand extensive characterization of germanium and
zinc oxide nanowireg representing grougV and HVI classes of semiconductarsn both undoped

and highlydoped state The aim correlates with the global scientific efforts to produce and
charaderize highlydoped nanowires suitable for future applications, investigating novel approaches
to nanowire dopingThe thesis focuses on three main research areas:

(i)

Germaniumnanowiresgrown from Au catalyst represent a simple material systemell coveed in
the literature. However, detailed growth mechanism s8Il not completely understood yert
regarding in particulathe material transfer from the catalyst into/onto the nanowire and the impact
of adsorbates passivating the sidewalls during growitocanowire growth and morphologyrhese
phenomena are studied in the first part of the thesis; they are covered in se2trExtensive
characterization of the nanowire morphology is performed with transmission and scaelgicigon

microscopy (SEM, TEM); surface chemistry of the nanowire is studiedspéathallyresolvedAuger
electron spectroscopy (AES).

(ii)

Growth of germanium nanowires from dopantontaining catalyst and the possibility of
incorporation of catalyst atms into the nanowire are investigated in secti@rB. The process of
catalyst incorporatiorg if provedc¢ could be innovatively utilized for nanowire doping, provided that
the catalyst contains proper doping elements. As theaveine growth and material incorporation

are nonequilibrium processes, the achievable doping level could even exceed the equilibrium
dopant solubility in the nanowir§9; 10] thus outperforming current doping stratezg. he growth

from alloyed catalysts may well turn out to be an ideal techniqueateipreparation of highlydoped
nanowires. The crystal structure and compositioof suchprepared nanowiresare examined by

STEM ED&nergy-dispersive Xay spectroscopylinvestigating possible atom incorporation from the
catalyst into the nanowire.

(iii)

Zinc oxide canédoped withaluminiumor galliumto high concentration levels (up to ¥a&m?) [4],

which could lead to plasmeresonancefrequency shift of ZnO nanostructures up to the near
infrared region (NIR). This behaviour could be utilised e.g. for the direct detection of biomolecules.
¢KS (GKSaAaQ G§KANR zZhe 8ogidaly Widped Z2nO dadowie& growin @a S NA T S
aero®l-assisted CVD method at atmospheric pressure (AACAiD) then to develop a doping
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protocol and characterization procedures for ZnO nanowires diffusionally doped with gallhen.
results are presented and discussed in cha@eMethods usedor characterization (of individual
nanowires as well as nanowire ensembles) are nggolution SEM and TEM, reahe SEMmaging
Raman spectroscopy,-tdy photo electron spectroscopy (XP@hotoluminescence measurements
(PL),AES andransport measurements of individual nanowireBopant incorporation into the
nanowireis monitored directly bySTEMELS

The reader may notica dissimilar style of writing in chaptesand 3. The research subject of
chapter 2 ¢ Ge nanowires, their growth and characterizatigrhas been wellestablished in the
NBaSI NOK 3INERdAzZL) 2 F [1LicK3$ Therefnrek tAcfokus of thidathipted{dnd sedlibn
2.2in particular)is aimed at presenting the novel finding$ the authorin a concise form of factual
and sober results. On the contrary, ZnO nanowires were a bnamdmateral system for our group.

¢ KSANI OKI NI OGSNAT I GA2Yy Hhnsaf bdlding MItH: Recassary knér@v ( K S & A 3
¢ and also instrumentationg to be utilized by other members of our research group as well.
Accordingly, chapteB is written in a more storyelling style. Besides the results obtained, it also
presents some obstaclemncountered dead ends and the experimental planning which had to be
rethought repeatedly based on preceding resugtas this is an integral part of scientific research as
well.

Further,the conclusionof the doctoral thesis is presented in chapteiLast but not leasta gallery in
the bonus chapteb shows a glimpsefdhe unusable results acquired along the wayeyc despite
being virtually unpublishable possess a certain aesthetical valueumbly want to share with the
respectedreader, offering them pleasure and reward after reading through the scientific \Widr.
I dz K2 NRA& Lzt AOF A2y a | yR O2afthéeNofttidshesB2 y (i NRA 6 dzii A 2






2 Germanium nanowires

The gowth of Ge nanowires from gold and other catalysts under various experimental conditions is
discussedin this chapter. It is comfsed of several partsA literature review with presentiay
knowledge on the topids given in sectior2.1. The findings about the synergic effect of atomic
hydrogen adsorption and Au catalyst spreading on the growth oriematib Ge nanowires are
presented and discussed in sectidr2. Preparation of alloyed catalysts containing grellipelements

for Ge nanowire growtlfand potential dopingand the results of the growth itself are described in
sedion 2.3.

2.1 Literature review

Vapourgliquidgsolid growth

The most documented and widelised technique for thegrowth of semiconductor nanowires is
avapourliquidgsolid growth (VLS), the name of which denotes the material paththatygives rise

to growth [14]. First, metal nanoparticles (gold in most cases) are deposited onto the substrate. After
that the substrate is heated up above the tectic temperature of the metalsemiconductor
combination usedsee the phase diagram kig.1, position denoted A). Subsequently precursor

gas containing the element of interest is let into the growth robar (the case ofteemicalvapour
deposition ¢ CVD) or vapour atoms are deposited éyaporation from a solid sourcenflecular
beam epitaxy ¢ MBE). The metal droplet on the substrate now acts as a catalyst for thermal
decomposition of precursor gas molecules or as a collector of diffusing adatoms, respgibiely
The atoms are dissolved in the metal particle, which sooner or later reachesethiesutectic
composition[16] ¢ seeposition Bin Fig.1. As the material supply continues, the system is drivah

of equilibrium as the catalyst becomes rich with the semiconductor matés@dition C) The only
possibility for the catalyst to reduce the semiconductor concentration (and hence to reach
equilibrium again) is via nucleation of the solid semicondudtelow the droplet. This is feasible
once the critical concentration (also called supersaturation) is reached. The ticlaaually occurs

at a triplephase boundary (where solid, liquid and vapour phase nééi) after astable nucleus is
formed it rapidly grows itwo dimensions along the solitiquid interface until the full monolayer is
completed (so-called stepflow growth). This behaviour has been indeed observed usingitin
growth in TEM[17¢20]. After the monolagr crystallization, the catalyst is depleted of the
semiconductor material and for another monolayer to grow the critical supersaturation is to be
reached again. Since the material is solidified below the droplet only, it grows in a form of a nanowire
with the catalyst droplet at the tip, having roughly the same diameter as the droplet, as long as the
catalyst stays stable on the nanowire tip (see the ins&ignl).
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Fig.1: AucGe phase diagram showing themperature and composition of the catalyst particle at the very beginning of
the growth process (indicated by the thick arrows). First, the metal particle is heated above the eutectic temperature
(mark A). Then it gradually collects germanium atoms uittigets completely liquid (B) and eventually supersaturated
with germanium (C), which is necessary for nanowire nucleation. In the inset: scanning electron microscopy image of
agermanium nanowire gcale barl00 nm) with a solidified Au catalst droplet & the tip. Image courtesy of MY 2 £ NO I €

Importantly, the nanowires prepared by this method do not always grow perpendicularly to the
substrate. Depending on the experimental conditions and materials used, the nanowire (still with the
catalyst droplet ortop) can grow along different crystallographic orientaiso The growth direction

of VLEgrown semiconductor nanowires and its control is a complex task attracting a lot of attention
[21]. It has been demonstrated that grodp nanowires preferentially grow in the <111> direction,
irrespective of the substrate crystallographic orientatif®2¢24]. Schmidt et al. analysed the
nanowire growth considering surface free energies of the growth interface and nanowire sidewalls
[25]. They realized that the nanowire growth direction is not resulting from energynmeation of

the whole nanowirecatalyst system, but originates from the energy balance between the catalyst
nanowire growth interface and a smalamowire segment below the catalyst where atom ordering
during solidification takes plad@6]. This concept based solely on thermodynamics introduced two
possibilities to control the nanowire growth directioq either by catalgt engineering (thus
potentially changing the solgiquid interface energy)27; 28]or by passivating nanowire sidewalls
with different adsorbates (thus changing the sqlidpour interface energyP9¢31]. Another swccess

2F {OKYARGQ& Y2RSt A& ( Kiméntallobsenftibhihdt smathaRetdr y A y i N
nanowires (usually less than 20 nm) prefer to grow in the <110> direction, while the-thageeter

ones grow in the <111> directidB2]. This behaviour has been observed in many material systems,
including Si[25], lligVs [33], 1IgVIs [34] and also Ge nanowires grown from molecular hgeri
precursors in CV[35]. However, the model does not seem to reproduce well the experiments on Ge
nanowires grown from atomic vapour in MBE, which tend to grow in the <110> growth direction for
a wide range of diameters.



Goldvs. nontraditional catalysts for VLS growth

Choice of the catalyst droplet has a profound impact on nanowire growth, as it significantly changes
the energy balance of the system (via the surface free energy of velmuid and liquidsolid
interfaces) & well as kinetics (via different equilibrium concentrations and semiconductor
solubilities). Different experimental conditions to achieve nanowire growth when using different
catalyst materials have been widely reported in the growglated studies[36¢39]. The catalyst
droplet affects the optimum growth temperature, the nanowisbstrate epitaxial relation, the
nanowire growth direction and morphology etc. Surprisingly, different crystal phases, including those
unseen in bulk, have been reported whefffelient materials have been used as catalydt3. This is
namely the case of {W semiconductors, which ordinarily adopt a zbiend (ZB) phase; yet also
awurtzite (WZ) phase has been reported in the nanow[ddq. Although the impact of the catalyst

has been demonstrated in a variety of studies, the exact explanation is still being discussed.
However, the catalyst droplet engineering represents a promising way to meet the requirements for
future nanowirebased applications.

The most utilized catalyst for nanowire growth is indisputably gold. The growth of nanowires using
Au catalyst was reported not only for grodyd and IHV semiconductors but also for ternary
compoundg42] or even oxides, such as Zf¥3]. Along with its universality, the biggest advantages

of gold are its chemical stability and reasonably low eutectic temperature of its compounds with the
materials of interest (Ge5i, 1l¢Vs etc.). On the other hand, gold is inappropriate for use in current
semiconductor electroni¢sas it could induce undesired electronic states in semicondu¢éoré4]
Another disadvantage is a relativelygh semiconductor content in the catalyst droplet at the
eutectic concentration (19 at.% of Si and 28 at.% of Ge as an example). This behaviour, often called
the reservoir effect, limits gold for the growth of axial heterostructures, where a sharp ingerfac
(originating from negligible reservoir effect) is required. It seems that elements exhibiting low
semiconductor solubility at eutectic concentration, such as Ga, In, Sn or Sb could represent an
appropriate alternative to gold. Moreover, they are the pespdoping elements for most of the
semiconductors, which makes them even more intriguingthier catalystincorporation studies (see
below).

GrouplV nanowire growth using Al catalyst has already been demonsti8te4c50]. The growth
from other grouplll elements is rather difficult or unsuccessful due to the droplet instability
(originating from their low surface free energ§pl] and low supersaturation in the droplet, which
needs to be kept high by plasremhanced precursodecomposition to promote the growtfb2¢56].

The reports on the nanowire growth from grodf catalysts are scardé0; 57%60], facing similar
problems to groudll elements. Note again that the use of grellipand V elements as catalysts for
nanowire gowth has not been primarily driven by the intention of doping, but with the aim of
utilizing the low solubility of semiconductor material in the droplet, which is promising for the
growth of heterostructures with sharp interfaces.

A promising approach imtuse alloyed catalysts, where one of the components is aré®arvoir

effect element (a prospective dopant) and the other is chosen to stabilize the droplet and increase
(or otherwise manipulate) the solubility of the semiconductor material. Out of &waof alloyed
catalysts,only some material combinations have been reported to successfully initiate the growth of
Si/Ge nanowirese.g.AucGal61¢65], AucSn[66; 67] AuAl[68] or IngSn[10].



Incorporation of catalyst atoms into nanowires

The pesence of a metal catalyst in the VLS growth process raises the question of eatiahyst
incorporation into the nanowire volumduring growth. In case of golglthe most commonly used
catalystg such incorporation would represent a principal drawback for nanolwased electronics
due to a detrimental effect of Ainduced electronic states acting as a deep trap/acceptor or as
arecombination centrd6]. However, the reports on the Au incorporation into the nanowire provide
contradictory results[6; 69; 70] Interestingly, massive catalyatom incorporation ha been
reported in ALSi In/S¢Si SrgGe and G&Ge material systemd9; 10; 67; 7&73]. Surprisingly
enough, reported concentrations of catalyst atoms exceed the solubility limit by even two orders of
magnitude. By contrast, no Sb atoms have been detected in treallysed Ge nanowires &xined
within another study[57]. Based orexisting reports, the incorporation of catalyst atoms into the
nanowire seems to be materidiependent.

Nonetheless, the catalyshcorporation effect, albeit applicable to specific tm@al combinations
only, may become a milestone in achieving extremely high doping levels of nanowires, prowded th
catalyst particle is made afor containsg the dopant itself. In that caséhe original drawback would

turn into a new andoromisingfield of study. It is important to note that the detailed mechanism of
atom incorporation remains unclear. Accordingtihe currently accepted steflow growth mode[9;

10], the kinetics of catalyst atom incorporatiomtd the growth front is dependent on critical
supersaturation for nucleation and surface free energy of the droplet. Both quantities are primarily
determined by the catalyst composition.

Role of surface adsorbates

The gowth of nanowires is governed by theterplay between thermodynamics (in terms of free
energy of the surfaces and interfaces present, droplet supersaturation and optimal growth
temperature) and kinetics (the rate of atom adsorption and desorption, diffusion lengths, the
incorporation of atons into the droplet and the nanowire itself, the (nd@quilibrium concentrations

and solubilities). Generally, for the growth of all kinds of nanowires, much effort has been made to
find the optimal temperature and fluxes of precursor gases, to deterriirgoroper supersaturation

and to study the impact dhe catalyst and the substrate@anowire relation on the nanowire growth.

However, both the energy balance and kinetics of a growing nanowire can be strongly modified by
the presence of differensurfaceadsorbates and induced reconstructions, thus widening the process
diversity and enabling the growth of new nanostructure morphologies. The role of these effects is
surprisingly disregarded in current nanowgeowth studies. The reason is presumably tleenghant

role of CVD techniques, where the precursor gas carrying the growth element acts simultaneously as
a source of hydrogen and hydrocarbons adsorbing on nanowire sidewalls, thus potentially changing
nanowire morphology.

The realtime monitoring of the adsorbed species by FTIR (Fourier transform infrared spectroscopy)
during CVD growth of Ge nanowires has beenformed e.g.by Sivaram et al[74]. They showed
that the nanowire sidewalls are covereasith adsorbed hydrogen ding growth from hydride
precursors Gamalski et al[75] demonstrated that the adsorbed by-products of digermane
decompositionpassivate the surface during growth and inhibit diffusion of Au on nanowire sidewalls



¢ thus signiicantly affecing Ge nanowire morphologySuchstudies emphasize the importance of
adsorbed species hydrogen in particulag during the growth.

In contrast to CVDwhere the effect of adsorbates is difficult to study, MBE growth allows separate
control over the supply ofthe growth element and selected molecules for adsorption. The
knowledge of how different adsorbates affect the nanowire growth and the surface free energies is
akey to further increase the catalyst droplet stability at the tip of a namewby choosing
appropriate surface chemistry (s€&g.2).
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Fig.2: According to the Nebolsin criteriofy6], the stability of the droplet at the tip of a nanowire is dependerin the
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utilizing Ga catalyst, scale bar 200 nm). Right: Two plausible strategies to control the droplet stability: (i) manipulation of
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2.2 Revealing thesynergic effect of atomic hydrogen adsorption and Au catalyst
spreading onthe growth orientation of Ge nanowires

Asdiscussed in sectio.1, significant differencegxist between Ge nanowires growiby vapour
phase technique (CVDand by atom evaporation from a solid sour@dBE) the reasonshave not
beenexplained in a satisfactory and thorough wgst. Specifically, Wwile the former exhibit <111>
growth direction irrespectively of the substrateientation and sawtooth faceted morphologythe
latter grow preferentially along <110xirection with smooth facets and different overall
morphology.During CVD growth of Acatalysed Ge nanowireshe nanowire sidewalls are covered
with adsorbedhydrogencoming fromthe hydride precursor$74]; moreover,the adsorbechydrogen
(or other precursor gas fgaments)significantly affecGe nanowire morphology5]. For MBE growth
however (in experiments kere atomic vapour is utilized for NW growthhe partial pressure of
atomic hydrogen is quite low<< 10°Pg ¢ this is most probably the key element making the
difference betveen these two growth techniques

Within thissection2.2, the evaporation from a soli@esourcewith the optional assistance of atomic
hydrogenhas beenused. The optimal conditions for the growth of Auatalysed Ge nanowires
preparedunder vacum conditions and witlthe assistance of atomic hydrogdrave beenfound.
What is important, the growth direction of Ge nanowires can be changed to <&/h&n prepared
with atomic hydrogen assistancthus mimicking nanowire growth from hydride precursors in terms
of nanowire morphology and growth direction. Fuetimore, in-situ spectroscopic evidence of
dissimilargold presence on the nanowire sidewdiss beerobservedand its role in determining &
nanowire growth directiorhas beerdemonstratedand explained

A detailed studyresenting these findingéncludng also irsitu growthof the nanowiresn SEMand
a demonstraion of intentionalnanowire kinkinghas beenpublishedbased on results presented in
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this thesis[77]. The study emphasizes and explathe key role of the syne@ic effectof atomic
hydrogen adsorption and Au catalyst spreading on the growth orientation of Ge nanpwires
especiallyduring nanowire nucleation and initial stages of growththe following part of the thesis,

a concise summary of the methods and thest important results are presented.

Methods, instrumentation

Ensembles of Ge nanowires were synthesized in an ultrahigh vacuum chambebégkl\pressure
<310’ P9 coupled to a Scanning Auger Microscope system (SAM, Omicron). In order to obtain
auniform and nonconglomerate distribution of catalyst particles, Ge(111) and Ge(110) substrates
were cleaned by ultrasonic treatment in acetone and isopropanol and subsequently covered with
gold nanoparticles (40 nm in diameter) by dipping the sample in ald®ixture of a colloidal gold
solution with HCI (5%After reaching the growth temperature in the UHV chamlike growth was
carried out by deposition from an effusion cell (Ge flux oriented ¢ (G2 GKS &l YLI S ¢
atypical operation pressure 05i10" Pain case of no hydrogen gas delivery (i.e. at ultrahigh
vacuum).Note that the same set of experiments has also been performed under high vacuum
conditions only (operation pressuré1®*Pg, giving identical results with respect to the studied
subject. For the growth in the presence of atomic hydrogényas generated by cracking molecular
hydrogen (introduced to the chamber by a leak valvg,3?2i10°Pg on a heated tungsten wire,
placed in the vicinity of the sample 2¢3 cm).

Based on thé&nowledge of substrate orientation and crystal structure of the nanowiederial the
information about the crystal orientation of the sidewalls and nanowire growth directian be
derived from SEM imagings significant advantage is the possibilityahanging the viewing angle in

a wide range, thus allowing to focus on differenttigas of the nanowire (e.g. topiew, sideview,
alignment with different nanowire facets). Multiple examples on the use of SEM for determining the
nanowire growth mode ath morphology are presented hereafter.

Another techniqueusedis Auger electron spectroscopy (AES), which can provide spegisilyed
information on the chemical composition of a nanowire surface. Duthéovery short mean free

path of Auger electronsiithe material[78], this method is extremely surfaegensitive, which makes

it ideal for studying the processes on nanowire surface, such as catalyst spreading along the
sidewalls On the other hand, the extreme surface sendii is also the biggest disadvantage of this
method due to contamination issues. In orderawoid contamiration, the growthwasperformedin-

situ in the vacuum chamber connected to the AES systamsamples weréehen transferred under

UHV conditions foimmediate measurement. The effect of contaminatienuld become evident in

the Auger spectrdy (i) detecting C peak from hydrocarbons, ditninishingof the peaks of desired
elementsand (iii) change of the overall spectrum shape.

To examine the cryat structure and chemical composition of the nanowires, a égolution TEM
was usedThe nanowires were scratched off the sample oatstandardized TEM grid (carbon foil on
a copper support grigjocalized using SEM ammhaded into ThermoFisher Titarhemis 66300 HR
TEM for imaging.
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Fig.3: SEM images of germanium nanowires grown in high vacuum (a,b) and with atomic hydrogen (c,d) on Ge(111) (a,c)

and Ge(110) (b,d) substrates. The growth temperature was 425 Ay 0685&/6 0A ¥ YRODRO ® A Ss6Ay3I RAN
to (a) F110], (b) f112], (c) [t10] and d)jMmn 6 O GKS &l YLX S& IINB GAftGSR o6& ypc G2
designated viewing direction). The insets in (a) and (d) are-togw SEM images of theample; the schematics illustrate

the possible degenerate nanowire growth orientations (grey110>, white- <111>). Scale bar¥)0 nm. Published77].
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Fig.4: Morphology of nanowires grown (&) in gh vacuum on the (110) substrate and (b) with atomic hydrogen on the
(111) substrate as observed esitu by SEM. Sketched top views show crystallographic orientations of the sidewalls and
top facets; in (b) the sidewalls with pronounced sifbceting are hihlighted by zigzag lines. A detailed view of <111>
nanowire sidewalls is shown in (b), with the viewing direction marked by the green arrow. The coloured marks indicate
locations where the Auger spectra were taken. The positions of the main Au MNN pé28%5eV and 210kV) are
designated by the arrows. (a) Scale bar 200 nm. (b) Scale bar 100 nm. Pubj&Hed
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Growth in (ultra)high vacuum

The substrate temperature window for Ganowiregrowth by evaporation uder high (orultrahigh)
vacuumconditionswas found to bequite narrow (385 /c455c / 0 X £ AYA G SRndPNR Y §KS
surface diffusion of germanium atoms across the substrate and NW sidewall$;oamdhe upper

end by their desorption[40; 41] All the nanowires within this temperature range grow in the <110>
direction, irrespective of the substrate crystallographic orientat@ma nanowire diameter (46m ¢
200nm), asshownin Fig.3a,b. The assignmemf the growth direction was made by assuming the
diamond cubic lattice structure and determining an angle between the growth axis and the
substrate additionally,it wasverified by a detailed TEM analyéseeFig.6). It is interesting to note

that the <110> orientedchanowireson the (110) substrate grow only perpendicular to the substrate
and not in the other foupossible(crystallographically equivalentdlined <110> direction$-{g.3b).

This is dferent from the (111) substrate, where all three equivalent <110> growth directions are
observed ¢ee the inset inFig.3a). The nanowires grown under (ukyhigh vacuum have mostly
atruncated rhombohedratross section, with far major {{11} and two truncating{001} sidewalls ¢
seeFig.4a. The latter are often overgrown and the cross sectiblanges to rhombohedral. The
growth interface is formed by two inclingdhutually tilted){111} facets.

Growth inthe presence of atomic hydrogen

The presence of atomic hydrogen in the chamber during growth changes the growth direction of
nanowiresto <111> Fig.3c,d) as well as nanowire morpholodgsid.4b). However this change does

not apply to the whole temperature growth window. The nanowires showRig3c,d andFig.4b

were grown at 38% / @ | i KA 3K SiNdreas&l Yrawughsiding dENte Ssidewall facdss
observed;finally, at temperatures above 436 / i K Sorientednangwires with clearidefined

{111} sidewalls grow despite the presence of atomic hydrogen irctiemberc seeFig.5. This effect

can be ascribed to rapid degmion of atomic hydrogenfrom NW sidewallswith increasing
temperature, thus mimiking the highvacuum growth.The morphology of the nanowiregrown in

high vacuumremains the same for wide range of Gedeposition rate(0.075) ' & 0.225) i")&
Howeve, the nanowires grown at low temperature (385/ 0 Ay (GKS LINBaSyoOS 27
adopt the morphology shown ifFig. 4b only for the lowst deposition rate(~0.075) %)a With

increasing flux of Ge atom@leposition rate upto 0.225) )& pronounced faceting is observed
(similafy to the effect of raising temperature), while the growth direction remains <111>.

For the nanowires growmithe presence of atomic hydrogenot all the degenerate <111> growth
directions on the (11) substrate are equal, as the one perpendicular to the satesis observed
solely Fig.3c). In contrast to NWs grown under high vacueonditions all the NWs still have
catalytic gold droplets on their top (visible kig.3 due to different contrast). The <111> NWs grown
at low temperatures with atomic hydrogen haaglanar (111) growth interface (jgsible truncation

as reported previously38] is not visible due to dropt presence) and hexagonal cressction Fig.

4b). The{211}-oriented sidewalls exhibit different roughness on opposite facets (strongly resembling
the sawtooth faceting of Si NWs grown by Cf8D). The sawtooth faceting of Ge nanowires has not
been discussed in literature properly yet, although it has been already observed, especially above
300c [74; 75; 82; 83]In case of goldatalyzed Si meowires, the partially Awdlecorated sawtooth
facets stabilize the growth irhe <111> directiofi84]. In order b confirm or exclude the presence of
Au on Ge nanowire sidewalls, the nanowingsre analysedoy spatiallyresolved Auger electron
spectroscopy. The spectra taken on the nanowire sidewalls clearly indicage ptiesence of
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asignificant amount of Au on nanowires grown undlee high vacuum conditiong~(g.4a) and, in
contrast, the absence of Aon sidewalls of <l11loriented nanowires grown at low temperate
with atomic hydrogen Kig.4b). Sight differences between the two types o211} sidewalls of the
<111> nanowiretiave beendetected,being indicative of a tracenaount of gold present on certain
facets, but the signal was too weak to be conclusive

385 °C 405 °C - 440 °ChN
" Y

‘ v

\

Fig.5: Morphology and growth direction change of Ge NWs grown with atomic hydrogen at higher temperatures. The

samples were grown under the saengrowth conditions (p,=H i 1Pa except the temperature, which is indicated in

the figure. The nanowires grown at the lowest temperature of the available growth window exhibit relatively smooth

{211} sidewalls with subdaceting as indicated irFig.4b. With increasing growth temperature the faceting of nanowire

sidewalls gets more significant, as {11a@kiented larger facets are often observed. Also, catalyst droplet losses become

more frequent. At temperatures higher than 436/ (G KS yly2¢6ANBa OKFy3aS (G(KS INRsGK R
presence of atomic hydrogen in the chamber environment. Scale bars 200 nm. Publ[3fgd

Growth in the presence of other molecular species

Experiments with oter gases (molecular hydrogen,, G\r and Ckj introduced into the chamber
during growth have been performed as well. However, no effect of changing the nanowire growth
direction or morphologywith respect to the growth under vacuum conditions has been olesk
Hence this effect seems to be related specifically to atomic hydrogen.

TEM characterization of <110> and <111> Ge nanowires

According to the results presentedbove the sidewallsof nanowires grown in high vacuuare

covered with ahin layer of gadl. Indeed, Au clusters wermgbservedusing TEM imagin¢areas of

different contrast and crystal structure on the nanowire surface, not shown hér& | 1 Q& Y 2 NB
asinglecrystalline nature of Ge nanowire wasconfirmed for both <110> and <111> nanowires

(grown in high vacuum and with atomic hydrogen, respectivelgge the TEM analysis fig.6. The

growth direction of the nanowires and the sidewall crystallographic orientagipreviously inferred

from SEM analysiswere confimed bythe TEMcharacterizatioras well.
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Fig.6: TEM analysis of (a) <110> and (b) <111> nanowires grown in high vacuum and with atomic hydrogen, respectively.
The latticeplane resolved images (scale barsi) allow verifying the growth directions of both types of nanowires as
determined by SEM. Additionally, selective area diffraction patterns (SAED) taken with the electron beam perpendicular
to the nanowire sidewall confirm the sidewall crystallographic orientation, being {11d3 <110>oriented nanowires and

{112} for <111>oriented ones (the sidewall configuration is marked schematically in orange; the sidewall perpendicular
to the electron beam is outlined with the solid line). The scale bars in overview images (alwaysfgpare 200 nm and

100 nm in (a) and (b), respectivel$.9 a A Y'I 3 A y Piblishedt in Suppdring Mfprehation of77].

Discussior& Summary

The results presented so far implicate thatafidmic hydrogen prevents golidlom diffusing out of
the catalystalong the sidewalls and (ijold promotes the formation of {114griented sidewall

facets. The presence of hydrogen adsorbed on geromamianowire sidewallsupto 330/ Ay OF a$§

nanowires grown from hydride precursohas beenalreadyconfirmed by Sivaram et dl74] Here,
atomic hydrogenis generatedmore efficiently by thermal cr&ing of molecular hydrogen on
aheated filament at high partial pressures.{g 210° Pg), which results in a very high adsorption
rate rys (dependent on the incoming flux). The nanowire sidewalls are thus flooded with atomic
hydrogen which allows to efficiently replenish adsorbed hydrogen despite the high desorption rates
at enhancel temperatures used ithe growth experiments. The surface diffusion of gold atoms is
critically dependent orthe adsorbates[85]; it has been shan by Gamalski et g75] that by-
productsof digemane decomposition passivate the surface during growth and inhibit diffusion of Au
on nanowire sidewalls.

The effect of gold on germanium faceting is demonstrate@in7. As the surface energies of bare
Ge facets of different rgstallographic orientations are similar, the equilibrium crystal shapes are
complex, exposing magndifferent facets[86]. A stressfree homoepitaxy of Ge on Ge(111) and
Ge(110) surfaces results in germanium island shapesgtraesembling those obtained ugjrthe
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Wulff construction Eig.7a,c). Experimental studies of flat Ge surfaces suggest thainidex planes

are stabilized after exposure to atomic hydrogBrdzS (i 2H recon$trmction[87¢89]. Thusfor
nanowire growthat low temperaturesthe sidewalls are Adree; probably passivad with atomic
hydrogen[74]. Nanowires hen exhibit nearly cylindricgd2] or hexagonal cross sections Hwe
growth is not constraiad by any preferential sidewatirientation. The presence of Au on the
sidewalls under conditions promoting Au diffusion (e.g. high vacuum or high temperature)
dramatically changes the surface free energies indawd {111} faets Fig.7b,d).

bare Ge surface
[a)

Au covered surface

W (111)
Il (100)

rc)- (311)

. d)
Fig.7: Homoepitaxial growth of Ge on bare (6@0/ 0 | y¥d&erétlZ4D0R/ 0 DSommn0O o6 260 FyR DSowmm
high vacuum. In (a) and (c) equilibrium crystal shapes are depi¢tdter Stekolnikov et al[86]). The SEM images in (b,d)

FNB GAfGSR 0@ pHcT 06 FvEWDAI the dRalefbgisiae260 nih,yexceépdirX (B) {500- nk)s Pukilighkd
[77].

— Ge(111)

To conclde, the results presented and discussiadthis sectionshow that the synergic effect of
adsorbedatomichydrogen andAu catalysspreading is critical for determining the nanowire sidewall
orientation and, consequently, the growth directiand morphologyof Ge nanowiresFor more
details,see thepublishedresults[77].

2.3 Dopant-containing catalystsfor Ge nanowiregrowth

Growth of germanium nanowires from Au catalyst dropldby means of evaporations well
documented in the l&rature (see the review in sectior2.1) and has also been successfully
performed by our research groud1¢13; 90] Besides, some of its aspects were investigated and
presented within the previous sectiah2. The novel finding is that the combined effect of atomic
hydrogen adsorption and gold odiffusion from the catalyst particle radically changes the nanowire
morphology and growth direction. The surface chemistry of the substrate and the nanawines
one example of the wide range of parameters controlling nanowire growth in general. Another key
aspect is the chemical composition of the catalyst particle itsal it governs a plethora of physical
guantities important in the nanowire growth sh as the chemical potentialgetting angle on the
nanowire materialsemiconductor solubility in the catalyst, eutectic composition and temperature,
diffusion and overall kinetics of the process and many others).

In contrastto gold Ge nanowire growthfrom pure grouplll catalysts has been reported to be
difficult due to their low surfacéensionand the cecalled NebdRin criterion[76]:

For the VLS growth of semiconductor nanowires to be statily, a limited range ofljidzA R R N2 LJX S
contact anglee« is thermodynamically plausible, depending on the ratig wherel  is the surface
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energy of the soligvapour interface an@l is the surface energy of the liquid droplétee the
schematics irfFig.8a,b). Fornanowiregrowth, the stability region is defined as folloWs5]:

e (2.1)

The angle is depicted inFig.8b ¢ it is the angle between the conical nanowire surface and the
growth axis; for constaatadius nanowires 1t For illustration, theinequality (2.1) is plotted in
Fig.8c for silicon nanowires growing from A8iliquid droplet(non-tapered nanowiresee curve 1)

[76]. In regions | and lll, the inequality is not met and whisker growth is unlikely. Instead, the reverse
process takes placesilioon etching and vaporizatiomggion | andll, respectively). Region Il delimits

the stable growth conditiondn contrast to gold, for the lovgurfacetension materials (such as Ga,

Al, In, Sn) it is much more difficult to satisfy the inequali/1) due to their lower . Then, the
range of energetically favourable contact angles is narrow or diminishes completely. For conical
nanowires though, the range of contact angles suitable for growth is broader, see curizgBm It

is for this reason thashort conicalcrystalsare often observed, not followed, however, bystable
nanowire growth stag§76]. In short, stable nanowire growth occurs for the catalyst droplets of high
values of surfacenergy
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Fig.8: Geometry of the nanowire growtha) constantNJ RA dza Y I=§);2bfiAl NBS NBSIR Y +O). 2)BIGtNGE 6 ¢
':Tmm “':li :; against the contact angle of the melt droplet atopheé nanowire: (102 y & (i | y (i =0)J(Ftdpdmdd 0 1
Yy Iy 2 ¢ »DB)BShatled areas I, Il are regions of whisker etching and vaporization, respectively, by the SLV mechanism;
region Il allows steadystate nanowire growth by the VLS mechanism. Adoptedrfr¢/6].

A possible way to overcome this limitatito modify the surface energy of the solid nanowire (as
schematically depicted already kig.2). Interestingly, Yu et aJ51] presented successful growth of
Sncatalysed Si nanowires, despitbe low surface tension of tin. Their analysis revealed the
existence of an ultrathin sidewapreading catalyst layer that helps to stabilize the catalyst droplet
atop the nanowireduring growth by modifying the effectiye value.

Alsg Sinanowire growth from Al or lgSn catalystand Ge nanowire growth from Sn or Ga catalysts
wered dzOOS&aa¥tdz £ @ RSY2y anassivelinSdRporatignPof catély@atomaintoYite NS =
nanowires was recorded9; 10; 71; 72] The question of catalysatom incorporation into the
nanowires during growth has been already raised in the review se2tibrProspective benefits are
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clear¢ the process of catalyst incorporation could be utilized for nanowire doping, even beyond the
equilibrium solubility limits.

Further, other studies shoad that sharp axial hetergunctions are obtained when mawires are
grown from alloyed catalysts containing grelip element. Sharp &be interfaces were reported
when grown from AgGa catalysf63] or AucAl catalys{68] due to lower reservoir effect.

Therefore,the possibility of Ge nanowire growth from grodipcontaining catalystss studied in this
section; witha special focus on potential dopant incorporatiofs a first step, thaesults of the
preparation of novelcatalysts for nanowire growtrare summarized. Then, the results of the
nanowire growthare presented¢ concentrating on the morphology of the resulting structures and
the analysis of possible dopant incorporatidiirst, alloyed AgGa mixture is studied ascatalyst for
Ge nanowire gywth. Further, pure gallium, pure aluminium and ggitium mixture are
investigated.

Alloyed Aw;Ga catalyst

Gallium has very low surface tensioompared to gold28; 37; 53; 54] Therefore, pure Geatalyst
droplet is unstable on nanowire top and onlyptane growth of Ge structures is obseryeste our
resultsbelow (Fig.15). By alloying gallium with other etals¢ such as gold, for which thetableout-
of-plane NW growthhas been shown aboweit should be possible to stabilize the droplet and thus
facilitate the outof-plane growth.The drawback of using alloyed catalisin generalmuch higher
complexity in terms of material chemistry. Instead of using a simple pheaggadn (mixture of
supply material and the catalyst, &Be for example), a tertiary phase diagram shall be considered
(AucGa;Ge in this case). Such diagrams are more difficult to calcolatietermine experimentally
and they are rarely published.

Still, sable nanowire growth from alloyed AgGa catalyst shall be of high interest, considering
possible Ga incorporationluring growth leading tonanowire doping Two approaches will be
described below: (i) Preparation of alloyed¢@a catalyst on a plaiGe substrate, followed by Ge
deposition; (ii) 6rmation of Ge nanowire stem grown with pure Au catalyst, followed by deposition
of asmall amount of galliunduring the growth procesghus forming mixed AqGa catalyst on top of

an existing nanowireThe Ge depsition and nanowire growtlthen continue (given that the catalyst
remains stable).

The SEM micrographs ohucGa catalyst ofvariousrelative compositios prepared on a plain Ge
wafer areshown inFig.9, taken exsitu at room temperature Gold nanoparticles from colloidal
solution (40 nm dimeter) were dropcasted onto G€111)oriented wafer.It wasthen loaded into
aUHV chamber, where Ga was evaporated onto the heatmuple Its deposition rate was 0.17
monolayes per minute (MImin); sample temperaturewas 475c / being above the eutectic
temperature of AgGa, which is 448 / AucGa alloyed droplets weréormed on the surface; no
pure-Ga droplets are observed underetse conditions. As seén Fig.9, Au/Ga ratio is controlled by
Ga deposition timeAfter cooling down for essitu imaging at room temperature, the alloyed mixture
has separated again into Au core and Ga shell, clearly sete BE contrast. Different size of Au
core is dueo clustering of original Au nanoparticles.
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Fig.9: SEM images odlloyed Auw;Ga catalyst upon cooling down to room temperature. The images were takessigx
using the SE contrastThe size and compdsdn of the catalyst particlesare controlled by the amount of deposited
gallium (inscribed in the images).

Keep in mind that the AqGa particles gradually incorporate germanium from the substrate as well,
which might change the physical properties of the alloyed catalysir more msight into this
catalystsubstrate interactiorand material uptakgbeingimportant especially during the initial stage

of nanowire growth, readnother paper of our research grodf0].) In order toprove that the Ag

Ga parttles trulydo alloy, a reatime in-situ SEM study was pglermed for such AgGa catalysts, see

Fig. 10. Each row of images shows a different area on the sample. The sample temperature is
indicated for each column. The SE contrdmives the bright Au core ringed with galliuindeed, the
temperature series showhe gradual alloying of catalyst particles.

355°C 415 °C 435 °C 455 °C 460 °C 465 °C

Fig.10: Realtime in-situ SEM observation of AqGaalloying of catalyst particles. The annealing temperae is indicated
for each column. Each row represenésdifferent area on the sample. Red arrows indicate when the droplets become
fully alloyed. Some of the droplets remain noalloyed. The eutectic temperature of AgGa system isi n [93]./

Having demonstrated the preparation of suitable¢®a alloyed catalyst particles, the next step is Ge
deposition onto the sample. In order to reveal the effect of catalyst composition (i.e. Ga amount in
the alloyed catalyst) on nanowire gmth, different amount of gallium was deposited onto the
samples with Au particles prior to Ge evaporatigrsee the resulting morphologies in the SEM
micrographs inFig. 11. The optimal sample temperature for Ge nanowire growthnfrpure Au
catalyst is 41% /Fig.11a), it was applied to all sampleshown The amount of deposited Ge is the
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same as well. The only variable parameter was the amount of Ga depqse=ithe value inscribed
in Fig.11b-d. The increasing amount of galliugralbeit of submonolayer coverage leads to catalyst
instability and formation of truncated faceted Ge pyramids instead ofaftlane nanowires. Note
that for 0.085ML and 0.1ML coveraggFig.11b,c) some nanowires are still formed, but they are
shorter and much less frequent than for pure Au catalyst (see the insets).

Fig. 11: Growth of Ge structures from alloyed AiGa catalyst of various composiin. Au¢Ga catalyst particles were

prepared prior to Ge deposition their composition is governed by the amount of gallium deposité¢idscribed in the

images. The smple temperature during Ge evaporation was 45/ The images were taken for sample titesié npc T G KS
insets(scale bars 500m) show the topview.

The occurrence of Ge nanowires even for z@no Ga coverage is a sign of possible stable growth

from Au;Ga catalyst. Therefore, the effect of sample temperature during nanowire growth was
studied seeFig.12. First, the alloyed catalyst was formed at 4Y3 o6& RSL}R2aAiAdAizy 27F
gallium. After cooling down to growth temperature and its stabilization, Ge deposition was
performed. Whereas the growth at 415/ & kuBcat®dGe flyramidsF{g.12a), decreasing the

growth temperatureto 40& / 2 NJ $BOSWEBayz Ga Ay ail Rgldhc)Ddtey | v 2 6 A
that the temperature of 382 / A a Y dzOK f 2 éwBnNibr th& groivth drdenSpure Adi A
catalyst(being 415 /. laother words, even sumonolayer Ga coverage decreases the temperature

needed for Ge nanowire growth.

WC

Fig. 12 Morphology of Ge structures grown from alloyed AGa catalyst at various sample temperatures. AGa
catalyst particles were prepared prior to Ge deposition in an identical way; only the sample temperature during Ge
deposition varied.The images show the top view; the insets (scale bars BA9 are tilted by45c @

The catalyst stability might differ at the beginning of nanowire growth (i.e. dutiegformation of
nanowire base) and during nanowire growth (when the droplet is pinndd tme growth facets).
The latter situation will be studied hereafter. First, a @mowire stem was grown frora pure Au
catalyst. Then, a small amount of galliuwas co-deposited insitu during nanowire growth,
i.e.without stopping Ge evaporation. Theonly the Gedepositioncontinued. Therefore, the catalyst
composition and surfacehemistry are changed in the middle of the nanowire growth, which may or
may not continue. IrFig.13, see the results fovarious amount ofa deposited in the middle of Ge
deposition. The growth temperature was 415/ T 2 Nples. £dr thed liglfest Ga coverage
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(0.085ML), the catalyst becomes unstable, which results in losing the catalyst from the NW top and
subsequent 3Dover-growth of the nanowirewith Ge material see Fig. 13c. Interestingly, for

0.014 ML Ga coverage, some nanowires lose the catalyst as a result of its instability, whereas other
nanowires change their diameter and continue growing in the original direction, Fgel3b.
Interestingly no kinks were observedThe diameter change observed for multiple nanowires
indicates the moment when Ga was added into the catalyghat is important, stable nanowire
growth continued.

a) no Ga b) 0.014 ML Ga Cc) 0.085 ML Ga

Fig.13: Growth of Ge nanowires from AgGa catalyst formed during thgrowth. SEM images with SE contrast (top row)
and BSE contrast (bottom row)he alloyed catalyst was formed by depositing gallium onto the sample with pure Au
catalysts on top of previously grown Ge nanowires. The series shows the effect of depositiaiffefent amount of
gallium. The areas of interest are highlighted by orange arrows.

Further, the presence of gallium in the catalyst was confirmed by two independent methddger
electron spectroscopy (not shown here) aTEMEDS analysis, sed-ig. 14. For this analysis,
ananowire with a slight diameter change frofig. 13b was selected. The TEM BF and HAADF
contrast images are shown Fig.14a,b respectively. Clearly, noystal defects are present, despite
the diameter change. Further, the EDS analysis was performed with the following resultsigsee
14c): (i)t confirms high content of Ga in the catalyst particle (up to 4 at.%), althoulyhOd¥14 ML

of Ga was depositedji) the composition remains the same throughout the nanowire body, i.e. no
compositional change is observafter Au;Ga catalyst formation(iii) gallium incorporation from the
catalyst into the nanowire was not proved. (Traue of 0.2 at.% is below the detection limit.)

a) BF b) HAADF c)EEDS analysis

A

Au

o Ga: 4.0%
Au: 93.2 %
Ge: 2.8%

0.2%
0.9 %
Ge: 98.9%

L—120nm

Fig.14: a,b) TEM images (BF and HAADF contrestpectively) of a Ge nanowire, for which an alloyed &&a catalyst
was formed in the middle of the growth (note the corresponding gt change in diameter, indicated bthe orange
arrow). A wire from the sample shown iRig.13b was used. cpTEMEDS analysi®f this wire. The neasured composition
of catalyst droplet and nanowire bodjs inscribed TEM imagingand EDS analysis Y ® . dz]l @A 02 @t o
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Pure Ga

Gallium catalyst particles were prepared on a plain Ge wafer by evaporation in UHV conditions
(sample temperature 366C, Ga deposition rate 0.ML/min, deposition time 668, chamber

LINB a & dZNF§. Undemnvittiese conditions, the @ayst particles of diameter 8120nm were
formed, seeFig.15a. Then, germanium was deposited at sample temperaturec3&d 415¢c / £ a4 SS
Fig. 15b,c respectively.The @rmanium deposition rate was 21 Y*A Meither sampleyielded
nanowire formation possiblyfor two reasons: (iBased on the observation of a thick 2D germanium
layer in between the catalysts, the diffusion length of Ge on théiemdecreases after Ga deposition.
Therefore the Ge supply towards the catalyst particles is not sufficient, [Sgel5b. (i) Having
increased the sample temperature to 485/ = G KS RA F T dza A 2efise@ BnddD heset dzLILI &
conditions however, the pure Ga catalyst is not stable atop the growing Ge structures, dhe to

low surfacetensionof galliumg see the reasoning in the introduction to secti@r8. Therdore, only
irregular 3D Ge faceted crystallitese formed; with Ga catalyst unable to pin onto certain faaets
seeFig.15c. ThereforeGenanowires were not grown from pur@a catalyst due tthe combination

of low Ge diffusiorand low Ga catalyst stability.

a) Ga catalyst b) Ge deposition 370°C c) Ge deposition 415°C

top-view (0°)

tilted-view (50°)

Fig.15: a) Pure Ga catalyst droplets formed on Ge(111) wafer. b,c) SEM images of Ge structures grown from presented
catalysts at sample temperature 370 / I yoR/ S mpB & LISOG A St & o

Pure Al

Preparaton of Ge nanowires from Albntaining catalyst shall be intriguing for the same reasons as
for the gallium catalystg namelyfor the possibility of Al incorporation into the nanowire during
growth. Indeed, massiveatalystatom incorporation has been obsesd for Si nanowires grown by
CVDmethod from Al catalyst[9]. Further, Ke et akeported [50] that for CVIgrown Si nanowires
preparedfrom Al catalysthydrogen termination of the sidewalls irgases the surface diffusion of
aluminium seeFig.16. This is exactly the opposite behaviour than for our Ge/Au material system in
the hydrogen atmosphere, presented in detail in sectib® These twoaspects are the motivation

for studying the aluminium catalyst for Ge nanowire growithin our experimental setup
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A) 38 Torr 100 Torr 600 Torr

Fig.16: A)Top row: Crossectional SEM images of -8hatalysed Si nanowire tips grown in,H\, mix at various total
pressure Bottom row: Nanowire tipsgrownin H, at corresponding total pressureAll scale bars are 100 nm. B) Growth

in hydrogen leads to extensive-krmination on the silicon sidewalls. This leads to significant aluminium diffusion (black
dots) abng the hydrogerterminated nanowire sidewalls (1), and reduced thin film deposition (from yellow silane atoms)
due to the increase in activation energy requirdd). (b)Growth in NY/H, mix leads to reduced Hermination.
Subsequently thin film depositioris increased, because of the lower energy required (BJuminium diffusion is also
inhibited due to the increased surface energy of sidewalls. @lopted from[50].

The aluminium catalyst particles on Ge wafer were prepaiedlarly topure-Ga catalystg i.e. by
evaporation in UHV conditions. Based on the sample temperature, deposition rate and deposition
time, the catalyst particles of various diameters were prepared Fgd.7.

a) b) C)
5¥5°C, 2.5 A/min, .5 min | 515°C, 2.5 A/min, 3 mjn | 550°C, 1.2 A/min, 3 min
S PRI

Fig.17: SEM images of pure Al catalyst particles formed on Ge(111) wafer at various experimental conditions, controlling
their size. Sample temperature during Al deposition, deposition rate and length of deposition are inscribed in each
image.

Fa subsequent Ge deposition, catalyst preparation fréig.17b was chosenAgain, various Ge
deposition parameters combinations were set astddied ¢ see the inscriptions iifrig. 18 (sample
temperature, Ge deposition rate, Ge deposition duratidipne of theexperimental conditionsed

to nanowire growth thouglg see theSEM imagem Fig.18. The nanowire growth inhibitors are the
same as describefbr pure Ga catalystsfhe formation of 2D layer between the Al catalyst particles
indicates inhibited Ge diffusion on Ge wafer due to aluminium preseftoe diffusiodimited area of
material supply is confirmed by the dips around the Ge crystalliteservhe diffusion is promoted
(by higher sample temperature or lower Ge deposition rate), faceted Ge pyramids with Al catalyst on
top are formed. However, no nanowire growth was observed.
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535°C, 2.0 A/min, 30 w 515°C, 2.0 A4min, 90 min | 515°C, 0.8 A/min, 90 min 1515°C, 0.8'A/min, 180 min

Fig.18: SEM images of Ge structures growmifn pure Al catalystat various experimental conditions. The catalyst was
formed by a procedure shown iifrig.17b. Then, germanium was deposited. Sample temperature during Ge deposition,
Ge deposition rate and length of depositicare inscribed in each image.

Alloyed AgIn

Lastly, alloyed Aqln material was studied as a catalyst for Ge nanowire gro@imilarly to AgGa
catalyst study presented above, two distinct approaches were use@e(anowire stem catalysed
by pure Au wagirown first; then a small amount of indium was-@eposited to form alloyed Auin
catalyst on top ofan existing nanowire. Then, Ge deposition and growth continuedPi@paration
of alloyed Augln catalyst on a plain Ge substrate, followed by Ge dejposit

(i) The Ge nanowire stem grown with pure Au catalyst on Ge(111) wafer is shdug lifa (mind

the BSE contrast, highlightinthe catalyst material). The growth was performed at sample
temperature 41c / YR  OK I YroiSingh. [isRendsiz2sB reference sample. The other
sample was prepared in the same way at first. However, after growing the Ge nanowire stem, indium
was caedeposited in the middle of the growth procedure, while Ge supply continued. The equivalent
film thickness of deposited indium was 0.45 mitypical resulting structure is shownhing.19b. As
clearly seen from the SEM micrographs, indium deposition in the middle of the growth leads to
catalyst instability. The nanowiredes the catalyst from its top and no longer continues to grow.
Instead, a 3D pedestal starts to growtla¢ nanowire base. To conclude, adding indiunatstable Au
catalyst leads to catalyst instability atop the nanowire. This prevents the nanowire frdiref
stable growth from alloyed Ayin catalyst.

=) SE BSE b) K= BSE
E

100 nm 100 nm
1| EE—

Fig.19: a) Ge nanowires grown from pure Au catalyst on Ge(111) wafer. b) Unsuccessful growth of Ge nanowires from
alloyed AwIn catalyst. First, Ge nanowire stem was grown from pulu (similar to Figre a). Without interrupting Ge
deposition, 0.45 nm of indium was edeposited to forman alloyed Awgln catalyst. The catalyst became unstable and
moved away fromthe nanowire top, which leadto 3D growth of Ge athe nanowire base.
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(i) The second approach is to form alloyed;kucatalyst first (on a plain Ge wafer) and only then to
start Ge evaporation, potentially leading to nanowire formation. The catalysts were formed by drop
casting of Au nanoparticles (40 nm diameter) fronlaidal solution onto the Ge wafer, followed by
indium deposition onto the heated sampie UHVconditions The catalyst composition is governed
by the amount of deposited indiunT.o illustrate this process, see tis=M images of theatalysts in

Fig. 20a. After cooling down for esitu imaging at room temperature, the alloyed mixture has
separated into Au core and In shell. Different size of Au core is due to clgstefriariginal Au
nanoparticles.

The growth of Ge structures frothe alloyed catalyst on (11:briented Ge wafer is illustrated ig.

20b. The catalyst was formed by deposition of O of indium at sample temperatu400c / = (K S
growth was performed a880c / @ b2 VY I y 2 ¢ A NEha samfeNdBncated Gevpgramidg y
were grown from the catalysts, which remained on top of these structures. Also, a 2D Ge layer is
observed in between the catalysstindicating low Ge diffusion on the wafer. Therefore, the Ge supply
towards the catalyst isnhibited and nanowire growtlis not achievedA number of other growth
experiments with different combinations of sample temperature and indium amount were
performed with similar results; none of them led to nanowire growth.

Interestingly, the growth fronthe same Agln catalyst performed on (11@riented Ge wafer leads
to the formation of inplane Ge nanowires, sdeig.20c. The bimetallic catalyst remains stable, see
the BSEeontrast image. The sample temperature during growéis 395c ¥ OK | Yo SNJ PINB & & dzN

Pa

b)Ge(111) wafer <) Ge(110) wafer

Fig.20: a) SEM topview images of bimetallic AuIn catalyst formed on Ge(111) wafer. The images were taken after

cooling down to room temperature, hence the material separation. b) SEM images oft(aetares grown from alloyed

Aucin catalystformed on Ge(111) wafer. Top:to@A S¢> o020GG2YY GAftGSR @GASé opnc G2 ad
grown from alloyed Agln catalystformed on Ge(110) wafer. The alloyed catalyst remains stable throughout thengh.
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3 Preparation of doped ZnO nanowires

Zinc oxide is a dirediandgap semiconductor material attracting lolagting attention both in
scientific research and industry. Its wide bandgap (8\3@t room temperaturg94]) caresponds to
the UV region Wavelength of368nm). It belongs to a class dfansparent conductive oxides.
Furthermore, it can be dopedvith grouplll metalsto very high doping levelsThe electron
concentration ofsuch highly-doped ntype ZnO may reachputo 10" cm?® [4; 94¢96]. Due to its
electronic properties,zinc oxide is fa attractive material for applications in electronid89],
piezoelectronicg[94] and optoelectronics(e.g. UV detectors]97]. Moreover, hghly-doped ZnO
nanowires represent a promising material system for-&#@osing applications, as their plasmon
resonance frequency may be tuned with dopant concentratitmwn to the nearinfrared region
[98]. The plasmon resonance frequencythie nearIR to midiRregionis needed to detect molecular
fingerprints in the spectra.

This chapter is dedicatdd the characterization of the nominally undoped ZnO nanowires grown via
the aerosolassisted CVD methddACVDat atmospheric pressureand subsequently, to diffusional
doping of such nanowires with gallium. These nanowirestlaea characterized and gallium doping
levels are analysed.

Chapter3 consistsof several parts. A literature review is presented in sec8di) with emphasis on
ZnO electronic properties and correct interpretation of its Raman and XPS sgdwtrasults of the
AACVDmethod for the growth of ZnO nanowas arebriefly introduced in sectio8.2. Next, section
3.3 is focused onthe characterization ofthe ZnOnanowiresin their asgrown state and upon
annealing in different oxidative environmentsindly, diffusional doping of the ZnO nanowires with
gallium is addressed in secti@m.

All of the measurements, imaging and data analysis presented in se@ti®asd 3.4 were done by

the author, if not stated otherwise. The exceptions are the TEM imagingaEdVEDS acquisition,

EBL andc¢V curve measurements and PL detection. However, the data analyses from these
measurements were perforntealreadyby the author of the thesis himself.

3.1 Literature review

Structural properties

Zinc oxideevinces high radiation hardness aadow coefficient of thermal expansiorThis material

is non-toxic, biocompatibleand biodegradablg99]. C2 NJ S| A SNJ dzy RSNRE Gl yRAY I
very basic crystallographic terms used when discus&@n@® growth. Its wurtzite (WZ) crystal

structure is schematically depicted fiig.21a, with lattice constantsy L& T and® 08 T W

[100]. The WZ structure is composed mfo inter-penetrating hexagonal clogeacked (hcp) sub

lattices, each of which consists of one type of asofdn and O). These slditices are displaced

along he 11 Tt taxis by the amount dd. In the nordistorted hcp structure, thé) dratio is equal

to qj_c p® o cando equalsoj YA T ¥ T In most widebandgap(WBG)semiconductors
such as ZnO and Gatbwever,6 departs from theoj Pvalue [101]. For ZnQthe reported measured
parameters vary slightly in the following range® p® o @pb® 10 1@ YO S Pdgf102].
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ZnO is piezoelectric, based on the fact that its ciystiaicture is norcentrosymmetric. Further, ZnO
is also pyroelectric its WZ structure (contrary to zidgende) exhibits spontaneous polarization in
equilibrium (i.e. a nonzero dipole momedt per unit volume at zero strain) due to its polar
character [99; 101] (The direction of) is determined by the orientation ahe so-called unique
polar axis which for grouplll-nitrides and ZnO ithe &t 1 1©4xis) Although the unit cell of ZnO is
electricallyneutral, the planes of cationgZn)alternate with planes of anionfO)along the it 11 p
direction (also called direction) ¢ seeFig.21b. By convention, the vector going from the metallic
cation (empty circle irFig. 21b) and pointing toward the anion (filled circle) defines thert 1 p
direction, i.e. the positive sense of tlweaxis. A structure is said to be metal polar when its growth
directionis 1 11 TU Reciprocally, a structure (growing in douldgers) is said to be anion polar when
its growth direction isTt tpt. To get the plane designation straightt 1t Tt c-plane (it is polar),
p @m = a-plane(non-polar), ppt 1= m-plane(non-polar) ¢ seeFig.21b andthe 3D ské&h inFig.
21c. There areof coursemore lowindex planes, e.gp mp (polar; not common for ZnO) op @¢
(semipolar). Semipolar planes are defined a&XQ"Q@lanes with a nonzer®Q or'Gand nonzerax
Miller¢Bravaisndex[101].

a) b) {1100} = m-plane
(non-polar)
( /( 7( o o
\( Y \jf 4 r Y VTNT
‘ J\fu\fu‘ {0001} = c-plane
c F 1[0001] ,/i,/f:’/i? (polar)
R
F F N,O P, i e
¢ a —ﬁ Ga,Zn T e A i
\( Q( ' ’[0001] Y Kr T | _
gl 3 oClo- GG, 11071}

% (polar)

viewed along [1210]
plane in view: {1210} = a-plane (non-polar)

{0001} — {1122} — biB0)
A

[0001] \ 110001] [0001]

SRty \ —

[1120] \ ‘ /
e o {1700}

Fig.21: ZnO crystallographyAdapted from[101]. a) Ball and stick model of the wurite ZnO(or GaN)structure. Theay
and c are the lattice constantsy is the displacement of the ©and Znsublattice along the [0001jaxis. b) Ball and stick
model of wurtzite crystallographic planesOpen (filled)circlescorrespond to cations (anionsygspectively.c) Schematic
representation of selected lowndex planes in the WZ crystal.
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Note that there are two possible crystallographic notatiofishe crystal planes in hexagonal systems
are indexed using Miller indicethen the crystallographially equivalent planes have indicésat
appear dissimilar. To overcome this, the MitBravais indexing system is usé&gke the comparison
in Fig.22 or an instructive animation ifiL03].

=

. b
(110) a /Y
(1100) (01_0)

(0110)

X/(100)(10?0)

[ Miller Indices
|Mi|ler-Bravais Indices

Fig. 22: Indexing of hexagonal crystalg comparison of Miller indices and MilleBravais indices for a set of
crystallographically equivalent plane@ighlighted by red colour)Adopted from[103].

Electronic charateristics

Zinc oxide is aqVl semiconductor with a direend widebandgap in the neaVregion(3.37 eV at
room temperature;368 nn). Both spontaneous and stimulated emission has been demonsti@ted
lasing, blue and UV LE3Y; 104; 105]The bandgap engineering of ZnO is possible via alloying with
MgO or CdO (similar to Al or In effect in GgNeeFig.23. ZnO highly doped with aluminiu(AzZO)

or gallium(GZOjs used in eleconics aslectrodes(transparent conducting oxide applicatiorfSpb].
Degenerated ZnO semiconductor may be studied by APT, characterizing the dopant cly8&gring
Zinc oxide shows high electranobility, high thermal conductivity and high exciton binding energy
(60meV, being pmising for optoelectronics adbove room temperature)99]. Regarding electronic
and optoelectronic applications, ZnO is foreseen to sumbrsand outperform GaN once the
challenge of its stable and reliabletype doping is solved94]. The thing is that ZnO shows
asymmetric doping behaviour (frequent for WB&GIIVI semiconductorg95]) ¢ it is intrinsically n
type, extrinsic type doping is easy up to high levelgype doping proves difficult but possible.

CBM

0.1

1.2

VBM
MgO  ZnO Cdo

Fig.23: Schematics for ZnO bandgap engarang ¢ see the values foa bandgap of ZnO, MgO and Cd(n eV) Alloying
ZnO withMgOor CdO leads to bandgap wideniray narrowing, respectively Adopted from[94].

The origin othe intrinsic ntype behaviour of ZnO has been a lestgnding mysteryA common view
in the past was (@ anumberof current papers claim as well) that it is caused by Zn interstitials or
mainly byO vacancies acting as dondsee e.g[106]). However, the DFT calculations and ODEPR
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(optically detected electron paramagneticsanance) measurements have shown that point defects
(of any kind) are not likely to be responsible; O vacancy shall deepdonor and Zn interstitials
have high formation energy [94]. Janotti and VardeWalle (ibid.) point ou that previous
experimental reasoning was based iodirectevidence (like oxygen partial pressure during growth);
however, other simultaneous effects can occufor example a decrease of oxygen pressumgay
lead to Ovacancyformation or instead toeaser Hincorporation at Gsites. Uncontrolled impurity
incorporationduring growth or annealings suggested as a plausible caudethe intrinsic ntype
behaviour Particularly, hydrogen is suggested. It is inevitably presetitérmajority of growth and
processing environmentgindeed, both hydrothermalbgrown and mekgrown ZnO single crystals
are reported to contain at least 3.at.% of hydrogen, beingften the highestconcentration impurity
[107].) Hydrogen interstitial{H) are shallowdonors based on DFT calculations; howeteey are
highly mobile and diffuse easitytherefore they cannot explain higtemperature unintentional n
type doping On the other hand, substitutional hydrogen at O siteg) (Hbeing ashallowdonor as
well ¢ is much more stable than Hip to 500c / ® a 2 NBad @@lbilthe defrendence of
conductivity on oxygen partial pressure (wrongly attributed to O vacand@4) Note that
interestingly, there is a histaral precedent for such paradigm shift in doping understanding for GaN
(cited from[94]):

LG YlIe aGAtt GF1S az2ySsS GAYS F2NJ GKS O2YYdzyAaie
of GaN may be informative. Until ther®a1990s, the overwhelming consensus in the field was

that GaN exhibited unintentional-type conductivity due to nitrogen vacancies, and that p

type GaN would be extremely difficult or even impossible to achieve. Computational studies

then showed that fogen vacancies are higtnergy defects that are highly unlikely to occur

in ntype GaN. Instead,-type conductivity was attributed to unintentional impuritisgch as

oxygen. This view proved to be correct and within a years the perception of the I of

point defects completelghanged, and the focus was shifted to the importanceauitrolling

impurity incorporation. ZnO will likely follow thiisA & G 2 NA OF £ LINBOSRSy i ®¢

Elsewhere[95], Ellmerand Bikowskrediscoverd ¥ 2ttddkhowledge from the 1950s, which have
FI RS R , tha hydirégen was viewed asdonor of ZnO Experimentally, hydrogen has been
proved to bea shallow donor by sputtering in Aritatmosphere, with the benefits of resistivity
decrease, passivation afterface and bulk defects (leading to improvement of electrical and optical
properties), reducing depletion regions (especially at the grain boundaBé8).the intrinsic rtype
doping of ZnO is far from being completely understood with new papers gntgeeven in favour of

O vacancies again. Often, the experiments show different results than the calculations. For a richer
story, see als96;108;111]. Recently, also dondike complexes involving point defects and
unintentional impurities are suggesteas an explanatiog arguing foreither (i)nitrogen-containing
complexeq110; 112] or (i) V-,¢3H complexegformation of threeinterstitial hydrogen atoms and
azinc vacancy; bringing the attention back to hydnogest again)[113] acting as shallow donors
with low formation energies ¢ the latter being corroborated by cathodoluminescence
measurements, Raman spectroscopy and DFT calculations.

As mentioned earlierintentional n-type doping of ZnO is a routine process, details of which depend
on the particular growth method.This topic is widely covered both computationally and
experimentally (see e.g. the reviews[#%; 95). The most used dopants erluminium, gallium and
indium ¢ they are incorporated into Zn lattice sites (substitutional doping). ZnO doped with Al, Ga
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and In(or their combinationin the co-doping strategiesexhibits low resistivity and high carrier
concentration (up to 18 cm?®). At donor concentration above itcm?, the electrical activation of
the dopantsis often less than 1006, due to(i) the formation of dopantdefect complexes(ii) the
compensation of the electrons by acceptors, (@, and (iii) the formation of secodary phases, for
instance ALOs, Ga0; etc. Also, there is atrongdependenceon different deposition methods and
annealing condition$95]. High dopant concentrations (even above the equilibrium solubility limit)
are often eported[95; 114; 115]

The ZnO nanowires doping strategy to be applied in this thesis is similar to that descr[thé&@é]in
There, undoped ZnO nanorods were grown first. Thely tliere overdeposited with aluminium thin
film and subsequently annealeh high vacuum. At optimum conditions, the surface Al atoms
completely diffused into ZnO nanorods, resulting idéped ZnO nanorods. The thickness of Al thin
film deposited was € nm; the nanorods were annealed at 5BD0c / €&2hNUrsrundemigh
vacuum conditions (10° Pg. The Al concentration was reported to be estimated 3@t.% from

a STEMEDSspectroscopywith uniform Al distribution and no crystal damage.

Regarding fiype doping of ZnQO, it remains a challenging task with controversial reggltsharply
pointed out by Ellmeand Bikowskj95], experiments are ahead of theory in this field:

G¢K2dAK YIye 5C¢ O t Odzutefirieitgbie cdbdlugiondf@m theselzy R A Y
calculations cannot be drawn. It seems that the experimental situation (defect complexes, self
compensation, phase separation 8tés too complex to be described by the current (DFT)

theory. The longearcheefor theory of dopingoftk L a4 SYA O2y RdzOG2NAR Aa adAf

From the experimental point of view, most of the device applications requiribgp@ ZnO (LEDs,
LDs, photodiodes) have been realized byoNShdoped ZnO or ZnMgO, which proves the feasibility
of achieving ZnO-pype doping[110]. More and more, the dopant or dopagdefect complexes are
suggested as a theoretical explanation of successftypp doping. Also, cdoping is being
investigated with promising results (in ADAA or Al arrangement; A = acceptor, D = donor, | =
isovalent element)110].

Electrical tansport measurements

Plenty of transport measurements of ZnO nanostructures and nanowitas beenpublished. In

order to present a grsp of the experimemt layout and the overall characteristics, measurement
ranges, electrode materials etc., see 4l7; 118] the extract of which is shown irrig.24. Both

authors use TRu electrodes, which form Ohmic contacts with théype Indoped(a) and nominally
undoped(intrinsically rtype) (b) ZnO nanowiresn Fig.24a, a diameter dependence af\l curves is
aSSyd |1 26SOSNE G(GKS 108 WEONHA ONBNB & ¥ & (i MAARISLIS ¢ RS y il
dimensions[117]. The dameter of the nanowire irFig.24b is 62nm. Note the different scale for

doped and undoped nanowirefkegarding the electrode maitals for either Ohmic or Schiddy
contactsformation with differently doped ZnO, a comprehensive review is present¢tilif].
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Fig. 24: Electrical tansport measurementsof ZnO nanowires. andium-doped ntype ZnO nanowires with different
diameters, measured at room temperature in high vacuuifhe inset shows an SEM image. The distance of the metallic
leads is 26X Y& | R2 LI{I3R b)UMNBp¥d (intrinsically rype) ZhO nanowire. The diameter is 62m, the
effective gate length is 2.2 Y Mleasured at room temperature irthe air. The upper inset shows the In{cV, plot at
Vps=2 V; the lower inset isan SEM image of the FEAdopted from[118].

An important topic with respect to electronimeasurement interpretation is the ZnO surface
electron accumulation/depletion layer, interconnected with the surface chemistry (presence of
surfactants and adsorbates) and also surface ZnO polaritynghavcompensation effect); impacting

the conductivity measurements. A decrease of conductivity itype ZnO was observed for
measurement irthe oxygen atmosphere, whereas hydrogen caused conductivity increase. The effect
is opposite for gype ZnO. Alsayhen measured in humid air, the water film causes electrochemical
pinning of the Fermi levdlL01; 111; 113; 11@.23]. Note that this performance is highly promising

for sensing applications. It is important also for phoetection applications (UV detgon) [122].

The presence oh surface electron accumulation layer is suggested as one of the factors that
complicatethe measuremenbf p-type conductivity in Zn{®4].

Raman spectroscopy pure Zro

Due to a longstanding interest in zinc oxide materials iproperties arewell-characterizedand
describedin the literature. Thestructure of wurtzite ZnO belongs t class (Sdimflies notation)

and to0@ | Aspace group(HermanmgMauguin notation)[124; 125] ¢ KSNBF2NB |G m L2 A
Brillouin zone, there are six Ramaative optical phonon modes in the firgstder spectum,
classified as How), A(TO), HTO), Ehigh), A(LO) and ELO) at 99, 377or 374), 410, 437, 574 (or
581) and 583 cify respectively (different authors report slightly different values; th¢L®) and
E,(LO) modes are often considered togethel & mode at 578m™"). The Aand E modes represent

two polar branches, which split into LO and TO components with different frequencies, owing to
macroscopic electrostatic forces within the polar cry$i#l4]. The two Ebranches are no#polar ¢

while the lowfrequency mode Elow) is associatewith the Zn suHattice, the highfrequency mode
E(high) involves the oxygen stlhttice. Further, there is a doublghonon mode EhighXE(low)

at 333cm™. Interestingly, a Ramaime attributed to hydrogen interstitials in borcentre sites acting

as donors typically lies around 330 ¢nthus overlapping with the FhighXE(low) mode[126]. Next,

there is a weak secondrder 2E;(low) mode at 204&m" and several secondrder modes in the

NJ y 3 S 2F wmnBesides fandrE mOd€s are infraredactive. Note that there are also two

B, modes, which are both Raman and infrared silére. forbidden)[127¢130]. Milano et al. [131]
reports that B modes may be allowed by the breakdown of translational crystal symmetry due to the
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presence of defect¢so-called defectinduced forbidden modes of the original ZnO lattick)deed,
the B(low), 2-B,(low) and B(high) modes haveeen observed in Gdoped (and Atdoped) ZnO thin
filmsat 275(275), 504 (508and 620 (644) c, respectivelyj132].

For ZnO nanowires with theiraxis oriented perpendicular to the substrate surface (i.e. parallel to
the laser wave propagation direction, as will be the case of our samples),;{i©A HTO), and
E(LO) Raman modes aferbidden[129]. Still, the A(TO) and ETO) peaks will be discussed in the
following chapters, as they appe in the spectra of our samples, presumably due to imperfect
nanowire alignmenand the presence of lattice defedtseethe samplé& ®orphology insection3.2).

The frequency of the Jhigh) mode at 437 ciis strainsensitive, hence informative whether the
ZnO nanowires are free of strain or rj@29].

Raman spectroscopy doped ZnO

ZnO thinfilms and nanowires doped with various elements wtre subject of Raman spectroscopy
studies as well. Esbedo-Moralesand Pal reporthat incorporation of Ga has no strong effect on the
lattice parameters and crystallinity of ZnO nanostructures, whereas In and Sb doping introduce
considerable lattice distortiofil28]. Micro-Ramanmeasurements of ZnO thifilms doped with Fe,

Sh, Al and Ga and In showed additional modes at abort 271, 583 and 644 chm not specific to

any particular elemenfl27; 128; 13Q]Instead, host lattice dects induced by doping are suggested

as their origing their positions agree well with the above mentioned defewuced forbidden B
modes The partial loss of crystallinity of the ZnO nanostructures due to dopant incorporation is
verified by XRD measements (seq128] for indium, specifically). Further adainal modes at 531,

631 and 72&m"* seem specific for Sh, Ga, and Fe dopants, respectively. Li doped ZnO did not reveal
additional modeg130]. For Gaheavilydoped ZnO nanowires, the ZnO Raman peaks are reported to
get smaller and broader as Ga content increases, indicating the lattice disorder. Besides, additional
peaks emerge (at 691 chand the alreadymentioned onesJ133].

An exemplary study ofuneable doping of verticallystanding ZnO nanowires with aluminium is
presented in[129], including temperaturalependent Raman spectroscopy. The frequencies of the
ZnO Raman modes remaimchanged. Again, additional modes (AM) are observed upon nanowire
doping at 276, 509, 623, 643 and 856 Grthe 276 crit peak(labelled AM1peing the highest see
Fig.25for illustration.Bear in mind thati) these modes ar@ot aluminiumspecific and that they are
reported by other authors as wellead abovégand (ii) be positionsof these peaks correspond to the
defectinduced forbidden B modes of ZnO lattice, asalso mentioned earlier [132]. Another
FRRAGAZ2YIE Y2RS Kl &a 0SSy NBIIRNIThE&orehityovedafviith NI y 3 S
ZnO A(LO) mode, resulting in a single peak at 581" cifthe intensity ratio of this £LO)+AM peak
over E(high) mode issystematically larger for higher -4bping. In order to visualize the growing
intensity of the additional peaks with increased doping concentration, the Raman spectra were
normalized in intensity with respect to the(Righ) Raman line. This means that theensity ratio of
additional mode vs. ZnO,(Bigh) mode is increasing for higher dopant concentration (valid for all
observed additional modes). Furthermore, the intensity ratio of th@ol) over K high) modes
remains identical for different dopingVels. The intensity ratio of the;c K A 3(Kw) lov@r EKhigh)

mode is constant regardless the doping concentration. However, it increases with temperature
(reversibly). Temperaturdependent measurements (ibid.) indicate that the doping is thermally
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activated at a low threshold temperature of 260/ ® ¢ KS | RRAGA2Y Il f Y2RSa
after cooling down to room temperature.
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Fig.25: An illustration of Raman scattering spectra oftgpe dopedZnO nanowiresAdopted from [129]. Note that the

legend does not present the amount of Alin the nanowires directly; itonly shows its trend based on the growth
conditions(ratio of AI(NQ); over Zn(NQ), precursors.

XP&; Oxygen vacancies evaluatio®(1s peak)

Zinc oxide is known for a variety of native point defects (e.g. O and Zn vacancies, interstitials,
antisites etc.)the concentration of which is largely dependent on the growth metfib2R; 125] (In
generd, ZnO idifferentiated as hydrothermalkgrown or meltgrown.) Moreover,the concentration

of the point defects may baltered by postgrowth treatment Patently, these crystal defects may
alter the dopant incorporation into ZnO latti¢#34; 135]

Oxygen vacancies ¢Vare heavily discussed in the literature as a possible origtheointrinsic n

type doping of ZnO (prevailing reasoning being that they are too deep donors to provideiythe n
doping; still acting & effective compensation centres fortype doping, which proves extremely
challenging for ZnO). Leaving aside this dispute, it remains important to be able to characterize the
Vo concentration in the samples used, as it may influence the incorporatignoofp-lll dopants; and
viceversa, it may be increased by dopant incorporatid®9; 116] Also, oxygen vacancies are
reported to result from ZnO annealing in high vacuum. Reversely, their concentration decreases
uponannealing iran oxidative atmospherg9o4; 95; 136]

The amount of oxygen vacancies in ZnO can be monitored-lay ¥hotoelectron spectroscopy
(XPS)The QLs peak is composed of three compone(f87; 116; 132; 137; 138priginallydescribed
anddiscussed fom,O; materialin [98]), attributed to:

. Oxygen ions (& in the WZ structure of bulk ZnO crystal (Ibimding-energy peak)
Peak centre range: 528;530.9 eV
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f Oxygen ions (& in oxygerdeficient regions of ZnO lattice, i.e. in the vicinity of&@ancies
(intermediateenergy peak)
Peak centre range: 5316320 eV

f Oxygen ions (§ O, Q) (loosely) bound t&ZnO surface; in the form ofadsorbates and
contamination ¢OH,¢COOH¢CQ bonds, adsorbed ¥ or Q) and/or in the topmost layer
of ZnO(high-energy peak)
Peak centre range: 535331 eV

Thus, the s peak can be fitted with thred/oight profiles. Soecific energies of the peak
components differ papeto-paper (probably due to unequal XPS setup and calibration). Generally,
the spacing between lovenergy and intermediate peak centres0.6 to 11 eV; for intermediate and
high-energy peak itis8tol.o S+ ® etBI[132] assigrthe intermediate peak to oxygen linked

to dopant cations (Ga, Ahowever, it may also be explained lilile oxygen vacancies induced by this
doping[116]. Note that this peak is observed in undoped samples as well. é®aal. [115] report
aslight increase ofhe intermediate peak (assigned to oxygdaficient regions in the matrix) with
higher fluorine concentration in the-foped ZnO naowires¢ the oxygen atoms are substituted by
fluorine. For the sake of completeness, the Zn peaks do not show any dependency on V
concentration.

3.2 ZnOnanowires grown via aerosotassistedCVD

For the research describduereafter, ZnO nanowireprepared bya collaborating researcher Stella

Vallejoso LY a G A Gdzi2 RS aAi ONRageiuedThNSseftvrd.R repfesents arsNda St 2 y I U
adzYYFNE 2F GKS ylIy2gANBaQ 3INRogGIK YSGK2R FyR Y2
Vallejos et al(see[140; 141]for further details).The nanowiresvere grown via an aerosolssisted

CVD methodat atmospheric pressuréAACVIR This method leads to structured growth of metal

oxides without the need for catalyst seeds, i.e. tie vapoursolid (VS) mechanispand ¢ K I (i Q &

more, at relatively low temperaturecompared toother CVD methodsHere, nanowires growrat

400c / a3Biliton waferusing ZnGH ethanolsolution) are employed.

Quastaligned ranowires of two distinct morphologies can be grow called rods and needleis
further text, seeFig.26. Needlelike structures are grown wheahigher aerosol flux is applieBased

on publishedXRD and TEM examination, both types are singistalline withpreferentialgrowth in

the 1t 1t @irection As a remnant of the growth process, low chlorine contamination is present
(determined withEDS Cl:Zn = 0.05 &0).The lattice spacing determined by HRTEM is consistent with
the literature for ZnO and with thert 1t @lane identifed by XRDThe two morphologies exhibit
different aspect ratios and wetting properties (which might be important for sensing applications).
XPS measurement of I3 peak suggests that the surface of nedide structures is oxygen
deficient. Note that in Fig. 26c,f, the crystallographic notation using the Miller indices is applied.
When transformed into MillegBravais indiceéseesection3.1), the conversion is as followgp 1 7>

p AT, ppP>pPPCp, T P> Tt T TLPThus the nanowire sidewalls consist of Aoolar m
plane ZnO; the top facet is a polaplane. The 1t 1T gop facet of rodlike nanowires is @olar, as
determined via etching experimenfs42].
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Fig. 26: ZnO whiskers grown by the AACVD method, further used for the doping stu@norods (a,b,c) and nano
needles (d.e,f).a,d) SEM image showing sidéew of the sampleInset: topview. b,e) HRTEM image viewealong
direction. ¢f) Schematics of nanowire facets orientatiormage courtesyS. Vallejog140].

3.3 Characterization of asgrown and annealed nanowires

Basic characterization of the -gsown ZnO nanowires, as performed by I&jaks et al., has been
presented insection3.2above. However, further characterization of the nanowires is needed for the
purpose of this thesis. Therefore, additional characterization is presented in the folldesxhg
Namel/, TEM characterizatiolRaman spectroscomndelectrical transport measurements the as
grown nanowires and XPS characterization of nanowires annealgdrious environmens were
performed.

Please note that various samples from several growth batete® inspected within section3.3
and 3.4. As the growth conditions may slightly differ for individual batches, dhle Y LIJbagii Q
number will always be indicated whediscussing the result3he batchnumber assignment athe
studied samples is summarizedTiablel.

Tablel: Assignment othe batch number to individual ZnO samples.

Batch-1 samples used in sectioB.3 for TEM, transport and Raman measurements (exc
the black spectrum ifrig.32 and blue inFig.33)
Vorich and \4-poor samples used in sectiod.4.2 for AES,STEM EDS and F

measurements
Batch2 seeFig.40b
Batch3 samples used in:

- Fig.33 (Raman study of differeriatcheg
- section 3.4.1 for SEM (excepFig.40b and Fig.42c), Raman, XPS and HRT

analysis
Batd-5 seeFig.42c
Batch6 samples used in sectidh3for XPS analysis upon annealing
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TEM characterization

TEM characterization of agown ZnO nanowires grown via tHeACVD method has been already
presented in sectioB.2, seeFig.26 (earlier research of S. Vallejos et al.). In order to have a reference
for future measurements of doped nanowires and to confirm thgstal quality of the ZnO
nanowires currently used, an @gown nanowire froma rodlike samplehas been characterized
anew with TEM, seEig.27a,b.

The sample preparation is following: The nanowires grown on Si substrate wereatsonin

deionized water for 1.5 hours and then dropsted (Hroplets per2x f 0 2y (2 | {Ab YS
(200nm holey SiN support membrane). Prior to inserting into TEM, the membrane with nanowires

was plasmealeaned for Sminutes to avoid contamination dumg imaging (argoid5 %, oxyger25 %;

Fischione plasma cleaner Moddl20). Then, the samples were characterized using ThermoFisher

Titan Themis 6300 TEM.

I[0001]

N,O

e ~—

( \<( \ia Ga,Zn

Fig.27: Asgrown ZnO rodlike nanowire a) HRTEM image of the NW. In tiveset, an overview TEM image of the same

orientation is shown. Notice the intetayers in between the 0.53nm period. b) Diffraction pattern taken from the NW
shownina)ci KS 2NASYy Gl GA2y Aa LINBaSNIISR dandistiek nbédyodthe avilirtzite D6 0 Y Y @
structure. Thec is the lattice constant along the [00043xis. Similar to a), notice the intelayer of atoms in the middle.

Adopted from[101]. d) Atomic resolution Gsorrected ABFSTEM image of a ZnGunowire. Adopted from[101].

The TEM inspection of the nanowire confirms its high crystal quality, being a -sipglel
throughout the nanowireg see the HRTEM image kig.27a andmicrodiffractionin Fig.27b. The
measured value of lattice constawtalong the [0001] growth axis (0.58n) is in agreement with
published values (0.52m in[100; 110). For a correct interpretation of the&STEM measurements, it
is important to keep in mind the WZ crystal structure of ZnO, illustratddgr27c. Within the lattice
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constantc, there is another doubléayer of atoms. However, the Zn and O atoms in this iager

are oriented in a different way, which is nicely imagedrig.27d. Therefore, the period is really
0.52nm and not 0.26im (which is also confirmed by diffraction). This is important in order to avoid
confusion when interpreting HEEM and STEM images, where a clear signal from thelayeers is
present, but the orientation of the £© doublet cannot be distinguished. For example, see the-inter
layers inFig.27a andFig.26b,e (HREM) or the STEM imagekiig.27d.

Raman characterization

Keeping in mind the goal of the thesgi$o exhibit and characterize Ga doping of the ZnO nanowgjres
Raman spectroscopy is one of the possible characterization methobs tsed (see the literature
review in sectior8.1). Firstly, it is necessary to characterize thegesvn ZnO rods and needlésee
their morphology above ifig.26) in order to have aalid reference frame for Raman measurements
of doped nanowires. The instrument Witdtpha300R was used for Raman measurements; with
a532nm excitation laser of 1hW power. Grating 1806/mm was used. The acquisition time was
300s.

Raman data handlingrocedure was as follows:

1 The characterized samples consisted of nanowire ensemble still attached to the Si growth
substrate, i.e. quasiertically aligned. (No sonication nor Raman characterization of
individual nanowires was performed.)

1 Before each datacquisition, a linear scan indrection was performed. The focus was
adjusted to achieve the highest signal intensity.

1 Raman spectrum acquisition.

9 Spectrum calibration with respect to the Si peak (i.e. spectrum shift in the freqweas)y

1 For detailedspectra of individual Raman peaks, the background was fitted locally with
alinear function and subtracted.

1 When helpful, the spectra were normalized (for easier comparison of peak positionitshift,
full width at half maximung FWHM¢ and theratioof iS1 1 aQ Ay GSyaAidAiASao o

The first aim othe Raman study of the aforementioned nanowires is to establish reference spectra
of both rods and needles in the -gsown state (i.e. aseceived from S. Vallejos). In this initial stage,
two samples of ZnO rods (labEl rodsl and rods?) and a sample of ZnO needles were
characterized. All of them come from the same growth batch (which will prove to be impasant
sea inFig.33). Note that sometimes bothods and needlesoexist on the sample, presumably due

to slight varigions of the growth conditions.
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Fig.28: ZnO rodlike nanowires, sample labelled rods. a) SEM topriew image. b) Asneasured Raman survey spectra
taken at different positions (spbl to 3). Si growth substrate measurement is included (purple; signal intensity divided by
a factor of 10) c,d)Detailed Raman spectra &nO Elow) and E(high) peaksrespectively The legend is common for all
graphs.

As an example of the scope ofgale characterization, the results frothe rods1 sample are shown

in Fig.28. It presents the topriew SEM image of the sampleid.28a) and the survey Raman spectra
taken from various spots on the sampld=i§. 28b). Note that the background signal differs
significantly. Aeference measurement of a silicon wafer is included. Generally, several peaks are
visible, the most prominentarresponding to ZnO nanowires,(Bw) at 98cm™ and E(high) at 437
cm™) and Si growth substrate (300 ¢rand 520 crif). The peaks assignment is inscribed in the Figure
above the spectra, based ahe literature review summarized in sectio®il. Note the shoulder
(small peak) at around 583n™ corresponding to ZnO,4.0) mode it is present for the agrown
samples already. This peak is badly visible due to the overlap with the silicon fE2k ati*. Alsq

the ZnO Ehigh)Ex(low) mode at 333 crhis visible, but overlapping with another Si peak. Even after
subtracting the background, the height of Znéjldw) and K high) peaks is different for individual
positions on the same sample (s€&.28c,d, respectively)This might correspond ta different
volume of ZnO nanowires measured at various spots on the saffipteresults for the other rotike
sample fods-2) were analogougnot shown here)

37



B
k)
=
H
e~ o =
H 00D (¢)
= EEEs 2
b iy W' < uiud <
) o 0 0 Q0 o
(= - fe £ O o [T o,
N DN N NN BN 7] 7]
—— Si reference (/10)|

2000

\—_/"
1600 -
1200 —w

T T T T T T T
100 200 300 400 500 600 700 800
Raman shift (cm™)

intensity (counts)

) s d) A,(TO) E(T0) __ Ej(high)
4004 needles spot 1
—— needles spot 2
0 z
IS c
3 3
S 200 e
> > 200
‘@ ‘@
C =
@ 2
E E
0 04
T —T T T = T T T T
90 100 110 360 380 400 420 440 460
Raman shift (cm™) Raman shift (cm™)

Fig.29: ZnO needldike nanowires. a)SEM topview image. b)Asmeasured Raman survey spectra taken at different
positions. Si growth substrate measurement included (purple; signal intensity divided by a factor of 10)Defd)jled
Raman spectraZnO EK(low) and E(high) peaksrespectively The legend is common for all graphs.

The results obtained from the needli&e sample are shown ifig.29. Two different positions on the
sample were examined. Similar to Hikle amples, the background signal and the peak heights differ
spotto-spot. Contrary to rodike samplesa worse signato-noise ratio is observed and the Si peak
at 300 cnt' is more intense than ZnQ(®w) and Khigh) peaks.

Given that the ZnO,How) andEx(high) peaks height vary h@nly sampleto-samplebut also at
different positions on the same sample, one needs to find a quantity or invariant that stays constant
i) for different spots of the same sample andfa) different asgrown samples of the asne
morphology. Only then it is possible to compare those quantities between rods and needles (both in
the asgrown state) and to see the potential changes after the process of gallium doping.

Regarding the agrown samples, the ZnO,(lew) peak position ad FWHM stayconstant for all
places on both rodike samples as is clearly seenFig.30a showing normalized spectr@n the
contrary, the needlelike sampleexhibits larger E(low) FWHM (moreover different for various
positiong and ts position is slightly shiftedregarding ZnO,igh) peak, the findings are similar: For
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needles, the FWHNNhcreaseswith respect tothe rods and the peak position shifts slightly; $&g.
30b. The FWHM alues are presented iflable2. The ZnO ATO) peak appears to be similar for both
rods and needlegsee ibid.).

a) i Ey(low) b) i A,(TO) E,(TO) E,(high)
7 )

rods-1 spot 1
—— rods-1 spot 2
rods-1 spot 3
- — —rods-2 spot 1
- — —rods-2 spot 2
06 s needles spot 1
<<<<< needles spot 2

0.8 0.8

0.6

0.4

normalized intensity
normalized intensity

0.2 4

0.0 L¥ET

00 T T T T T
£l 100 110 360 380 400 420 440 460

Raman shift (cm™) Raman shift (cm™)

Fig.30: a,b) Normalized Raman spectra of Zngl&v) and E(high) peak, respctively. Each sample waseasured at
various positions.A drect comparison of peak width and peak height ratios is visiblEhe legend is common for both
graphs.

CdzNIKSNE fSGQa F20dza 2y O2YLI NAYy3I GKS BEWM { KSAI
over E(high), A(TO) over Ehigh) andg(TO) over Ehigh).The results are summarized Tiable2 for

both rods and needlesThe intervals are inclusive of all the measured values for different spots.

Baseal on the results, the Jow):E(high) ratiocan be used to distinguish the rdite and needldike

morphology of ZnO nanowires (>1 for rods, <1 for needles). The other peak ratios are compared
gualitatively looking aFig.30b and commented on withifTable2.

Table2Y / 2YLI NR&z2y 2F wlk YlFy YSlgohdaNBO Safiawie® of 2adike Quad YhBeidllelike 2 NJ | &
morphology.

Rods Needles Comments
AS-GROWN NANOWIRES
1 . seeFig.30a
E(low) FWHM 3.0cm 4.7t0 6.2 cri needlesg different for various positions

seeFig.30b

o -1 i
SN, (RO 25 G 15.8 to 18.6 crii needksc different for various positions

A(TO) peak similar FWHM and position  seeFig.30b
z&:gw)fg(h'gh) M®POT RN n ot dgp n ¢ >1 forrods, <1 for needles
. seeFig.30b
,rA;t(i':;O).E(hlgh) no®HcCcHAN n ®o n g n ¢ similar; high variance in measured values
possible invariant for the agrown samples
E&LO):E(h'gh) lower higher seeFig.30b
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To conclude this section: The rikle and needldike ZnO nanowire samples exhibit different Raman
spectra, regarding ZnOx(lbw) and Ehigh) peak positions and FWHM and also their ratio. This
impliesthe different quality of their crystabtructure (I hypothesise on surface defects dteethe
inclined sidewalls morphology of needlet)ereforethey shall be regarded individually when utilized
for further experimentsOn the other hand, the study of different rdike ZnO samples shows that
the results are equivalent and thus pose a doRaman reference for further doping studies.
Therefore, only rodike samples will be examined further.

The experimental procedure for diffusional gallium doping of the nanowédreslescribed in detail
below (see sectioB.4). The first step of the process is annealing of theyamvn nanowires either in
high-vacuum conditions or in 4@, atmosphere. Thereforgt is necessary to investigate whether and
how the Raman spectra change after such heat treatm&ht annealing condins were chosen
with respect to the results athe XPS study of differentlgnnealed samples shown belaypseeFig.
38 and the related discussion. Annealing in vacuum @) eads to oxygewacancyrich (Vo-rich) or
oxygenvacancydeficient (Vo-poor) samples, respectively. Further in secti@, the impact of
Ovacancies on gallium incorporation will be studied.

As a reference, previous measuremenfsodsl and rods2 samplesfrom Fig.30 are used. Also, to
checkthe repeatabilityof the measurementsiods-1 sample wa measured again at the same time as
the annealed samples. The time interval between the measurements was 5 wirksew
YSI &dzNB Y Sy {rods asdrdwn {Sif § SHRE310Thé repeatability is excellent regarding
ZnO K(low) and Ehigh) peaks. The peak ratidg(TO):E(high) and E(TO):E(high) have decreased
slighty over that period of time. Further, two other samples were prepai@ie annealed in high
gl OdzdzY 6 Yl EA Y dZYPalLandoa d dzNE2 N ionhe oWar dimieal8dil bLD, gas
(3kPa) at 53% / T 2 NJ o BachYohthodelis&ndplds was measuredvad positions. Fig. 31a
shows that the ZnO,fow) peak is not affected by either type of annealing; the peak position and
FWHM stay the same as for the-giown samples. The same appliesthe ZnO Ehigh) peaksee
Fig. 31b. The peak ratids(low):E(high) is also similar to agrown nanowiresfor both vacuum
annealed and pD,-annealed rods; see the values Tiable3. Also, Fig.31b shows the other peak
ratios: Ay(TO):&high) is the same for agrown ¢rods-1 lateré) and vacuurrannealed samples,
whereas there is decrease fothe H,O,-annealed sampleThe difference irg(TO):&high)ratio is

G22 avrftft (2 0SS 02y Of dzZaA@S®d | & dzY-Wdathent i2sfowd KS & S

in Table3.
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Fig.31: a,b) Normalized Raman spectra of Zngld&v) and E(high) peak, respectively. Repéability study (ods-1 vs.
rods-1 later, time interval 5 weeks) and comparison of the -gsown samples, vacuurannealed sample (400 / 0

H,0O,-annealed sample (536 ). The legend is common for botgraphs

To investigate the temperature effectpather sample was prepared ithe same way ashe H,O,-
annealed onewith an additional step offinal vacuumannealing at 53% /

breaking of vacuum. The results are depicte®im32 and Table3. Thenew sample(black spectra in
the Figure)shows the same FWHMI the ZnO Elow) and K high) peaksas the previous samples
with a slight shift of flow) peak. Also, peak ratig(low):E(high)stays similar to préous samples.
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However, a further decrease of(TO):EhighyNI G A2 A& 203&SNIPFRO)pdéak Dnpp nd

vanishes. Taking into accouhig.32b, one may conclude that thé&,(TO):E(high) ratio reduction is

atemperature-induced effect combined with an impact tife surrounding atmosphere: Annealing at
AY @ OdzdzY 33X DBSa -graws sad@dleYFdr natBvwiregtarindaled ai 536 X S
the ratio decreasesThis effect is more pronounced ftne sampleannealed in kD, for 30min and
then in vacuum for another 3@in. Still, ZnO Jow) and K high) peaks are not affected, hence the
ZnO crystal structure does not get degraded by annealing under the aforementioned conditions.
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Fig.32: Combined effect of annealing temperature and environment. Normalized Raman spectra of a) ZidwEpeak
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Table 3: The effect of heat treatment of ZnO relike nanowires on Raman measurement outcomes. Annealing was
performed at different temperatures and environment. Compare witfable2 (asgrown nanowires).

AFTER HEATREATMEN(ROBLIKE NANOWIRES O)LY
not affected by any hedteatment; seeFig.31a, Fig.32a
same as the agrown
not affected by any heareatment;
same as the agrown

E(low) FWHM

E(high) FWHM seeFig.31b, Fig.32b

all similar to the as

Ex(low):Ex(high) Mdnpprs MPN MBS M ®o p 5 N P grown rodlike nanowires

ratio : ,

OMPOTHRNDPMMU
Al(_TO):E(hlgh) same as for decreased further decrea_sgd . seeFig.31b, Fig.32b
ratio asgrown (no 374 peak visible’

Up to now, all of the samples dedmid originate from the same growdbatch (excludinghe last
sample, annealed both in,B& and vacuun). As several growth batches are used in the following
study, it is necessary to check and exclutthe dependency between the batch number and the
results In order to demonstrate the impact dhe growth-batch number on the results of Raman
measurements, two agrown rodlike samples from different batches were characterized, Bigg

33. The data forthe Batchl sampleare the samne asrods2 in Fig.31. The results for the other
sample(from Batch3) are strikingly differentThe ZnO HKlow) and KEhigh) peaks are shifted and
show significantlarger FWHM. Regarding the,®w) peak, the WHM is 3.0 ci for Batchl
sample and 7.@m™ for Batch3 sample. Furthermore, the peak rat®B(low):E(high) shows inverse
behaviour: It is 1.4 foBatchl and 0.8 forBatch3 sample There are also differences in the
A(TO):E(high)and E(TO):E(high) peakheight ratios, se¢-ig.33b. To conclude, a great difference in
Raman spectra is seen for the-g®wn ZnO nanowires of the same morphology, prepared within
different growth batches. Therefore, the Raman measurements sbativialuated separately within
each individual growth batch. Moreover, these results indicate quite diverse crystalline quality of
ZnO nanowires prepared within different growth batches of the AACVD growth process used (albeit
showing the same morphology BEM micrographs).

a) ,, E,(low) b) . A,(TO) ETO)  Ejthigh)
——— as-grown rods, Batch-1
1= as-grown rods, Bafch-3
0.8 | 0.8 - ! !
z ' 2
£ 2
g g
£ o6+ £ o0s-
pel T
S S
®© ©
E 044 E 044
[=] o
o c
0.2 i 0.2
0.0 ; . — . . 0.0 . ; : ; ; :
85 90 95 100 105 110 360 380 400 420 440 460
Raman shift (cm™) Raman shift (cm™)

Fig.33: Impact of growthbatch selection on ZnO Raman spectra. Normalized Raman spectra of twdikedasgrown
samples from different growth batchs. a) ZnO Elow) peak, b) ZnO JFhigh) peak

42



Transport meastements

Characterizing the transport properties of individual semiconductor nanowires is not a trivial task.
One of the techniques utilized foogding characterization is theV curves measurement. In line with

the research goals of this thesiepresenative rodlike ZnO nanowire in the aggrown statewere
characterizedThe nanowires fronsamplerods-1 Batchl) were utilized(seetheir morphology and
Raman characterizatioabove. The nanowires were scrubbed off with a sharp blade and then
sonicated m avial filled with deionized water. Next, thavere dropcasted onto a suitable substrate:
Siwafer with a layer of SKX258nm thick) overdeposited with a layer of HEQALD technique,
20nm) for better electrical insulation. The electrical contacterev prepared by electron beam
lithography (EBL), using SEMy&m writer Tescan Mira 3 and Electron beam evaporator Bestec. The
electrical contacts were composed ohf Ti, 240hm Cu and 20m Au (from bottom to topsee the
schematics inFig. 34). Ttbased metallization schemes (often covered by protective Au layer) are
reported to form Ohmic contact with-type ZnO (see thkterature reviewin section3.1andFig.24).

Prior to contacts deposition, the sample was cleaned in oxygen+argon plasma (ratio 80:209 for 15
remove the residual resist and ensure a clean interface between the nanowire and metal contacts.
The tV measurenents were then performed in darlambient conditions with a probestation
connected toa parameter analyser, using a twmint method.

A S B B S R p———
| [——nanowire A
0 5000 000000000000 0000000000 000000000°
_. 254
g
o
2
-50 - :
__ 100
<
i‘: 10
2 1
-75 ® 0.1
0.01+
-100 ~—
-3

Ugp (V)

Fig.34: IcV curve measurement of a rotike ZnO nanowire in the agrown state. Colour inset: lyout schematics of
materials used (not to scale). White inset: The same measurement $ermatlog scale (absolute value). Dark inset: SEM
micrograph of the nanowire before and after metal contacts deposition. EBL and transport measuremen@ittBrberg
Data analysis: author of the thesis.

Two individualZnOnanowires were characterized (labell&dand B hereafter). The correspondindyg

V curve of nanowire As shown inFig.34. In the inset, see the SEM micrographs of the nanewi
before and after deposition of electrical contact©iemeasurement asdone with 1nA compliance,
1s hold time, 100ns delay time and 100V step sizeA non-linear KV behaviouiis observedn the
whole range measured.¢.¢3V to +3V). The dependece is exponential, see the inset (straight lines
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in the semilog scale). Moreover, theV curve is asymmetric. This implies that the contacts are not
Ohmic. Furthermore, the low value of electrical cumresuggests imperfect contacts withigh
contact resistance. Indeed, the bottom contact seems broken on the nanowire outline (see the SEM
inset).

During subsequent measurements, nanowire A has melted down (probably due to resistive heating
owing to bad contacts). ThereforeV measurements of another nawire labelled Bwill be
discussedfurther in more detail. For the experimental overview, seEig. 35. The initial ¢V
measuremenis shown as a blue curve kig.35b (see the inset foa better scale)Note the value of
maximum current of circa 400A. Similarly to nanowireA, non-linear behaviouris observed
Subsequently, repeatedV measurements were performed (for sougcceain voltage going in cycles

0V ¢ up to maxvoltage¢ down to 0V ¢ down to minvoltage¢ up to 0V). The maximum current
during the measurements was limited to 0! o0& O 2Gradbally| tye@&ductivity increased

in such a way that the measured current increased by four orders of magnitude, see the red
spectrum inFig.35b. This tV curve is also more linear and more symmetrical, compared to the initial
measurement However, fully linear behaviour was not reachstlll indicatng norOhmic contacts.
(Hypothetically, even if thecV curve was linear, theesistivity calculated based on simplified
geometry would be in the order of 1 i Ofither suggesting high contact resistan&icha high
valueof resistivityis two to three orders of magnitude higher than reported in the literature, sge e

the measurements shown iRig.24b.)

In order to understand this enormous changeconductivity the sample was imaged by SEMg(

35¢) and characterized by AES. The SEM micrograph shows thatatiowire remains intact,
whereaspartial recrystallization of metal contacts has occurred. Furthermore, AES confirmed that
there is no metal (i.e. conductive) layer on either the nanowire or the substrate metal out
diffusion from metal contacts wasbserved.Based on this evidence, we may conclude tta¢ to
resistive heating duringhe IV measurements, thanetal contacts and/or the metghanowire
interface underwent a transformation, leading to lower cacit resistance (Note the current of

10« !passing through for severabconds combined with high initial resistance.) Hence, the initial
measurement (blue ifrig.35b) does not carry any information about the nanowire itself, but rather
about the metal contacts and thaterface between contacts and the nanowiiehis emphasizes the
crucial importance of preparing loNB a A &G+ yOS hKYAO O2ydal Otad Al G
contact resistance was decreased by four orders of magnitudprinciple, the same effectould be
achievedby sample annealing prior tqV characterization.

To assess whether theffectis permanent, another round o€V measurements was performed (see
Fig.35d)¢f I 0 St faSIR N&LEL F2NJ 0 KS T NBE O {YSS lyIRERIFRLME i KST f & |
SIHasS 2F O2YLI NRA2YZ (KS LINKIDNTES YRR BENEY $f B2 G f
The new measurementsare comparable with thex LS vy Re&/ cukve showing that the change is

permanent (hence its not a temporary temperature effectNote however that thenew curves are

smoother and less noisygnd with better repeatability. (This could also be an effect26f0c /

annealing for 24ours during the AES characterization. However, no change in molgdy was

observed in SEM after this perioduring this cycle ofcV measurements, the maximum current

reached was 1& ! PG A f £ T GKS Y&I1ad®NBYSWHRE GLNE O2 YLI NIX of S
significant difference or permanent change. This mayicemie that the contactesistance
transformationdue to resistive heatingadbeencompleted
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(200°C for 24h)
- NW surface: Zn+O+C
- contacts surface: Cu+C+Au
- no material outdiffusion

a) c) ’

SEM

el. contacts deposited NW intact, contacts recrystallization

- NW surface: Zn+O+C
- contacts surface: Cu+C+small Au
- no material outdiffusion

o f

NW still intact, further contacts recrystallization

\ ’ \ ’ up to 50 pA (not shown)

b) (max current 10uA) d) [-V](max current 16pA)
permanent change induced by measurement no further qualitative change
(4 orders of magnitude increase) less noisy spectra, better repeatability

T T T T T T T
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—— | -end
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Fig.35: IgV characterizationof an asgrown rod-like ZnO nanowirdabelled B¢ experiment overview. aSEM micrograph

of the nanowire afer metal contactsdeposition (i.e. prior to any ¢V measurements). b)qM curve measurementf the
nanowire shown in (a); the very first measurement is in blue (see the magnified inset), the last of the series is in red.
c) Subsequent SEM micrograph show metallic contacts recrystallizatianA summary of the AES results is included.

d) Additional series of ¢V measurements of the same nanowirgethe first and the last measurement is showre) SEM
micrograph talen after yet another round ofdV characteization, for sourcedrain current having reached up to 50 ..

EBL and transport measurementd: Citterberg Data analysis: author of théhesis

Further experimerg included tV measurements with extended limits, reaching up tox5Dof
sourcedrain curent (not shown here). Surprisingly, theanowire endured intact, seehe SEM
micrograph inFig. 35e. Further morphological changes (partial decomposition) of crystallites on
metal contacts are clearly seen. Subsequent AES chamatten confirmed that there is no metallic
layer on either the nanowire or the substrate. More interestinghe spectra taken from the metal
OS2yl OG&4Q &dNFIOS aAK26SR OSNBE 6811 !dz LISI]a
metal contacts shalbe 20nm of pure Au; the 24@6m Cu layer shall lie beneattA @milar resultg

only not so pronounced has been observed already ftre sample shown irFig.35c.) Giventhe

high currents during theqV measurements and contactrecrystallization visible in the SEM
micrographs, there must have been a lot of hpadduced and dissipated aking into consideration
the Au;Cu binary phase diagram (s&#g. 36), it is obvious thatalloying of gold and coppdnas
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occurred:(i) The phase transformation is possibldifferent ordering of solid solution occuizlow
410c / giving rise to AICu, AuCu and Augphases (i) The temperature needed for such
transformation has been most likely reach®y resistive heiing during £V characterization (note
the 4-ordersof-magnitude change in resistivity discussed above) At resultshow that gold
leaves the surface of metalontactsin favour ofcopper. Based on thevolume ratio of Au:Cu of
20:240(=1:12) in thametal contacts, probably a mixture of Auanase and pure Cs formed.
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Fig.36: AucCu binary phase diagram. Agted from [102].

To summarize this section: As these were just the initial measureméntenO nanowes, one

may conclude that theV characterization of individual ZnO nanowihes been successfuiith the
instrumentation available. However, optimization of metallic contactededed Thicker electrical

contacts shall be used tensure a better nanowirecontact interface. Regarding the electrodes

material, the Ti/Au metallization scheme shall be used to ensure the Ohmic beh§Vi@r119]

CdzNII KSNE St SOGNROIt 02y itiodng)antay he Sraedds. NS yha single NJ G K ¢
nanowire measurement and data interpretation is a challenging task, a systematic and more complex
study shall be performed in the future in order to tailor the process and obtain reasomabults.
Regrettably, this Asnot beenpossible within the scope of thisthessK I 1 Qa | f a2 GKS NBI
transport measurements of the diffusionaitipped nanowires (discussed below in secti#) were

not performed. Instead, the dopant incorporah was asessed directly based onSTEM EDS
characterization of crossectional lamellas cut from the nanowires.
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XP&; Annealing inan oxidative environment

As discussed in sectidhl, the presence of oxygen vacancies in Zn@ iodluence its properties,
including dopant incorporation. Furthermore, the concentration of intrinsic defects is growth
method dependent. For both reasons, it is important to characterize the nanowires utilized within
this research. The amount of oxygeacancies can be deduced from XPS measurements. A typical
XPS survey spectrum of the sample with the ZnO nanowire ensemble is sh&wn3in Note that

the Cl peaks are remnants of the Zn&mpound used in the growth processy fgrowth details see
section3.2. Note also that Cl signal remains present in 8IBEMEDS spectra of nanowire lamellas
even upon the whole Gdoping procedure described below in secti®d.2 (includingpre-annealing

in either vacuum (408 / Zmim) ar HO, gas (53 / Zmin) andfinal annealing step at 480/ ¥ 2 NJ
75minin vacuun).
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Cl2s N\
Cis 1 ¢ § |
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Fig. 37: Survey XPS spectrum of -gsown ZnO nanorods. Image courtesy: Sallgjos (Figure S3 in the Supporting
information of [140]).

In order to assess theelative concentratiorof oxygen vacancies in the nanowires, the XPS spectra of
several samples were acquired for comparison: thgrasvn ZnO naowires and samples annealed

in high vacuum and various ges at different temperaturesThe wpcoming dopingexperiment
design was taken into account (with respect to annealing temperatures and ambient gas selection).
The XPS spectra of 18 peak of thessamples are presented iRig.38 (note that the XPS spectra
have not beermanipulated with respect to energy scal€learly, the peak is comprised of several
components, being in line with the literature research summarizeskition 3.1. Considering the as
grown sample (i.enot annealed black spectrum), the buEnO component (centred around
531.0eV) and the surfacadsorbatespeak (532.6®V) are visible directly. Other samples were
annealed in various ambient gases at 400 2 bBlJ pop LR Y | yySIftAy3ax GKS NB
high-energy component decreased for all samples, showing that this component is inelegéet to

adsorbates andsurface contamination of ZnO.dteworthy feature (highlighted in the inset with

aNBR NNRg0O Aa GKS 4 &faneded sanples (rei)Sat arouitl GE2rleV. 2 |
Compaing it with the vacuumannealed sample (greenhe two spectra (being otherwise identical)
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differ significantly irthis particular region (see the inset). This is indeed a sign of the intermediate
component of the s peak as reported in the literature the one related to oxygen vacancies.
Thus,Fig.38 shows that annealing of ZnO nanowileshigh vacuum (400 / O  iOygRs (40Q& /

and535c / 0 NBadzZ Ga Ay RAFFSNByid O2yOSyidN}ridAz2zy 2F 2E
spectra of the samples annealed inQdat 400c / | yd&R/ plodS A RSYEJdBltHed . I a$
lowest amount of oxygen vacancies was achieved by annealing in hydrogen peroxide. (Further
analysis including @s peak deconvolution is discussed below.)

This finding may play a role in the dopantorporation experiments presented belowsection3.4.

For these experiments, the ,8, oxidative agent has been chosen, giventh@® lowest \4

concentration observed, (ii)s higher reactivity than molecular oxygen and {iig fact that it does
not require a plasmaource or a cracker to produce reactive oxygen spdtie3].

Regardinghe morphology of the nanowires after annealing, no changes were observed in SEM up to

the temperature 535 for anygas ambient ovacuum At higher tenperatures (60& / YR | 62 @S (
decomposition of the top facet and roughening of the nanowire sidewalls occur, being more
pronounced for vacuurannealed samples (not shown here).

1.0 . .
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1 H,0,535°C B
0.8 /—— H,0, 400°C
. | 0.835C
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8064+ N,400°C
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Fig.38: Detailed XPS spectra of B peak for samplesfter different post-growth treatment. In the inset, the spectra of
the asgrown (black), vacuurannealed (green) and #.,-annealed (red) samples are highlighted folarity.

For a more precise assessment of individual components of thes @eak, its deonvolution is
needed. The spectra presented in the insetHi. 38 were deconvoluted into three Voigt profiles
using Origin software. The background was fitted with a linear function and subtracted, which may
be reasonably appliéfor spectra exhibiting small intensity differences between low energy and high
energy sides of the peaks, which is the case H&€gl]). The results for D.,-annealed, vacuum
annealed and agrown samples are presented Hig.39a,b,c respectively. Note that the fitting
parameters were constrained in the following way:Tliree Voigt components are taken into
consideration. (iifhe FWHM of a specific component has to be the same for all sampleBhdiii)
relative position of the components is kept constant throughout the sarspte
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Based on the model described aboeglausible fit was found for all three samples, $6g.39. The
peak centre energies and FWHM of individe@ihponents are summarized Trable4.

—— Measured —— Measured
1.2+ Ik Zi 1.2 Ik Zi
— Fitted REIRZnS — Fitted BaiRang
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Fig.39: Normalized XPS @s peak spectra of selected samplesdeconvolution into individual components: bulk ZnO
(green), Ovacancies (gold) and surfacasorbates(blue). a) HO,-annealed sample (400 / 0 ® 0 vannedle® stpie
(400c / 0 dgrédwvin sampe. d) A boa constrictor digesting an elephant. Adopted fridm6].

Table4: Bestfit parameters of XPS @s peak components (peak centre, FWHM) as obtained from deconvolution shown
in Fig.39.

O 532.5 1.67 531.75 1.06 530.94 1.06
annealed
Vacuum = o5 74 1.67 531.74 1.06 530.93 1.06
annealed
asgrown 532.75 1.67 531.75 1.06 530.94 1.06

[ SGQa 02 YL} NB (G@&-&neh& I FigA9%) and VazuNdanndal®d Flg.39) samples:
The adsorbatescomponent (blue curve) is similar for both samples (wrt. the {molnponent).
However, the oxygemacancycomponent (gold curve) is indeed undoubtedly higher for the vacuum
annealed sample compared with the®-annealed one. See also the summaryTiable5. Both the
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peak height and integrated area ofv@cancy component with respect to thmilk component are
greater for vacuum annealed sample. Thisves that annealing of ZnO nanowires in,(d
atmosphere yields lower concentration of Qacancies within the material compared to annealing
in highvacuum.

Table5: Bestfit parameters of Gvacancies component of XPS1G peak for selected samples analysedHig.39.

VoGcomponent H,O, 400c¢ / vacuum 400 / asgrown
peak height in normalized spectrum 0.20 0.25 0.24
peak height wrt. the bulkcomponent 21 % 27 % 28 %
integrated area wrt. the bulkcomponent 23 % 29 % 30 %

Regarding the agrown sanple, the assessment is somewhat more difficult. (May the reader recall
asimilarly difficult question of what is inside the boa constrictor, to which only the Little Prince knew
the right answer¢ see Fig. 39d. Actually, the Litd Prince was doing a deconvolution.) The
componentrelated to adsorbatess higher with no doubt. However, the scale tbe O-vacancy
component is hard to evaluate, as the deconvolutionas unambiguous. The result rig.39¢c was
obtained using the same fitting parameters as for the previous grapis3@a,b). Interestingly, the
scale of oxygewacancycomponent in the agrown sample is similar to the vacutsmnealed one
(see Table5). This may imply that the amount of O vacancies (intrinsically present-gnoas
samples) does not change upon annealing in+viatuum up to 40@ / @

Also, other defects or impurities (such as H Brntay be present in small concentrations, having an
effect on the XPS spectraf asgrown nanowires However, note that in the study of gallium
incorporation into the nanowires (presented below section 3.4), the nanowiresare always
annealed during the doping procedugeeither in vacuum or in D, gas. Therefore, the XPS spectra

of the annealed nanowires presented above are considered a solid reference regarding the relative
amount of oxygen vacancies pres@mthe nanowires.

3.4 Diffusional dopingz gallium

Gallium doping of ZnO material allows to reach very high doping levels up to sat&sathus being

very promising materials fonearlR to mid-IR plasmonicg, see the review in sectio®.1 The

preparation of such highfR 2 LISR %y h yI y2gANBa A a ThHug/ & foloWingd KS {1 K
chapterdescribes the study diffusional doping of ZnO nanowires with galliufihe samplesg an

ensemble of vertical ZnO nanowires gromm Si substrate were coveredwith galliumoverlayerand

annealed in high vacuum or oxidizing environment with the aim of promaaiium diffusioninto

ZnO nanowirs.

In section3.4.1, sample treatment andhie doping procedure are described. The resultsS&M
imaging andRaman characterization of samplefea different steps of the doping procedure are
presented. Then, theesults of XPS spectroscopy of @aped nanowire ensemble and HRTEM
characterizationof individual Gatreated nanowire areshown Following the results obtained, an
optimized doping procedure is defined and implemented within sect®d.2 The doping
experiment is recorded stepy-step and the reattime insitu SEM/AES results are presented.
Further, the STEMEDS characterization of cressctional lamellas cut from the doped nanowires is
addressed. Based on a diffusion modilescribed, the diffusion coefficient of gallium in ZnO is
derived and ompared for two distinct samples of different oxygeacancy concentration (pre
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annealed either in vacuum or in,®& environment). Then, roomtemperature PlLspectraof these
samplesare presented

3.4.1 Procedure details & Basic results

For primary experiments,a dedicated vacuum chamber is used. The samples are annealed by
aresistive heater, calibrated with a thermocouplecémmercial Ga effusion cell is used, calibrated
with a QCM thin film monitor. The supply of hydrogen peroxide gas is realized by cogreevissel
filled with liquid HO, to the vacuum chamber with a needle valve. In order to sustaénpressure
(3kPa or &Pa)of HO, in the chamber during selected experiments, the roughing pump was
equipped with a butterfly valve; the turbmolecular pmp was switched off.

The experimental procedure consists of several steps:

1 pre-annealng:
Eithernone or inhigh vacuumor in H,O, gas
Preannealhg experiments are moreescribed in sectio3.3. Annealing 6
ZnO nanowires in different environments leads to charigastrinsic defects
concentration, which may have an impact on the (subsequent) dopant
incorporation. Namely, the relation between the presence of oxygen
vacancies (different concentration of whids created by prannealing in
vacuum or KO, gas) and gallium incorporation into ZnO nanowires is studied
further.

1 galliumdeposition:
Galliumatomsare deposited by evaporation in high vacuum conditions onto
the sample kept at room temperature.

1 anneaing:
Parameters controlled: pressure (high vacuum), sampletemperature
annealingtime.
Given that Ga diffusion is a thermally driven proces® samples are
annealed at high temperature to promote Ga diffusion and ipoeation into
nanowire lattice. Howver, the thermal decomposition of ZnO nanowires
takes place above 600 undervacuum conditions. Therefore, the annealing
temperature of 535 ischosento be used in this section

I exsitu characterization
all samples: SEM
selected samples: Raman spescopy, XPSTEM AESSTEMEDSPL

Morphology evaluation

Samplemorphology at different stages oie experimentl procedureis shown inFig.40in order to
illustrate selected steps of the procedufienaged withex-situ SEM)AIl the micrographs were taken
from the top-view direction.Further information isnscribed in the micrograph§considered helpful
for the reader.

For the experiments, sam@ewith rodlike ZnO morphology are used; see thegaswn nanowies in
Fig.40a. For some of the samples received, the top facets are not entirely smooth, fauitgattern
can be seen ithe secondaryelectron contrast in the centre of the facdiseeFig.40a). For other
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samplegeceived the top facets seem to be intacthe sample shown iRig.40b underwent the pre
annealing stepn HO, gas(30 min, 53% / XPa) followed by vacuwannealirg (30 min, 53% / X
y i #Pm). Note thatafter such heat treatment, nanowire morphology does not change and the
facets remain smooth.

as-grown ZnO' S no gallium; vacuum-annealing

Ga + vacu_um-annealina

Fig.40: Impact of annealing conditions otthe ZnO nanowire morpology. a)As-grown nanowires. b)Nanowires after
pre-annealing in HO, gas and subsequent annealing step in vacuum (i.e. without Ga depositionjlNanowires after
evaporation of 12nm of galliumat room temperature No post-annealingapplied. d) The nanowires after 12m Ga
deposition and subsequent annealing in highacuum.Samplesa,c,dare taken from Batch-3, sample b is fronBatch-2.

The samples shown iRig.40c,d underwent the preanneaing step in HO, as well(30 min,535¢c /

3 kPa). After cooling the saples down to room temperatureand reachinghigh vacuumin the
chamber (10* Pa), 1hm of Gawas deposited ontdboth samples For illustrative purposesthe
sample fromFig. 40c was taken out of the apparatugight after Ga deposition Although the
deposition was performed at room temperature, gallium does not form a continuous layer. Instead,
individual Ga droplets are formed on the nanowire, leaving part of the ZnO facets expassabn

as the sample is taken bof the apparatugor SEM imaging, gallium droplets oxidiZée size of the
droplets differs for individual facets, depending on their angle with respect toc@hebeam, which
was normal to thesample

The sampleepresentative of a complete diffusiondbping procedures shown inFig.40d. After
pre-annealing in kD, and Gaover-deposition it was annealed in vacuu@0 min, 53% / X “Pa) mn
Galliumdroplets are no longer presemind the surface of the nanowires is damagékhis indicates
that deposited gallium remained ennon-oxidized state and either desorbed or incorporated into the
nanowire (ora combination of both).The sidewallsdecompositionis induced by the presence of
gallium; the nanowires without gallium remained intact after the qareeaing step in HO, gas and
subsequent vacuurmannealing (53% / £ 0 m se¥ Rig/40b. The nanowiresin Fig. 40d are
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damaged in a specific wawhich isdifferent for the top facet and the sidewall®n the sidewalls,
deeper and more pronounced pits are present, wheraahallower structure is visible on the top
facet. The reasofor this difference may be a different structure thfe top facetc-plane compared
to other crystal planes

Raman spectroscopy

The samples presented kig.40a,c,d were examined with Raman spectroscofijne survey spectra
are show in Fig.41a; a zoomedn view is presented irig. 41b. Areference measurement of
asilicon wafer is included. The peaks assignment is inscfib&i Q& adzY Yl NAT S GKS YI A

1 InFig.41c, a variation of flow) peak FWHM is visible. It can be understood as follows: The
asgrown sample is in a state with a certain crystal quality and hence FWHM (black
spectrum). After preanneaing in HO, gas, the crystal structure ismproved by decreasing
the concentration of oxygen vacancies. Therefore the FWHMsge#dlerand subsequent Ga
over-deposition does not plag role (blue spectrum). Then, the final annealing step takes
place under vacuum conditions, promoting the oxyg@gancygeneration. This leads to
FWHMincreaseagain (red spectrum). The same applies to Zp@idgh) peak, se€ig.41d.

Note that these results are in line with the PL measurements presefottker below (ig.
59andTable9).

I The additional Raman mod€#&M) induced by doping as reported in the literature (see
section3.1) are not observed after galliundeposition and annealing; see their expected
positions highlighted with dasand-dot vertical lines inFig.41b. The AM nomenclature is
adopted according td129]. The additional modes overlapw with Si peaks (at 509 and
623cm™) are not shown, as they cannot be utilized for doping evaluation. Still, the most
prominent additional mode shall be AM1 at 276 trwhich is not observed eitheAlso, he
peak ratio A(LO)&AMS3 over E(high) (beingrdicative of successful dopifi$j29]) does not
follow the desiredtrend.

f  Note that the small peak at about 585 ¢ng assigned to ALO) ZnO mode has already
been visible for the agrown samples (seRaman characterizatiom section3.3). Therefore
it is not Garelated, although it appears more pronounced at the samples with gallium oxide
droplets. Likewise, the peak is not related to gallium oxide either: Th®:(@aaks expected
at 200 cm' (being the highest), 650 and 765 ©nj133;147¢149] are not visible here,
presumably due tahe low volume of gallium oxide on the nanowires.

f Smnall peaks of ATO) and ETO) modes (at 374 and 4@®"), which shall be silent for
vertically aligned ZnO nandmes, are visible; more for the asgrown samples, seEig.41d.
Their decrease for processed samplea temperatureinduced effect as already discussed
for the asgrown nanowireg seeFig.32in section 3.3.

In general, the strong Raman peaks of Si substrate (300, 520, 623 and 8ybwariap with ZnO
peaks and potential dopanhduced additional modes. This makes the precise interpretation of
Raman spectra an intricate tas Therefore, forfurther potential Raman studiesit would be
beneficial to grow ZnO nanowires arsapphiresubstrate instead of silicon
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Fig.41: Raman spectroscopy measurement of the samples showifritn 40a,cd. The colourcoding corresponds to the
frames inFig.40. a) Raman survey spectra with peaks assignmentZbpmedin view of the same spectra. The positions
of potential additional Raman modes (AM) are depicted with daahd-dot lines. c¢,d) Detailed spectra of ZnQ(lBw) and

Ex(high) peaksrespectively

Impact ofresidual chamber pressure and piamnealing environment

As an important variable in the experimentietimpact ofresidual chamber pressurmen the final
nanowire morphologyis addressedhereafter. The residual gas could cause oxidation of deposited
gallium before it desorbs or incorporates into ZnO material, thus spoiling the process of diffusional
doping. The value of the highest residual pressure duringetperiment (from Ga deposition on) is
written in the SEM micrographs, séég.42. The smplesare taken fromBatch3, pre-annealedin

H,O, gas(30min, 535c / X, ak 3kPg and overdeposited at room temperaturgvith 12nm of Ga

Then, they are annealed at 585/ Ay Ad th©eatmliof tihe experimenthe nanowires areften
covaed with oxidized circular remnants of Ga droplet¢otably, the amount of gallium oxide
remnants roughly correlates with the residualessure Fig.42 shows the comparison of samples

annealed at the same temperature (585 0

l.j

I N 2 dza

NE & A Rdzl ¢

LINE & & dzN.

of T i Pathe nanowire facets are partially decomposed and no Ga remnants are vigigldZa),
at the pressure as high asi #Pathe nanowire is covered with large oxidized Ga remnafhtg. (
42b). Ttre intermediate state (for both the pressure and the morphology) is depict&dgid2c, using
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a sample fronBatchb. Based on the results discussed so far, it seems that the tupaing for the
residual pressure is aboubi tPa depending also on the annealing temperature and batch
number. Generally, the pressure has to be low enough not to allow gallium oxidation during the
experiment timeframe.

535°C|
3e-3 Pa

Fig.42: Impact of residual gas pressure a@he final nanowire morphology, given the annealing temperature is the same.
Samples a) and b) are froBatch-3, sample c) is fronBatch-5.

Theimpactof the pre-annealng environment was looked into as well. No influence on final nanowire
morphologyafter Ga diffusia stepwas found whatsoeveiSe Fig.43 comparing the samples pre

anneakd for 30min in high vacuum (400 / = *Ra)) amdi kD, gas (53% /3KPa) After deposition

of gallium (12wm), both samples were annealed in high vacuatn 535c / T2NJ on YAyYyd
Morphology of both samples shows similarly damaged nanowires with characteristic pits on the
sidewalls.
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