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Abstract

In recent yearsresearch on the fabrication of semiconductor nanowires aktagcted
increasing interest in various fields of resear€blpeciallythe successfutynthesis of ZnO
micro- and nanoscale structuréss pavedthe wayto numerous applicationfor devices
including nanogenerators, sensors, solar and fuel cells.

This work focuses on the synthesis of ZnO nanowire arrays and nanowire networks by means
of electrochemical deposition in etched -tback membanes Three different geometries of
nanowirebased structures are discussadays ofvertically aligned(1) cylindrical ZnO
nanowiresand(2) ZnO nanoconess well ag3) mechanically stable threkmensional (3D)

ZnO and ZnO/Ti@nanowire networks.

To establish a reproducible growth process of ZnO in tetchked membranes, the
electrodeposition parameters of vertically aligned cylindrical ZnO nanoaressdjusted by
independently varying the applied potential during the electrodeposii®pore dameter of

the membranes, artie concentration of the electrolyte (Zn(N@6H;0). The influence of
these parameters on the morphological and crystallographic properties of the namowires
analysed § means of high resolution scanning electron microsqbfiSEM) and Xray
diffraction (XRD).ZnO nanocone arraywith pm-size bases and nsize tips are fabricated
applyingtwo growth approaches: basetip and tipto-base. The arrays are analysed by SEM
in terms of mechanical stability.

An important part oftis thesisis the design and synthesis 3D ZnO nanowire networks.
The number density and diametertioé nanowires in the network are optimizedorderto
obtain mechanically stable 3D building bloclexhibiting a high surface areaThe
crystallographic properties are studied by XRD, high resolution transmissionelectron
microscopy (HRTEM), selected area electron diffraction (SAEMd highangle annular
darkfield (HAADF) imaging Knowledgedrawn from these investigatioms crucial for the
implementabn of these 3D nanoarchitectures into devidas|uding photodiodes and
electrodes

Furthermore, thelurability of ZnObased nanowireetworks in agueous environment under
applied potential and illuminatiors tested. In particular, thegre employed agphotoanode
model system$or photoelectrochemical water splittinghe measurements are performed on
pure ZnO andcore/shellZnO/TiO, nanowire networks@and compared tahose oftheir film
counterpartsThe role of theTiO, layer as aprotectionlayer aganst photo(electro)chemical
corrosion of ZnO as well abe efficient charge separation and trpog from nanowires to
the electrolytas highlighted

By using X-ray photoelectron spectroscopy (XP#)e contaminationand chemical
composition on the surface of the networks are quantified before and after
photoelectrochemical measurements. Additiondhg, Schottky barrier heighformed at the
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ZnO-Au and TiQ-Au contactsare theoretically determined fronthe values of thework
function andhevalence bangosition.

The work presented in thithesisshows howthe outstanding flexibility of the ioetrack
technology combined with electrochemical depositeads to new optionfor fabrication of
complex ZnGbased nanowire structures. The possibility to tureeléhgth, diameter and
orientation allows the production offree-standing,high aspect ratio structures which are
promising fora wide range o&pplicationsincludingenergy conversion and storage.
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Zusammenfasung

In den letzten Jahren hat die Herstieg von HalbleiteiNanodrahten zunehmendes Interesse

in verschiedenen Forschungsgebieten geweckt. Insbesondere eroffnet die erfolgreiche
Synthese von ZnO Mikround Nanostrukturen eine Vielzahl von Anwendungere z.B.
Nanogeneratoren efsoren, Solaund Brennstoffzellen.

Die vorliegende Arbeit konzentriert sich auf die Synthese von ZnO Nanodrahtarrays und
Nanodrahtnetzwerken mittels elektrochemischer Abscheidung in geatzten
lonenspurmembranen. Drei verschiedene Geometrien von Nanbdsibiten Strukiren
wurden abgeschieden und analysiert: vertikal ausgerichtete Arrays von (1) zylindrischen und
(2) konischen ZnO Nanodrahten sowie (3) mechanisch stabile dreidimensionale (3D) ZnO
und ZnO/TiQ Nanodrahtnetzwerke.

Um einen reproduzierbaren Wachstumsprezes ZnO in lonenspurmembranen zu erzielen,
wurden die Abscheideparameter fur vertikal ausgerichtete zylindrischeNanGdrahte

sowie die angelegte Spannung, der Durchmesser der Poren in den Membranen, und die
Konzentration des Elektrolyten (Zn(N)@6H.O) unabhdngig voneinander variiert. Der
Einfluss dieser Parameter auf die morphologischen und kristallographischen Eigenschaften
der Nanodrahte wurde mittels hochauflésender Rasterelektronenmikroskopie (HRSEM) und
Rontgenbeugung (XRD) analysiert. KonischeO Nanodrahtarrays mit um breiten Basen

und nm grolRen Spitzen wurden mit zwei verschiedenen Wachstumsmethoden hergestellt: von
der ABasis zur Spitzefi und umgekehrt von d
Hilfe von Rasterelektronenmikroskopie &ichtlich ihrer mechanischen Stabilitat untersucht.

Ein wichtiger Teil dieser Arbeit ist die Entwicklung und Synthese von 3D ZnO
Nanodrahtnetzwerken. Die Anzahl und der Durchmesser dieser Nanodrahte wurden optimiert,
um mechanisch stabile 3D Strukturen imither Oberflache zu erhalten. Die Kristallstruktur
wurde mittels XRD, hochauflésender Transmissionselektronenmikroskopie (HRTEM),
Feinbereichsbeugung (SAED) und Ringdunkelfeldabbildung (HAADF) untersucht. Die
hierdurch erhaltenen Erkenntnisse sind wichfily die Implementierung dieser 3D
Nanoarchitekturen in komplexere Bauteile wie z.B. Photodiodenralekiroden.

Die Lebensdauer von ZnBasierten Nanodrahtnetzwerken in wassriger Umgebung wurde bei
angelegter Spannung und unter kinstlichem Sonnenlicharéamulator, AM 1.5) getestet.

Die Netzwerke dienten als Modellsystem fur Photoanoden zur photoelektrochemischen
Wasserspaltung. Die Messungen wurden fur reine ZnO und Core/Shell ZnO/TiO
Nanodrahtnetzwerke durchgefiihrt und mit den entsprechenden Ribrglichen. Die Rolle

der TiQ, Schicht als Schutzschicht gegen photo(elektro)chemische Korrosion von ZnO sowie
fur eine effiziente Ladungstrennung urtdansport aus den Nanodrahten zum Elektrolyten
wird erortert.
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Mittels RontgenphotoelektronenspektroskodiXPS) wird die Kontaminationen und die
chemische Zusammensetzung der Oberflache der Nanodrahtnetzwerke vor und nach
photoelektrochemischen Messungen quantifiziert. Zusatzlich werden die Hohen der
Schottkybarriere an den Zr@u und TiG-Au Kontakten aus &h Werten der Austrittsarbeit

und Valenzbandposition theoretisch bestimmt.

Die durchgefiihrten Arbeiten zeigen, wie die grof3e Flexibilitdt der lonenspurtechnologie in
Verbindung mit elektrochemischer Abscheidung zu neuen Verfahren zur Herstellung
komplexerZnO-basierter Nanodrahtsysteme fihren kann. Die Mdglichkeit die Lange, den
Durchmesser und die Orientierung dieser Nanodrahte frei wahlen zu kdnnen, erlaubt die
Herstellung freistehender Strukturen mit hohem Aspektverhaltnis, die fur ein breites
Spektrum wn Anwendungen, wie z.B. fur Energieumwandlung espkicherung, geeignet
sind.

Pagex



Introduction

Nanoscale engineering is one of the most prominent and actual research topics nowadays. The
demand formore advanced anmiextgeneration devices leads to extersiesearcleffort in
nanoscale technologyror miniaturization and increasing of the device efficienoye
dimensionalnanowiresare of great interesin particular, nanowiresre excellent model
systems fothe investigation ofsizeandgeometryeffecs on physical characteristics such as
optical™® electrical” ° magnetic:" ** electronic® '’ and thermaf' % propertiesIn addition,

the integration of nanowires into microand macredevicesrequiresthe development of
strategies toassemblethem into threedimensional 8D) building blocks with enhanced
mechanical stability, flexibility and high surface area

ZnO micre and nanoscale structures have attracted tremendous interest for numerous
applications.Studies on ZnO nanostructures are motivated by the technologically relevant
properties of ZnO includingransparencypiezoelectricity, natural-type conductivity, high
thermal stability, high electron mobility (>1000 &iv-s)), a wide andlirect band gap of 3-3

3.6 eV, as well as a large exciton binding energy of 60 Mé&¥/Additional advantages of

ZnO include itsnontoxicity as bulk materiallow cost, and the wide availability dhe earth.
These properties make ZnO nanowi®mising forthe integration in a wide range of
devices including transistof, sensor$*?®> nanogenerators, piezoelectric devitesolar
cells?2"#and photoelectrodes for water splittiwhgen protected and/or integrated in tandem
cels.?*3° The application of ZnO in photodetectors, ligmitting diodes, and laser diodes
that operate in the blue and ultravialegion of the light spectrum are also being studfed.

ZnO nanowires emigieled in membranes may for example serve-aayXdetectors?

ZnO nanostructures are fabricated by-ttmpvn methods including electron beam and optical
lithography>>*¢ as well as by bottornp methods such as sgél synthesig’ metal organic
chemical vapor depositiofi,and electrodeposition from a seed laYdowever,alarge scale
production of ZnO wires with these techniques is limited by seVactbrs including time

and cost efficiency or control and tuning of hanowimesind geometrylemplateassisted
electrodeposition combines both approaches;dtmpn and bottorup, and enables the
synthesis of nanowires with simultaneous gmdcisecontrol over length, diameter, and
compositior’®** The template method has demonstrated to be very suitable for the
fabrication of metal and semimetabnostructures with tuned sizeand crystallinity. By
adjusting the growth parametérsimil-Molareset al. showed that it is possible to grow both
single and polycrystalline Cu nanowires inside polycarbonate etchecainmembrane¥’

Pan et al. reported the synthesis of single crystalline Ni and Co nanowires in anodic
aluminum oxide (AAO) templat€S. However, eports on the electrodeposition of
semiconductor nanowires in polymer templates are rather limited, in particularGorSfma

et al. reported the electrodeposition of ZnO nanowires in polymer membranes with large
pores of few hundred nm diameter using a Zn{N®ased electrolyt& Lincot et al. studied
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the electrochemical growth of ZnO nanowires from Zn(@{d@lectrolyte in AAO templates

and compared the resultsthe growth of pure Zn nanowiré5The influence of the applied
potential during pulsed electrodeposition on the morphology and crystallographic properties
of ZnO films was studied by Manzame d.*® However, the influence of the potentiostatic
deposition conditions on the structure and morphology of ZnO nanowires vatitbus
diameters, aseported in this thesidias not been discussed before. Bhiglyis important in

order tounderstandelevant properties such as electrical resistivity, charge carrier generation
and transport, and photoluminescence of the wires, which play an impataninrthe
efficiency of ZnO nanowirdased devices.

To date,the synthesi®f nanowire and nanorodased 3D architectureontinues being a
challenge The synthesis of tungsten oxide nanowire networks usirtgermal evaporation
approach waseported ly Zhou et al*® and Ponzongt al>® The growth of nanowires along
six crystallographic#y equivalent directions resulteth the intersection ofrectangular
nanowires andhe formation of a network with a junction angle of neafly0 e . These
structures shoed good crystallinity, however thaidth of the wireswas not controlled
rangingfrom several tensfonm to 200nm. Moreover, thesize ofnetworksas a continuous
systemis only 1-10 um Wanget al reported the synthesis of Zn@terconnected networks
by a high temperature solicapor deposition proces5The network consistedf nanorods
and nanowires with diameters of-200 nm These meshke structures have a uniform
height of 1520 um, however thegxhibit aninhomogeneous distribution over the substrate.
The main drawbackof this techniqueare the limited and norcontrolled interconnectivity
between adjacent nanowires, faege diameter distributigrand the limited height up to 30
pm. Moreover only a fewcompounds are endowed with an ability to setjanize in 3D
building blocks.

These limitationsand challengesan be circumvented by using templatesed growttwith
pre-designed templatesincluding mesoporous silica, anodic alumina and tetcked
polymer membranes. Lwet al. performed electrodeposition of different metal and
semiconductor networks in 3D mesoporous silica templatehe diameters of the network
ligaments ranged from 2 to 20 nm. However, with this tealaid is challenging to obtain
large scale networks with wedbntrolled porosity and heighithicker than several microns. A
successful fabrication of ordered 3D interconnected nanoarchitectures in anodic porous
alumina was achieved by Martiat al>®* Thesetemplates are prepared by a tetep
anodization process and consist of widfined nanotubular network ithe subl00 nm
range. Although theposition and amount of junctions can be precisely adjusted by the
anodization parameterthe angle between the pores at the junctisriixed to 9 Q gnd no
optimization for this parameter has besgportedyet Additionally, a porewidening is
observed in these networkehich still need to undergo optimization in order to obtain
networks withmonodisperseore diameters.
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Among the templatbasedtechniquesfor fabrication of hierarchal structuresion-track
technology isvery attractive becauseatlows for easytuning the height (up to 100 um) and
area (up to ~20 cfilarge) of thenetwork the diameter (20 to few hundreds of nm), number
density(up to 18° cn?) and interconnectivity of thpores in the template as well as the angle
between interconnected por&® structured templates based on irradiation perfornietiea
GSI Helmholtz Center for Heavy lon Researdmve been successfully usedr fo
electrochemical deposition of PtZn0>° and Sb>® nanowire networks, electroless plating of
Au, Ni, Cu, Pt and AY and atomic layer deposition of &5, Si0, and TiG °® nanotube
networks as well as Pt, Cu aiWd) superstructures consigy of interconnected nan@nd
microscale pore¥’ The compact design, mechanical stability and high surface artbess
nanowirebased 3D hierarchical systems can be advantageous for example to facilitate
efficient light absorption and charge carrieansportin photoelectrod€&°®®® and optical
element$*®® to enhance the performance of gaensors®®® batterie§8”®® and
supercapacitof® or to achieve high electric field confinement and enhancement in 3D
plasmonic hollow nanocaviti€8as well as for computer and chip technolodfes.

This thesisfocuseson the synthesis and characteriaatof ZnO nanowirebased structures
applying iontrack technology in combination with electrochemical deposition. The overall
goal of this work has been toptimize ion irradiation, etching and electrodeposition
parameters$o achieve aeproducibleand cotrolled growth of ZnO nanostructure®etailed
analysis of the shape, size, morphology and crystallinity of the wires is of prime importance
for applications

Three different geometriesare studied namely arrays of vertically aligned cylindrical
nanowiresand nanoconeas well as nanowire networkg is shown that applying a low
concentration of the electrolyte leads to the growth of nanowires with a smooth surface. By
varying the applied potential of the electrodeposition, the texture of ZnO wires shahgm

the nanopore diameter is found to be a tool to vary the preferred orientation of the wires. The
mechanical stability of cylindrical nanowire arrays after dissolution of the polymer is studied
by altering the aspect ratio (length to diameter ratfolhe wires Membranes with conical
poresareemployed as templatdor the electrodeposition of conical ZnO wires. Two growth
approaches are discussed, bmst#p and tipto-base. In both cases, the arragse
polycrystalline butthe morphology changesignificantlydependingon the growth direction.

ZnO nanowire network with different nanowire diameters and number densiaes
synthesised, and these parametaesoptimized to obtainreproducible,free-standing and
stable structures. The growthrhogeneity of these networks improved by adding one
more irradiation step to the standard network irradiation process and applying a maak with
pre-defined areaAdditionally, photoelectrochemical performancebareZnO and core/shell
ZnO/TiO, nanowirenetworksis testedand compared to their film counterparts, resulting in
higher photocurrents for the network structures. The surface imaging before and after
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photoelectrochemical measurements shows that theldy@r protects the ZnO network from
corroson andmorphological changes.

The thesis is composed of six chapt&hlapter 1 describes the theoretical background and
working principle of the techniques used for this thesis as well as the characteristic parameters
of ZnO relevant for the explanatioof the resultsChapter 2 introducesthe methods of
characterization and the measurement td@lgpter 3 depicts the preparation processes of
membranes with vertically aligned cylindrical and conical channels as well as networks of
interconnected nanochagls. The main results of the synthesis, growth optimization and
characterization of ZnO cylindrical and conical wire arrays as well as hanowire networks are
presented irChapter 4. The characterization of crystallinity and composition of pure ZnO
and ALD-coated ZnO/TiQ core/shell nanowires and networks is presente@hapter 5.

Lastly, Chapter 6 sheds light on the photoelectrochemiocatasurements performed with
bareZnO and core/shell ZnO/TiOnanowire networksn order to test their reliability and
stability for future applications. Thenorphology and composition of theiurface before and

after the measurements is discussed.
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1. Theoretical background

This chapterintroducesthe concepts of the ietnack technology and electrasimical
depositionin polymericmembranes. The main properties of Zm€evant forthis thesis,
are elucidated. Thevorking principle of photoelectrochemical water splittingd metal
semiconductocontacs aredescribed.



1. Theoretical background

1.1. lon-track technology

When passing throughatter,heavy ionglissipatetheir energy mainly because of elastic and
inelastic coulomb interactions withe atomsof the materialIf the ion velocity is blow 0.01
MeV per nucleon (MeV/y elastic collisions (nuclear energy lossdminate whereas at
higher ion velocitieshe interaction is influenced bgelastic collisionghatlead to ionization
and electronic excitatioprocessegelectronic energy loss}-or the fabrication of iotrack
membranes swift heavy ions of several MeWere used. Thuthe energyoss per unit path
length(dE/dxX) is based on electronic stoppinkhe energylossis related tothe chargeof the
ion projectileand isdescribedy the BetheBloch formula’?

Q0 T': GOQ |, .k O o 1)
Qo a0 “%o T

whered is the mass of the electrob,is the velocity otheion,f  0F®d(wis the speed of
light), & is the chargestate of theion, ¢ is the numberdensity of the electronm the
materia) & is the atomic number of the target materad Qs the mean ionization potential
of atoms in the target medium, through which the particle is pagsiagd ™Y are correction
factors which takerelativistic effectsinto account The main conclusions arising frothe
BetheBloch formulaarethe following: theenergy losgalso called stopping powedgpend
on thechargeof the ion the electron density ithe matrial, andit is a function ofthe ion
velocity, Q@M ®we & "Qf . In the case whestopping of the ions ithe material isnainly
derivedfrom inelastic collisionspuclearstoppingis oftenignored.The energy losef Bi ions
in polycarbonateas a function of the ion energy per nuclemiculated by means dhe
SRIM-2003 code(Stopping andRange oflons inMatter)is shown in Figure 1a a double
logarithmic scaleThe dashed green and red curves correspotttetelectronic and nuclear
energy losss respectively, and &hsolid bluecurve represents the total energy loss.

) Auions
a) 10 b) ——Biians
200
€
== |
3 1 E‘- 1504 160 um
@
3 >
w & 100
e c
[=]
014 - (dEidx), . =
------ (dE/dx), 504
—— (dEfdx) ,+{dE/dx), )
T T T T T v T 0 T T T T T T T 1
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Biion energy (MeV/u) lon Energy (MeV/u)

Figure 1 a) Energy loss of Bi ions and @nge of Aworange)and Bi(black)ions in polycarbonate a
a function of thespecificion energyaccording tdhe SRIM-2003codesimulation
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The complete penetratiatepth(R,) of the ion with initialenergyO can be determined from
the following expressiaf®

Y  — QOwith — —  — | (2)

where(dE/dx). and(dE/dX), are the electronic and nuclear energy losses per unit path length,
respectively.The range of Au and Bi ion@vhich were used in this workih polycarbonate

foils calculaed usingthe SRIM-2003 code is presented in Figure 1bhe dashed lines
correspond to thealues ofpenetration range and energy of Bi (black) and Au (orange) ions,
being 160 and 17@m for Bi and Au ions with an energy dfl.1 MeV/u, respectively.
Consideing the penetration range of the ion, polymer faeilsich have thicknesses of few
tensi m can be assembled in stacks so that several foils are irradiated in one step.

Depending orthe ion energy andhe charge state, th®n energy loss produces structural
defects and compositional variations in the polymer. rHtgationdamagegormedalongthe
trajectory ofeachincident ionis calledlatent track Tracks havecommonly acylindrical
geometryand a diameeér between 5 and 10 naepending on iorenergy lossand target
material In polymers the energy loss of heavy ions lead$¥teakageof the chemical bonds,
amorphiationand outgassing of small volatile fragmefit&>

Schematicrepresentationf theirradiation process shown in Figure 2The swiftheavyions

used for irradiation at the UNILAC provide highly alignedparallel tracks. The beam
incidence can be vied from normal to the sample surface down to grazing angles. In contrast
to commercial iortrack membranes, those fabricated at the GSI are characterized by a very
small angular spread

Polymer chains

Sample
stack

Linear accelerator

- OEEE O/ ¢ |

07070 ¢%0 0

—
- OREE O 00 ¢ \’_’\
o Swift heavy ion L > o=

Polymer foil lon track

Figure 2:Schematiaepresentationf the linear accelerator (UNAC) at the GSI andheirradiation
process ofa stack of polymer foils under normal incidence. Theoomedin images show
schematicallya single traclconsisting of brokebondsof polymerchans (adapted front>"3.

By means of chemical etchinthe irradiated foilsare converted t@orous membranely
selectively removing the damaged material and thecslnwerting each ion track into an
individual open poreSince each ion creates one track, the number of the pores in the
membrane igqual tothe ion fluence (number of ions per YnThe sizeand homogeeity of

the etched pores depend the properties of theargetmaterial (e.g. density composition,
crystallinity), the energy losef the ionsthe etching time andtchingsolution In addition, ©
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obtain pores with uniform diameter and well defined shape, the etching rate along the
damagedon track ( ) should be much higher thahe isotropic etching ratef the non
damaged bulk materiab(). Thed d) ratiowill determine theopening angle of the pafé @

If 0 >>0 , theresultingporeshavea cylindrical shape, whereasnical pores are achieved

the case ofa smaller etching rate ratio. The fabrication proesss membranes witlparallel
cylindrical and conical poresswell aswith interconnecteshanopore netwoskaredescribed

in detail in Chapter 31t is important to mentiorthat prior to etching, both sides of all
irradiated polymer foilsised for experiments in this thesisre exposed to UV light in ailt

is known that UV irradiation modfies the chain compoundsnside the trackwithout
significant effects onthe virgin PC thus improving the diffusion of the etching solution along
the track. Besides, it triggers creation of new chain ends and acidic compounds which are
highly sensitive teetchant As a resultUV treatmentaffects the etching rate amdprovesits
selectivity ancthe monodispersity of the nanopafé®8!

1.2. Electrodeposition

The template method, and in padiar electrodeposition in etched idrack membranegs
combine both topdown and bottorup approaches and has demonstrated to be a very
appropriatetechniquefor the growth of nanostructures with small size and high surimee
volume ratio®?? It enables the synthesis of nanowires aadotubes with simultaneous and
excellent control over length and diameter. The templatboddias demonstrated to be very
suitable for the fabrication of metal and semimetal nanostructures with tuned size,
composition, and crystallinitf**®> Besides continuous single component wires, also
segmenteas well asnulticomponerf®® and alloy>®* structures can be fabricated.

Electrodeposition of micro and nanowiresis carried out using electrochemical cells
consisting otwo orthree electrodewhich are connected to a potentiostat for controlling and
measuring the current and potentidhe setup can be operated eitherpotentiostatic
(constant applied potentiat)r galvanostaticonstant applied currenthode, as well as in
pulsed electrodeposition conditioifgulsed applied potential)n this work, potentiostatic
growthin a threeelectrode configuratiors applied This method allow$or a precise control

of the composition of the deposit not only for one but also for multicomponent materials with
a chosen stoichiometfy

The thermodynamic potential needed for the electrochemical reactions is determihed by
Nernst guation, whichdescribes the redox potentBlqox0f a redox couple by thellowing
equation®

o
A~
v

Y'Y .
0O O —b h 3)
o

8“'8

whereO is the standard electrode potential of the redovple with respecto the normal
hydrogen electrode (NHEand® and@ are the activities of the oxidizeae reduced
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species, respectivelR is the gas constant (8.3145 J/mol-K)js the temperaturez is the
number of electrons involved in the reacti@amdF is the Faraday constant (9648&/mol).

Thermodynamicallywhen the potential applied tine workingelectrode is more nege¢

thanO (in case of reduction), electrodeposition wgkace and the iong the electrolyte
arereducedand may form a solid material ¢ime working electrode.

In the simplest case of metals, electrodeposition is a process of reducing metainoas
agueous solutiompon application of a potentiawhen the current flows frorthe counter
electrode tahe working electrode, the metal ion8 ( ) in the electrolytehat travel to the
working electrodeare reducel on the metallic substratéy capturing electrons The
correspondingeactionthat takes place is as folloW3

0 €Q 0 D h 4
The schematic othe electrochemical celith the threeelectrode(working, counter and
refererce electrodgsconnected to thegbentiostats shownin Figue 3.The membrane with
sputtered and eléodeposited metht layers on e sidealways acted as a working
electrode which was in contact withhe copper ring of the cellAs counter electrode a
platinum wireandas reference electrodeAg/AgCl (sat.KCI) wereused. In this setughe
potential is applied tthe working electrode with respect to the reference electrode. The fixed

potential of the Ag/AgCI reference electrofe197V vs. the standard hydrogen electrode at
25e 1 allowsreproducibilityfor all experimerg.

Reference
electrode

[
<
o
=
=
153
a
]
20
=
=
=
=

Figure 3: Schemtic of electrochemical cell for nanowire growth by using three electrodes (wol
counter, and reference) connected to a potentiostat, which is controlled via corpeatenetallic
layer sputtered and electrodeposited on one side of the membraneaseawedrking electrode.

The growth process was monitored and controlled by recording chronoamperdowteat
vs. time)curvesduring electrodepositignwhich enabled us to monitor the different growth
steps during the synthegisocesgFigure 4)
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The charge and mass transfer of the depdsiaterialare quantified with Faradaysaw,
which states that the mags)(of the deposited material is directly proportional to tibtal
amountof transferreccharge
A T ©
a ﬁ) 0Q oﬁ)mh
wherel is the current passing through the circuit during the fiereod betweerty andt,, M
andz arethe molar massand valencef the depositedcatoms respectivelyandF is Faraday
constant With this formula the amount of depositadaterial can be calculatécbm thel-t
curves recorded during electrodeposition processgure 4 presents a typical
chronoamperometric curvior electrodeposition of ZnO ithe cylindrical channels of a
polycarbonatemembrane with an average pore diameie 250 nm and density of 10

pores/crA.
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Figure 4: Representative chronoamperometdarve recorded duringelectrodepdtion of ZnO
nanowiresshowing the dependence of the deposition current with respect to thanidhechematic:

of three regimesfaanowire growth.

At the beginning of the deposition process (regiothf current rapidly increasés absolute
value) and then decreases during the followfegy minutes. Thiseffect isattributed to the
charging of the double layéiHelmholtz plangand formation of the diffusion layer, as well as
to nucleation processess thegrowth ofnanowiresnside the membranis continueqregion

II), the current remains almost constant. Finally, wkiempores are completely filledso
calledcaps start tgrow on top of the wireexpandingon the surface of the membrari&aps
growth is indicated by an increase in currehte to the increased effective area where the
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growth takes plac@egion 111).2" By following this current behavior during nanowire growth,
the deposition can be stoppatia definedime period,e.g. to obtain nanowires wittesired
length.

In the case of multicomponent materials, such as metal oxidegrohtakes place in more
than one step depending on the electrolyte composition anéfgyHhe synthesis of metal
oxides electrodepositia from nitratebased solutions is one of theostcommon techniques.
The driving force in this process is the nitrate reduction which leads to a local pH increase in
the electrolytedue to formation ofb "O ions. In this work an aqueous electrolyte afnc
nitratehexahydratéZn(NGO;),-6H,0) was used fothe growth of ZnO nanowiresvhichtakes
place in several step&irst, upon application of the potential, hydroxyl ions Q) are
formed at the cathode/electrolytedrface according to reactidh In the presence ab &

ions in the solution hydroxylation reaction takes plamening Zn(OH), (reaction?). If the
electrolyte is heatedat elevated temperatuén(OH), is dehydrated thus resulting in the
formationof fully crystallineZnO acording to reactior8. As mentioned bere, the local pH

in the bath close to the electrode as well as in the pores is increasing be¢haderofiation

of 0 "O ions leading to the preferential growth of ZnO inside the pores of the membrane
Dependig on the ratio of the produced O and® ¢ ions and the supersaturation in the
bath, the crystal growth will behave differentlgading to different crystal orientatians

Therefore, therystallinity depends on the concentrationofOions *°>°%8
66 06 cQo 0 b OR (©)
WO BHE O HEG O, 7)

HEG'O 5 GE 6008 (8)

Previous studieseported theelectrodeposition of ZnO nanostructures from Zn{N®H,O

with pH values adjusted beten 7 and 11 by adding NaOH to the electrdiyt€ To avoid

degradation of the polymday high pH electrolytes duringanowire growthan asprepared
electrolyte with pH 5 was used this work Thegr owt h process took pl ace
for parallel arrays andanowirenetworks, respectively.

1.3. Structural and physical properties of ZnO

During the past few years, theesearchactivities on zinc oxide ZnO) have significantly
increasedThe history @ the research oAnO goes backo1930sreaching its peaks itne late

1960s due tahe availability of single crystalline bulk Zn@roducedby chemical vapor

deposition (CVDY*** Al t hough ZnO i s there arefistllhuchérousoen er i al |,
guestions about the structural andicgdt properties of this material. Particularly, nanoscale

1D structures, such amnavires, nandelts nanoflowersnanoribbons, nanorodsanowalls,

and nandubes drastically attracted the attention of scientists due to their premng

application in techology.*
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1.3.1.Crystal structure

ZnO can crystallize inthree possiblepolymorphs wurtzite, rocksalt and zinblende.
Thermodynamicallythe most stal®# phaseis the wurtzite crystal structurewhere eaclZn
atom is surrounded bg tetrahedron ofour oxygen atoms, and vice versghe wurtzite
structure has a hexagonal ureflovith two lattice constanta = 0.3249nm andc = 0.5242
nm at ambient conditionsand belongs to thB6smc space group* The structure consists of
interpenetrating hexagonal clepacked (hcpi-layers ofzinc and oxygerdisplaced with
respect to each other along thexis® The schematic representation of the ZnO wurtzite
latticewith the primitive celiis shavn in Figureba. The aystallographic orientations of ttze
andm-planes are highlighted in Figure.5khe directions and plaas for hexagonal structures
are indexed either with three digit Miller indices (hkl) or four digit BraxMiker indices
(hkil). For ZnO, t is more common to use the four axgsay, az andc, andthereforefour
indices, where h, k and are related as followsh+k = -i. This relation allowsthe
transformation of Miller to BravaiMiller indices, and vice versalhe c-axis is alvays
referred taas the 1t 1t Tt ghirection, and the plasgerpendicular to this axarethe hexagonal

T Tt TT planes. The latterare the most commonly observed faseand themain polar
surfacein wurtzite ZnOarising from thestrong bond polarity oZn** and & ions, being
either zinc or oxygen terminate@ther planes also often observed in wurtzite ZnO are

{¢ppt} and {mt p1y}, which are norpolar surfaceglue to the equal amount of Zn and O
23,27,9496

a) b) [1120] [1010) _[2110]
i [0110] -_ / \ _[1100]

[1210] - ->[1210]
[1700] -\ ~N0110]
[2110] " [16101 *[1120]

- - -a-plane
——m-plane

[0001]% ¢
000

(11 m;§ :
A |10
(112 ﬁ;\ 10113
g 0% | N R ) a,

[2110] a; &

Figure 5:a) Schematic representation of the wurtzite Zs@ucture with a primitive cellb)
crystallographiorientationsof planeghat are commonly presenttime wurtzite phase.

1.3.2.Band structure

ZnO is a VI semiconductor with a wide band ga@ Y of 3.37 £ 0.01 eV at room
temperaturewhich isin the near UVspectral rangé* The first theoretical and experimental
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studies of the electronic band structure of ZnO go badkedate 1960s and 197(33°"%
Energy bands of hexagonal ZnO askown in Figure 8’ Both the valence bandVB)
maximumand the conduction bar{@B) minimum are positioned at the samigpoint with k
= 0 wave vectar indicating that ZnO has a direct band gaPeveral theoretical and
experimental works have shown the presenaglmdnds in ZnCat around 6 9 eV below the
VB, which correspond to Z3d orbitals Due to thesignificantovelap of d orbitals, Znhas
broaderd bandsthan any other HVI compound®’ The statescloser tothe VB maximum
correspond to @p orbitals whereasghe (@s bands aresituated far below the VB (at -20
eV). The CB is formed mainly by the empty Znevels®*'? The bond in wurtzite ZnO
havesp’ covalent nature.

E(e:lo) _\ U, ‘4/ P

Iy PP fs

ST | )

)

o ZnO(hex) f

Figure 6: Energy band of hexagonal ZnO according to Réssler (1969)

Among all IFVI compounds, ZnO has the largest excitation binding energy of 6028V
which makes ZnQCa veryinteresting material for photonic devices dueatsdroad emission
band.

1.3.3.Electrical properties

Both theoretical and experimental studies on the electrical properties of ZnO films and
nanostructures have been reported safewv decades. Because of theygen vacancies in

the structurenormally undopedZnO has intrinsic #iype conductivity. The more oxygen
vacancies arepresent the higher is the electron densitss compared to other -NI
semiconductorsyulk ZnO hasa very highelectron mobility (~20&n?V's* at 300K, ~2000
cnVist at 50K),* which is expeted to improve the performance of electronic devices
based on this materialA higher electron Hall mobility was reped in studies of
ZnOMg:ZnO heterostuctures reaching up to 5500\¢is™.2%? For transparent conductive
oxide devices, ZnO is often doped with group Ill metals like Al, Ga, and In, which enhances
the ntype conductivity of Zn3°¥1% For a long timeintensive effots have been put in
research on thgynthesis of ptype ZnQ which is one of the main challenges of this material.
p-ZnO is mainly obtained by doping with phosphdffi®r nitrogen'®”*%® Despite the vast
number of reports, the fabrication etype ZnO is hardly reproducible.
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1.4. Photoelectrochemi@l water splitting

One of themost importanbut challengingechnologicaissuesof the centuryis the shift from
fossil fuels to renewable energy sources, such as hwtieb wind power, solar energy, and
biofuels.The main problemrelated to the usef fossil fuels such as coal, natural gas and oll
productsarethe release of C{gasto the atmospherandthe limited and quickly diminishing
amount of fossil fuel sources on earRenewable energy sources havereag potential to
substitutefossil fuelsand servesa i n f isostainablé enargy dousgerovidinga clean
environmentLarge scale researtias beemperformedand is ongoingvorldwidein search of
environmentally friendly energy sourcda 1883, the first solar cell based on selenium was
made by Chaes Fritts. Fbwever this solar celdid nothave a large scale use because of the
sunlight to electricity conversion efficiendyeingless than one percerih 1954 the first
practical Sibased solar cell was demonstraiedthe Bell laboratries by Daryl Chapin,
Gerald Pearsoand Calvin Fullewith an efficiency of about six percefithis was the highest
reported value at that tim&he efforts to produce photovoltaic devices with high efficiency
still continueat present

A new approachat obtain a clean, cosefficient and domestically produced energy source
was proposed bgkira Fujishima and Kenichi Honda in 197% They demonsttad the first
successful experiment of lighssistedwater splitting usingan ntype TiO, photoanode
connected with a platinum black electradea photoelectrochemical (PEC) cell for hydrogen
production as a renewable energy sougiace then, many effts have been devoted to this
research field. More efficient water splitting systems have been obtained by combining
several materialssuch as a tandem celladding co-catalysts and applying different
configurations of PEC celfs® ™2 Albeit increasingthe efficiency of bothphotonto-current
conversion ad generatiorand collectionof hydrogenremainchallenging light-driven PEC
water splitting for hydrogen production is one of thestpromising ad dominating fields of
research today.

The principle of the PEC cell is based on the physics of semicomdigtto interaction.
Important parametets be considered during the choice of the materials are

1 the band gap of the semiconductoss to be small enough to absorb lightain
relatively wide range ahesolar spectrum

1 the position of the CB minimummd VB maximumwith respect to the hydrogen and
oxygen redox potentialfor efficient hydrogerand oxygenrevolution reaction (HER
and OER, respectivélyi.e. the CB mininum must be higher in energy than the
standardredox potentialof H'/H, couple, and th&B maximummust be lower than
thestandard redopotential of theH,0/O, couple

1 the stability against th@hoto)electrochemicalorrosion in aqueous electrolytes,
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1 efficient separation andransfer of minority charge carriers from the core of the
photodectrode to the semiconductor/electrolyte interface, @inthe majority charge
carriers to the counter electrode, with minimum recombination

A vast variety of single bi- and multicomponent materials, such as Z#DZnO, TiO,,
CwO, Fe0s;, WO; GaP, @GN, Si, CdS, CdSeBiVO,, NaTaQ:La and many othershave
been studied****® The standardredox potential of the HO/O, couple is 1.23 V versuthe
reversible hydrogen electrode (RHE)hich means thathe band gap of the photoelectrode
material must béarger tharthis thermodynamic minimum value of potential for splitting the
water. The positions of several common semicondsetth respect tdhe redox potentials
for water splittingare shown in Figuréa
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Figure 7:a) Relation between the band position of different semiconductors and redox potent
water splitting (adapted from® with pemission), b) schematic representation of the band structu
ZnO under illumination together witlthe hydrogen and oxygen evolution reactions, c) simplil
schematic of a PEC cell withtgpe photoanode and metallic counter electrode
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The kasic principe of the overall water splitting process is schematically shown in Figure 7b.
When a semiconductor photoelectrode is illunedathe absorbed photons wiginger energy
than the band gap energy exa@tectrons into the CB thus forming electioole pais, which

are separaté by the formed electric field in the depletion layér.the semiconductor is
immersed into avaterbased electrolyteghe holesrom the VB will drive the OER producing
oxygen gasand electronsrom the CB will lead to the formationof hydrogen by thedER
according tahefollowing reactions:

ol TQO G M TO OV (9)
TO 1QOcOM '00Y (10)

The semiconductor serves as a photoanioda PEC cellif it has n-type conductivity
(electrons are the majority charge carriensyl as a photocathode if the condutt is p-type
(holes are the majority charge carrierBhie schematic of a simple PEC ceith an ntype
photoanodg like ZnO, is shown in Figure @ The cell consists of theemiconductor
photoelectrode (working electrode), a metal counter electnslieh is typically Pt, and a
reference electrode required to control the potential of the working ele¢trotlehown in
the schematic)lf a bias is applied, the photogenerated electrons and holes will separate and
migrate through the semiconductor in opjpe directionsthe holes will travel to the surface
of the ntype semiconductor, wherdhe OER will take placeat the electrode/electrolyte
interface and electrons will travel through the external circuit tocinenter electrode driving
the HER™® It is common to usa Ag/AgCl reference electrodier measuremest whereas
for data analysi@nd for ease o€omparison withother systemseported inliterature the
Nernstequationis used to convert the potentiais reversible hydrogen electrodeHE):

0O Og4 mtu @y 0 O , (11)

whereO s the converted potential vs. RHE, is the potential applied &rndly vs.

the Ag/AgCI (sat. KCI) reference electrode used, ad = 0.197 V is the standard
potential of a Ag/AgCl reference electrode ag 28°

To improve the efficiency dPECcells the possible recombination of photogenerated charge
carrierstraveing to the semiconductor surface or counter electsturild be minimized~or

this, nanavire-basedphotoelectrodes are of interest doetheir onedimensional shape and
geometrical orientation which promidegher light absorption and more efficient charge
carrier separation and transport to the surfatethe electrodeas compared to bulk
materials??*??> The reduced nanowire diameter and large surfazea of the
photoelectrode/electrolyte interface facilitate rapahsporiof photogenerated charge carriers
to the wire surface and faster redox reactions, respectivetyexample, the diffusion length

of bulk ZnO at 28 ds ~440 nm which increases withigher temperature®?® If a film
photoelectrode is much thicker than the diffusiength of the minority charge carriers, in
this case holeglLp), not all holes (especially the ones generated in deeper layers of the
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semiconductor) will reach the film surfa¢Eigure 8a) In contrast to thisgue to the more
available surfacearea ofnarowires the holes willhave a shorter patlength to quickly
diffuse to the electrode/electrolyte interfatieerebyal so opening a #fAhighway
to reach the substrate and flow to the external cifgugure 8b) Hence charge transport
limitations @n be circumventedy means of adjustment of nanowire diamehdoreover,
enhanced light absorption is expectednanowires compared to filnthie to extensive light
scattering®* The reflected light from one wire can be absorbed by the neighboring wite, a

if the photon energy is largéhan theband gap energy of the material, the reflected light can
also excite electraninto the CB For this approaghtilted nanowire geometry might be
beneficial Also, a composite structure with wide and narrow band gap materials is of interest
The photons wich are not absorbed ltlge wide bandgap material othose thatre reflected

at the surface caexcite charge carrieiis the narrow band gap materidlnother important
parameter that should be considered during the material choice is the opticatdhidkn
where| is the absorption coefficienEor more efficient deviceshe light penetration depth
should be comparable with dimensiongla# photoelectrode, e.g. film thickness or nanowire
diameter

Substrate/contact Substrate/contact

Figure 8: Schematic representation tafo photoandes showing long and shompath lengts for
photogenerated holés the electrode surfage a) a film and b)a nanowire arrayL,, is the diffusion
length to the hole.

Onefurther route to sucessful transport and collectiaf photogenerated charge cars is
the use of photoelectrodavith high crystallinity Electronrhole recombination is less likely
to occur in single crystalline structureghereaghe grain boundaries in mategalith poor
crystallinity arelimiting aspectsbecausehey serve adraps andrecombination centers for
electrons and holgs*'?*

Last but not leasthe lifetime of the photoelectrodes should be mentioned. Even if the band
position of thesemiconductor perfectly matchdése OER and HERotentials the phote and
(electroxhemical corrosionshould be taken into account, tobhis is probably the most
severelimitation for the choice of photactive materials For most noroxide materialsa
decomposition or oxidation of the surface is typical, while for manygeoxnaterials the
thermodynamidnstability is accompanied withole oxidizationt®* In particular, ZnOtends

to decompose in aqueous solution undemilnationfollowing the reaction belowt*41232¢
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GE 0RO GE 2o h (12)
Fortunately, there are several simple oxide semicond,ctioch as TiQor SnQ, which have
excellent stality against chemicahnd photoorrosionin a wide range of pH values die
electrolyte. Coating other photoactive electrodes with these mateaial bea solution to
extendthe lifetime of the deviceln this work, ZnOphotoanodes were coated with FiO
layers of different tltknessesy atomic layer depositiofALD). The protectionrole of the

TiO, layerduringPECmeasurements @iscussed itChapter 6
1.5. Metal-semiconductor contact

To describe metademiconductor contacts, band diagrams are usually built to visualize the
alignment of the bands at the interface of two materialgs section introduceseseral
characteristic parameters for semicondutised to describe the band diagrams.

A schematic of the band of a metal and aype semiconductae.g. ZnO, TiQ) beforeard
after bringing them irto contact are shown in Figure (&) and (b) respectively The band
structure of the metal is characterizied its work functionW,,. On the diagram,tiis the
distance betweethe Fermi level(the highesbccupiedelectronenergy ével at absolute zero
temperaturpof the metal andhe vacuum leveE, ., and represents the amount of the energy
that is requiredto transportan electron fromthe Fermi level tothe vacuum level The
characteristic parametestown on the diagram forsemiconductor are the following:

1 band gapE - distance between the minimum of the conduction b&ap gnd the
maximum of the valence banH,j,

1 work functionWs. - the distance of the Fermi ley@g) from the vacuum level,

1 ionization energys. - the distance of the valence band maximum from the vacuum
level.

a)

before contact after contact

Figure 9:Energy bands for a metal and atype semiconductor (a) before and (b) after bringing tt
into contact. The Fermi level of the metal is lower than that of the semiconductv,, ReW;..
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Figure 9 shows the case of attype semiconductemetal contact without a bider which

Wse < Wiy, asfor ZnO-Au or TiO,-Au contactsdiscussed in detail iSecton 6.3. When the

two materials are brought into a contact, electrons start to flmw fhe semiconductor to the

metal and vice versa. For the conditicbkc< Wpymor e el ecfallr osmgewmwa | il nthio
metal, ancconsequently the metalill becomenegativelycharged. This process will continue

until the system reaches the thermodynamigildggium, i.e. the Fermi energies are equal
(Figure 91, and the diffusion currents of the electrons flowing in both directions will be
identical. Theheight of thepotential barrier, which isformed atthe interface of the two
materialsdue tobandbendng, for electrons flowing fronthe semiconductor to the mets

defined bytheir work functionsas; = Wy - Wi This potential difference idenoted as
contact potential, and the barriand the contacf{for mentioned conditionsare known as
Schottkybarrierand Schottkyontact, respectivelf?’

By means of e.g. Xay or ultraviolet photoeleain spectroscopy (XS or UP§ the work
function and the distance tfe valence band fronthe Fermi level can beletermined. Te
band gap of the semiconductes measured using ltravioletvisible (UV-Vis) light
spectroscopyThe® three parametemovide informationabout the positions dt., Er, and
E, versusthe vacuum level.Examplesof band alignmentbased on XPS and UVis
measurements f&xu-TiO, andAu-ZnO are shown isection6.3.
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2. Methods andample
preparatiorfor characteriation

In this chater, the charactertion methods are presentdthe morpholoy, crystallinity and
composition ofthe nanowiresbased structuresereanalysed using high resolution scanning
electon microscoy (HRSEM), energy dispersive -Kay spectroscopy (EDX), Xay
diffraction (XRD), high resolution transmission electron microgc@gRTEM) with high-
angle annular darkeld imaging (HAADF), selective area electron diffraction (SAED),
electron energjoss spectroscopy (EELSAnd Xray photoelectron spectroscopy XPThe
general process angharameters used for thatomic layer deposition (ALD) and
photoelectrochemical (PEC) measuremeamnésiescribed



2. Sample preparation and daracterization methods

2.1. High resolution scanning electron microscopy IR SEM)

Scanning kectron microscopy (SEM) is a widely used technique for characterization of the
morphology of nanomaterials and nanostructures. Itkesa use of focused beam of
accelerated electrorte scan the surface of the specinamd obtain a raster imagas an
electon hits the surface of the sampe number ofinteractions ocur between the beam
electrons and the atoms of the specimen resulting in emission of different types of electrons
(secondary, backscattered, Auger) anga¥}s (Bremsstrahlung, characteristierays). By
collecting the emitted secondary electrons on a cathode raytogography image of the
specimen iobtained.Collection of backscattered electexemitted from deeper levels of the
sampleallowsfor contrast imaging of multicomponent strueswhen the atomic numbers of
components differ widely

In this studya hgh resolution scanning electron microseqplRSEM, JEOL JSM/401F)
equipped withtwo secondary electron detectors at different positions with respect to the
sample stage was ustdmage the fabricated membranes and nanostructures

Prior to the SEM analysithe polymer membranes were sputtaratedwith a ~8 nmthick Au
layer (20 s)usingan Edwards Sputter Coater S150B, by applying a pressuré'dfatfand a
potential of 1.51.6 kV resultingin a current varying between 15 and 20 n&4.thesputtered
conductivelayer the charging effeein SEM were avoidedThe microscope was operated at
an accelerating voltage of kV in SEM mode. e topography and the pore size were
analyzedwith low secondary electron imaging (LE) aworking distance of 8 mm

To investigate the pore geometry inside ploég/carbonatenembranes producdxy heavy ion
irradiation andsubsequent chemical etching, the cross section of the membranes was imaged
The samples were @pared in collaboration wittDr. Loic Burr (Materials Research
department, GSlpy irradiatingpre-etched membranes with high fluenoe5 10" ions/cnf

using Au ions withenergyof 5.6 MeV/u followed by a 24 h UV treatment on each sidi¢he
samplesDue to the severe beamducedembrittiementhe membranes easily breakliouid
nitrogen which allows for imaging the cross section of the membraAklernatively, the
embrittlementof the pdycarbonate membranes was obtaitydimmersingthe samples in

Aqua Regia solution for ~2 month at room temperathtere details about this process can

be found i the doctoral thesis obr. Loic Burr!?® After breakng the membranes, the samples
were glued ont@a specially designed SEM sample holder t h a cut of 90e to i
section. Prior to the SEM analysis the samples were coated~&ittm Au, as described
above. For these sampl8EM was operatedt 10 kV with LEI detector.

For SEM investigation of the nanowire arregssd networksthe polymer membramsewere
dissolved in dichloromethane (GEl, for analysis, Merck) in several steps. The nanowire
arraygnetworksembedded in the polymer membranes were placed horizontally in sample
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holders in such a way, that the edges were fixed to detdthg of the sample which can
cause damage to the wires. £ was dropped continuously on top of the sampietd the
level of dchloromethane (with polymer residy@sached the sample holder but did not cover
the sample. If the solution covers th@mple, it might contaminate the surface of the sample
with the dissolved polymeregesidues A continuous flow of CHCI, was found to bean
important step If the sample withpartially dissolved polymemwas exposed to air for a
relatively long ime (a minte or more), it seemetb hardenresulting in brokerthe wires.
After repeating this step twic¢ghe samples were immersed ifreshCH,Cl, bathand leftfor

1h. Thislatterstep was repeated threefourtimes. Finally, the frestanding nanowire arrays
and 3D nanowire networkwith the metallic electrode were dried in air and inspected by
SEM. Both ZnO and ZnO/Ti@nanowire arrayspetworksand filmswere characterized by
using SEM in gentle beatow mode (GBLow) with an uppersecondary electron detec
imaging(SEl) at 2 kV accelerating voltage at a distancé of 8 mm.

For nanowirediameter andengthanalysis,single nanowies were transferred onto Si \weg
pre-cleaned with acetone amt®ionizedwater The followingtwo methodswvere applied(i)
after dissolution of the membrarsgme of the wes were detached from the baalkctrode

by exposing the samplesmmersed inCH,Cl, to an ultrasonic bati{Elma, Transsonic
T460/H)for afew secondsThe released nanowiregere then transferreahto a Si wafersby
drop-castingthe nanowireCH,Cl, mixture (ii)) The wiresstill embedded in the membrane
were immersed in dichloromethanecentrifugetube After anultrasonictreatmentor 1520

s, the tube wagentrifuged three to five times at 4000 rpnr #0-30 min using Heraeus
Biofuge primo R Centrifuge. In between these steps, the dichloromethane bath was replaced
with a fresh one Before each step of centrifugatjothe nanowires with the fresh
dichloromethane were mixed on a shaker f&r @in to diperse the wires in the solution for
better cleaningFinally, the solutiorcontaining the wires wadrop-casted onto Si waferghe
samples weranalyzel by operatinghe SEM at the same conditions as for nanowire arrays
and networks attached to their swhtes.

Coreshell nanowires andmall pieces of nanowire networkgeretransferred onto ATEM
grids Plano GmbH by dropcastingthe wires with CHCI, onto the grid To analyze the
samples in transmission modg SEM, 10 kV accelerating voltage was apgliand the wires
were imaged with LEI detector at a working distance of 8 monstudy the dispersity of the
nanowires, which were transferred onto TEM gridrbgbingthe grid on the surface of the
network GB-Low mode at 2 kV and probe current chtfadistance of 8 mmvas used.

2.2. Energy dispersive Xray spectroscopy (EDX)

CharacteristicX-rays emitted from the sample depend on the atomic number of elements
the structur@andare mainly used for quantitative and qualitative chendnalysis
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The composion of the nanowire arrays, networks and single wires was studied by energy
dispersive Xray spectroscopy (Bruker) in the SEMultipoint spectra andine scans were
recorded by applying an accelerating voltage of 10 or 20 kV and a probe currenidf 10
depending on the amount of matenmesent at a fixed distance of Bim. The acquisition

time was 8 min for multipoint scamand 40 min for line scam The analysis of the spectra
was done by using the Quantax software from Bruker.

2.3. X-ray diffraction ( XRD)

XRD is anondestructivaechniquethat usescollimated beam oX-rays to investigate the
arrangemenbdf atoms within a crystal. When-pMy beam strikes the sample it diffragts

different directionsfrom the atoms oftrystal planes If the wavelengthe- o fays,Xthe

incident radiation anglg and the crystal lattice-s paci ng sat i(siagisingr aggos
constructive interference is producend the diffracted »ays can be detected. The reted

diffractogram provides formation about crystal pkg crystallographicorientation and

lattice parameters dhe crystal defects, stresses, etc

The crystallographic structure of the cylindrical and conical nanowire arrays still embedded in

the membrane was analyzed by using amyXdiffractometer (XRDSeifert XRay generator,

HZG-4 goniometer in Brag@rentano geometry) with a generator voltage of 40 kV and

current of 30 mA using CKU r a d & $534056 A). The device was operated by the
Rayflex software. The scan r ad respetively. i nt egr at i
The XRD patternsof networks after dissolution of the membrane weerdedwith a D2

PHASER diffractomete(Bruker, which was operated at a generator voltage of 30 kVaand

current of 10 mACuK U r a 3l Wightthis @avice the scan rate and integration time were
0.05e and 20 s, respectively, and theé"¥ measur
software.

2.4. High resolution transmission electron nicroscopy (HRTEM)

Transmission electron microscogpyEM) is one of the techniques allowing for analysis of
material structure on an atomic scadteenables the analysis of the crystal structure, chemical
compositionand contaminations through diffraction patternray and electroenergy loss
analysis.In TEM accelerated electrorase projected onto a thin specimen and penetrate the
sample undergoing eith@lasticor inelasticscatteringwith its atoms. The transnd and
elastically scattereélectronsare used to build a ¢ resolution TEM image and/oecord
selectedarea electron diffraction (SAED) pattermelastically scattered electrotisat lose
energyare detected bg high-angle annular darkeld (HAADF) detector for mass contrast
imagingand/orby aspectrometefor electron energjyoss spectroscopy (EELS) allowing for
chemical mapping and composition profilealysis

To analyze the crystallinity and purity of ZnO and ZnOMi@ires, as well asthe
homogeneity and phase of Titayers coated on top of ZnO wires by atomic layer deposition
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(ALD), the wires from arrays and networks were transferred ontd B\ grid as explained

in Appendix E In collaboration with Dr. Wilfried Sigle from the MPI for Solifitate
Research in Stuttgart the wires were inspected by usihggh resolution transmission
electron microscope (HRTEM, JEGARM200CF) together with higlangle annular dark
field (HAADF) imaging and electron energy loss spectroscopy. Selected areaorelectr
diffraction was used for analysis thfe crystallographic structure of the wires in miciscale.
The device was operated at an accelerating voltage of 200 keregrdission current of 15
MA.

2.5. Photoelectrochemical (PEC) measurements

The photoelectrochecal (PEC) measuremengsesented in the thesigere performed at the
GSI in Darmstadt and Univeristy of Twente (The Netherlands) ingtbep of Prof. Dr.
Guido Mul

The setup at the GSI consisted @fLS0108 solar simulator from LOT Quantum Design
GmbH (AM 1.5G), a Reference 608 potentiostaf GAMRY Instrument} and aPECG2
photoelectrochemical cell (ZAHNERIektrik GmbH & Co. KG) with a 8mm Oring
defining the photoactive area of the sample.

For the PEC measuremergsthe University of Twente a sepuconsisting of a 300 W Xe
lamp with AM 1.5 filter (Newport corporation), a potentiostat (VERSASTAT4, Pinceton
applied reserach), and PE@Cphotoelectrochemical cell (ZAHNE8ektrik GmbH & Co.
KG) with a7 mmO-ring were used

All measurements were penined in0.1 M K;SO, (Sigma Aldrich) aqueous solution with a
pH of 5.6. Thedistance of the PEC celNas calibrated witha Si solar cell (Newport Oriel,
P/N 91150V) to obtain an illumination of 1 sun on the sample.

2.6. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface sensitive techempyed for
analysis of chemical compositi@md electronic states afmaterialwithin a depth of ~10 nm
on the surface ad specimenWhen an incident photon (ky) hits the surfacef the sample
with energy higher than the ionization energy of the mateziattrons are ejected from the
samplesThekinetic energyEyn of the released electroean bedetected by ahptoelectron
spectrometer. Itelatedto incident photon energyhn by Eyn=hr+(Ex+Fs), whereEy is the
binding energy required to transfer the excited electron to the Fermi levefsasmthe work
function of the spectrometeh spectrum revealing the number of ejected electronkinstic
energy providesnformation dout the energy levels the innerelectron shellsof the
specimen atoms

XPS was applied to analyze the surface of nanowire networeteritfy modificatiors and/or
corrosion of the surface after PEC measwents as well as to estimate possible
contamiratiors on the wires (e.g. residues from polymer or dichloromethane) which might

Pagel9



affect the PEC performancXPS was also usetb determinethe work function and the

valence band positions for visualization of the band alignment eEZKd and AuTiO,

Schotky contacts. The measurements were performed at the DARLBM ( DAr mst adt O ¢
Integrated S¥tem for FUNdamental research) of the Surface Science grolof. Dr.

Wolfram Jaegermaniat the TU Darmstadt in collaboration with Dr. Florent Yang. The

spectra wererecoded by using a PHOIBOS 225 (Specs GmbH) analyzer and a
monochromatic Al KU radiation wi t h excitat.i
measurement, the system was calibrated witigla purity Agsample(freshly sputter cleaned

under Ar atmosphejeavith avery high purity tocalibratethe Fermi level. Fodetermination

of thework function,a negativebias of3 V was applied between the analyzer and the sample

for distinguishing the signal from the sample.
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3. Fabrication of etched ien
track membraes

lon irradiation and etching processes required for the fabrication of etché@dkimpolymer
membranes are described in this chapter. Three main geometries are discersmeady
aligned cylindrical and conical channelsand well asinterconnected channel networks
Superstructures consisting of both vertically alignaad interconnectecchannels are

introduced.



3. Fabrication of etched iontrack membranes

Etched ion track membranes were prepared by chéetiddang ofion irradiated foils. During
this processhe damaged material the trackss selectivelyremoved converting the ion track
into channes (pores) By adjusting the iorfluence(number of ions per argathe number ©
pores in the membrane can be contrgligidce ach ionpassing thragh the polymer foils
createone track Using diferentirradiation andetching conditions (e.goncentration of the
etchant, temperatur@and etching timeand setupconfiguratior), polycarlbnate membranes
were fabricated with parallel cylindricaparalel conical and interconnected cylindrical
nanochannelgFigure 10). Irradiation and &hing conditionsemployed for the fabrication of
these three types of templates are presented in the following section

Figure 10 Schematic representations of memrgs with a) parallel cylindrical, b) conical and
interconnected cylindrical pores

3.1. Parallel cylindrical pores by symmetric etching

Polycarbonate (PC) foils witathickness of 30 um (Makrofol N, Bayer AG) were irradiated
with ~2 GeV Auand Biionsatthe X0-beamline of theiniversal linear accelerator (UNILAC)

at GSI. In order to fabricate membranes with parallel nanochannels, the irradiation was
performed under normal beam incidenperpendicular to the fodurface) typically applying

a fluence of1@’ ions/cnf. Prior to etchingboth sides othe irradiated polymer foils were
exposed to UV light (30 W, 312 nnmT-30M, Vilber Lourmat) in air to improve the
homogeneity of the pore diameter distribution over the whole safipféBy immersing the
irradiated foils ina 6 M sodium hydroxide (NaOH, Siga Aldrich, > 97 %) solution at §0C

the trackswere selectively dissolved and converted imgindrical channels Given by the
generaletching of the bulk polymer the total thickness of the membstigbtly decrease
(Figure 1Ah).® Symmetric etching was performed im doublewalled cyindrical pot
connected to a heating water circ(figure 1Db). In this configuratiorthe etching solution
hadan access to the tracks from both sides of the irradiated Hoilsrder to improve the
convection and to keep the bath temperature constangtching solution was stirred €250
rpm. To produce multiple membranes with identical pore diameter, four samples were etched
at the same timeVarious etching times were employed between 1.5 and 8 Thae.
schematic of the evaluation of the track atghand the channel openimgth the increase of

time are shown in Figurelt. Under these etching conditions, the pore diameter increased
linearly with etching timeHowever, he etching ratevaried depending on the aging of the
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polymers, i.e. the time ped between irradiation and etching processes. Longer aging periods
led always to higher etching rates. The values usually varied be@@and 30 nm/min.
After etching the membranes were rinsed with deionig@t) waterby immersionin multiple

water laths andfinally dried in air.

Initial surface
I P S T T
3 & 1

b)

Inlet

Figure1l: Schematigepresentatiogiof a) etching okingle. Nanochannel formation requires a hig

track etch rate compared the bulk etch rate b) thermostated potor symmetric etchingg) the
nanochannel openimgrocesdor different etching times

Pore size and size distribution were analyagtHRSEM. For membranes etched without UV
treatment an inhomogeneous size distribution of the pores was observed (Figure 12a). The
areas marked with red and orange cirdte§igure 11a show smaller and larger pores with
average diameters of 17@.22 and 3505.74 nm, respectively, as compared to the mean
diameter of the majority of the pores being 309 nm. A presensitization step with 1h UV

light on each side of the adiated foils before etching yielded a more homogeneous etching
and size distribution (Figure 12b). The average pore diameter of this sample wds2am

Figure 12: Representative SEM images of the surface of-étatled membranes etched un
idertical conditions a) without and b) with UV pteeatment showing a broad (a) asauniform (b)
distribution of the pore diameters.
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Figure 13 shows the average pore diameters and standard deviation of samples etched for
different etching times. All sam@gs were sensitized with UV light prior to the etching.
However, the ion type and the aging periods for these foils were different, which resulted in
diverse etching rates. The black and green curves show a perfect linear dependence. However,
the aging time are different, being 4.5 months for the black curve, and 19 months for the
green curve. Additionally, they were irradiated with different ions: Bi ions (black curve) and
Au ions (green curve), both with an energy of 11.1 Me®iace the energy loss fboth ions

in the PC foils is comparable, the difference in etching ratesq&2 and 25 0.37 nm/min

for black and green curves, respectively) is assigned to the aging of irradiated foils. The
etching rate was deduced from the slope of the linear fitetaldlta points. The inset in Figure

13 shows the etching rate values as a function of the age of the irradiated foils. The red curve
corresponds to samples which were irradiated with As @&nmd had the longest aging period

of 44 months. Despite the deviati of the point corresponding to 5 min etched sample,
assuming the linear behavior, the etching rate was calculated from the slope to4é 28
nm/min

w
(8]

28 nm/min

260
240 _‘ 25 nm/min
220
200 4

122 nm/min

] Y
180 4 | I

’ i 2 3 4

160 4 5

140 _ Aging period (years)

120 1

100 4
80 -

oW
o o O

=y
o

Etching rate (nm/min)
o o

o

Average pore diameter (nm)

60 1 ®  Bijions
& Auions

40
. ® Auions
20 T | T | T | T | T | T | T | T |

1 2 3 4 5 6 7 8 9
Etching time (min)

Figure 13: Average pore diameters measured with SEM as a function of etching time an
periods:4.5 month (black), 19 month (green), 44 months (red).

Last but not least, the variation of the etching rate from sample to sample can also arise from
the concentration of the etching solution and the temperature in the bath: higher pH and
temperature wilresult in faster etching, and vice versa
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3.2. Vertically aligned conical pores by asymmetric etching

To fabricate membranes with conical channels, the etching of the irradiated PC foils with a
thickness of 30 um and parallel tracks with a number densit@’agfacks/cri was performed

in a specially constructed electrochemical cell under asymmetric etching conditions. The
schematic of the setup is shown in Figure 14a. The foils were introduced in between the two
compartments of the cell. One compartment kel with the etching solution containing a
mixture of 9M NaOH and methanol in a 60:40 volume ratio, while the other compartment
was filled withdeionizedwater which served as a stopping solution. In such a configuration,
the etching took place onlydm one side. Due to the addition of methanol to the NaOH
etchant a conical pore geometry with a large base and reduced tip diameters was achieved.
During the etching process, the temperature of the cell and solution was kept @n80a
potential of 1 V was applied between two gold electrodes that were immersed in the etching
and stopping solutions. The potential difference between the two electrodes prevented the
flow of O "O ions of the etching solution into the pores, égr slowing down the etching
process and allowing the formation of conically shaped channels. The current as a function of
etching time was monitored and recorded. Once the tracks were etched through, the current
started to flow and increased with timediiie 14b). The breakthrough point is indicated by a
sharp curent increase occurring aftet40 s The samplesvereetched for 12 mimesultingin

base and tip diameteo$ 2 - 2.5 um and 70 90 nm, respectively

a) / U b)1oo-
]l L
17 —~ 80
I 7? : :
Au Au = 601
Q
IS 40 4
20 .
9M NaOH Deionized -~ Breaidhrough point
+ MeOH water °]

0 2 4 6 8 10 12 14

Hotplate Time (min)

Figure 14: a) Schematic of asymmetrichéng setup consisting of two compartments filled w
etching and stopping solutions, and the membrane fixed in between the two compartments. b
vs. time curves of chemical etching of conical pores with a similar breakthrough point fasithifee
samples.

3.3. Membranes withnetworks of interconnected pores

Membranes with interconnected nanopore networks were prepared by chemical etching of PC
foils with tilted intersecting ion tracks. The network were obtained by irradiating the foils four
tmesn consecutive steps, each time from a d
respect to the surface normal of the polymer foil (Figure 15). At each position, the foils were
irradiated with a fluence of 51(%, 10 or 2 10° ions/cnf, resulting in adtal fluence of
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2 10°, 4 10° and 8 10’ ions/cnf, respectively. The irradiated foils were symmetrically
etched for 510 min in 6M NaOH at 59 Gas described in Sectidhl), which resulted in
networks of nanochannels with defined channel diameter. It wiasl fihat the etching rate is
slightly slower than that in case of parallel cylindrical pores, which is probably due to the
complex and dense structure of interconnected pores. According to a systematical SEM
analysis of series of 5, 7 and 9 min etclsinpes, the etching rate was22 nm/min
(Appendix A). The total inner surface of the nanopore networks depends on the ion fluence
and channel diameter

Linear accelerator

= pEomE® o _ . 45 JANE—

mm EEEEBw °0%°°%0 o . RNy
A Y. _.

Polymer o Auion

lon track Step 1 Step 2

Figure 15:Irradiation scheme for obtaining nanochannel networks (only two out of four irrad
directions are shown).

Figure 16a shows the schematic of the ciEsdion of the simplest configuration of a
network structure irradiated in four steps. Unfortunately, long term etching offlbagice
networks (e.g. more than 7 min etching of networks withack total density of 810° cm)

led to dissolution of the membranes because of severe overlap of etched pores. This
seemingly inevitable problem was circumvented by irradiating the network samples
additionally from a fifth position under normal incii=e of the beam (perpendicular to the
surface of the foils) instead of increasing the fluence of ions for irradiation under an angle. In
other words, to obtain the same total tracknber density of 810° cm? (2 10’ ions/cnf

from 4 directions) the foilsre irradiated with 1.610° ions/cnf from 5 directions. The cross
section of such network structure is shown in Figure 16b, where the parallel vertical pores
correspond to the fifth step of irradiation with iornkhis fifth step also has a positive
influence on the homogeneous growth and mechanical stability of the network
electrodeposited in sucmembranes Another approach to increase the surface area was
irradiation of preetched membranes with conical or cylindrical pores (Figure 16 c,d). First,
the 30 ad 60 umthick PC foils were irradiated with heavy ions using a rather low fluence
varying between 0and 16 ions/cnf under normal incidence of the beam. After symmetric

or asymmetric etchingyertically aligned cylindrical and conical pores were obtdinds a
second step, these membranes were irradiated with higher fluences under 4 tilted beam
incidencedo obtain a network configuration. The etching process after the second irradiation
resulted in a network combined with vertically aligned cones oallparcylinders with
significantly increased surface area. Last but not least, reverse nétemrtructures were
fabricated, where the network had a height of 1/3 or 2/3 of the length of the cylindrical and
conical channels (Figure 16 e,f). These strregs may be useful for the synthesis of very long
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wire arrays. They will allow stabilization of the array at the base of the wires, whereas the tips
of the wires will stay free of network while beingrtically aligned without assembling
bunches. This pragty is especially important e.g. for nanowire atfbaged emitters.

a) simple network b) network with c) network with d) network with e) reverse network f) reverse network
with tilted pores  additional vertical pores pre-etched cones  pre-etched cylinders tree with tree with
pre-etched cylinders pre-etched cones

A

Figure 16: Schematics represation of crossections of pa the simplest and b) advanc
configurations of a network structure obtained after etching of PC foils irradiated uiderg® ina)
four andb) five steps;networks combined with pretchedvertical c)conical andd) cylindrical arrays,
e,f) reverse network tree structures showingatohed cylindrical or conical pores supported w
network at the base.

Figure 17 showsepresentative SEM images of a network membrane surface (a) and cross
sections (kd) of different types of network structures. In Figure 17a, a typical porosity of the
surface of a network membrane is shown (here the total pore number density 95 2x10
poregcn?). The inset presents a higher magnification image of 210 nm pores formed by
irradiation from four different directions (marked with arrows) under an angle of 45° and
etched for 10 min. The crosection of a similar membrane with pores of 150 nm diame
(etched for 7 min) is shown in Figure 17b. The roughness at the edge of the polymer arose
from the breaking of the membrane. Three of the four irradiation directions are indicated by
arrows in the zoomenh image. For the fourth direction, only the poopenings can be
identified from this image. Figures 17c and 17d show the @®stsons of networks
combined with preetched vertically aligned conical and cylindrical channel arrays,
respectively. The inset in Figure 17c shows the esestion of theip of a cone with the
network channels penetrating through the cones. The two insets in Figure 17d present the
crosssection (topnse) and surface (bottorimse) of a membrane witlpre-etched cylindes

(20 min etchingdensity of 16cm?) and posetchel nanochannehetwork (5 min etching).
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Figure 17: SEM images of a) the surface of a network membrane with an inset showing th
formed by irradiation from four different directions under an angle of 45° b) -sgug®ns
membranes with high aspecatio network channels indicating three out of fourediions of
intersecting poresietworks combined with vertically aligned peechedc) conical ord) cylindrical
channel arrays. The inset in (c) presents the «esson of the tip of a cone withd network. The
two insets in (d) show the craessction (topinse) and surface (bottorimse) of a membrane with |
pre-etched cylinder and pestched channel network.

Additionally, series of PC foils were irradiated with Al placed mask in front ofhie foil

stack. These masks, which had ageéined circular opening in the center with a diameter of

5, 7, or 15 mm, prevented the penetration of the heavy ions through the mask, and only the
open area to the foil was irradiated. This resulted in thedtom of channehetworks with a

confined area, which improved the efficiency of the electrodeposition process (see Section
4.3.0.

The synthesis of ZnO cylindrical, conical nanowires and interconnected nanowire networks
inside tracketched membranes issdussed in Chapter 4
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4. Electrodeposition and
characterization of ZnO
micro- and nanowires

This chapter deals with the reproducible growth of ZnO nanowire based structures in a
controlled manner. The electrodeposition conditions, such as the applexdial, electrolyte
concentration and electrodeposition time as well as the mempoaealiameter were varied

to study their influence on the morphology and the crystallographic properties of the parallely
aligned cylindrical nanowire arrays. Additidlya vertically aligned conical ZnO nanowire
arrays are presented. A nanowire network system consisting of tilted intersecting ZnO
cylindrical wires is highlighted. The growth conditions and parameters of the wires (e.g.
diameter, density and length) inetmetworks are adjusted in order to obtain homogeneous
and stable 3D structures.



4. Electrodepositionand characterization of ZnO micro- and nanowires

Etched iontrack membranes are being used since decades as templates for the
electrochemical deposition ofnanostructures inside the chanf& In general,
electrodeposition of mro- and nanowires can be carried out using either a ow@a three
electrode setup in potentiostatic or galvanostatic mode, as well as by pulsed electrodeposition
conditions. In this work, a twelectrode setup was used for electrodeposition ofcalex
backelectrode, which is deposited on one sideh&f membrane to close the pores and

serve as a working electrode for the membrane during the growth of thelwicestrastthe
synthesis of ZnO nanowires was performed in a tkteetrode configration in potentiostatic
mode, as described in Secti@?. The process for the synthesis of ZnO nanostructures is
schematically shown for the case of networks in Figure 18, and consists of the following
steps: a) irradiation of polycarbonate (PC) foilshwheavy ioms (e.g. Au or Bi), b) chemical
etching for transformation of the ion tracks into channels, c) sputtering and electrodeposition
of metallic layer (baclelectrode) as an electrical contact, d) electrodeposition of nanowires,
e) removal of the ggmer by dissolution in dichloromethane. The same steps were employed
for the synthesis of the arrays of the cylindrical and coni@abwires

a) heavy ion b) chemical C) contact d) deposition €) membrane
irradiation etching deposition of nanowires dissolution

Figure 18 Schematic viewof different steps ofnanowire synthesis a) heavy ion irradiation, b
chemical ething in 6M NaOH, c)gold sputtering and electrochemical depositof metallic (Au or
Cu) backelectrode as a back contact, ed@ctrochemical deposition of nanowileegnowire network
inside the membrane, dissolution of the polymer.

4.1. Cylindrical micro- and nanowires

For electrodeposition of parallel cylindrical nanowires, 30 um thick membranes with pore
number density of T0cm? were used. Different parameters and conditions, such as the
applied potential, size of the pores the membranes, electrodefiton time, and
concentration of the electrolyte were varied in order to observe changes of morphology,
composition and texture of the wires depending on deposition conditidhs.
electrodeposition and characterization of ZnO nanowires are presentée iiollbowing
sections.
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4.1.1.Preparation of the backelectrode

Prior to the electrodeposition tie backelectrode, a £20 nm thick Au layer was sputtered
(Edwards Sputter Coater S150B0" torr, 1.51.6 kV, 1520 mA) on one side of the PC
membrando providean electrical contact to th@lymericsample. This sputtered layemas
thenreinforced with either gold or copper baclelectrode which closes the channels on one
side of the membraneand thereby prevenffow of the electrolytethrough the poreto the
back side of ta sample. Additionally, the ba@iectrodeact asa working electrodeduring
electrodepositiorof the nanowires Both Au and Cu layerserving as backlectrodes were
electrochemically deposited atwo electrode setugsshown in Figurel9 for the case of Au
deposition The PC membrane was introduced in the dmtween the twoTeflon
compartments in such a w#yat thesputtered side was in contact wahCu ring,which was
used to electrically contact tlsample The Au layersvere gravn ata constant potential of
0.70r-0.8 V, resulting in acurrent of 4 mA. A commercial gold sulphite bafAuSF,15 g/L
Au, METAKEM) was used as electrolytanda Au rod was theanode.Cu backelectrodes
were deposited a constantpotential of-0.5 V using a solution of 238 gL CuSQ-5H,0
(Sigma Aldrich, >98%)and 21 g/LH,SO, (Merck, 9597%) and aCu rodas anode which
resulted in a current of20 mA during the electrodeposition

u |
cathode anode
- + :
(Au layer) (Au spiral)
Aut
-
-
air . AuSF bath
membrane electrodeposited Au
sputtered Au [ Cu contactring

Figure B: Schematic representation afwo-electrode setup falectrodeposition ol Au layer on the
sputtered gold ahe membrandyy applying a constant potential ©.7 or-0.8 V.

Depending on the pore sipéthe membraneshé deposition time for the baetectrode was
increased t@assure theomplete coverge of the pores-or pores with aliameter up to 300
nm Cu andAu layers were depositddr 45 min and 3.5 h, respectivelyhich correspond
a thicknessvarying between~7 and~10 pm in both case. After deposition of the baek
electrode, the samples reerinsed withdeionizedwater and dried witla stream ohitrogen
gas
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4.1.2.Synthesis of arrays with parallel cylindrical ZnO wires

Figure 20schematicallypresents théhreeelectrode configuration of the setemployed for
electrochemical deposition of theamowire arrays The dectrodeposition was performed
using a potentiostat (GAMRY Instruments, Reference 600TM) thieghAu or Cu layer on the
membrane acting as a working electrodePt spiral wire(Good fellow, 9999+%) as a
counterelectrodeanda Ag/AgCl reference electrode (Sensortechnik Meinsberg Gnshat
KCI). The membrae wasfixed in betweenwo Teflon cell compartmerst sothat the metallic
layer wasin contact with thecopper ringserving asa contacbetweerthe membranand the
external circit.

Potentiostat
counter reference )
electrode electrode | Working
(Ptspiral) electrode

electrolyte

membrane electrodeposited Au
sputtered Au i Cu contact ring

Figure 20 Schematic representation of ad&electrode setup consisting aforking, counter anc
reference electrodes and connected fiotentiostat

30 um thick etched ion track membranes with various ga@meterdetween40 and300 nm
were employed as templates. nPAaqueous solution containing@l or 1 M zinc nitrate
hexahydrateZn(NOs),-6H,O was used as an electrolyte. To wet the pores of the membrane
completely, the electrolyte was filled in the cell 1 h before applying a potebif&rent
potentials ranging betwee.5 and-1 V vs. Ag/AgCl anda temperaturezarying between
60e Cand 8@ Gwere applied and adjusted fareproducible growth of these wire$he
influence of the deposition parameters (sucdegmosition timeglectrolyte concentratioand
potential) on the morphologgompositionrandcrystallographigroperties othesenanowires
was investigatedby usingscanning electron microscop$EM), energy dispersive -Xay
spectrometry(EDX), and X-ray diffraction KRD), respectively The sample preparation
processes for the measurements are desdnlbetailin Chapter 2Novelty was the studpn
the influence of thepore diameteron the crystallographic propertie$ ZnO nanowires The
resultsare summarized in the following sections.
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4.1.3.Influence of the electrolyte concentrationon the morphology of the wires

30 umPC foils with pore diameter of ~200 nm and density of pores/cri wereemployed

as templateto growZnO nanowires using 0.1 and 1Z&m(NO;s),A 6,®lelectrolytes at fixed
temperature and potential beingg8tand-0.8 V vs. Ag/AgCI, respectivelyAs an initial step
the parameters for the temperature gotential were adapted from Sinedal*® After the
electrodeposition, the polymer tma was removed by immersing the samples into a
dichloromethane lih and washing in several ste@he morphology of the clean wires was
studied by using SEM.

Figure 21 shows SEM images of the resulting nanovdeg®sited froma) 0.1 Mand b)1 M
electolytes. The wires grown usin@ lower concentration electrolyte display a smother
surface (Figure 2la) as compared to the wires which were deposited from a high
concentration electrolyte bath (Figure 21Bhe deposition ratevas slower for the sample
grown from the 0.1 M electrolytedue to the lower concentration of the ions, which led to the

growth of continuoa and smooth wires, while very rough and brittle wires were obtained at a
faster deposition rate frothe higher concentrated bath (1 M). For thegson, further studies
of different ZnO wires werperformedby using 0.1 M electrolyte.

Figure 21: SEM images of ZnO wires with a) smooth and b) rough morphology, gté@mperature
of 80e C  gotenitial of -0.8 V vs. Ag/AgCl using0.1 and 1 M Zn(NG),A 6, electrolyts,
respectively.

4.1.4.Influence of the applied potential on the morphology and texture of the wires

To study the influence of the electrodeposition potential on the morphology and crystallinity
of the nanowires, series of identically etchied-track membranes with channel diameter of
250 nmand Cu baclelectrodeswere preparedPotentials betweer0.5 and-0.8 V vs.
Ag/AgCl were appliedusing a 0.1 M Zn(Ng.-6H,O electrolyte at 89 C Cyclic
voltammetry previously performed usingmdar membranes with a Cu ba@lectrode,
applying negative potentials from 04V vs. Ag/AgCI at a scan rate of 10 mV/s, revealed a
reduction peak a0.8 V, which was assigned to the reductioya .**° The chosen applied
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potentials are thus less negative than the reduction pégikre 22a shows representative
chronoamperometrid) curves of three electrodeposition processes at applied potentials of
0.5,-0.7, and-0.8 V. The deposition current increases with the increase of applied potential,
which is arelated toa larger anount of deposite¢harge®” At various potentials differ
ratiosof @ ¢ and0 "O ionsareproduced: higher potentials leadth® creation of more ions,

So in this case more charge is deposited on the same area of the working electrodé¢han in
case of lower potential.
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Figure 22: a) Chronoamperometric cunafselectrodeposition of ZnO nanowire arrays at app
potentials of-0.5 (blue), -0.7 (red) and-0.8 (purple V vs. Ag/AgCl at 8@ C; S E M (tap wmiewg

of nanowires with 250 nm diameter synthesized at different potentials-0f&Yy, ¢)-0.7 V, d)-0.6

V, ande)-0.5 V vs. Ag/AgCI.

Figure 22(b-e) showtop views of four nanowire samples deposite@ pbtential of-0.8 V
(@),-0.7V (b),-0.6V (c), and-0.5 V (d) vs. Ag/AgCl. The images indicate a clear change in
wire morphology depending dhe applied potential. Nanowires deposited-at8 V display
tips with a poorly defined shape, whereti® tips of the wires deposited at0.7 V exhibit
small spikelike grains. At a potential 0f0.6 V, the tips show platelet like grains parallel to
the surfacaenormalindicatinga possible change of crystal orientation. Wires deposited.at

V display tips which look smoother and seem to consist of larger grains. The different tip
morphologies are an indication that the applied voltage has an influencegnithsize and
crystallographic structure of the wires.

Furthermore the crystallographic orientation of the nanowire arrays deposited at various
potentials was investigated by XRD. Figure 23a displays the XRD patterns normalized to the

p pmt reflection At2adval ues of 31. 74e¢, ,Bdgpectdvdeflectiors®f. 23 ¢, a
the pprt, mmm¢p AP, and p @t planes were observed, corresponding to known

values of hexagonal wurtzite ZnO with cell constantaaef 3.24 A andc = 5.19 A. All

samples show the presence of several ZnO reflections indicating that the nanowires are either
polycrystalline, i.e. each wire congsbf grains with different orientations or the array

Page34



consists of single crystalline nanowires where each wireahdsgferent orientation. No
reflections at higher Bragg angles were detected. Neither pure Zn nampusties were
found. The two intensive peaks at 4@00B84e a
reflections from the baek | ect r ode. The Au (111) refl ect
sputteredAu layer.
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Figure 23: a)Normalized XRD patterns of~250 nm ZnOnanowire arrays deposited at-0.8 V
(purple),-0.7 V (red),-0.6 V (greef, and-0.5 V (blue) vs. Ag/AgCIThe bars in green correspond

the values from JCPDS card Nr.-B851;, b) corresponding texture coefficients of tipepmt (black),
ntt@ed), p pp (blue), andp gmt (pink) reflections.

Compared to the ZnO reflections expected for diffractioastbndargolycrystalline powder
(JCPDS 361451, vertical lines in Figure 23aall spectra exhibédan enhanced Zn( prt
reflection. Thisis in contrast to most electrodeposited ZnO films and nanowires reported in
literature, where the growth perpendicular to thert 1t glanes is more favorabfé*® For
these nanowire arraythe relative intensities of thet t tgnd p pp reflections decrease
and the intensity of thep gmt reflections increses with the increase of the applied
potential. This may indicate that at higher voltages mprgrt planes are formed, while at
lower voltages the growth op pp planes predominates. This effect can also be related to
the different morphology of thwire tips shown in Figure 22.

To investigate the preferred orientation of the nanowire arrays, the texture coefficients (TC)
of given "(Xa planes for all relevant orientations were calculated using the following
equation,

‘0 "Ma
v 52 v Rm 3 O 'Ma .
Yo'XQa o o "mdh (13)
G a

™o

wheren is the number of peaks (hene4), O "(Xais the intensity of the' X areflection
measured from the nanowire array (given in Miller indices), @itiQais the intensity of the
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corresponding peak of a ZnO powder referenceéhdrtase of polycrystalline samples, TC is
one for al "M a planeswhereasTC > 1 indicates a preferential orientation of the grains in
the sampleand TC =n would mean that the structure is single crystallifke calculated
texture coefficients are shown in Figure 23b. The texture coefficientp gt planes
increase from ~1.6 to ~1.9 for thanowirearrays deposited at potentials betwe@ and -

0.7 V, and decreases to ~1.3 b= -0.8 V. The TC values above one for tipe it planes
indicate that the preferred orientation is set pedpmilar to the wire axis. The values in
Figure 23balsoreveal an increase dhe TC p g at more negative potentials for all
samples. In particular, for nanowires preparedCa8 V, the increase of TCp gt is
accompanied by a small decreasd Gf p prt . Moreover, for nanowire arrays deposited at
higher potentials, the T€»f the Tt T tgnd p pp planesdiminish. However, given that

= 4, the samples do not exhibit a strong texture, but rather the presence of crystals oriented
with various directions, and a moderafe prt preferred orientation p gt for U =-0.8V).

4.1.5.Relation betweennanowire diameter and crystallographic properties

In order to investigate how the diameter of nanochannels in the membrane influences the
crystallograpic orientation of the wireseries of PC membranesth nanochannel diameters

of 45, 65, 85, 110and 160 nmand Au backelectrodesvere fabricated and used as templates

for the electrodeposition of Zn@irst, potentials ranging betweef.5 and-0.8 V at 8 C

from 0.1 M Zn(NQ),-6H,0) were appliedSuccessful growth was observed for membsane
with a pore diameter of 160 nixt -0.8 V vs. Ag/AgCl whereas no effective deposition
occurred for smaller diameters at none of betw®eh and-0.8 V. The filling in these small
poreswas either very poor or missing. Therefore a more negative potential as compared to the
wires discussed above was appligtficient depositions were performed-atV vs. Ag/AgCl

for all membraneswith pore diameters between 45 and 160. fthe need for ahigher
deposition potentiatan bedue tolimited diffusion andor mass/charge transport processes.
When the diameter is decreastite aspect ratio of the pores increases. Because the metal ion
concentration irthe electrolyte isrelativdy low (0.1 M Zn(NQ),-6H,0), diffusion limitation

results in a higher resistance of the elagte in the pores, and thashigher electric driving

force is needed forefficient deposition.lt is also worth mentioning, that this set of samples
had a Au sbstrate, while the wires mentioned in Sectibi4 were deposited on Cu
substrate, which mighalso influence the nucleation and growth of ZnO, however for this
assumption no proof is availabjet.

The chronoamperometric curves of the set of sampldsdifferent diameters arghown in
Figure24. The constant potentiall( V vs. Ag/AgCl) was applied for 1, 2, 3, 4, and 5 h for
membranes with a pore diameter of 160, 110, 85, 65, and 45 nm, respectively. The time was
chosen according to the diameterthe one hand to avoiovergrowth and formation of caps,

and on the other hand to fill the pores watlificient amount ofmaterial for XRD analysisAs

the diameter of the pores and hence the effective area of the working electrode is decreasing,
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the absolue value of thecurrent is also decreasinglthoughthe current density should
remain the same for all samples

0.0 1

~

-0.54
-1.04

-1.51

Current (mA)

2.0 ——45nm

—65nm
-2.54 —85nm
—— 110 nm
—— 160 nm

-3.0 T T T T T T T T T T
0 60 120 180 240 300

Time (min)

Figure 24: Chronoamperometric curves of ZnO nanowire electrodeposition in membrane:
diameters of 451m (green), 65 nm (blue), 85 nm d@je 110 nm (black), and 160 nm (pinK)he
deposition was carried ousing0.1 M Zn(NQ),-6H,O electrolyte at a constant potential-bfV vs.

Ag/AgCl at 8& C

To analyze the nanowires by SEM, the polymer matrix was removed with dichloromethane.
The detailed processof the sampleleaning angreparatiorfor measurements adescribed

in Chapter 2Nanowires transferred onto Si wafers were analyzed inaaiigl with respect to

their morphology anddiameter The mean diameteand the standard deviation of ~50
individual nanowires from different parts of the same sample were determined. The
dependence of the average diameter on etching time is shown ie BtgurThe error bars
represent the standard deviation values. The diameter values of pores and wires are in good
agreement and in both cases show a linear dependence on the etching time between 1.5 and
4.5 min. However, as it was observed earlier, the éianmvalues measured for the channels

are slightly(6+1 nm)smaller than the diametemeasured for the wires grown in the pdies

This small difference is attributed to the th{r8 nm) Au layer that was sputtered on the
polymer surface for SEM investigatigr&ightly redugng the poressizeby a few nm Figure

25 (b-f) display nanowires witran average diameter of 160+6, 110+4, 85+6.6, 65+4 and
45+1.5 nm, respectively. All analyzed wires exhibit a relatively rough morphology
resembling voidsbut no clear dependence betwéle@ morphology and wire diameter was
observed. Since it is known from deposition of different kind of materials that the walls of the
pores in the polymer membrane are smooth, the roughness is ascribed to the high deposition
rate of wires*® EDX analysis of single nanowires (area and line scans) showed the presence
of zinc and oxygein a ratioclose to 1:1and the absence of any impuritiésrepresentative

line scan is included in Figurel2Bnset) The Si signal originated from the substrate
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Figure 5: a) Average diameter measured by SEM for pores (black) and wires (red) as a funt
etching timeIndividual nanowires withan average diameter of b) 160, c) 110, d) 85, e) 65, aAd "
nm on Si wafers. Inset in (b) shows a representative EDX line scan.
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For XRD characterization the nanowires were kept embedded inside the membtanes
XRD patterns measureah these samplemepresented in Figure6a. The diffractograms are
normalizel to the p pmt reflections.Four ZnO reflections corresponding to the waite
phase, namelyp prt, Tt m,¢p pp and p @ were observedyhoserelativeintensities
varied for the different samplesThe mentioned reflections astrongerpronaunced for the
wires with smaller diameters, namely 45 and 65 nm, and slightly for 85 nm wires. For
nanowire arraysvith wire diameter of 110 and 160 nivetreflectionstt 1t t&nd p pp are
almost negligibleHowever, for TC calculations all 4 reflect®mere taken into account for a
comparison of all sample3hese patterns can also explain the morphology difference of the
wires. Apparentlywires with smaller diametstend to be more polycrystalline, which means
that the random growth of the crystabmn result irthe formation ofvoids and rouglsurfaces,

as it was shown in Figui2zs. Thetwo highi nt ensi ty peaks at 38.19e¢ a
Au reflectiors originating from the backlectrode. The XRD spectra confirm that the
nanowires are puren® and that there is no Zn-deposition under the applied conditions.
The calculated TG@ata are presented in Figureb2@he array of nanowires withe largest
diameter, namely 160 nm, displays the highesture i.e. TC p prt with a maximum TC
value of 2.5. The texture coefficient fdhis preferred p prm orientation decreases for
smaller wire diameters, while the TC value for tipegtt orientation increases slightly for

85 and 110 nm wires, and decreases again for thinner nanowires. lastolur diameters
below 80 nm the TC mt 1t 1t glightly increases. The tendendgr having a preferred
orientation and better crystallinity is higher for thicker wires, while the thinner nanowires
have no defined preference of a certain orientation.
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Figure : a) XRD diffractograms measured for arrays of nanowires with diameter of 45 (blac
(red), 85 (green), 110 (blue), and 160 nm (cygaovn at-1 V vs Ag/AgCl and b) texture coefficient
of the p pmmt (black), m t ted), p Ep (blue), andp @t (pink) reflections.

4.1.6.Crystallographic properties and compositiondepending onwire length

ZnO nanowires were growfor 1, 2, and 3.5 Im 30 um thickmembranes witporeshaving a
diameter of 200 nrand anumber density of focm. The electrodposition was carried out
using 0.1 M zinc nitrate hexahydrate electrolyte undpotantialof -0.8 V vs. Ag/AgCl at

80e CThe crystallographic orientations of the nanowire arrays embedded in the membrane
were analyzedising XRD. Figure 2a shows theonfiguration of the samplend measuring

setup. The diffractogrammeasured for the theesamples are shown in Figureb2T all

casesr ef |l ecti ons at 2d of 3vdre obskrgedvhiBhdrespedtigely 3 6 .
correspond to thep(qm), (M T, dp |p) and 6 @m) planes of hexagonal wurtzite ZnO,
matchng well with the values available from the ZnO JCP&#d Nr. 36-1451(shown with
black lines n Figure 2B). For all three sample®nly thesefour reflections werepresent
indicating that the crystallinity of the ZnO wires does not change almganowirdength
and does not depend on the deposition tile reflection marked with aasterisk athe 2
angle of38.5 e i s as sAu (Medsing flom theéhsputtered goldyer. The copper
signal arises from the electrodeposited baedectrode Wires produced under identical
conditionsexhibited very similar XRD spect@nfirming the reproduciltly.

Page39



X-ray
detector

a) X-ray
source

Il membrane with wires
sputtered Au layer
—— I Cu back-electrode

b) 500 -

Zno (1010)
Si (100)

Zn0(0002)_

n0(1120)

j&
iR

400 -

~ In0 (1011)

*

300

ﬁ_

200

Intensity (a.u.)
Intensity (a.u.)

WbWw 1h

| ZnO JCPDS 36-1451
| L ,
50 60 70 80 90 00 05 1.0 1.5 20 25 3.0 3.5 40 45 5.0

20 (degree) Energy (keV)

100 4

Si K,

Al K,

—F
(T

o

w
o
Fy
o

Figure 27 a) Shematic representatiaf the XRDsetup and the adjustment of the samplativeto

the X-ray beam, bXRD diffractograms of ZnO nanowire arrays with wiemgth of~10, ~20and~30

€ m ogr at-0.8 V vs. Ag/AgCl and80e Gor 1 h @reen), 2 h (blue) and 3.5 h (red) usih@ M

Zn(NO;),A ,® Electrolyte The black lines represent thé2Zalues known fronthe ZnO JCPDS carc
Nr. 36-1451. SEM images af) ~20 um and d) ~25um long ZnO nanowireslin (d) thewires are still
attached tahe cap,e) representative EDX spectrum 8hO nanowire transferred onto a Si wafi
(inset)

To measure the length of the wires deposited at different time periods as well as the chemical

composition along the wires, the polymer was dissolved in damethaneDuring polymer
dissolution somef the long wires broke and remained lying ttve substrateallowing for
measuring their length (Figure72,d). The average lengths for the sampdgewn for 1, 2
and 3.5 h wer@-10, 1820 and27-30 mm, respectiely. For the sample grown for 3.5 taps
were observed on top of several wif€sgure 2d). Wires transferred onto a Si wafevere
analyzed byenergydispersive Xray (EDX) spectrometryFor each wirethree points along
the length (two at the edges anohe in the middle) weremeasured. A representative KD
spectrum is shown in Figure 7The L linesof Zn and Oare assigned tthe wires. The K
line of C probablyoriginates from residual polymer on top of the wires. The signals from Al
and Sicorrespondo the SEM sample holder and Si wafer, respectivEhe insetf Figure
27e shows theSEM image of ZnO wires for which the presented EDX spectrum was
recordedFor the majority of the measuremts, the ratio of zinc and oxygenthe structurg
showeda stoichiometry close to 1:No othersignals weraletectedsuggestinghat the wires
consist only of Zn and O, withoahysignificant impurities.

4.1.7.Medanical stability of the arrays

For implementation of nanowire arraysas electrodes, e.g. for solar cellEnd/or
photoelectrodes for photoelectrochemical water splitfiegsstanding wiresre requiredrFor
the comparison ofhe mechanical stability of nanowire arrays, thesempleswere prepared
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by electrodeposition of ZnO &.8 V vs. Ag/AgCl at 88 Qising 0.1 M Zn(NGO3),2-H20 in
templates with pore number densityldf cm?. The two samples haalsimilar wire diameter

of ~250 nm, but different lengtheing ~7 and 20 pum. The third sample consistedwafes
with diameter of ~125 nm and length of 20 &EM was employed to study the mechanical
stability of ZnO nanowire arrayan thar metallic substratafter polymer dissolutiarFigure
28 (a) and (b)how SEM images of arrays of ZnO nanowires watldiametef 250 nm and
length of ~7 and ~20 € mrespectively After dissolution of the membranthe short wires
(Figure Ba) are freestanding anchave a perfectly parallel alignment, whereé#se longer
nanowires (Figure 28 tend to bendand agglomeratéorming bunches ohanowireswith
attachedips. This effect becamevenmore crucialwhen decreasing the diameter2éf um
long nanowires to 125 nifFigure 2&). These wires showed the least stability not only by
bendingbut alsoby detaching fronthe backelectrode during # cleaning process. Figure
28c, the white dots on the substrate are the bases of broken wires.

Figure 28 SEM imagesoha)~7 e m | ong f r e e st @wimeddiameger ai-260 rmmy
b)~20 em | ong n(diameter+2650ens), slrowingbow mechanical stabilityandc) ~20

em | ong n a@iameierl185nm)rhavagthe poorest mechanical stability.

By increaing the wire diameter and decreasing their length, relatively stable wire array can
be obtainedTo enhance the stability and maintain the high aspect ratio of the nanowires,
conical ZnO wires were studied.

4.2. Vertically aligned conical ZnO wires

For the fabication of conical nanowires, asymmetrically etcl8&€dmm thick membranewith

10" pores/cm were employedAs for cylindrical poresalsoin this case the membranes were
first sputtered witra thin gold layerwhich wasreinforced withan electrodeposite€u layer

The potentiostatic growth oaZnO cones wagarried out using the same setup and electrolyte
as for the cylindrical nanowiresvith largest pores(~200 - 250 nm) namely 0.1 M
Zn(NGs),-6H,0, applyinga constant potential of0.8 V vs. Ag/AgCl ata temperature of
80e CTwo differentapproachesf the growth process were employed: bsgp and tipto-
base growth'?® In the first case, the ba@Xectrode was depositedh the sideof membrane
with thelarge diamete(2 - 2.5 pum)of the conical poregéferred to adas) for ~1.5 h This

" The tipto-base approach was proposediy Loic Burr and is discussed in more detail$?fh
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resultedin a Cu layer thickness of ~1215 um, which was expected to completely cldse
pores.For the growth of the conical wires inside sumémbranes, thsample wereplacedin

the electrochemicatell in between Teflon compartmentssuch a way that the open side of
the conical porewith diameters below 100 nftips) wasin contact withthe Zn(NQ),-6H,O
electrolyte (Figure 2%). In the case of the tipto-base growth the backelectrode was
deposited on the membrane at the side where the tips avetthe electrolytefor the ZnO
depositionentered into the pores frothe base of the conical pores. The latter arrangement
provideda faster ifling and wettingandimproved theion diffusion insidethe poreqFigure
29%).

a) Potentiostat b) Potentiostat
counter reference . counter reference .
electrode| electrode | Working electrode] electrode | Working
(Ptspiral) electrode (Ptspiral) electrode
| -—
| -—
. —
| -—
electrolyte " air electrolyte - air
membrane B electrodeposited Cu membrane I electrodeposited Cu
sputtered Au [l Cu contact ring sputtered Au [l Cu contact ring
baseto-tip growth tip-to-base growth

Figure 29 Schematiaepresentatiosof the threeslectrode setup for electrodeposition of conical Z
nanowires with a) bas®e-tip and b) tipto-base approaches.

ZnO canical nanowire arrays wesamnalyzedoy SEM to determinehie size of the base ang,

as well as to study tiresurface morphology. Fige 30shows SEM images of nanocones
depositedby thebaseto-tip method Figure 30 (a) and(b) show low and high magndation
SEM images ofa cone array on a substratat first 9ght, the cones looksmooth with
homogeneously growwalls. However,some of the conesxhibiteda hollow structure near
the basgmarked with arrows in Figure BPwhich istypical for metals andmetal oxides
electrodeposite@t a constant potentia poresof sizes larger than few hundred nnf®**
The hollow bases of the canweaken the mechanical stability antkadto their breaking
However,broken wires lying on the substraaélow measuringhe diameter and length of the
cones (Figre 3@). Systematic analysis of different samples with identical preparation
conditions yielded tip diametersin the range between 70 and 90 nm (Figured30The
diameter ofthe baseclose to the backlectrodewasbetweer2 a n d . Bheléngthlofrihe
cones after completfilling of the membrane was in thange betwee@5and27e m. For
measured congthe base dianter at the point where the coheke was between 1.2 and 1.9
e m(Figure 3@). Thezonewhere the wiestypically brokewasfound to be~5  eawayfrom

the backelectrode The hollow structure continued for the majority of the cones until the
diameter of the conical channétsthe membranedecreased tel  eomless(up toacone
length of~1 5 gTimschematic representation of the tubular structutbetones is shown

in Figure 30. The formation of a tubulashaped base of the cone results from the deposition
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of the gold back electrode by sputterif@uring this step the sputtered gold not onlyersv

the surface of the membranetht partly enters and coatise walls ofthe pores with a depth

of up to several hundreds of nm. This coated area serves as a first nucleation center for
electrodepositionand the deposited materigplicateshe geomey of thesputtered Audube

at the base resulting infarthergrowth of ZnO tubular cones.

f)

25mm

/</2/ 500 nm
v iy ,J".‘ y
/

5rm breaking zone,
15mm

I<_—>|

Figure 30 SEM images of &nO conical nanowire arrain low (a) and high(b) magnification
showingfree-standing and broken conese) 23 ¢ mongindividual ZnO conical nanowirewith atip

diameter varyingpetween70 and90 nm anda basediameter at the breaking point beingy ~ 2 , f)e
schematic representation of the tubular structure of a cone with a breaking zone at a length b

and 15 ¢&m.

The aystallogrgphic orientation of ZnO nanocorrays embedded in the PC membrevas
investigated usingRD. Figure 3Aadisplays a representativéRD pattern measured on ZnO
conical wires with~2 ¢ m b a9 em tig diaimetersThe spectrum shows the reflections

at 2d ov&al .u7e6se , 34. 38¢e6. 4B6&k.,2 762 . 64379%cAhE!T,. 83 ¢
correspond tdhe p prt, MM TGP PP, P [G, P @T, P PO, (p @C), and ¢ WP

planes of wurtzite ZnOThe presence of almost all possible crystakphic planesndicates

that these cones are polycrystalline. The small reflection aPg88.1lb el ongs t o Au
originatesfrom the thin sputtered gl | ayer . The s5 @.n@dassigreedto 4 3. <
the Cu substrateand correspond tthe (111) and (200planes The vertical lines showmithe

graph correspond to the values known friva JCPDS cards of ZnO (greeNp. 36-1451),

Cu (purple, No. 040836 and Au (yellow,No. 833697. Figure 3b shows the alignment of

the sample relative to thé-ray beamA schematic of ZnO hexagon together with thain
crystallographic orientatiorsnd several planes which are present in hanocamgeshown in

Figure 3.

To better understand the significant difference of the crystallographic structure sf a®ne
compared to cylindrical wires, namely the presence of almost all reflections typical for ZnO
powder, a closer look was taken at the hollow structure of these cones by investigating them
with SEM. The typical morphologies of the inner structure of sonleserved on the same
sample are presented in Figure 32.
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Figure 31 a) XRD pattern ofa conical nanowire array grown from base to tgmd schematic
representatiamof b) the XRD setup and the adjustment of thmgke relative to the Xay beam anc
¢) the ZnO hexagonal crystal wittmarkedcrystallographic orientatiorsnd several planashich are
commonly present itheZnO wurtzite phase.

Figure 32 SEM images of typical morphologies of the inner structure of cones observed on th
sampleelectodeposited at0.8 V vs. Ag/AgCI at 8@ Grom base to tiprevealingthe individual
nature ofthegrowth and crystallizationf ZnOinside different channelsf the same membrane
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The breaking points of several cones of the same sample are shovgur@ F&-c. In all
cases, the inner struce looks capletely different. In Figure 32the broken cone obviously
consists of largefaceted grains which can be detected at the breaking point fsthmebges

of the cone. Figure &2shows another broken cone wétltompletely filled basédowever,in

this case, the cone consists of features widmaller size andindefined shape. A tubular
cone consisting o&n inner nanoroebased wall and a smootuter wall is shown in Figure
32c. The wall of the tube, which was formed by nonform nanorods, hé a thickness of
~400 nm at the point where the cone broke. A very typical structure that was observed for
many cones is shown in Figured3ere, thébasef the cones are almost completely filled
and consist ofrery largegrains having Tt T m gnd p mp conspicuoudgacets The inset in
thisimage shows the top view of the hexagentt 1t glane(in blue) and thep pp planes
(with dashed lines). Another hexagonal structure observed inside the cones was a hexagonal
tube (Figure 32). These tubes, whichad a length varying between 200 and 300 nm and
diameter between 100 and 150 nm (mainly vaifr1 aspect ratio), formeithe inner wall of

the tubular base of theone and were oriented randonWyth respectto each other but
parallel to the substrate h&se structureare expected to hawe strong reflection ofp pm
family planes in the XRD pattern. Some other cones were filled withundarm short
nanorods and smaliexagons, as shown in Figuref.33ince thee hexagons looked to be
nicely positimed perpendicular to the wire growth axis, an enhancemettteofrt 1t 1T ¢
reflection signal during XRD measurement can armgdeo from these structures. The
mentioned three main reflectiongy bedue to he structures shown in Figure@d2vhere the
cone wadilled with grans consisting of all three plas. Solid hexagons forming a doal

tube are shown in Figure B2In this casgthe hexagonsxhibitedvery diverse sizes and were
oriented randomly. Last but not least, another common ateycivhich is sbwn in Figure

32, was a cone filled with uniformanorods with a length o400 nm and a diameter 670

nm.

Sucha large variety ofoneshape made the complete array thie cones(grown from base to
tip) behave as a polycrystalline system. The-homogeneity of the growth, which can be a
result of poor diffusion and wetting processhrough the small opening tie conical pores,
leads toa ratherpoor mechanical stability. For this reastime synthesis proves was inverted
by growing theZnO conedrom tip to baseThe applied conditions, namely the temperature,
electrolyte and the potential were the same as for the cones grown from bps@ tiypical
XRD pattern ofa tip-to-base growrtone array embedded in the membrane is shown in Figure
33a. As in the previous case, these cones ats® to bepolycrystalline with prominent
pparn, mnutagnd p mp and relativelylower p pug , p @, and p po reflections
The main difference compared to the bastp grown samples ishe dominatig 1T T T
reflection instead ofp pp . No signal was detected from the planes of Zn®@igter Bragg
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angles.The inset in Figure 38shows the schematic of the XRD setup andatigsmmentof
the membrane with cones relative to theay beam.

a) v p S source detector
E ) 3

=4 ] jun

E O (@] A “__ 21

A —

| ! Sample stage
- = a
5 =h =3
© Q a
~ o] o) 1 g B8
> S S a & a
= N N £ £ E
)
c (= — (o
Q ] | 1 1
o
= w

T !

35 40 45 50 55 60 65
2¢g(degrees)

w
o

Figure 33: a) XRD pattern ofa conical nanowire array grown from tip to base, the inset show:
schematic representation of the XRD setup and the alignment of the sample relative toayh
beam,b) SEM images of a typical ZnO cone grown from tip to base,hilghlighted zoometh
images show the edges of the cone close to the tip (orange) ar(drease

The SEM image of a typical cone grown from tip to base is shown in Fi§brelBe zoomed
in images of the two edges of the cone close to the tip (Oramgethe base (green) show a
very rough morphology. The wseonsist ofarbitrarily oriented grains andanowallswhich
explainsthe polycrystallinecharacterevealedoy XRD.

To measure the tip and base diameters, individual cones amalgzedwith SBEM. These
cones were mechanically very unstable and tendeddatmment ontopieceswith a length
between 5 and 1Bm (Figure 34), thereby making it impossible to measure the diameters
accurately.However, a closer lookt these wires alloed the studyof ther morphology.
Figure 34 shows a high magnification SEM image of two cones which consist of randomly
oriented flakes, while theone inFigure 34 is mainly composedf very small sized features
resultingin a very rough morphologysigure34d shows thedge & a cone closer to the base.
The inset clearly revealsmall hexagonal platefbuildingi t h e ¢ o mipolvever,et c one .
was unexpected that thisast amounbf hexagons witlrandomly oriented Tt 1T 1T Qlanes
could increase the reflection dfie correponding peak inthe XRD pattern. Since XRD
measuremestwereperformed on theonesstill embeddedn the membranes, the top view of
the membrane witthe conesinside was also studieBEM imagesare shown in Figure43(e-

0). Some of the wires develope@mswhile thesurroundingpores remained not completely
filled (Figure 34e) The diffusing ionamight preferentially reduce on the caps rather than in
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the pores This means that the fastdiffusion of ionsfrom the electrolyte into the pores
through thdarge opening of the corfeompared to the bade-tip growth) does noimprove
the homogeneity of these condsstead, due tthe availability of a higher concentratioaf
ions, a faster and preferential growth of hexagonal crystatiseiform of caps tkes place
which spread over the membrane as theesvieach the surface (Figuref 3g). Some of the
hexagons can be single caps themselves, however, the size of the majority of the single
hexagons was smaller than the base diameter of the cones, sol\yptbbab are extracted
from the larger capsThese hexagonsdetachedirom the capdying on the membrane are
probably the main reason of the enhancadr 1t gignal inthe XRD pattern. Figure34h
shows a high resolution SEM image of an individual pore wéhy inhomogeneougnO
filling. All SEM images shown in Figure ®&long to the same sample.

Figure 34:SEM images of @) conical nanowires grown from tip to base-0.8 V vs. Ag/AgCI at
80e Cconsisting of randomly positioned pellets, grainy featward hexagons;l§ top view of the
sample before polymer dissolution showitige membrane with embeddednO cones The
overgrowth of the cones resultedtire formation of caponsistingmainly of hexagonal pellets witl
(0002)orientation.

Conical stretures seemed to be promising for the synthesis of mechanically stable nanowire
arrays due to the increased diameter ofirthmse servingas a supporting fundament.
However the expectations weraetneithe for baseto-tip nor for tip-to-basegrowth metlod,
probably because of the complex wurtzite structure of Zh®.enhancethe mechanical
stability of thecones, a reverse trdike network structurevith pre-etched conicapores, as
shown in Section 3.3 might be a solutionThe network would serve as r@inforced
fundamentto obtain freestanding conesAnother alternative for mechanital stable
nanowirebased structusds a network of wires, which is presented in the next section.

4.3. Nanowire networks

Compared to thin films, nanowire arrays possesgnificantly higher surface are&@hough
there is a limiin the number densitgiven by the overlap of the pores in the membranes due
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to the random distribution of the idracks. This restrictthe further incease othe surface

area of nanowire arrayélternatively, the length of the wires can be increased by fixing the
number density. However, amentioned for cylindrical and conical nanowire arrags
Sections 4.1.7 and 2}.the mechanical stability becomes a crugaliewhen increasing the
lengthor decreasinghe diameter of the wise This problem waavoidedby usingof network
structuresBecause of the complex matrix of the nanochannel networks, the electrodeposition
of ZnO inside these terfgies had to be optimizedhe synthesis and charautation of 3D
nanowireand nanotube networks greesentedn this section.

4.3.1.Optimization of growth conditions for ZnO nanowire networks

For the fabrication of ZnO 3D nanowire networksymmetrically etched templates wigh
total nominal poredensityof 2 10°, 2.5 10°, 4 10°, 8 10°, and 1&° cm? were employed.
Throughout this thesjshe total pore density is referred &s thesum of the fluenceapplied

at different irradiatiordirection e.qg. if the PC foilvas irradiated four times with a fluence of
2 10° cm?, the total fluence will be 42 10° cm? which is given as 810° cm?. After
etching, on side of themembranes ws first sputtered witha thin gold layer,and then
reinforced witheithera Cu ora Au layervia electrodeposition (Sectiohl). All deposition
conditions employed for the growth of parallel nanowire ar@ys Cu subsate (potential
between-0.5 and-0.8, 8@ Lwere subsequently applied grow ZnO in membranes with
interconnected nanochanneisth pore diameter varying between 150na 300 nm The
deposition potential 0f0.8 V vs. Ag/AgCl at 80 Gieldedreproducible and homogeneous
growth in parallel channels, led to very low filling rates of the interconnected pores with a Cu
backelectrode (as shown later Figure 363 No filing was observed when more positive
potentials were applied.he complex channel geometobviously hasan influenceon some

of the processes involved in the electrodeposifioninstancediffusion andor migration of
the®¢ and0'O ionsinsidethe poregowards the working electrod& To adjust suitable
depositionparameterdor homogeneous and reproducible ZnO nanowire nétvgoowth,
cyclic voltammetrywas applied using 0.1 M electrolyte at 8 @h membranes witla pore
diameter of 220 nm, density of2 10° porestn? and a Cu backlectrode Compared to
templates with vertically oriented channedsshift of the reduction peak to more negative
potentials, namely around.4 V vs. Ag/AgCloccured For nanochannel networks with a Au
backelectrode the reduction peak was close-tbV vs. Ag/AgCI, as inthe case of parallel
wires with a Au substratéAmong series of samples electrodeposited at 60, 70, agd_80
electrodeposition at @0Gyielded the best fillingfor both substrates.ower temperature
resuledin a reduced deposition rate and thusaimore homogegous filling of the highly
interconnected network channels

Representative chronoamperometric curfes successfulelectrodepositios in network
templatesare shown in Figure 3Both depositions were carried out in identical membranes
with a Au substrateand pore diameter andiensity 0of150 nm and8 10° cm?, respectively.
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Also thedeposition coniions werethe samgnamely-1 V vs Ag/AgCl at temperature of
60e (Jpon application ofhe potential,the measured current shoashargipealo within the
first few secondswhichis assignedo the charging of the double layer and formation of the
diffusion layer, as explained iSection1.2 Within the following 15 min a secondbread

A p e a keaordedsThe width of this peakchanges from sample to sampésd seems to
depend on the poréensity. This second pealas never observedor vertical wires and is
probablyrelaed to the differengrowth mechanisnmsidenetwork channeldviasset.al have
reported a similar behavior forthe electrodeposition ofvertically aligned ZnO wires,
explaining the secondump by the independent growth of ZnO nuclei that are smaller than
the pore dimensionand the increasing surface area available for the nitrate redtittion.
After 15 min the curve in Figure 8 continues to oscill ate
decreasing widtlas the growth inside the template proceddsontrast,ie curve shown in
Figure 3B stabilizes with time anchewsthetypical behavior known from theeposition of
vertical wires. Theoscillation effect was often observed,and might berelatedto stepwise
wetting with the electrolyte and hence with the increasdefmitrate reductiomnd charge
depositionwith time.
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Figure &: Two types of characteristic chronoamperometric curvesl@ftrodeposition of A0 in
membranes witthanochannel netwoskwith a pore diameter of 150 nm andensity of 8 10°
porestnt, grown at-1 V vs. Ag/AgCland60e C

To inspect the networks by SEM, the polymer matrix digsolved inCH,Cl,. Figure 36(a)
and(b) show two networkwith a nominalwire diameter 0200nm anddensity of2 10° cmi
2 grownon a Cu substratat different conditionsshown ina) U =-0.8 V, T = 80e @ndb) U
=-1.4V, T=60e CTrhenetwork grown at high temperature @{andlow potential(-0.8 V)
looks sparseandincompletely filled, so that the substratestsl visible through the network
(Figure 3@&). The insetrevealsthat the wire in the network possess undefined shapbably

due topoor filling of the poresA homogeneous network grown aier temperature (& T
and higher potential{.4 V)is shown inFigure36b.
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Figure . SEM images of two nanowire networkdth a nomiral wire diameter of 220 nrand
density of 2 10° wires/cn¥, deposited at different conditions:-8)8 V vs Ag/AgCl at 8G& howing
sparse fiing and poorly shaped wires, H).4 V vs Ag/AgCI at 6@& Cshowinga good filing and
well-defined cylindricalwires. c) Photograph of ZnO nanowire network armAu substratewith wire
diameter of 190 nnand density of 210° cm?, grown at-1 V vs. Ag/AgCl andat 60e Candthe
correspondin@EM images othenetwork at d) low and)ehigh magnificatior?®

Figure 3@ presents a photograph of aZmanowire network on a Au baekectrode after
dissolution of the polymer membrane. The samgd@ beeasly handled with tweezers
without damaging the networ#tue toits high mechanical stability. The wirdensity and
diameterin the networkwerein total2 10° cmi? and190nm, respectivelyand the deposition
was carried out atl V vs. Ag/AgCl andat 60e CThecorrespondingsEM images in Fjure

36 (d) and(e) showthis network at low and high magnificatiprespectivelydisplayingan
excellent interconnectivity between the wires. The connections serve both as fpoints
enhancedmechanical stability othe wholenetwork and as electrical connection between
several wireslt is worth mentioningthat this network was deposited a membrane which
was irradiated with a maskhere the ion irradiation was limited by a mask to 5 mm in
diameter.The role of tle maskis to limit the networkareaand to avoideakage of electrolyte
through the network pores at the edges of the mmarane whereno backelectrode is
deposited To explain this principle, igure ¥ shows the schematic of two cells with
membranegradiated withouta) andwith (b) a mask with & mmaperturdan the centerThe
regions marked with R correspond &peas ofpossible leakagéhrough the porest the
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interface of the sanip and the copper contaghg. The leakage of electrolyte observedor
membranes irradiated without mas}, while it is not possible focase(b) sinceall pores are
confined bythe back-electrode Another disadvantage of using the network templates without
mask irradiation is that the wires are being deposited outsifiehe area defined by the
opening(diameter)of the Teflon cell whereas for the samples irradiated with mask the active
area of the nanowire network after deposition is defimgdhe diametepf the irradiation

mask Figure 37(c) and(d) showphotograpps of etched membranes irradiated without and

with 5 mmmask, respectivelAlternative to mask irradiation, the electrochemical cell can be
redesigned. However, this would cause more technical issues, e.g. providing a homogeneous
temperature in the solot bath.

a)standard irradiatiorwithout mask  b) irradiation with mask ¢) without mask d) with mask
ik "Nl ik NI »
electrolyte electrolyte ‘ :
R 1cmips
nerea au T okt et ing

Figure37: (a, b)Schematic representation of two electrodeposition cells with membranes irradi
without and b) with mask. The areas markedtwvh A RO ar e t hedectrolgegcandeaal
thought the poresPhotographsf etchedmembranes irradiated c) without and d) with 5 mm mask
The optimization of the wire density in the networks for improved mechanical stability is
discussed in the next section.

4.3.2.Enhancement ofthe mechanical stability of the networks

Figure 38 shows two naowire networks deposited in membranes withore diameter of 90
nm andtotal density of a) 2 10° and b) 8 10° cmi? (thesePC foils were irradiged from four
directions, eaclwith a fluence ofa) 5 10% and b) 2 10° ions/cnf). The electrodepositian
were carried out at -1.4 V vs. Ag/AgCl at 60 Con a Cu backlectrode The low
magnification image in Figure8a reveals an unstable network with interconnected wires
beingcollapsed andorming bundlesof wires. The high magnification image shown as inset
elucidates the lack of interconnectionsviextn the wires whiclexplains thestability of this
network.In contrast, the network with highnumber density of wires ems to be very stable
(Figure 3®). Thevastnumber of interconnectiorstabilizesthe wholenetwork structureand
makes it freestanding. The inset in Figure B8&howsseveral crossing wires yieldingdense
matrix. At very high number densitiethe network will become too dense losing the
advantagef the onedimensionalitydue to the significant overlap of wires along their length
resulting in unfavorabl&ansport properties
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Figure 38: SEM images of nanowire networks with a wire diameter of 90 nm and number densi
4 5 10°cm? and b) 42 10’ cm? showing an enhanced mechanical stability for the network w
a higher dasity.

The space beteen the wires (intewire spacing strongly depends on the density of wieesl

well as the wire diameteFigure39 (a) and ) show SEM images of ngbrks having an
identicaldensity(2x10 cm®) but different diametersf wires beng 150 and 210 nr#\ stable
networkwith dense buindividual wireswith a diameter of 150 nns revealed in Figure 38

whereas th@anowires with larger diameter (210 naverlapand mergesignificantly (Figure

3%).

® 150 nm @210 nm

Figure39: SEM images of nanowireetworks with a wire density & 5 10° cm? and diameters o

a) 150 and b) 210 nm. The wines(b) possess significant overlappibgcausef thelarge diameter.

To obtain networksvhich have large intewire spacing and high stability at the same time
networks were synthesized in membranes which were irradiated with an additional fifth
position parallel to the surface normalhe preparation of membranes witbmbination of

tilted and verticaporesis described irSection3.3. The mainadvantage of #se structures is

the increase of the number density of wires without a significant increase of overlapping
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effect, which would be more probablethre case of irradiation from only four directions but
with higher fluence Additionally, the vertically oriated pores facilitate the wetting and
diffusion of ions inside the membranes resulting in more homogeneous network growth.

SEM images ofa network with additional cylindrical wires oriented perpendicular to the
substrate arshown in FigurelO. The diameteandnumber density of tteewires are 150 nm
and 5 10° cm?, respectivelyThe lowand slightly higher magnificatioBEM images (Figure

40 ap) showhomogeneougrowth of the networkover thecompletesubstrateFigure 4@
showszoomedin SEM image andorrespondin@D representation of the networkhere the
tilted wires of the networkare marked in blue, and the red coiondicatesthe vertically
aligned wires. The tips ofhe tilted wires show an oval shape, whereas the tipstioé
vertically aligned wres have a perfegt circular shapevhen looking fromthe top of the
network Thehigh magnificatiorSEM imageof the area marked in orange is shawirigure
40d, whichdisplaysjunctions between multiple wireRegions marked in white illustrate that
many wires can cross througkach otherat the sameposition Severalof the tilted and
vertically alignedwires are marked with blue and reidctes, respectivelyThe advantagefo
this network structurés that the overlap of wirds mainlylimited tojunctions, and the wires
havealmostno overlap along their length until the next junction with other wiféss keeps
the one dimensionality of the structure, especially for applications where the size of the wire
should be comparable to the diffusion pkghgth of the charge carriers in order to minimize
the recombination probabilitye.g. for photoelectrochemical water splittidgnother high
magnification SEM image is shown in Figure d0which clearly shows wires withfive
different orientationgfour tilted and one perpendicular to the substrate).
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Figure40: SEM images of nanowire netwowith a wire diameter and density of 150 nm and.&’
wires/cnffi s t a n danargoof panallel cylindrical wires ir)dow and bc) higher magnifications.
The nset in ) shows a3D illustration of the top view of the network with wires tilted (blue) ¢
perpendicular (redyith respecto the substrated-e) zoomedn SEM images of the network showir
intersections of several wires and the five orientatiorgires.

The flexibility of the ion-track technologyprovidesa wide range ofdiametes and wire
densities but the selectiof diameter and dwesity should be done carefullfherefore he
limits and challengesof fabrication of ZnO nanowires with high nrumber densitywere
investigatedasdiscussed in the next section.
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5. Passivatiorof ZnO
nanowiresand nanowire
networks with TiQ shell

This chapter provides knowledge about the crystallinity and composition ofnanGwire
networks as well as éhTiO, shell of ZnO/TiO, nanowiresand networkscoated by atomic
layer deposition at different temperatures.



5. ZnO nanowires and nanowirenetworks with a TiO» shell

To protect ZnO nanowires from corrosion and make them more suitable for
photoelectrochema measurementscore/shell structusewith a titania (TiO,) shell were
investigated The TiO, layer is expected to protect ZnO frophoto(electroghemical
corrosion in aqueous media. Different combinations of ZnO and do@/shell structures are
known from the literature as photoelectrodes for photoelectrochemical vegiéting®™ %2
dye sensitized solar celfé*3*or biological application®*%* In this chapter, twaypes of
ZnO/TiO;, core/shell structures are discussed: i) nan@maoated with amorphous titania, and

i) nanowire networks witlananataseTiO; shell.
5.1. ZnO nanowires with amorphous TiO- shell

Array of ZnO nanowireswith a diameter of 80 nmwas electrochemically depositeéd 30
em PC me(irtb posicel) by applying-0.8 V vs. Ag/AgCl at 88 Qsing 0.1 M
Zn(NGs)2-6H,0. After subsequentlissolutionof the polymer matrix,the nanowireswere
coated with TiQ at 11® Cat GSI using a flowtype ALD reactor R200 Basic from
PICOSUNM. As first and second precursors and purging gas TT4D, ahd N were used
respectively One cycleconsistedof 5.2 s of TTIP and0.4 s of H,O exposure, an&0 s
purging with N in betweerthe exposure step®60 cycles were applied to deposit-10 nm
thick layer>®

Figure 41 (a) and (b)illustrate schematially an electrodeposited and ALPoatedZnO
nanowire The SEM image in Figure 41showsseveral wires on a Au TEM grid. As
expected, the wes are continuous and completely filled. In the SEM image inspected by
using a low secoraty electron detectan transmission mod@-igure 41), the slight contrast

at the edges and along the witissassigned to the TiOshell. In the corresponding EO
spectrum(Figure 4F) the L and Klines of Zn originate from ZnO.He K lines ofTi result

from the TiQ shell. The C and Au signals are assigned to the Au TEM gridlagdy carbon

film. In addition CuL and K linesare detectedvhich are better visle in the inset in Figure
41e.
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Figure 4. (ab) Schematic representation of the a) electrodeposition of ZnO in aoated
membrane, and b) atomic layer deposition of a, Ta@er on top of ZnO nanowires after dissolution

the polymer matrix. (@) SEM images ZnO/Ti@ core/shell wires captured with a c) second
electron detector and d) low secondary electron detector in transmissionenodgesponding ED>
spectrum of a ZnO/Tigcore/shell wirs.

To understand where the Cu signal originates frii@nanavires were investigateloly using

high resolutiontransmission electron microsgopgHRTEM) with high-angle annular dark

field (HAADF) imagingandelectron energy loss spectroscoELS) in collaboration with

Dr. Wilfried Sigle at the MPI for Sold State Research in Stuttgarhe HAADF image of a
ZnO/TiO, nanawire is shownin Figure 2a. The ZnO core and the TiGhell can be
distinguished due to the contrast difference. The nanguassessea continuously coated
homogeneous Tigshell (~7 nm)and somesurfacevoids due tothe roughness of thenO

wire. Figure 42 (b) and (c) present thelemental mappingand the EELS spectrum,
respectively. The spectrum image clearly shows the presence of Cu in the wires (blue areas),
which is confimed by the spctrum in Figure 42 These ZnO wires obviousbontaina Cu
contamination, most probably arising from the diffusion of Cu from the substrate into the
wires. Cu diffusion into ZnQis a known effect which is often used to dope ZnO with*€u

139 e.g. for ferromagnetic application of ZnO:Cu systelffs Figure 421 shows a low
magnification HAADF image of severah®/TiO, nanowires where areas @tontamination

with Cu can be detected due to the color contrast (marked with blue arrows). The inset shows
a feature with weldefined edges which suggests that the structure is crystaftore.
investigation of the syn#sis process of ZnO nanowires and their characterizatien,
contamination with copper is an undesired effect. Thus, for further ZnO depositiyn&u
substrates were used (especially for photoelectrochemical rapasts).
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Figure 42 a) HAADF imageof ZnO/TiO, nanowire with 80 nm core and ~7 nm shell, &emental
mappingand c) EELS spectrum of corresponding nanowire shothi@gresence of Cu in some are
of the wire d) low magnification HAADF image showing areas on nanowires (manktd blue
arrowg with possible Cu contaminatioihe bright contrast in the areas where the nanowires ov

is assigned to the availability of more materidlhe insetshows a small crystal with wellefines
edges

To measure the coating thickness more preciget! to investigate the crystalline structure of
the core/shell wirediRTEM was appliedFigure 8a presentsa low magnificatiorHRTEM
image of several nanowires lying on a Au TEM giithe corresponding TEM image of the
area marked with gellow frameis shown in Figure 48 The cores of the wires shoslear
and continuous fringes correspamgito the (0002) planes @O, according to theneasured
plane distance beingd-26 nm However, in some small areas with wedlfined fringes, the
measured distarcof the planes was smaller, namel§.236 nm(Figure 4&), which matches
well with the d-spacing value ofhe (111) planes of CuOThis can mearhatin the ZnO
nanowireghe Cu,detected byEELS measurements, exdst an oxide stattHRTEM images
of different area®f a ZnO/TiQ core/shell nanowire are shown in Figui@(d) and (e).The
meanthickness of the sheil$ ~8 nm.In general, the Ti@layer looked amorphousvhich is
expected for low temperature ALD of Ti®&" However,fringes were detected in some areas
of the shell(see famedareas in Figure 448, e). The white lines show the orientation of the
fringes Two high magnificationHRTEM images of areamarked in Figure 3e are shown in
() and (g). The measurettspacingmatchedwith the (101) planes of anatase Zj@hich
wasconfirmed by the Faier transform image (Figure BBof the area shown in Figure 43
So, it can be concluded thahe TiO, shell ALD-deposited at 13 (has an amorphous
structure, with some amsconsisting ofringescorresponihg to theanatase phas# titania
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Figure 8: HRTEM images of (&) ZnO/TiO, core/shell wiresin low and high magnification
showing the welbrdered and continuous planes of ZnO (0002) withspacing of ~0.26 nnt) area
on the nanowire which consists of wdbfined fringgs with a plane distance of 0.236
corresponding to the (111) plané monoclinic CuQ (d-e) edge of a core/shell nanowirégh ~8 nm

thick shell, which has small features showing fringegg) (mall features on TiOshell in high
magnification, with ameasuredi-spacing of~0.356 which can be related to anatase,T®1). h)

Fourier transform image corresponding to (f) confirming that the observed planes are (101) of
titania.

5.2. ZnO and ZnO/anataseTiO , core/shell nanowire networks

ZnO nanowire atworks were electrodeposited in membranes with Au substratésvavs.
Ag/AgCl and 6@ Qising 0.1 M Zn(N@),-6H,0. For some series of samplesihen TiO,
layer with a thickness 6f20 nm waglepositedntonetworls (total number density of 8L.0°
cm?) using ALD. The temperaturef the ALD processwas increased t850e Gn order to
obtaincrystalline TiQ for better transport propertiebhe deposition was carried out by using
TTIP as a first precursor with an exposure timé..éfs, followed by purging with pfor 8 s.
The exposure of ¥0 as a second precursor wad s, and the residual otecules were
afterwards purged with Nor 8 s. According to the calibration value, thgsarameters result

in adeposition of 0.0197 nm Tiper cycle i.e. to achieve a ~20 nm coating thickness 1000
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cycles were appliedo study the influence of the tigrtemperaturen the ALD chamberon
the morpholog of the ZnO nanowire network, the samples were systematically stunjie
SEM before and after ALD.

Figure 44 shows SEM images of the same sample befor® éand after (¢f) TiO, coating in
different magffications. The low magnification imageBigure 44ad) give an overview of
the hanogeneous growth of the networtigher magnification images (b, e) show a denser
matrix for the image after coating, which is related to-tB@ nm TiQ layer decreasing &
inter-wire spacelmages at even highenagnification Figure 44cf) show that the network
underwent a morphological modification. Before the ALD process, the wires have tips with
sharp edges, looking almost like facei$ter coating the tips look ma roundedndicates
that the high temperature has a slight influence onwine morphology. However, it is
important to note, thaafter ALD the wires did not change their cylindrical shape and the
network structure with interconnected wires remaimnadct. The diameter of the wires
measured beforend after the ALD process werel50 and ~190 nm, respectively, which
matches with the expectation for20 nm thick coating.

Figure 4: SEM images of the same Zm@nowirenetwork with atotal number densjtof 8 10° cm®
ard a diameter of 150 ninefore &-c) and after (ef) ALD coatingat 25& @vith ~20 nmthick TiO,.

The corresponding EDX spectra of this sample before and aftBr ddlating are shown in
Figure 45 In both cases the characteristic L and K lines of Zn and the L line of O are
detected. In the spectrum measured after coating thied L lines of Ti are also observed.

The Au peaks are assigned to the Au substrate of the network, and the Al signal originates
from the SEM sample holder. No other peaks were detected, meaning that there were no
impurities in the wires
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Figure &: EDX spectra of the same ZnO network before (green) and after (purple) ALD coatin

~20 nmthick TiO,.

The structural properties of ZnO and ZnO/Ti@nowire networks were investigated first by
using XRD. Representative XRDiffractograns (q - 2q scarn of noncoated and coate
samples are shown in Figure.4@ contrast to the parallel nanowire arrays, the networks
exhibit almost all reflections for ZnO indicating that the samples ate prolpalygrystalline

(blue curve) Information about the textumuld not be deduced due to the tilt of the network
wires in different directionsThe nanowire networksoated with~20 nm TiQ show a
reflection at 25. 3¢, which corresponds to
21-1272) The patternn black corresponds to tH& reference samplgerving as aubstrate
duringt he measur ement . Th®Au and Cuirar thedGPD® dardsZzareO,
given at the bottom on Figure 46lhe Cu signal originates from theupporting layer
deposited ona ~8 Tm thick Au substrateafter the nanowire growthTherefore no Cu

contamination inside the nanowires is expected
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Figure 46 XRD diffractogramsof bare(blue) and~20 nm TiQ coated (red) Zn@anowire networks
The coated samples show a reflection corresponding to (101) planes of anatadeh& fiatternin
black is from the Si reference sample which served as a substrake fioreasuremenfu and Cu
signals originate from the network substrate itself.

Because of the complex structure rEnowirenetworks which consist of individual wires
havinga t i | t h edpectdtdbtige swface nornagld the many interconnectiobstween
them more precise techniques were required for further analyises crystallinity as well as
the morphology and elemental compositiontled ZnO and ZnO/Ti@wires deached from
the networkswere further investigated using HRTEM, HAADKSAED, and EELS The
samples imaged with SEM after transferring them onto TEM grid are presented in Appendix
E.

Figure 4& shows the HAADF image of a ZnO nanowire from a nanowire netvilurk to

the contrast difference, small gray/black areas are noticeable on the wire, which represent
surfacevoids that arose from the roughness of theesvin the network. In Figure B7 high
magnification HAADF image of the same wire is shown. Witliis tomplete area, the wire
exhibits continuously ordered layeihe higher magnification images of the areas nhumbered
with 1, 2, and 3 are shown in Figure 4Y, d), and e), respectively. These images reveal the
well-defined layers, including in the are&athe void (e) and prove the continuous growth of

the same planes bei@mO (0002) according to the measuredmhcing of 0.257 nm.

Pages2



Figure 47 HAADF images of a) nowoated ZnO nanowire with a diameter of 150 nm, dark s
correspond to voids arisingom the roughness of the wire; b) the wire shown in (a) in a hi
magnification, elucidating the continuously layered structure independent on the voids and tF
between the wire axis and the growth direction, and c, d, e) three areas indic@igdnimigher
magnification, showing similar and walkfined layers.

The results of HRTEM studies on the structural properties of both ZnO and ZnQvire&3

are presented in Figure 4Bhe HRTEM image of ZnO (Figure d4Bgives similar information

as tte HAADF images shown in Figure 47he measured distance between the planes was
0.26 nm indicating that the observed planes are (0002). The lattice fringes are continuous
along the wire (including the edge) without any disorder. The corresponding SAEDhmhtt

the wire is shown in Figure #8 The wire shows a strong diffraction of (0002) planes of
hexagonal ZnO, indicating that the wire has a rather sorgigalline nature in the analyzed
area.Networkwirescoated with nominat20 nm TiQ also show anystalline ZnO core and a
polycrystalline TiQ shell (Figure 48). It has atexture of (101) planes of the anatase phase
according to the measured plane distanoeing ©.353 nm. In Figure 48also twin grains
with the same (101) planes can be detectbd.measured thickness of the T&bell was ~19

nm, which is in good agreement with the expected coating thicknes®afim. Fringes of
ZnO with (0002) and (@p0) planes were alsabserved for this wire. Figure d8hows the
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SAED pattern of a core/sh@anowire with strong reflectiaof the ZnO (0002) and (p0)
planes and weak reflections of the Tighell. The inset reveals the Fourier transform image
of the TiG, shell without an influence from th&nO core, which was created from the
HRTEM image shown in the inset in Figure d8The dspacing measured from the Fourier
transform image was 0.352 nm, which matched well with the value measured from HRTEM
corresponding to the (101) planes of anatase.TiO

© .(0002)

(2110) 4 : . (0002)

/Zn0O; a Z-nol

ZA[1210] 7.7 1nm

Figure 48 HRTEM images of a) ZnO and cXnO/TiO, nanowires. The insets show hi
magnification images with measurdespacings of 0.26 nm (a) and 0.35 nm (c) corresponding ti
crystallographic planes of ZnO (0002) and T{®@01), respectively. SAED pattern of ¢) ZnO and
ZnO/TiO, nanowireswith inset in (d) showing the Fourier transform image of the, Si@ll.

It wasalso possible to image a region from the nsiction oftwo wires extracted from a
core/shellnetwork Figure 4@ shows the HRTEM image of this area, with an insiea
zoomal-in region presenting webrdered fringes which belong to ZnO (0002) planes
according to the distance between the plaiég. corresponding 2D pattern is given in
Figure 4%. The bright points arise from the (0002) planes of wurtzite Zndle theless
intense pointgmarked with green arrows in the imagee assigned to anatase TiQ01)

Pagesd



planesbased on the vals®f the calculatedi-spacing Figure 49(c) and(d) show a HAADF
image of a junction of two wires and the correspondatgmental mappindy EELS,
respectivelyBoth images prove the conformal coating of the ZnO wires afitbmogeneous
layer of 20 nm TiO,. EELS spectrum iege isdisplayedin Figure 4@, along with a
chemical composition profile emss the wire shown in Figure 49

Figure 49 a) HRTEM image of an intersection area of two wires, showing-aefihed fringes ol
wurtzite ZnO with (0002) planes havinglaspacing of 0.264 nm, b) the corresponding SAED pat
of the area shown in (a); ¢) HAADF image of a junction of two sviaed d) correspondirgjemental
mapping by EELS shaving a conformal coating with 20 nm TiQ layer; e) zoomeéh EELS
spectrum image and f) corresponding chemical composition profile of the ZnO¢bi@shell
nanowire.

Based on the structural and comjiional analysis of the ZnO wireated with a layer of
~20 nmTiO, at 25@& (it is possible to conclude that the wirglsthe network consist of a
ZnO core preferentially oriented along the [0001] direction. Some fringes vap®)dlanes
were also observedhe growth at the junctions is complete with continuous plailes
wires are uniformly coated with a homogeneous and polycrystallinglay@r consisting of
twin grains with mainly (101) planes of the anatase phase. While the XRD pattenited
various reflections indicating polycrystalline nature of the wire§EM analysis revealed
highly crystalline sections of wirgg/hich is an important property fefficient transportwith
minimized recombination of charge carrigfsirther investigations are required to determine
the gain size and observe the presence gaindaries.

Bare ZnOand core/shell ZnO/TiQ nanowire networkssimilar to those presented in this
sectionwere usedas photoanode model systetostest the compatibility of these network
structures for photoelectrochemical water splitting, which restdtgresented in Chapter 6
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