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ABSTRACT

This Dissertation is dedicated to the development @rmatacterization of
various material nanowiréNW) and transition metal dichalcogenidereshell
heterostructures

Novel synthesis methods dfighly-crystalline coreshell NWs have been
demonstrated the nanomaterials structure, composition, morphologyd an
photoelectrical propertieeave been characterize@ihe following results can be
highlighted:

1 Synthesis of novel ZnAVS; core-shellNW heterostructures. Fabrication
of asgrown nanostructure singlenowire photodetector and
demonstration of enhanced phel&ctricproperties in comparison to pure
ZnO NWs.

1 Synthesis of novel GalReS, ZnSReS and ZnOGReS core-shell NW
heterostructures. Development of new fiewyer ReS synthesis methoi
sulfurization of a praleposited Recoating.

1 Synthesis of novel ZnMoS; coreshell NW heterostructures by
decomposition and sulfurization of a pteposited (NH)sM07024: 4.6
coding, and comparison with sputtdeposited Mo®coating conversion

1 Synthesis of novel Ppdecorated ZnO NW heterostructures.
Development of new fedayer Pb} synthesis method iodination of a
pre-deposited PbQcoating. Fabrication of agrown nanosticture single
nanowire photodetectors and demonstration of their phettric
properties.

The synthesis methods developed in thierk are not limited to the
demonstrated heterostructuigsdcan be appliedor other materials. Furthermore,
this work pravides an insight intthow a fewatomiclayer thin coating can change
the photoelectric properties of a ZnO nanowire.

Keywords: nanowire, transition metal dichalcogenide, 2D materials, zinc oxide,
photodetector, nanofabrication



CONTENTS

1. INTRODUCTION. ..ottt emme ettt mmme e e e e e e e e e e e eee 5
1.1 Problems and motivatiQn..............oooooiiiiiieeciii e 5
1.2 ODbjective and tasKS........couuii i ceeee e 6
1.3 SCIENLIIC NOVEILY......coiii e eeree e e e e e e eaea a
1.4 Contribution of the AUthOL............coooii ]

2. LAYERED 2D TRANSITION METAL DICHALCOGENIDES..................... 8

3. NANOWIRES. ... .o 13

4. EXPERIMENTAL METHODS. ..o enene s 17

5. RESULTS AND DISCUSSION.....ccitttiiiiiiiiinieeiirnme et 20
5.1 ZNOWS; core-shellnanowires. .........ooooviiiiiiiiiiiiieeeeeeeeeeee e 20
5.2 GaNReS, ZnSReS and ZnGReS core-shellnanowires....................... 24
5.3 ZNOMOS; core-shellNanOWIreS.... ... . e i ecmeeeeeeeeeevevveveveeeeenees 27
5.4 Pbp-decorated ZNO NANOWIIES.........ceeviviviviiiiiiimnnneeeeeeeeeeeeeeeaeaeeeeesenenns 31
5.5 Single nanowire photodetectQrs..............ooviviiiiieeeeiiiiiei e 35

6. CONCLUSIONS AND THESIS......cooieii e eemme e 43

REFERENGCES.......oo et enen e 45

LIST OF PUBLICATIONS. .. ..o ereen et mmme e ol

PARTICIPATION IN SUMMER SCHOOLS AND CONFERENCES............ 52

ACKNOWLEDGEMENTS.... .ot 53



1.INTRODUCTION

1.1 Problems and motivation

Nanowires(NWs) i 1D nanostructures are being explored as promising
materials for applications in electronics, optoelectronics, photonics and
microelectromechanical systems (MEM&d theipotential hakeen demonstrated
in manyproof-of-concept devicefl]. Depending on th application, two different
approaches of NW integration in deviaa be distinguished single-NW devices
consist of individuaseparat®&Ws as the active componentgiereasi b u dekiaes
contain periodic NW arrays or randomly dispersed N®fsne NW applications
mainly the singleNW devices,struggle in assembly argtalability ofthe device
fabricationto create a costffective production process that could compete with
currenttechnologies, such as silicon microfabricati8everal concepts havedn
proposed, for instancepntrolled printingof NWs with roll-to-roll technology that
uses microfluidics talignthe NWs[2]. However, many other NW applications are
entirely novel or complementary to current technologies and might be implemented
in a much more scalable fashion, whichpisesentlyan active research field.
Otherwise, entirely new applications or device concepts need to be proposed and
developed.The necessaryscientific researchis not only rehted todeveloping
competitiveupscaling methods but alsopooducingnew NWbased materialand
studying their fundamealt propertiegor novelapplicationg3]. Oneway to enhance
and engineer NWharacteristicssuch asspectral absorption range and electrical
propertiesjs to createcore-shell heterostructures to modify the surface ofa NW
by arelatively thin coating(compared to the diameter of the N\M) a different
material[4]. Surface of NWs has a significantigducedattice mismatchestriction
comparedto conventionalsemiconductotthin film growth thus enablinggreater
flexibility in choosing the materials woduce heterostructures amdengineeing
their propertie$5,6].

Layered2D van der Waals (vdW) materials have attracted great interest since
the isolation of monolayer graphene in 2G04 to their uniquestructure and the
promising physical properties that appear when the thickness of the material is
reduced to one atomic lay¢r]. Transition metal dichalcogenides (TMDaje
layered material&/ith a general chemical formula MXwhere M is a periodic table
Group 4i 7 transition metal and X is a chalcogemd ae being activelyesearched
for applications in electronics and optodteaicsdue totheir thicknessdependent
bandgad8]. TMDs layershave terminated surfaces without dangling baart$are
bound together by weakdW forces, thereforecan be sequentially stacked
unstrainedwithout any covalent interlayer bonding even if matégiare slightly
lattice-mismatched9]. There is a ongoingsearch fotarge scale synthesis methods
of TMDs on different substratdsefore any practicapplications could be realized
[10].

Combining NWs and TMDs irore-shellheterostructures could lead tewn
knowledgeaboutthe interface formation between different matersadd solidstate
reacdions in such systems, twovel nanostructures with enhanced properaesl
development of new TMBsynthesis methods as NWs areonvenientemplate to
studymaterials growth.



1.2 Objective and tasks

The main objective of this work is to synthesise el@more-shell nanowire
heterostructures based on semiconductor nanowires and transition metal
dichalcogenides, and to characterize the synthesised materials.

The following task$ave beewmlefined

1. To synthesise different material semicondulsiéss by vapourliquid-solid
(VLS) method and explore the potential of using such together with different TMDs
in core-shellheterostructures.

2. To develop or adapt different methodsgrowing highly crystlline few
layer TMDs aroundNWs by chemical conversioaf a predeposited coating.

3. To characterize agrown nanostructures to obtain informatigmout their
structure,composition,morphology and optical properties, and use it to tune the
growth procss.

4. To test some selected synthesized materials for fabrication of-single
nanowire photodetector devices, and to determine their photoelectric properties.

5. To assess the role of the shail theNW photoelectric propertiesand
evaluate the potentiaof using such heterostructures in different practical
applications.

1.3 Scientific novelty

The work summarized in this Dissertation encomgsssw knowledge on
synthesis of several different feayer TMDsand on preparation of novebre-shell
NW heterostructuresand includes elaboration on theiphysical propertiesThe
following results can be highlighted:

1. Development of a versatile tvabep method for growth of various layered
vdW materials on semiconductor NWs. The procedure consists of deposition of a
sacrificial coating on NWs via sputtering or immersion which is afterwards
chemically converted in a reactive vapour at elevated tengperdn this work,
highly-crystalline WS, ReS, MoS and Pbi shells were successfully grown on
monocrystalline NWs. The synthesis method is not limited to the demonsioaéed
shellheterostructures but can also be applied for other materials.

2. Investigation of photoelectric properties of the selected novgtoam
heterostructures. Zn@/S; core-shell NW two-terminal devices exhibit enhanced
spectral responsivity up to 7 A/W at 405 nm illumination in comparison to pure ZnO
NWs, and light absption in the W3S shell extends the active spectral range to the
red part of the spectrum. Up to 0.6 A/W high spectral responsivity was measured for
the Pbt-decorated ZnO NW photodetector devices at 405 nm illumination, and
significantly decreased darkrcant was observed in comparison to pure ZnO NWSs.
Notably, ZnO NW surface passivation with layered vdW materials sisd
improves their photoresponse time for almost two orders of magnitude duesto th
limited photeinduced processes related to adsorgtesorption of atmospheric
oxygen species which typically slows down photoresponse in ZnO NWs.



1.4 Contribution of the Author

The direct contribution of the Author is as follows: growtiNWs via VLS
method; development of the sulfurizatimdlination processes and tuning of the
process parametefer core-shell heterostructure synthesisharacterization with
scanning electron microscope angay diffraction; singlenanowire photodetector
device fabrication including optical lithographyift-off and in situ NW
manipulationsinside SEMFIB; photoelectric measurements of thefasricatel
devices;analysis and interpretation of the obtained data.

Body of the article was writteby the Authorfor Publications |l and VI,
parts of the articlevere written by the Author for Publications Il and V.



2. LAYERED 2D TRANSITION METAL DICHALCOG ENIDES
Layered2D van der Waals (vdW) materials have attracted great interest since

the isolation of monolayer graphene in 2@l the Nobel Prize in Physics in 2010
due to their unique structufstrong inplane bonds and weak interlayer bonding)

and he promising physical properties that appear when the thickness of the material

Is reduced to one atomic lay&towadays it is an ongoing wide research field that

focuses on many different materials, specific synthesis and characterization

approaches, dese fabrication and applicatiofis0].

2.1 Properties of transition metal dichalcogenides

Transition metal dichalcogenideIMDs) can be described by a general
chemical formula MX, where M is a periodic table Group # transition metal and
X is a chalcogen (Group 16 elements S, Se andi7/T€)he focus of the dissertation

Is on TMDs, however, lead iodide Rld also investigated, thus, despite Fiding
a metal halide, all of the investigated layered materials henceforth are called TMDs

due to their structural similarity and for the sake of conveniddepending on the

group the transition metal belongs to, the TMDs properties can vary significantly.

Typically, a TMD monolayer is made of hexagongilysitioned metal atom layer,
t wWseeFig. 2\).elir the laydr
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metal and chalcogen atoms are connected by strong covalent bonds, while the layers
are bound togetr by weak van der Waals forces. TMDs are chemically quite inert

as they have no dangling bonds on the surface due to the fact, that all the electrons
in the compound atoms are paired.

The electronic structure of TMDsdependenbn the metal atom coordination
and the number of its-électronsthereforethey have a broad spectrum of electrical
propertieqd11]. Due to tke progressive filling of d bands from Group 4 to Group 7,

compounds can exhibit metallic conductivity (orbitals partially filled) or can be
semiconductors (orbitals fully occupied). The chalcogen atom affects the electronic
structure much less than the aleatom, however a trend can still be observed due

to the broadening of the d baridwith an increasing atomic number of the chalcogen

the bandgap decreases.

semiconducting TMDs is observed betweelklaind monolayer material due to the

Interesting differences in the electronic structure of
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Figure 2.1 A schematic representation of transition
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changes in interlayer coupling, symmetry elements and degree of quantum
confinement. For instance, bulk MeiS an indirectbandgap semiconductor with a
bandgap around 1 eV with t hehecentuetiorc e Db
band mi ni muksyrneetrylireee ai theliBrillouin zone, however a MoS
monolayer has a 1.8 eV wide direct bandgap at the K pbi)i3] The direct
bandgap of many monolayer TMDs is one of the main reasor the intensive
research done on these materials, because the use of direct bandgap semiconductor:
is a necessity for an effective operation of optoelectronic devizethe other hand,

there are theoretical and experimental studies that shows traotii® shift from

direct bandgap to indirect bandgap when the Biitkness is reduced from bulk to
monolayey therefore monolayer Pbis not expected to be an efficient material for
optoelectronics applicationfl4,15] Another exceptioni ReS exhibits much
weaker interlayer coupling, therefore it remains a direct bandgap semiconductor in
both bulk, fewlayer and monolayer fornj&6j.

For electronic andptoelectronicapplications, good electrical and optical
properties of the used materials are needed. The variety of available 2D vdW
materials allows to fabricate @D-material devices, where usualihyBN is used as
an insulator, graphene as a metal, and TMDs ascsenhiictors[10]. Most 2D
materials have good mechanical propertiestheir electrical and optical
characteristics deteriorate only slightly when bending oryapgplensile stresd 7].

That allows them to be incorporated in devices on flexible substrates, such as
polymers, thus enabling development of wearable, transparent flexible and
stretchable electronics in futu{@8,19] TMDs are being widely researched for
potential applications in electronic and optoelectronic devices as a large portion of
the materials are semiconductors with a wide range of bandgaps, starting from visible
to infrared. Current limitations of their use in highrformance switching devices is
their relatively low carrier mobility. TMDs monolayer strong photoluminescence and
large optical absorption makes them promising candidates for different
optoelectronics applications, like lightnitting diodes, phototransistors etc. on
transparent flexible substraté.

2.2 Synthesis methods

It is intuitive, that an isolate@MD monolayer cannot be stable in air just by
itselfi since a single layer is less than 1 nm thick, vdW forces make it berahdoll
wrinkle, making other types of nanostructuf@®]. Therefore,TMDs are either
synthesised on top of a supporting substrate or dispersed hilisig liquid.

Top-down methods usually involve bulk material crystal that is being reduced
in size, for example cleaved, micropatterned, etched etc., to lower its dimension to
2D. Either mechanical or liquid exfoliatioms usually performed. Mechanical
exfoliation involves three steps: an adhesive tape is applied on the surface of the
available bulk crystal; the tape is peeled of the crystal to obtain thin layers of the
material athiched to the glue of the tape due to the weak vdW forces between the
layers; the tape with the 2D crystals is pressed against the substrate and removed.
This cleavage method is relatively simple, fast and-efisttive; however, the
monolayer yield of tle process is very low, therefore can only be utilized for
laboratory scale studies and not for lasgale productiofil1l]. As the process does
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not use any chemicals and is only based on the shear force applied on the crystal
during the peeling proceskigh crystallinity is maintained, hence, it is suitable for
fundamental studies of the material properties. On the other hand, fopkiwnass
production of 2D atomic crystals, solution processing can be uti[2&d23].
Liquid-phase exfoliation involves dispersion of the bulk material in a suitable solvent
and a use of ultrasound or ion intercalation to separateidio@i layers After the
exfoliation process, the resultant suspension can be centrifuged to select crystals of
desired thickness and lateral si2#l]. A range of printing techniques, inkjet
flexographic for instance, are available to be used in-hajhme lowcost
production to fabricate devices on either rigid or flexible substfa&s

Alternatively, bottomup methods involve combining and stacking material
atoms together, and usually these include thermodynamically or kinetically driven
processes, such as condensation of wag@ne can use pulsed laser deposition,
molecular beam epitaxy or chemical synthesis, however these methods are usually
either slow, costly, noscalable or creates low quality material. The most common
bottomup approach for growing TMDs is chemical vapdeposition (CVD), as it
can potentially be scaled up for mass producfizéh27] Several differenCVD
approachesfor growth of TMDs mopn- and fewlayer 2D crystalscan be
distinguished. Most commonly used method is a vapour phase reaction between
transition metal oxide and chalcogen precursors. Typically, the corresponding metal
oxide powder is being evaporated simultaneously with a@faicpowder in a high
temperature reactor, followed by a vapphiase reaction to form the corresponding
TMDs, which diffuse to the substrate to produce layered 2D cryR28I29]
However, some transition metal oxides have high melting points (titanium and
niobium oxides, for instance), therefore it is difficult to effectively evajeoitzem.

For such materials, transition metal chlorides or oxychlorides can be used instead, as
they usually have much lower melting temperatures. Another approach is to directly
evaporate TMD powder in a hot zone of the furnace, transport the vapoua with
carrier gas to the substrate in the cold zone, where nucleation and crystal growth
takes place. The thickness and grain size of the 2D crystals can be controlled by
adjusting the growth temperature and time. With the mentioned approaches it is
possible ® growsinglecrystalline domains of various TMD materials, however, the
use of solid precursors makes it difficult to precisely adjust the vapour pressure and
supersaturation, thus limiting uniform growth over a large 26#£27] Growth of

2D TMDs over the entire wafer area with a good spatial homogeneity has been
demonstrated using metatganic precursors via the MOCVD techniq[89],
therefore making it a prospective method for future kmggde production.

Another methodology how to obtain 2D TMibystals is to convert previously
deposited precursor thin films. One commonly used approach involves
transformation of a transition metal or transition metal oxide film in chalcogenide
vapour at elevated temperatures, where the starting material filbebagleposited
on the substrate by physical vapour deposition (magnetron sputtering &t&4|.

The benefit ofthis method is that the wafscale TMD thin films can be readily
obtained, however, itsuallyproduces polycrystalline films with small grain size due

to the amorphous nature of the precursor films. Moreover, thermal decomposition of
thiosalts can be sl to obtain 2D crystals. For example, to ob&nhMoS; on a
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substrate, the substrate is first-dpated in a (NB2MoSs solution, followed by a
decomposition at a high temperature, which involves N and H atom disassociation
from the substrate and Mekyer growtl{35]. There is still an ongoing research on
growing a highquality waferscale 2D TMDs with CVD technique as the process is
complicated and involves many parameters.

Fabrication of scalable higtuality 2D material heterostructures is required
for most potential future applications. Direct bottam sequential growth of 2D
materials on top of each other is currently being investigated as the main
heterostructure fabrication method in future dueit® scalability [27]. VAW
materials, which have ternmated surfaces without dangling bonds, therefore, grow
without covalent interlayer bonding, may be sequentially grown on top of each other
unstrained by Avan der Waals epitaxyo
even if materials are lattiemismached[9,36,37] The field of vdW epitaxial growth
is still fresh, and a lot of research must be performed to overcome difficulties related
to the small lateral size of heterostructure grains, reproiibilimited yield, as
well as more combinations of materials must be studied.

2.3 Perspective applications

2D TMDs are regarded as very attractive for wide range of applications
including electronics, optoelectronics and photonics, energy, sensing and
piezoelectric devicef8]. The mentioned applications are motivated by the unique
properties of 2DTMDs, such as tunable electronic structure, optical transparency,
mechanical strength, and sensor sensitivity, some of which mainly aride thes
high surface contribution in monolayer. A particularly interesting and promising
application is the use of 2D materials in flexible electronics, which is considered as
potentially ubiquitous in future devices in evalay life. Flexible technology erges
a variety of scalable devices, such as transistors, displays, solaclweftscal and
mechanicakensors and energy storage on flexible substrates for eitheral@ae
applications or compact wearable electrofi&;25].

Regarding this work, 2D TMDs have been demondirats good
photodetectors, which can be used in imaging, communications, positioning and
guidance. Good photodetector characteristics are a small device size, fast response
time and high sensitivity over a wide wavelength raj@$:39] Photoesistors and
phototransistorfbased on photoconductivity, when pheixcited carriers contribute
to the currentimade from monolayer TMDs, including Mp&nd WSe, exhibit
excellent properties such as high responsivity and high quantum effi¢&8)89].
Furthermore, the sizdependent bandgap and the large variety of different TMD
materials allows one to control the response spectrum. Photodetection properties of
the most common TMDs materials have been studied quite extensively, however, t
applications require further-depth research, and investigation of other-legsvn
compounds.

Currently there still are numerous challenges and issues to be overcome before
2D materials can be used in any practical application, as&Brials have only been
studied for a decade or so. Firstly, it is controlled lesgale growth of 2D
heterostructures. Larggzale growth of monolayer TMDs and graphene with
satisfactory properties has been demonstrfé®7], however, direct growth of
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heterostructures (several layers of different 2D materials on top of each other) has
not, mainly due to the initial choice of the substratnateriad relative thermal
stability andcomplexity ofprecise control of temperature and gas partial pressures
[10]. Currently, either very small scaheterostructures have been grown via CVD

or made by dntransfer techniquit0,41] Secondly, the control of the carrier type

and concentration in 200MDs which is crucial for industrial semiconductor
applications have not yet been fully sted[42]. Material doping or alloying have

been investigated as potential methods of modifying electronic properties of the
materials[43,44] Thirdly, ensuring ohmicontacts in semiconductor devices is
required for any real applicatiof#5,46] In conventional semiconductors, ion
implantation at the metal contact area allows to generate a gradual ion density
distribution to reduce the contact resistance, however, the concept is ambiguous and
not applicable in 2D materials, therefore, several other methods are being
investigated, such as layer phase engineering and use of graphene as an electrode
material. The challenges mentioned above are only the few main ones, as many other
more specific onesxist in more specialized application fields.

There are some more exotic phenomena observed in 2D materials worth
noting, that might be of practical use in future. Spintronics, in contrast to electronics
where the signal is transported by a carrier charges the carrier spin information
to transport the signal. Materials which have a strongsplitting due to some kind
of symmetry breaking or neaequilibrium state allow sp#polarized carrier
population. Effective spin injection from TMDs to graphéas been demonstrated,
therefore such graphene/TMD heterostructures could be used in future spintronics
devices. On the other hand, TMDs exhibit different spin characteristics at K and K°
points in the electronic band structure due to strong@fi caupling which leads
to a possibility to control electrons and their spins at different positions in momentum
space[47]. The carriers in these valleys can be smlectively controlled by
circularly polarized light. Use dhese phenomena for a potential information storage
and manipulation in future devices has
materials in both of these new fields are currently being extensively investigated.
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3. NANOWIRES

Onedimensional (D) nanostructuressuch as nanowirg®\Ws), nanorods,
nanobelts and nanotubes, have been extensively studied for more than two decades
due to their unique physical properti€Some of he main researchdirections
nowadaysare investigatiogof hybrid NWs and heterostructurdd], development
and study otomplexphotonic and/or plasmonic N\Wasedntegratectircuits[48],
metallic NWbased flexible and transparent electrddbrication [49], and, of
course, largescale assembly of NW devictmat could enablenass productiofb0].
An important emergingphenaneron in NWs research ighe need forfull
understandingiot only of the behaviour ofeachindividual componentn hybrid
materials systems but also tlmerfaces and interaction betweémem which
determins the performance and propertiestbe devicd1l].

3.1 Materials, properties and applications

Generally functional NWs can be classifiédlto two largegroupsi metallic
and semiconduting, and that determines the perspective applications where such
NWs can be appliedMany classes of semiconductor NWs &xibe mostwell
studied elemental semiconduaddsi and Gelll-V compounds GaN, GaAs, InP
etc.),ll-VI compounds (CdSn.Sg, ZnSeetc.) oxides (ZnO, MgO, SnHITO etc.)
andcarbides (Si€C[51]. In this work,differentcompoundsemiconductoNWs were
studied

It is important todiscuss hie uniqueproperties of NWdesides the possible
miniaturization that make thersoattractiveto studyand to compete witthe well-
developed silicon and thin film technologi€gstly, their onedimensionalityallows
to overcome some technigadoblemsthatoptically activethin films face in regard
to integrationwith silicon. To mergephotonics and electronics one platformone
must eliminate interfacial lattice mismatch that leads to defective and inefficient
opticalmaterials Secondly size reduction of welkknown materialso nanoscale can
alter andimprove their physicatharacteristicand device performancas well as
introducecompletely novel propertieSome ofthe sizedependent properties are
photon absorption and emissiochage carrier transporand elastic modulus.
Regarding the electronic transport MWs, singlecrystalline structurecan be
obtainedover a length ofseveral micrometreshus eliminatingcharge carrier
scattering on grain boundariasd thapromotes good ettrical propertiehowever,
if the diameter of a NW is reducdd a value close to electron mean free path,
scattering orthe surfacecan become significanEurthermore, as NWs have large
surfaceto-volume ratio, both surface and bulk lattice may contribute to the
macroscopic properties afNW. Therefore NWs mightreplace bulk materials i#n
application wheresurfacedominated propeyt for instance, surface charge carrier
processes in chemical or biological sensagfermines thefficiency or sensitivity
of the devicelt has been reported in literature thhypicalcharacteristicand device
performanceare particularly sensitive to surfagaroperties inZnO NWs as the
surface stateisn ZnO NWsmay be affectedy atoms and ions frorine surrounding
atmospher¢s2,53]

NWs have been extensively explored as potential building block#doy
different applicationastheir siperior performanca deviceshas been demonstrated
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in comparison to conventionahaterials. Application fields includefield-effect
transistors optoelectronic devices, photonic circuits, chemical sensors, energy
storage and conversio@ptoelectronicds one of the most promising areas where
semiconductor NWamight be potentially appliedn the context of this workt has

been widely reported thaiWs photodetector&xhibit high photosensitivity and
photoconductive gaif62,54,55] Due to the large surfage-volume ratioof NWs,

they contairvery high density of surface statibsit leads to Fermi pinningear the
surface thusforming adepleton space charge layer that separates electrons and
holesand, consequently, enhances photocarrier lifetidsehigh mobility can be
easily achieved imsinglecrystalline defecfree NWs grown by VLSthat, in
combination withlong carrier lifetimes, leads to large photoconductive gain,
therefore, makingNW photodetectorsvery promising in different optical
applicationgd56].

3.2 Nanowire synthesis viavapourliquid-solid mechanism

Generallyall NW synthesis methodsager o u p e dd oiwn o taonpd fibot t
upo a p pTopdownhmetsodsypically involve chemical or ion beam etching
of a bulk materibwhich has been pattezd lithographially. Such process involves
several comptatedsteps includingnaterialgrowth,photoresist deposition/removal,
etching and it becomegradually more complex for high densiW arrays with
small feature sizes, howevdahe method benefits from prise control overthe
placemenbf NWs on a substrate which is necessary é®vice fabrication aarge
scale.While bottomup methodsusually lack such control ovéW position on a
substrate, the approach is much merdely usedbecausdt is more versatilefacile
andpotentiallycheapewith great control over NW properties, evem#situor post
growth alignment methods need to be implemenBadtomup approachcan be
dividedin solutionphase and ggshase method§€hemical solutiorphasemethods
have been widelapplied to grow colloidal NWs, and benefit frolargescale
production, control of NW geometry amstirface passivatiorGasphasemethods,
such as vamur-liquid-solid (VLS), are the mostadopted methods for growing
semiconductor NWsdue to their flexibility anchigh-quality of the asgrown NWs.

In this work, VLSmethodwith a metal nanoparticléNP) catalystwas used to grow
NWs.

Thesimplified general principle of th¥LS method is schematically depicted
in Fig. 3.1, however, usuallyhe growth involves more stepghen several other
complex processes may occur whialsually depends on the materials used.
Generally, he VLS growthof NWs typically consists ofthree steps: alloying,
nucleation and growthFirstly, the vapowphase precursorare adsorbedand
incorporated into the metal catalyst nanodropletlevated temperaturesndan
alloy is formed Depending on the materialsed the chemical reacti@between
theprecursorgo obtain NW materiainay occur either in ggshaseor on thesurface
of the metal dropletSecondly, ithealloying process is completadthe precursor
supply ismaintained nucleation takes places duestpersaturation, which leads to
precipitation of the NW material seedat the liquidsolid interface.Finally, if
continuous and uniform vapour flow is suppligte NW grows inan atomic layer
by-layer fashionin oneaxial direction,limited by the droplet sizeand he growth
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front is at the liquidsolid interface.Time and precursor vapour flopartial
pressurejypically determines the growtiate of the NWs, while temperature is set
to be above eutecttemperature of the corresponding alldje growth temperature
may determine the crystal phase of the mateaiad, thephaseof the NWcan also
beimposed by the substrateaterial if an epitaxial relaticamip exists.

3.3 Core-shell heterostructures

To date,many fundamental properties of pure NWs are well understnod
the other handhe combination of different materials more complexhybrid NWs
gives extra freedom to flexibly desigtheir properties andadd custormade
functionality [4]. Radial or coaxial (commonly calledoreshel) NWs are
heterostructuregvhere the core NW is coated by another material to enhance its
characteristicsAs the surface of a NW¢angreatlyinfluenceits properties, even a
very thin coating might drastically change terformancenf the NWsin different
deviceapplications

Coreshell NWs might be categorized itwo groups, depending on the
function of theshellmaterial.The shell anbe called active, if its necessary fathe
operation ofa device for instanceif a p-n junctionis formed between the core and
the shell and therarequite a few reports literatureon semiconductocore-shell
NW heterostructurelectronic and optoelectronaevices5,57,58] Otherwise, the
shell can be called passive, ibiily improves some property of the core NW and
does notdirectly participate in the operation of the devidGéere are many reports
on modification of NWs mechanical propertiggd,59,60] and use of the shelb
passivatehe surfacestates ob NW[61], to realize highelectricalconductivityNW
channelsr to protectthe NW from atmospheric conditiof#.

Coreshell NW fabrication methodsnainly vary depending on thdesired
functionalities neededTypically, the shell is formedn two step or multistep
processewhen either growth parartes or the synthesis method is chandpding
CVD process, it is possible to switch from axial VLS growtbdeto radial mode
by changing the temperature and/or precursibigs obtaining eithea differently
dopedor a different material shdb2,63] Otherwise, after the VLS growth of NWs,
deposition methodshould be changedAtomic layer depositio is an excellent
method forprecisely controllabléepositon ofamophous oxides, such as Siénd
Al2O3, thatare used for surface passivatienhancement of mechanical properties
and wraparound gate dielectric®ther thin film deposition methods, such as pulsed
laser depositionand molecular beam epitaxyhave been uw=l to deposit
semiconductomaterias directly on the NWg64,65]. To growuniform and highly

!
Precursor phdd
Liquid Au vapour Growth 1
droplet N of NW

SEN - .
Figure 3.1 A schematic representation\apourliquid-solid growth mechanism.

15



crystalline shellvith thin film deposition method®r semiconductor heterostructure
applicationslattice parameters of both core and shell materials shoglhiselered

In this work, semiconductor materialsore-shell NWs with layered TMDs
shellwere synthesiseduch novel heterostructures could be used for applications in
optoelectronics and photor electrocatalytidiyydrogen evolution reaction$here
have been very fevartcles in literature on fabrication ofsimilar core-shell
nanostructurefs6i 70] andpromising properties hav®een demonstrated, therefore,
the scope of # Thesisis to extend this field byexploing new materials
combinations and compkementary synthesis methodsnd investigahg the
heterostructurapplicabilityin optoelectronics and catalysis
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4. EXPERIMENT AL METHODS

4.1 Physical vapour deposition

In physical vapour deposition (PVD)y physically ejecting atoms or
molecules from a target material, thin film grows when they condense and nucleate
on the surface of the substrafdrabeSAF25/50multifunctional cluster toolas
utilized in this work Thermal evaporatiohas been used this work for depositing
thin 5 nm/45 nm Cr/Au electrodes on the %) substrate, where Cr layer is used to
enhance Au adhesion to the surfddgterent transition metal oxide coatings, such
as WQ, MoGOs, ReQ, PbQ, were obtained by reactive DC magoetisputtering.
Typically, 100 WDC power was used with different Ari@artial pressures and
sputtering times, depending on the material.

4.2 Chemical vapour deposition

Chemical vapour deposition (CVD) is defined as a method of growing thin
films or coating by a dissociation and/or chemical reactions of vaphase
precursors in an activated environmethére, CVD was mainly used in two cases:
NW growth via VLS mechanism, and sulfurization/iodination of transition metal
oxide coatings;thermally activated atmospheric pressure CVD system with a
horizontal quartz tube reactor was utilized

All of the NWs mentioned in this work were synthesisedili& method (see
Chapter 32). To synthesisa layered material shell around a NW, typicallypre
deposited metal oxide coating was converted hylfarization/iodination reaction.
Sulfur/iodine vapour was obtained by evaporating the corresponding powder in the
necessary temperature ateliveredto the sampléy the carrier gaBy placing the
sample in therequired temperature, solglate reaction occurs when the vapour
diffuses into the oxide shell and reacts with it. By adjusting the temperature, one
controls the diffusion ratéhusthe degree of the crystallinity of the shell.

4.3 Electron microscopy

Scanning electron microscopes (SEMesrelatively lower energy electrons
to obtain informationabout the surface morphologiyom secondary and/or
backscattered electrar@neof the greatest benefits of SEM is a wide depth of field
at largerange of magnificationgn combination with high resolutiorSEM is an
essential tooin this workfor imaging synthesised NWs and nanostruct(rgsa,
TescanSEM was used)Furthermore, buitin focused ion beam (FIByith a gas
injection system (GISyasused forin-situ singleNW device fabrication.

In contrast to SEMtransmission electron microscopes (TEMYyeals the
inner atomic structure of the studied matergomic resolution is often obtained
thus giving some information about the crystal structyniease, lattice constaand
plane orientation.In this work, TEM (Tecnai GF20, FBI was used to visualize
synthesised NWeore-shell heterostructures and to determine the thickness of the
shell layer, as the difference between core and shell can be clearly distinguishable

In a TEM, highenergy electrons due to their short wavelength can be used to
study crystallographic properties afmaterial as its atonmay diffract than. The
resulting image on the TEM screen is a pattern of bright Spatslected area
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diffraction (SAED) pattern, where each spot corresponds to a certain diffraction
condition of the crystal structurélere diffraction patterns were analysed using
CrysTBox software[71], which allows automatic spot identificati, reciprocal
lattice construction and crystal phase matching

4.4 X-ray diffraction and spectroscopy methods

X-ray diffraction XRD) is a powerful method ofanalysing materials
structureln this work, XRD was utilized to determine the phase composition of the
synthesised samplesing Rigaku MiniFlex 600X-ray powder diffractometer with
BraggBrentanod-2 dyeometry and Cu anodé-ray tube(Cu K Uradiation, &=
1.5406 ).

Raman spectroscogdy inelastic scattering of monochromatic lightan be
usedto determine the chemical structure of a matehmthis work, nicro-Raman
measurements were performed using a confocal microscope with spectrometer
NanofinderS (SOLAR TIl)Confocal microscopallows to locate nanostructures on
a substratand focus the laser beam to arounzii diameterthus it is possible to
measure Raman spectra of single NWs and NW heterostructures. TWeDg
exhibit relatively strong Raman scattering, therefarero-Raman spectroscopy is
a powerful technique to identitiiin layers of TMDs on nanostructures have been
demonstrated in this work.

Optical luminescence spectroscaopysed to investigate the optical properties
of the material of interest. In thiwork, mostly semiconductor materials with a
bandgap width in the visible spectrum are studied, therefore photoluminescence
measurements give information about the width of the optical bandgap and defect
bands

4.5 Optical lithography

Here, a directvrite laser photolithography ¢PG101, Heidelberg
Instrument}, followed by metallization andift-off, was usedto obtain gold
microelectrodgpatternon oxidized silicon wafex Firstly, a positive photoresist layer
IS coated on a SifgSi substrate bgpincoaing technique Secondlythe resist is
exposed to light which follows @atterndesign, ané chemicatlevelogr is applied
to remove the exposed resibhirdly, 5 nm/45 nm Cr/Au films deposited on top of
the patterned substrate by a thermal evaporafimally, to removethe unwanted
metal film, lift-off is performed by immersing the substrate in a specific organic
solvent, that dissolves thenderlyingresistand thusthe unnecessa metal film
detackesfrom the substraté\s-prepared metal electrodaselarge square electrodes
thatare needed to attach macroscopic contaictstwvol ong fAar ms 0 wi t h
of 2em wherea NW issubsequentlyplaced on top

4.6 Singlenanowire device fabricationand photoelectric measurements

In this work, NWs werén-situ mechanicallyplacedon top ofthe pre-defined
electrodes with a nanomanipulator inside a SHR. Firstly, a single NW from the
substrate is welded to thtangstennanomanipulatoprobe using electrorbeam
assisted platinum (Pt) deposition, where Pt metalorganic is delivered by GIS.
Afterwards, the NW is aligned and placed on top of the electrodededvelith Pt
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deposition to ensure an electric contact and fixed position, and cut off from the
nanomanipulator probe with gallium ion beam.

As-prepared singlNW deviees were characterized as two-terminal
photadetectos. Cur r e nt 1 v)&hatactegistis afd photoresporsé light of
different wavelength&ere measuredith two-contact microprobe station connected
to a lownoise current preamplifierSR570, Stanford Research Sys)erasd
oscilloscope TDS2004B, Tektronjx 405 nm, 532 nm and 660 nm wavelength
semiconductor diode lasers with the powerOd W/cn? were the illumination
sourcas. Optical beam shutte(Thorlabs SHOp was used for timeesolved
measurements; all the measurements were performed at room tenepamdtur air.
LabViewbased software was developed to control the experimental setup.

19



5. RESULTS AND DISCUSSION

5.1Zn0O-WS; core-shell nanowires

Tungsten disulfide W8s an indirect bandgap semiconductor material with a
1.3 eV gap, however, when reduced to monolayer, the gap bedoew and shifts
to around 1.9 e\31]. 2D monolayer Wgcrystals have been previously grown via
several methods, such as C\Z8,72] and pre-deposited W® film sulfurization
[31,73] WS monolayers exhibit high PL quantum yield and decent carrier mobility
(up to 200cm?V-1s?), therefore have potential applications in future optoelectronics
[28,31,74] In this work, fewlayer WS was grown around ZnO and GaN NWs by a
simple thre-step route: agrown ZnO and GaN NWs were coated with amorphous
WOs layer using reactive DC magnetron sputtering, then-zmd GaNWOz NWs
were annealed in a quartz tube reactor in a sulfur atmosphere 8 t0 €AVt the
oxide coating to W% followed by annealing in Natmosphere to sublimate the
remaining WQ@ [75].

As-grown ZnOQGWS, NWs were firstimaged andtudied with SEM (seEig.

5.1). The length and diameter of tharp andcore-shelNWs is in the same range,
thus the morphology of NWs is maintained after the heat treatment during the
heterostructure preparation. The length of the NWs varies from 10 ¢on5@he
diameter is around 100 nm.

To reveal the NW inner structure, TEM was ugseeeFig. 5.2). Firstly, Au
NPswere located at the end of NWs, which were used as catalysts for VLS growth.
Secondly, fewlayer WS shell was observed on the ZnO NW surface,iarmdearly
visible as parallel black lines. The thickness of the shell wasrlonolayers (each
consisting 6S-W-S atomic planespandthe measured interlayer distance was around
6.3 , which corresponds to $rdvijonisn y W3 ¢
nanostructuref/6]. Furthermore, the singlerystalline structure of ZnO NW core
can be well seen.

Figure 5.1 SEM images of (a) pure ZnO NWs, and (b) ZA(, core-shelNWs.
20



Figure 5.2 TEM images of Zn@NS; core-shellNWs. WS can be distinguishet
as parallel black lines on the NW surface. The inset shows the measured
interlayer distance in the WShell.

_{E ZnO an0. e oo
Figure 5.3 SAED analysis cZnO-WS; core-shellNWs. (a) SAED pattern, (b) TEN
image of the NW, (&) phase analysis.

The neasure®AED pattern of a Zn@VS, NW is shown irFig. 5.3. Analysis
revealedonly two distinct phases, WSand ZnO,with high crystallinity. To
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Figure 5.4 XRD pattern of ZnONS; core-shell NW array on Si(100)/SiQ
substrate.
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Figure 5.5 (a) MicroRaman spectrum of a single ZAUS; core-shell NW on
Si(100)/SiQ substrate (The inset shows a SEM image of the studied NW), (b} r
temperature photoluminescence spectra of pure ZnO NWs (dashed curve) an
WS, core-shellNWs (solid curve).

complementhe SAED measurement, XRD pattern of the NW arraygh00)/SiQ
substrate was also measured (5@p 54). Bragg peaks corresponding to WS
(ICDD-PDF #080237) ZnO (ICDD-PDF #361451) ZnS (ICDD-PDF #361450)
phases and Si substrate were identifidthough the amount of ZnS in the sample
was high enough to be detected by XRD, only ammoolayer was present in the
ZnO-WS; NWs[75].

Micro-Raman spectroscopy was used to support the formation pdMVZO
NWs. Individual NWs were transferred on top of a clean Si(100)/SiDstrateFig.
5.5(a) showsroomtemperature micrkdkaman spectra of a typicZzhO-WS, NW
(see SEM image in the inset). The two main optical phonon niégdgat 354 cm
and Ay at 419 cmt were detected, as well as several other weak Raman bands of
WS, phase were observed and are indicated with arr@Wws. positions of the
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Figure 5.6 (a) Imposition of optimized atomistic model of Zn@(®)/ 0.5 ML
WS(1100)/WS(0001) interface on top of the TEM image of ZWI5, core-shell
NW and sections of the same interface across (I20§1dnd (c) (0001) planes.

measured bands correspond to tldues of bulk W$ (355.5 and 420.5 ¢/
respectively)31], however, the intensity ratio between those bands implies that the
thickness of the Wshell is close to a monolaygf7]. The large peaks at 521 and
959 cm! correspond to optical modes of the silicon substrate. No Raman signal was
obtained from the ZnO NW core due to its weak intensity when excited at 532 nm.

Roomtemperature Ipotoluminescence (PL) spectra of pure ZnO NWs and
ZnO-WS, NWs are shown ifrig. 55(b). Pure ZnO NWs typically exhibit a defect
related PL band at around 520 rji#8], which was observed in our measured
spectrum. The PL spectrum of ZAM@S, NWs is more complicated as it contains
emission bands from both ZnO and Y{$hases at around 540 nm and 680 nm,
respectivelyHere, ZnQrelated band redhifted in comparison to pure ZnO NWs
that may be caused byelectron density redistribution, formation of ZnS
submonolayer or influence of additional defe@snilarly, redshift was observed
for the WS-related bandasPL band of2D WS, microcrystal reference sample is
located at 640 nm that correspondditect bandgap df.9 eV.The shift of the WS
PL peak might originate frohe influence of the underlaying ZnO NW substt

In collaboration with Laboratory of Computer Modelling of Electronic
Structure of Solidg ISSP UL ,largescaleab initio calculations were performed to
develop aratomistic model of the ZnO and W#terface.lt was experimentally
observedthat WS(0001) shell grew on ZnO1DO) NW substrate. Through the
theoretical calculations it was found th#$Sx(1100) submonolayer bridging
structures act as pads between the core and thdatmliich orientation to be stable
(seeFig. 56). The stabity of these submonolayers is higher if their quasimolecular
groups are separatbeg at leasanextneighbour distance, and that reduces the strain
of WS(0001) shell. This model explains the strong adhesion of the:Vd$er to
ZnO NW and is in agreemewith the experimentally estimated interplanar interface
distancqd75].
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5.2GaN-ReS, ZnS-ReS and ZnO-ReS core-shell nanowires

ReS exhibits much weaker interlayer coupliimg comparison to other 2D
materials with thendirectto-direct bandgap transition in monolaygetiserefore it
remains a direct bandgapg(E 1.5 1.6 eV) semiconductor in bulk, felayer and
monolayer formg16]. It possesses a unique distorted octahedral (1T) structure
resulting in distinct anisotropic optical and electrical gedies along iplane
directions[79] that may be useful for emerging applications in electrofuasier
mobility around 3840 cn?V-1s?) and optoelectronicf80,81] 2D ReS has been
previously obtained by mechanical exfoliati¢8l] or variations of CVD: by
evaporation different rhenium precursors (Re, Rd®®07;, NHsReQ) [82,83] or
by convertng predeposited metallic Re fil§84]. As ReS exhibits strong interlayer
decoupling, oubf-plane growth is predominant on many subssateading to
growth of wrinkled lowquality polycrystalline films or thick flowelike ReS via
typical CVD procesdg83]. In this work,first time growth of fewlayer Re$S on
different semiconductor materidWs (GaN, ZnS, ZnO)was demonstrated.
Amorphous norstoichiometric Re@ coating was deposited on pure NWs by
reactive DC magnetron sputterjnfipllowed by sulfurization ofthe coatingin a
quartz tube reactor 80 0.A C

SEM images of the agrown core-shell nanostructures (sd€ég. 5.7) show
that the length of NWs is preserved after phecedureand matches their respective
pure NWdengthbefore the highemperature treatment, as well as the density of the
NW arrays is maintainetHowever, a morphologghange®f ZnO-ReS NWs upon
heating at 800AC can be observed, that |
process.

TEM was used to study the inner crystalline structure of the NW
heterostructurestig. 58 shows TEM images of agown GaNRe$S (a,b), ZnS
ReS (c,d) and ZnGReS (e,f) coreshell NWs prepared at 800AC
magnification images show that GaN and ZnS NWs maintain their straight shape,

Figure 5.7. SEM images ofa,b) GaNRe$, (c,d) ZnSReS and (e,f) ZnGReS
coreshellNWs,p r e p ar e dat differer8 a@mfiCations

24



Figure 5.8. TEM images at different magnifications of-gown (a,b) GaNReS,
(c,d) ZnSRe$S, and (e,f) ZnGReS core-shellN Ws prepared af
show the measured atomic interlayer distances betweendyess.

however, ZnO NWs undergo a transition to an irregular shapeas also observed
in SEM. The higher magnification T images reveal the layered structure of ReS
shell (it can be seen as parallel black and white lines along the nanowire surface)
with a measured interlayer distance of around®6.34 | f or al | samp
matches the lattice constamt 6 . df Biclinic ReS [85]. The typical thickness
of the Re% shell varies from 20 monohyers (each consisting off&e-S atomic
planes), and the shell is uniformly distributed over the length of the NWs with only
slight variations of thickness. Furthermore, the skuglestalline nature of the core
NWs is visible (in NWs with diameter lessatin 80 nm) indicating high crystalline
quality of the agpreparedctore-shellheterostructures.

According to TEM measurements, the optimal sulfurization temperature was
foundtobe 758 0 0 AC i n o r d-qualitysingleaystallimeé Resldyérsy h
from the magnetrosputtered rhenium oxide coating. ReSh el | convert e
still exhibitedpolycrystalline nature indicated by nparallel placement of the layers
while the TEM images ifrig. 58s hows hi gh crystallinit.
hand, n the case of ZnO NWs, a structural change of the NW can be observed around
750AC, therefore a fluwasdbservedstau dyatwars) Of
ReS is still polycrystalline, whereas it becomesnglecrystalline at higher
temperatures, whilthe ZnO corerer yst al | i zes at 750AC.
undergo a sulfurization process at this temperature and are converted to ZnS phase
[86,87] Worth noting, that nal et ect abl e f ormation of J
observed in previously discussed ZWI5, core-shelINWs due to the unique growth
mechanism of the WShell[75].
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Figure 5.9 XRD patterns of agrown (a) GaNReS, (b) ZnSReS, and (c) Zn®

ReS core-shellNW arrays on Si(100)/Sigsubstrates, prepared at 30 Note the
ZnS phase peaks in ZrRRe S pattern that emerges due to a partial or full conver:
of ZnO to ZnS which starts at around 250

To confirm the presence of phases in thgmsvn core-shell NW samples,
XRD measurements were performed on the n
Si(100)/SiQ substrates (sd€g. 59). All XRD patterns contain a strong Rg802)
peak of the triclirc phase (ICDBPDF #520818) as well as Bragg peaks attributed
to the Si(100) substrate at 88gressand gold nanoparticles used for VLS growth
(ICDD-PDF #040784). For GaNReS and ZnSReS NW samples, GaN (ICDDb
PDF #500792) and ZnS (ICDBPDF #361450)Bragg peaks are clearly apparent.
For ZnOReS NWs samples, both ZnO (ICDBDF #361451) and ZnS phases are
present, confirming that ZnO NWs are par
as was observed in TEM measurements. Worth noting, that thdedtveen ReS
and nanowire XRD peak intensity is related not only to the amount of dRethe
NWs, but also on the Si(100)/SiGubstrate, thus it cannot be properly used to
guantitatively describe the phase composition ratio ofdineshellheterostruaires.

As the ZnO NWs undergo sulfurization process besmmglecrystalline Regshell
is formed, such material might not be suitable template fop Besvth, whilst it
was possible to grow highuality singlecrystalline layers of Re®n GaN and ZnS
NWs.

To confirm the presence of Re&icro-Raman scattering spectra of@ewn
ZnO-ReS, ZnSReS and GaNReS core-shellNWs (measured in each case from a
single NW) are compared to thatflk ReS in Fig. 5.10. ReS Raman active modes
are indicated by the vertical lines. All the Raman active phonon modes were observed
in bulk ReS andcoreshellNWs. The Raman bands ararrower for bulk Resand
GaN-ReS NW, whereas they are slightly broadened for ZRE€ES and ZnSReS
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Figure 5.1Q Micro-Raman spectra of ZnBeS, ZnSReS and GaNReS core
sheNWs, prepared at. \&ficdlAn@s indiaatedhe positionks
the Raman active fphonon modes.

NWs. The broadening leads to an overlap of nearest bands located around'280 cm
307 cm! and 322 cmt. The most intense bandsg{like modes) are located at about
152 cm?, 163 cm* and 213 cm and mainly involve irplane vibrations of Re atoms
[88].

5.3Zn0O-Mo0S; core-shell nanowires

MoS; might be the most popular amekll-studied 2D TMD[8]. Bulk Mo,
has a 1.2 eV indirect bandgap while its monolayer haseatdandgap of 1.8 eV
[12]. It has relatively good mobility (~700 éwis?), therefore, it has been widely
studied fo applications in electronics and optoelectron&3.monolayer Moghas
been obtained using quite a few different methausst relevant to this work being
CVD, conversion of Mo®@and thermal decomposition of (Mo0S4 [26]. In this
work, first time synthesis oEZnO-MoS; core-shell NWs, where ZnS interlayer is
formed between ZnO and MgSwas demonstrated86]. The process involves
immersion ofpureZnO NWs in ammonium heptamolybdate tetrahydrate solution
followed by annealing in sulfur atmosphere atADO

SEM was used to tune thW growth process anh observehe morphology
change after MoSshell growth. It is clearly visiblen Fig. 511(a,b)that the smooth
surface of ZnO NWs immersed in the ammonium heptamolybdate sdbgtmmes
significantly more rough and alteregegFig. 5.11(c,d)) after annealingThe NW
length is maintained after the heat treatm®trong electrical charging was observed
for thecore-shelNWs, however was absent for pure ZnO NWs. This may indicate
that electrical properties of ZnO NWs were strongly affectea $iyell layer, making
them less conductive. It is known that sulfur reacts with ZnO at temperatures above
400AC resul ting i n[87 wHicbhastletvalue of theldyapZ n S
(3.7 eV) larger than ZnO (3.4 eV).
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Figure 5.11 SEM images of(a,b) ZnO NWSs, immersed in ammoniu
heptamolybdate soluth and dried; (c,d) ZnMoS; core-shellNWs after annealing
in sulfur atmosphere at 7O00AC.

TEM images ofcoreshelINWs anneal ed in sulfur at mc
700AC ar €Fig.5@Bveampilre anneal ed at 500AC has
with some remaining amorphous phase. No Mst&ll was found around the NW,
however, few crystallites appearing as parallel black lifég. 6.12(c)) may be
identified as Moa Theshell n t he sampl e isamonhoemagenealls at 70
and appears as a masaf dark and bright spot&ig. 5.12(d,e)) or as microcrystals
formed around the NW cordrig. 5.12(g,h)). According to interplanar distance
measurements, microcrystals on NW surface can be attributed to zincblende ZnS
phase with the interplanar distarde8.1-3 . 2 ICPD-RDF #361450. It is known
that ZnO reacts with sulfur and forms ZnS starting fromA80Mue to the lattice
mismatch and different crystal structure of Zo@e and ZnS shell, the upper layer
cannot grow as a smooth single crystal layer on top of ZnO NW surface.
Further mor e, NWs prepared at 7,00highC  ar e
appears as a number of parallel black lifeg.(512(f,i)). The numbef MoS
layers varies in the range of-8L monolayers, which is probably related to
nonhomogeneous coating by ammonium molybdate precursor. The measured
di stance between monolayers is #®b@&ut 6. 2
interlayer distance iMoS; (ICDD-PDF #371492).

SAED analysisof the core-shell NW (seeFig. 5.13) reveaéd the following
phases: ZnO zincite (zone axis <0001>), ZnS zincblende (zone axis <001>), and
MoS; molybdenite phases (zone axi2201> and <143>). Dominating the most
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Figure 5.12.TEM images at different magnifications &hO-MoS; core-shelNWs,
prepared at (@) 500AL) ad@®0QAB. The insets
interlayer distances between Md8yers.

intensive) diffraction spots belong to the ZnO core, while less intensive to ZnS and
Mo$S; phases. Symmetric orientation of Ma$flexes relative to ZnO reflexes may
indicate epitaxial growth of MaS
Micro-Raman spectroscopy was used to confirm the foomaf MoS layers
on the NWs. The iplane B>y mode at 384 crhand the oubf-plane Agmode at
407 cm* were clearly resolved on tleere-shelNW (seeFig. 5.14) that corresponds
to typical MoS Raman spectrf89]. Note thathe large peak at ~521 ciis the first
order of optical mode &=0 of the underlying silicon substrate
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Figure 5.13 SAED analysis of ZnéMoS; core-shell NWs. The presence of (a,l
ZnO zincite zone axigNO001) (c,d) ZnS zincblende zone ax®01Q MoS;

molybdenite phases of (efpne axisd 22010and (g, h) zone axi@l4i 530were

identified.
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Figure 5.14 Micro-Raman spectra of Zn®oS, core-shell NW on Si(100)/SiQ
substrate. The inset shows a confocal microscope image of the studied NW.

Alternatively, MoQ sacrificial layerwas deposited on pure ZnO NWs by
reactive DC magnetron sputtering, similar to ZW3, core-shellNW preparation
method discussed previoushfter sulfurization of ZnGMoOs NWs  a't 700AC,
morphology of thus obtainecbre-shellNWs is rather similar to the ones produced
by immersion in ammonium heptamolybdate solution (see SEM imagEg.in
5.1%a,b)). However, Mo$S shell is usually significafyt thicker due to the large
amount of deposited Mafrecursor (it is difficult to deposit very thin layer of MoO
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Figure 5.15 SEM images ofa) ZnO-MoOs core-shell NWs, where the shell ha
been deposited by magnetron sputtering, (b) -Zf@H, coreshdl NWs after
annealing in sulfur at mos ph epreparedcare
shellNW.

by magnetron sputtering), therefore, the immersion method of molybdenum
precursor deposition is more preferable in this case compared toatpeetron
sputteringNevertheless, TEM image (sEg. 5.15(c)) shows that its still a viable
methodhow to obtainfew-layer MoS on NWsbut with less uniformity.

5.4Pbl,-decorated ZnO nanowires

Pbk is a layered vdW material wignsimilar structure and physical properties
as TMDs, however, it is not a TMD but has iodine atoms instead of chalctigens.
a semiconductor material witln direct2.2 2.55 eV bandgapnd can be used as a
photodetector or as an-iXay  aay dleteoctor materia[90,91] There are
theoretical and experimental studies that show band structure shift from direct
bandgap to indirect bandgap when the:Rhickness isreduced from bulk to
monolayer[14], as opposed to other more commonly studied vdW materials.
Therefore, monolayer Pblis not expected to be an efficient material for
optoelectronics applicationsew+layer Pbt flakes can be synthesised in a liquid
phasq92] or via CVD procesf90,93] In this work,a novel twestep growth process
for uniform crystalline Pkl nanosheets via reactive magnetron deposition of a lead
oxide film followed by subsequent iodinatiat 4 2 0 #& ®bbk on a ZNONW
substrate was demonstrated, anej@svn hybrid nanostructures were compared
with ones prepared via thermal evaporation mef®dd. Few-layer Pb} did not
uniformly cover all surface of NWs, therefore, such heterostructures aoaltest
core-shelNWs but Pbb-decorated NWastead

SEM was used to image-gsown individual NWs and NW arrays and study
their morphology. Pure ZnO NWs are typicallyi300 e m | ong wi t h
around 100 nm and exhibit a smooth surf&ig. 5.16(a,b) shows ZnO NWsvith a
thermally deposited Pblcoating. No significant change in diameter is observed;
however, a very fine increase in surface roughness is visible. NWs with a -sputter
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Figure 5.16 SEM images ofmages of (a,b) Zn@bk NWs made bysing the
thermal evaporation approach; (c,d) ZnO NWs covered by lead oxide deposi
magnetron sputtering; (e,f) ZnBbk NWs made by converting the lead oxi
coating.

deposited lead oxide coating with a fine roughness are shdwg i5.16(c,d), where

a considerable (up to 100 nm) increase in diameter can be seen. After annealing such
NWs in iodine vapour at elevated temperatures, the surface roughness greatly
increased; however the diameter is significantly reduced as a fraction of the coated
materal is sublimated after the transformation (5&g 5.16(e,f)). The final coating

Is not uniform over the entire length of NWs as some thicker particles and islands
can be observed.

A deeper insight into the nansmgtructu
TEM. Fig. 517(ai ¢) shows TEM images of Zn®bk NWSs obtained by the thermal
evaporation method at different magnifications. The lower resolution images show
noticeable contrast between the two NW sidesx(lalgkrs correspond to the darker
region), indicating nowuniform coating deposition, which is gacted from the
thermal evaporation approach since it is a-bfisight method. At a high resolution,
the crystalline structure of the nanostructure is revealed. The layers gf&sh on
the ZnO NW surface are distinguishable as parallel black lingsicdlly, the
thickness of the coating varies betwe&d® monolayers (each consisting Pl
atomic planes), with interl ayer distance
agreement with the lattice constaat 6. 979 ) of .HIGDDk hexag
PDF#07-0235). Furthermore, the singteystalline nature of the ZnO NWs is clearly
vi si ble; the measured interplanar distan
wurtzite (CDD-PDF#36-1451) The TEM images of the Zn®bk nanostructures
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Figure 5.17.TEM images at different magnifications of¢aZnO-Pbk NWs made
by using the thermal evaporation approach, anf) @O-Pbk NWs made by
converting the magnetresputtered lead oxide coating. The insets show
measured atomic interlayer distaadeetween Pblayers.

obtained by conversion of sputtéeposited lead oxide coating are showrFig.
5.17(di f). In this case, the Pbtoating is uniformly distributed over the entire ZnO
NW surface; however, the surface roughness is significantly increased. The thickness
of the coating typically varies betweenld monolayers, with some islands being
even thicker. As in the first approach, the measured interlayer distance is around 7
|

To complemenTEM structural investigations and confirm the presence of
phases, XRD measurements were performed on thespared samplegig. 518
shows XRD patterns of NW arrays prepared by the two approaches: thermal
evaporation andconverting the magnetresputtered lead oxide coating,

a 400 b 150
] Zn0O-Pbl, NWs ] Zn0O-Pbl, NWs
(thermal evaporation) | (converted from lead oxide)
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Figure 5.18 XRD patterns of (a) Zn®@bk NW arrays onSi(100)/SiQ substrate
made by using the thermal evaporation approach; (b)-Ebk NW arrays on
Si(100)/SiQ substratemade by converting the magnetrsputtered lead oxids
coating.
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respectively. Both patterns indicate highly crystalline hexagonal ZnO wurtzite
(ICDD-PDF #361451) and hexagonal B§ICDD-PDF #070235) phases. No other
phases were observed, confirming the highst@iinity of the agprepared
nanostructures, as did the TEM investigations. It is worth noting that the ratio
between Phland ZnO peak intensity is not only related to the amount of ¢l
ZnO NWs but also the amount of Pbitystallites on the Si/Sig&substrate. Therefore,
spectra cannot be properly used to describe the phase composition ratio in the
nanostructures. FurthermorgnO NW Bragg peak intensities vary between the
samples- due to an inhomogeneous gold nanoparticle catalyst deposition from
cadloid on the silicon substrate; the density ofgaewn ZnO nanowires arrays was
also not homogeneous while the Pldyer is relatively homogeneous over the
substrate due to the precisely controllable deposition methdeglrb.18(b), the
Bragg peak aB 3 A i s ta tiffractioh in the $i(100) substratéo(bidden
Si(200) reflectioi

To study the opticaproperties, room temperature PL in thepaspared
samples was measured in a wavelength range from 400 to 650 nm, excited by a 266
nm laser. Generally, Pihas a direct bantb-band transition at around 495 nm (~2.5
eV) [95]; however, a broad band peaked ati%HEb rm has been previously
observed and attributed to recombination through defects, such as iodine and lead
vacancie$90]. The PL spectrum of pure ZnO NWs exhibits a defetdted band at
D520 nm[78]. Therefore, the interpretation of the Z#Dk nanostructure spectra
might be ambiguous due to this ZnO and H?¥l band overlapping, since higher
ZnO PL intensities might lead to indistinguishable il peaks or vice verskig.
5.19depicsthemeasured PL spectra of pure ZnO NWs, the i film reference
sample, and the Zn®bk nanostructures prepared via both approaches. It is worth
noting thatthe PL intensity is depicted in arbitrary units and does not contain
information about theelative intensitiebetween the obtained spectra. Zm®© NW

8

= ZNnO-Pbl, (thermal evaporation)

| == ZnO-Pbl, (from lead oxide)
Pbl, (from lead oxide)

e ZNO NWs

(-]
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PL intensity (a.u.)
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Figure 5.19 Roomtemperature photoluminescence spectra at the excit
wavelength of 266 nm of the differentpiepared samples.
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spectrum exhibits the typical defect band at 520 nm and thahbifilm sample
(prepared by converting lead oxide film) shows two emission peaks: the direet band
to-band transition at around 495 nm and the dafgeted band at around 530 nm.
The ZnQGPbk nanostructures (prepared by thermal evaporation approablbitex

two peaks at 495 nm and 525 nm; however, the nanostructures prepared via lead
oxide conversion exhibit only one band with a peak at 530 nm due to the higher
intensity overlapping ZnO peak. One can see and interpret the difference between
the Pb} ped ratio for samples prepared with different methods due to the defect
related peak maximum shift. For example, the defectibaibdnd peak intensity

ratio for thermally evaporated Bhbs ~2, while for lead oxide converted Rhit is

~1.33 Therefore by also considering the ZnO peak contribution, one can
gualitatively assume that lead oxide conversion via iodination leads to fewer defects
in Pbk coatings than the thermal evaporation approach.

5.5 Single nanowire photodetectors

To investigatethe applcability of the developed NWheterostructuresn
optoelectronics, twaerminal singleNW photodetector devicesere fabricated for
the most perspective nanostructures. The selection was based on the structural and
composition studiesThe device fabricabn and characterization procedsiveere
previously described i@hapters 4.2nd4.6. A typical asfabricated device is shown
in Fig. 520, where a single NW is placed between gold microelectrgdleleast
five singleNW photodetectors for each material or synthesis method were fabricated
so that consistent conclusions could be made.

To characterize such devices, dark stag®/ s curves, dark current, current
enhancement ratik/lofr, rise and decaphotoresponse timapectral responsivity
Rs.and external quantum efficiency EQvere determineddevices were measured
at 405, 532 and 660 nm wavelength light illuminatimal usually at 1V bias voltage
Stability and reversibility of oroff measurements wadsoevaluatedRise and decay
time of NW devices is defined as the required time for the photocurrent to increase
or decrease to 90% or 10% of its maximum value, respectivendREQE are used
to evaluate photoconductive properties of a mateialand EQE are reggtively
definedasR=ml / ( PS) ash @ e &) F#stihe &ffermnce between the

Figure 5.2Q (a) Optical microscope image of gold microelectrodes on an oxic
silicon substrate; (b) SEMnage of a typical aprepared nanowire photoresistor.
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photocurrent d, and the dark currentok, P is the light power densityS is the
effective illumination area (estimatexs the NW length between contatts N W
diameer),hi s P a n c kcdsshe speed &f lightmnstthe electron chargend

ads the light wavelength. LargesRnd EQE values correspond to high photodetector
sensitivity, and EQE larger than Ineans there is a photoconductive gain in the
device.

5.5.1 PbS, InSs, CdS and ZnSe nanowire photodetectors

Firstly, the method of singlslW devicefabrication and characterization was
developedand testedn pure metal chalcogenide NW36]. A study of such pure
NW devices is necessary in order to better understand the photoelectric behaviour of
more complicatedore-shellsystemsafterwards

Fig. 521 shows the measurddsVds curves of diferentasprepared NW
devices. Typically, nearly symmetrical characteristics were obtained for all
investigated NW materialsherefore indicating that ohmic contacts were formed
between the electrodes and the NWPéatures of notinear quadratic (I ~ 9
behaviour of the-V curves may be interpreted as an effect of the sphasge
limited current (SCLC), as other groups have previosistywnin different material
nanowire§g97,98] In addition, it is worth noting that dabricated devices exhibit
high resistance, wherein, most probably a considerable part arises due to the contacts.
Possible causes of such increased resistactele high resistance of deposited Pt
contacts due to a carbon presence from the roegainic precursd9].

Next, asprepared NW device electrical response to an illuminaifanlight
at different wavelengths was investigated.-@h photoresponseneasurements,
which are based on photoinduced conductivity changes, for three different
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Figure 5.21 Darkstate §sVds characteristics of (afbS, (b) 1nSs, (c) CdS and (d)
ZnSe NW photodetectors.
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Figure 5.22 Onoff photoresponse measurements of (a) PbS, ¢8g,I{c) CdS and
(d) ZnSe NW photodetectors ati¥* 1 V bias voltage and 0.5 W/édight intensity
of 405 nm, 532 nm and 660 nm wavelength light illumination.

illumination wavelengths at 1V bias of agprepared NW photietectordevices

are depicted irFig. 522. It can be seen that all four studied NW materials exhibit
rapid (< 1 second, in most s@5) increase and decrease of the current after the
illumination is turned on or off, respectively, except in the case of #& MW
current decay time for 405 nm illumination, which features a second, slower time
component, most probably do to a preseofttrapping centres.

Table 5.1shows the comparison of current enhancement ratigls) of the
studied NW materials in the context of their respective bandgap, which determines
their cutoff wavelengths. Firstly, it can be seen that PbS NWs exhibit wedlk«|
close to 1) photoresponse to all three illumination wavelengths; howevar, fat®
vs. wavelength dependence was observed. Second8, dnd CdS NWs exhibit
strong photoresponse to 405 nm illumination, and significantly weaker one to 532
nm and 660 nm illumination. Finally, ZnSe NWs show very strong response to 405
nm light, and no photoresponse was observed while illuminating them with 532 nm

Table 5.1 Comparison of the photoresponses of the studied shagiewire
photodetectors.

lon/l ot ratio
Materials Eq (eV) lga @t 1V (NA)  at405nm  at 532 nm at 660 nm
(3.06 eV) (2.33 eV) (1.88 eV)
PbS NW 0.41 2.65 1.11 1.07 1.03
IN2Ss NW 2.1 9.95 11.3 2.8 2.1
CdS NW 2.4 3.65 2.7 14 1.1
ZnSe NW 2.7 0.02 115 1 1
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and 660 nm wavelength light. ObtainedIb# value tendencies, for the most part,

are as was anticipated from the material bandgap values; however, relatively weaker
photoresponse to 66nm illumination was expected for either CdS qSkNWSs.

Such aboveutoff-wavelength photosensitivity may be caused by defects, like
impurity doping or surfacstates Table 5.2contains the calculatedsFRAnd EQE
values of the studied NW devices. Tdlgtained data shows a relatively wide range

of values for different NW materials, howey#resevalues are comparable to other
typical stateof-art 1D nanostructure photodetect¢t00], thus indicating the
potential to use such materials in future applications.

Table 5.2 Responsivity B and external quantum efficiency EQE values of
studied singlenanowire photodetectors at different illumination wavelengths.

Responsivity R,, A/W EQE
Materials
at405nm at532n$m at660 nm at 405 nm at 532 nm at 660 nm
PbSNW 0.06 0.04 0.02 18% 9% 3%
INnSsNW  16.01 2.80 1.71 4903% 652% 321%
CdS NW 0.86 0.20 0.05 264% 47% 10%
ZnSe NW 0.20 0 0 62% 0 0

5.5.2 ZnO'WS; core-shellnanowire photodetectos

ZnO-WS, coreshell NW photoelectric properties were compared with the
ones of pure ZnO NWs and feayer WS flakes.Fig. 5.36(ac) shows measured
typical currentvoltage characteristics of photodetectors built using pure M3,
WS, flakes andZnO-WS; core-shell NWs, respectively.The ZnO photodetector
demonstrates a nesymmetriclqsVds curveand this is typical for Schottky barrier
of ZnO NWs on gold contacf$01]. However nearly symmetric characteristiceng
obtained for Wsflakes and Zn@NS; NW devices.

On-off photoresponse meaements were performed at the bias voltage of
1V, laser wavelengths of 405, 532 and 660 nm and laser power of 0.5 \Wygical
photoresponse measurements of pure ZnO NW, N&lise and ZnGWS; core-shell
NW devices are shown ifig. 523(d-f). Pure ZnO NWs respond only to the
illumination of 405 nm wavelength and do not respond to wavelengths of 532 and
660 nm Fig. 523(d)), while the photoresponse of W8akes is almost identical at
wavelengths of 405, 532 and 660 rfag( 5.23(e)). The phdoresponse of ZnAVS,
core-shellNWs at 532 and 660 nm are simjlautthe photoresponse is significantly
stronger at 405 nni{g. 523(f)). Since pure ZnO NWs do not respondjteens532
nm (2.33 eV) anded660 nm (1.88 eV) light because of their widand gap (6=3.2
3.3 eV), the photoresponse of ZIMIS,; core-shellNWs to red and green ligloin
be attributed tahe WS shell. For violet light (405 nm), both ZnO core and WS
shell contribute proportionally to the photoresponse of -Xv& core-shellNWs.
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Figure 5.23 Darkstate §sVdscharacteristics of (a) ZnO NW, (b) Wikakes and (c)
ZnO-WS; NW photodetectors. Qaff photoresponse measurements of (d) ZnO N
(e) WS flakes and (f) ZnONS; NW photodetectors atdy= 1 V bias voltage anc
0.5 Wicnt light intensity of 405 nm, 532 nm and 660 nm wavelength li
illumination. Timeresolved photoresponse measurements of (g) ZnO NW, (k)
flakes and (i) ZnONS; NW photodetectors atdy= 1 V bias voltage and 0.5 W/én

light intensity of 405 nm wavelength light illumination.

Time-resolved photoresponse measurements are preserfegyl m23(g-i),
and the corresponding data are givermable 5.3 A slow response of pure ZnO
NWs on the timescale of seconds is typicakfis materia[52,101] In addition, the
response time of WeSlakes depends on the material fabrication method and the
number of WS layers[102,103] Pereal - p e &. repotted the response time of a
few layer WS photodetector as fast as 5.3 [082], while Huo et al. reported the
response time of a multilayer Wghotodetector to be faster than 20[183]. The
resporge time of the prepared ZR@WS,; core-shellNWs is significantly faster than
that of ZNnOWS-based heterostructured thin film devidd94]. The calculated
values ofR; andEQEfor the photodetectors are givenliable 5.4 and the obtained
data are comparable to otrstateof-art ZnO nanowire and WS nanotubebased
photodetectors. For example, Guo et al. demonstrated the higinsasty of a ZnO
nanowirebased UV photodetector having 40 A/W; however, at 10 V bias the kinetics
of the photodetector was measured in the range of sefddidsIn contrast, Zhang
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et al. demonstrated a multiwall W8anotubebased photodetector withy R 3.14
A/W (at 0.5 V bias) anEQE= 615% for 633 nm lightL05].

Table 5.3 Photoresponse (rise and decay) tiofethe studiedphotodetectors
fabricated from pure ZnO NWs, W8akes and Zn@NS; core-shellNWs.

ZnO NWs WS; flakes ZnO-WS; NWs
a5 nm
Rise,s Decay, s Rise, ms Decay, ms Rise, ms Decay, ms
405 5 27.5 0.4 0.7 55 115
532 - 0.3 0.65 21 95
660 - - 0.53 1.35 22 50

Table 5.4 Responsivity R and external quantum efficiency EQE values of
studiedphotodetectors fabricated from pure ZnO NWs, W&kes and ZnONS,
coreshellNWs.

Parameters & nm ZnO NWs WS; flakes Zn0O-WS; NWs
405 1.50 5.03 10 7.00
Ri, AIW 532 - 4.8410* 2.25
660 - 458 10 1.75
405 4.59 1.5 108 21.4
EQE, % 532 - 1.1310° 5.2
660 - 8.6 10* 3.3

5.5.3 Pbb-decorated ZnO nanowire photodetectos

Photoelectric properties of Pbdecorated ZnONWs preparedsia reactive
magnetron deposition of a lead oxide film followed by subsequent iodinationsto Pbl
were investigated and compared to ones of hybrid nanostructures prepared via
thermal evaporation metho#ig. 524(ai c) shows the characteristicd the two
terminalZnO-Pbk single NW devices made using the thermal evaporation approach,
while Fig. 524(di f) shows thecharacteristics of thénO-Pblk single NW devices
made by converting the magnetrsputtered lead oxide coatinBoth dark state
currentvoltage (dsVds) characteristics of Zn®bk NWs in Fig. 524(a) and Fig.

5.24(d) exhibit linear behaviour, indicating that ohmic contacts formed between the
nanostructures and the electrodes, as is expected tarrPpdld[106] and which is
beneficial for efficient photogenerated carrcollection. In contrast, pure ZnO NWs
typically form Schottky contact with gold electrodes (see the nonsymmeétfic |
curve inFig. 523(a)) [101].

The devices were illuminated with 405 nm wavelength light in a periodic
fashion to study their photoresponse properties aarshio Fig. 524(b) and Fig.

5.24(e). All the devices were also tested for 532 nm and 660 nm light illumination;
however, no increase in current was observed due to the relatively wide bandgap of
the studied materials. @off measurements demonstrate a dyearapid and
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Figure 5.24 ZnO-Pbk single NW made by using the thermal evaporation appre

(a) darkstate ésVasc har act eri sti cs, ( b) -cesoiveu
photoresponse measurements; and-2i® single NW made by converting the le:
oxide coating (d) darktate bsVasc har act eri stics, (e)-

resolved photoresponse measurements at 1 V bias voltage and 0.5 y¥tn
intensity of 405 nm wavelength light.

repeatable icrease and decrease of the current when the illumination is turned on or
off, respectively; therefore, showing good stability and reversibility of the devices.
ZnO-Pbk NWs exhibit low dark current (@00 pA) which is necessary for high
performance photadectors, while for pure ZnO NWs, it can be up to several tens of
nA (seeFig. 523(d)). The current enhancement ratiags/(bs) for the nanostructures
prepared via both approaches were measured to be at ard#@d] itDcontrast to

less than 2 for purBnO NWs.

Time-resolved photoresponse measurements were performed to evaluate the
rise and decay time of the-pseparedZnO-Pbl, devices As shown inFig. 5.24(c)
andFig. 5.24(f), the obtained values are in the 30 ms range, which is almost two
orders of magnitude faster than the pure ZnO NWsKgp&.23(g)) and comparable
to typical NW or 2D Phi photodetector response timg<},92,93,100] The slow
response of ZnO NWs is due to the influence of oxygen molecules on the surface
states and their effect on photoresponse kinetics is widely discussed in the literature
[107,108]

In this work, suface of ZnO NWs was passivated using a thin BbWS
coating, and photodetectors of such heterostructures exhibit reduced dark current and
photoresponsBme, although it also decreasessiate currentoh in comparison to
pure ZnO NWs. It is well known that adsorbed oxygen species influence electrical
properties (electrical conductivity decreases with exposure to oxygen) of metal oxide
nanostructure$52,109,110] Consequently, band bending, induced by adsorbed
oxygen molecules that capture free electrons, causes an efficient photogenerated
electon-hole separation that leads to high gain in skmglaowire photodetectors.

The presence of the Bbayers inthe nanostructures protects the ZnO surface from
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