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ABSTRACT

This Dissertation is dedicated to the development and characterization of
various material nanowire (NW) and transition metal dichalcogenide core-shell
heterostructures.

Novel synthesis methods of highly-crystalline core-shell NWs have been
demonstrated, the nanomaterials structure, composition, morphology and
photoelectrical properties have been characterized. The following results can be
highlighted:

e Synthesis of novel ZnO-WS; core-shell NW heterostructures. Fabrication
of as-grown nanostructure single-nanowire photodetector and
demonstration of enhanced photoelectric properties in comparison to pure
ZnO NWs.

e Synthesis of novel GaN-ReS;, ZnS-ReS, and ZnO-ReS> core-shell NW
heterostructures. Development of new few-layer ReS; synthesis method —
sulfurization of a pre-deposited ReOx coating.

e Synthesis of novel ZnO-MoS; core-shell NW heterostructures by
decomposition and sulfurization of a pre-deposited (NH4)sM07024:4H>0
coating, and comparison with sputter-deposited MoOs coating conversion.

e Synthesis of novel Pbl>-decorated ZnO NW heterostructures.
Development of new few-layer Pbl, synthesis method — iodination of a
pre-deposited PbOx coating. Fabrication of as-grown nanostructure single-
nanowire photodetectors and demonstration of their photoelectric
properties.

The synthesis methods developed in this work are not limited to the
demonstrated heterostructures and can be applied for other materials. Furthermore,
this work provides an insight into how a few-atomic-layer thin coating can change
the photoelectric properties of a ZnO nanowire.

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

1.1 Problems and motivation

Nanowires (NWSs) — 1D nanostructures — are being explored as promising
materials for applications in electronics, optoelectronics, photonics and
microelectromechanical systems (MEMS), and their potential has been demonstrated
in many proof-of-concept devices [1]. Depending on the application, two different
approaches of NW integration in devices can be distinguished — single-NW devices
consist of individual separate NWs as the active components, whereas “bulk” devices
contain periodic NW arrays or randomly dispersed NWs. Some NW applications,
mainly the single-NW devices, struggle in assembly and scalability of the device
fabrication to create a cost-effective production process that could compete with
current technologies, such as silicon microfabrication. Several concepts have been
proposed, for instance, controlled printing of NWs with roll-to-roll technology that
uses microfluidics to align the NWs [2]. However, many other NW applications are
entirely novel or complementary to current technologies and might be implemented
in @ much more scalable fashion, which is presently an active research field.
Otherwise, entirely new applications or device concepts need to be proposed and
developed. The necessary scientific research is not only related to developing
competitive upscaling methods but also to producing new NW-based materials and
studying their fundamental properties for novel applications [3]. One way to enhance
and engineer NW characteristics, such as spectral absorption range and electrical
properties, is to create core-shell heterostructures — to modify the surface of a NW
by a relatively thin coating (compared to the diameter of the NW) of a different
material [4]. Surface of NWs has a significantly reduced lattice mismatch restriction
compared to conventional semiconductor thin film growth thus enabling greater
flexibility in choosing the materials to produce heterostructures and in engineering
their properties [5,6].

Layered 2D van der Waals (vdW) materials have attracted great interest since
the isolation of monolayer graphene in 2004 due to their unique structure and the
promising physical properties that appear when the thickness of the material is
reduced to one atomic layer [7]. Transition metal dichalcogenides (TMDs) are
layered materials with a general chemical formula MXz, where M is a periodic table
Group 4 — 7 transition metal and X is a chalcogen, and are being actively researched
for applications in electronics and optoelectronics due to their thickness-dependent
bandgap [8]. TMDs layers have terminated surfaces without dangling bonds and are
bound together by weak vdW forces, therefore, can be sequentially stacked
unstrained without any covalent interlayer bonding even if materials are slightly
lattice-mismatched [9]. There is an on-going search for large-scale synthesis methods
of TMDs on different substrates before any practical applications could be realized
[10].

Combining NWs and TMDs in core-shell heterostructures could lead to new
knowledge about the interface formation between different materials and solid-state
reactions in such systems, to novel nanostructures with enhanced properties, and
development of new TMDs synthesis methods as NWSs are a convenient template to
study materials growth.



1.2 Objective and tasks

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

The following tasks have been defined:

1. To synthesise different material semiconductor NWs by vapour-liquid-solid
(VLS) method and explore the potential of using such together with different TMDs
in core-shell heterostructures.

2. To develop or adapt different methods of growing highly crystalline few-
layer TMDs around NWs by chemical conversion of a pre-deposited coating.

3. To characterize as-grown nanostructures to obtain information about their
structure, composition, morphology and optical properties, and use it to tune the
growth process.

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 shell on the NW photoelectric properties, and
evaluate the potential of using such heterostructures in different practical
applications.

1.3 Scientific novelty

The work summarized in this Dissertation encompasses new knowledge on
synthesis of several different few-layer TMDs and on preparation of novel core-shell
NW heterostructures, and includes elaboration on their physical properties. The
following results can be highlighted:

1. Development of a versatile two-step method for growth of various layered
vdW materials on semiconductor NWSs. 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 temperature. In this work,
highly-crystalline WS>, ReS2, MoS> and Pbl, shells were successfully grown on
monocrystalline NWs. The synthesis method is not limited to the demonstrated core-
shell heterostructures but can also be applied for other materials.

2. Investigation of photoelectric properties of the selected novel as-grown
heterostructures. ZnO-WS; 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 absorption in the WS 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 Pblz-decorated ZnO NW photodetector devices at 405 nm illumination, and
significantly decreased dark current was observed in comparison to pure ZnO NWs.
Notably, ZnO NW surface passivation with layered vdW materials shell also
improves their photoresponse time for almost two orders of magnitude due to thus
limited photo-induced processes related to adsorption/desorption 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: growth of NWs via VLS
method; development of the sulfurization/iodination processes and tuning of the
process parameters for core-shell heterostructure synthesis; characterization with
scanning electron microscope and X-ray diffraction; single-nanowire photodetector
device fabrication including optical lithography, lift-off and in situ NW
manipulations inside SEM-FIB; photoelectric measurements of the as-fabricated
devices; analysis and interpretation of the obtained data.

Body of the article was written by the Author for Publications I, Il and VI,
parts of the article were written by the Author for Publications Il and IV.



2. LAYERED 2D TRANSITION METAL DICHALCOGENIDES

Layered 2D van der Waals (vdW) materials have attracted great interest since
the isolation of monolayer graphene in 2004 and the Nobel Prize in Physics in 2010,
due to their unique structure (strong in-plane bonds and weak interlayer bonding)
and the promising physical properties that appear when the thickness of the material
Is reduced to one atomic layer. Nowadays it is an ongoing wide research field that
focuses on many different materials, specific synthesis and characterization
approaches, device fabrication and applications [10].

2.1 Properties of transition metal dichalcogenides

Transition metal dichalcogenides (TMDs) can be described by a general
chemical formula M Xz, where M is a periodic table Group 4 — 7 transition metal and
Xis a chalcogen (Group 16 elements S, Se and Te) [7]. The focus of the dissertation
Is on TMDs, however, lead iodide Pbl is also investigated, thus, despite Pbl. being
a metal halide, all of the investigated layered materials henceforth are called TMDs
due to their structural similarity and for the sake of convenience. Depending on the
group the transition metal belongs to, the TMDs properties can vary significantly.
Typically, a TMD monolayer is made of hexagonally-positioned metal atom layer,
“sandwiched” between two layers of chalcogen atoms (see Fig. 2.1). In the layer
metal and chalcogen atoms are connected by strong covalent bonds, while the layers
are bound together 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 TMDs is dependent on the metal atom coordination
and the number of its d-electrons, therefore, they have a broad spectrum of electrical
properties [11]. Due to the 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 metal atom, however a trend can still be observed due
to the broadening of the d bands — with an increasing atomic number of the chalcogen
the bandgap decreases. Interesting differences in the electronic structure of
semiconducting TMDs is observed between bulk and monolayer material due to the
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Figure 2.1. A schematic representation of transition metal dichalcogenides atomic
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changes in interlayer coupling, symmetry elements and degree of quantum
confinement. For instance, bulk MoS: is an indirect-bandgap semiconductor with a
bandgap around 1 eV with the valence band maximum at I" point and the conduction
band minimum between I'-K symmetry lines of the Brillouin zone, however a MoS>
monolayer has a 1.8 eV wide direct bandgap at the K point [12,13]. The direct
bandgap of many monolayer TMDs is one of the main reasons for the intensive
research done on these materials, because the use of direct bandgap semiconductors
IS a necessity for an effective operation of optoelectronic devices. On the other hand,
there are theoretical and experimental studies that shows band structure shift from
direct bandgap to indirect bandgap when the Pbl> thickness is reduced from bulk to
monolayer, therefore monolayer Pbl is not expected to be an efficient material for
optoelectronics applications [14,15]. Another exception — ReS; exhibits much
weaker interlayer coupling, therefore it remains a direct bandgap semiconductor in
both bulk, few-layer and monolayer forms [16].

For electronic and optoelectronic applications, good electrical and optical
properties of the used materials are needed. The variety of available 2D vdW
materials allows to fabricate all-2D-material devices, where usually h-BN is used as
an insulator, graphene as a metal, and TMDs as semiconductors [10]. Most 2D
materials have good mechanical properties — their electrical and optical
characteristics deteriorate only slightly when bending or applying tensile stress [17].
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 future [18,19]. 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 high-performance 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 light-emitting diodes, phototransistors etc. on
transparent flexible substrates [8].

2.2 Synthesis methods

It is intuitive, that an isolated TMD monolayer cannot be stable in air just by
itself — since a single layer is less than 1 nm thick, vdW forces make it bend, roll and
wrinkle, making other types of nanostructures [20]. Therefore, TMDs are either
synthesised on top of a supporting substrate or dispersed in a stabilizing 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 exfoliation is 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 attached 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 cost-effective; however, the
monolayer yield of this process is very low, therefore can only be utilized for
laboratory scale studies and not for large-scale production [11]. 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 process, high crystallinity is maintained, hence, it is suitable for
fundamental studies of the material properties. On the other hand, for low-cost mass
production of 2D atomic crystals, solution processing can be utilized [21-23].
Liquid-phase exfoliation involves dispersion of the bulk material in a suitable solvent
and a use of ultrasound or ion intercalation to separate individual layers. After the
exfoliation process, the resultant suspension can be centrifuged to select crystals of
desired thickness and lateral size [24]. A range of printing techniques, inkjet or
flexographic for instance, are available to be used in high-volume low-cost
production to fabricate devices on either rigid or flexible substrates [25].

Alternatively, bottom-up methods involve combining and stacking material
atoms together, and usually these include thermodynamically or kinetically driven
processes, such as condensation of vapour. One can use pulsed laser deposition,
molecular beam epitaxy or chemical synthesis, however these methods are usually
either slow, costly, non-scalable or creates low quality material. The most common
bottom-up approach for growing TMDs is chemical vapour deposition (CVD), as it
can potentially be scaled up for mass production [26,27]. Several different CVD
approaches for growth of TMDs mono- and few-layer 2D crystals can 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 chalcogen powder in a high-
temperature reactor, followed by a vapour-phase reaction to form the corresponding
TMDs, which diffuse to the substrate to produce layered 2D crystals [28,29].
However, some transition metal oxides have high melting points (titanium and
niobium oxides, for instance), therefore it is difficult to effectively evaporate them.
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 vapour with a
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 to grow single-crystalline 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 area [26,27]. Growth of
2D TMDs over the entire wafer area with a good spatial homogeneity has been
demonstrated using metal-organic precursors via the MOCVD technique [30],
therefore making it a prospective method for future large-scale production.

Another methodology how to obtain 2D TMD crystals is to convert previously
deposited precursor thin films. One commonly wused approach involves
transformation of a transition metal or transition metal oxide film in chalcogenide
vapour at elevated temperatures, where the starting material film has been deposited
on the substrate by physical vapour deposition (magnetron sputtering etc.) [31-34].
The benefit of this method is that the wafer-scale TMD thin films can be readily
obtained, however, it usually produces polycrystalline films with small grain size due
to the amorphous nature of the precursor films. Moreover, thermal decomposition of
thiosalts can be used to obtain 2D crystals. For example, to obtain 2D MoS; on a
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substrate, the substrate is first dip-coated in a (NH4)2MoS4 solution, followed by a
decomposition at a high temperature, which involves N and H atom disassociation
from the substrate and MoS> layer growth [35]. There is still an ongoing research on
growing a high-quality wafer-scale 2D TMDs with CVD technique as the process is
complicated and involves many parameters.

Fabrication of scalable high quality 2D material heterostructures is required
for most potential future applications. Direct bottom-up sequential growth of 2D
materials on top of each other is currently being investigated as the main
heterostructure fabrication method in future due to its scalability [27]. VdW
materials, which have terminated surfaces without dangling bonds, therefore, grow
without covalent interlayer bonding, may be sequentially grown on top of each other
unstrained by “van der Waals epitaxy” due to this weak interlayer vdW interaction,
even if materials are lattice-mismatched [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, reproducibility, limited 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 devices [8]. The mentioned applications are motivated by the unique
properties of 2D TMDs, such as tunable electronic structure, optical transparency,
mechanical strength, and sensor sensitivity, some of which mainly arise due to the
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 every-day life. Flexible technology merges
a variety of scalable devices, such as transistors, displays, solar cells, chemical and
mechanical sensors and energy storage on flexible substrates for either large-area
applications or compact wearable electronics [18,25].

Regarding this work, 2D TMDs have been demonstrated as 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 range [38,39]. Photoresistors and
phototransistors (based on photoconductivity, when photo-excited carriers contribute
to the current) made from monolayer TMDs, including MoS, and WSe», exhibit
excellent properties such as high responsivity and high quantum efficiency [38,39].
Furthermore, the size-dependent 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, the
applications require further in-depth research, and investigation of other less-known
compounds.

Currently there still are numerous challenges and issues to be overcome before
2D materials can be used in any practical application, as 2D materials have only been
studied for a decade or so. Firstly, it is controlled large-scale growth of 2D
heterostructures. Large-scale growth of monolayer TMDs and graphene with
satisfactory properties has been demonstrated [26,27], 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 substrate, materials relative thermal
stability and complexity of precise control of temperature and gas partial pressures
[10]. Currently, either very small scale heterostructures have been grown via CVD
or made by dry-transfer technique [40,41]. Secondly, the control of the carrier type
and concentration in 2D TMDs which is crucial for industrial semiconductor
applications have not yet been fully studied [42]. Material doping or alloying have
been investigated as potential methods of modifying electronic properties of the
materials [43,44]. Thirdly, ensuring ohmic contacts in semiconductor devices is
required for any real application [45,46]. 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 ones exist 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 charge, uses the carrier spin information
to transport the signal. Materials which have a strong spin-splitting due to some kind
of symmetry breaking or non-equilibrium state allow spin-polarized carrier
population. Effective spin injection from TMDs to graphene has 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 spin-orbit coupling 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 spin-selectively controlled by
circularly polarized light. Use of these phenomena for a potential information storage
and manipulation in future devices has been termed as “valleytronics”, and use of 2D
materials in both of these new fields are currently being extensively investigated.
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3. NANOWIRES

One-dimensional (1D) nanostructures, such as nanowires (NWSs), nanorods,
nanobelts and nanotubes, have been extensively studied for more than two decades
due to their unique physical properties. Some of the main research directions
nowadays are investigations of hybrid NWs and heterostructures [4], development
and study of complex photonic and/or plasmonic NW-based integrated circuits [48],
metallic NW-based flexible and transparent electrode fabrication [49], and, of
course, large-scale assembly of NW devices that could enable mass production [50].
An important emerging phenomenon in NWs research is the need for full
understanding not only of the behaviour of each individual component in hybrid
materials systems but also the interfaces and interaction between them which
determines the performance and properties of the device [1].

3.1 Materials, properties and applications

Generally, functional NWs can be classified into two large groups — metallic
and semiconducting, and that determines the perspective applications where such
NWs can be applied. Many classes of semiconductor NWs exist: the most well
studied elemental semiconductors Si and Ge, I11-V compounds (GaN, GaAs, InP
etc.), 11-VI compounds (CdS, InzSs, ZnSe etc.), oxides (ZnO, MgO, SnOz, ITO etc.)
and carbides (SiC) [51]. In this work, different compound semiconductor NWs were
studied.

It is important to discuss the unique properties of NWs besides the possible
miniaturization, that make them so attractive to study and to compete with the well-
developed silicon and thin film technologies. Firstly, their one-dimensionality allows
to overcome some technical problems that optically active thin films face in regard
to integration with silicon. To merge photonics and electronics on one platform, one
must eliminate interfacial lattice mismatch that leads to defective and inefficient
optical materials. Secondly, size reduction of well-known materials to nanoscale can
alter and improve their physical characteristics and device performance, as well as
introduce completely novel properties. Some of the size-dependent properties are
photon absorption and emission, charge carrier transport and elastic modulus.
Regarding the electronic transport in NWs, single-crystalline structure can be
obtained over a length of several micrometres thus eliminating charge carrier
scattering on grain boundaries and that promotes good electrical properties, however,
if the diameter of a NW is reduced to a value close to electron mean free path,
scattering on the surface can become significant. Furthermore, as NWs have large
surface-to-volume ratio, both surface and bulk lattice may contribute to the
macroscopic properties of a NW. Therefore, NWs might replace bulk materials in an
application where surface-dominated property, for instance, surface charge carrier
processes in chemical or biological sensing, determines the efficiency or sensitivity
of the device. It has been reported in literature that physical characteristics and device
performance are particularly sensitive to surface properties in ZnO NWs, as the
surface states in ZnO NWs may be affected by atoms and ions from the surrounding
atmosphere [52,53].

NWs have been extensively explored as potential building blocks for many
different applications as their superior performance in devices has been demonstrated
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in comparison to conventional materials. Application fields include field-effect
transistors, optoelectronic devices, photonic circuits, chemical sensors, energy
storage and conversion. Optoelectronics is one of the most promising areas where
semiconductor NWs might be potentially applied. In the context of this work, it has
been widely reported that NWs photodetectors exhibit high photosensitivity and
photoconductive gain [52,54,55]. Due to the large surface-to-volume ratio of NWs,
they contain very high density of surface states that leads to Fermi pinning near the
surface, thus forming a depletion space charge layer that separates electrons and
holes and, consequently, enhances photocarrier lifetime. As high mobility can be
easily achieved in single-crystalline defect-free NWs grown by VLS, that, in
combination with long carrier lifetimes, leads to large photoconductive gain,
therefore, making NW photodetectors very promising in different optical
applications [56].

3.2 Nanowire synthesis via vapour-liquid-solid mechanism

Generally, all NW synthesis methods are grouped in “top-down” and “bottom-
up” approaches. Top-down methods typically involve chemical or ion beam etching
of a bulk material which has been patterned lithographically. Such process involves
several complicated steps including material growth, photoresist deposition/removal,
etching, and it becomes gradually more complex for high density NW arrays with
small feature sizes, however, the method benefits from precise control over the
placement of NWs on a substrate which is necessary for device fabrication at large
scale. While bottom-up methods usually lack such control over NW position on a
substrate, the approach is much more widely used because it is more versatile, facile
and potentially cheaper with great control over NW properties, even if in-situ or post-
growth alignment methods need to be implemented. Bottom-up approach can be
divided in solution-phase and gas-phase methods. Chemical solution-phase methods
have been widely applied to grow colloidal NWs, and benefit from large-scale
production, control of NW geometry and surface passivation. Gas-phase methods,
such as vapour-liquid-solid (VLS), are the most adopted methods for growing
semiconductor NWs due to their flexibility and high-quality of the as-grown NWs.
In this work, VLS method with a metal nanoparticle (NP) catalyst was used to grow
NWs.

The simplified general principle of the VLS method is schematically depicted
in Fig. 3.1, however, usually the growth involves more steps when several other
complex processes may occur which usually depends on the materials used.
Generally, the VLS growth of NWs typically consists of three steps: alloying,
nucleation and growth. Firstly, the vapour-phase precursors are adsorbed and
incorporated into the metal catalyst nanodroplet at elevated temperatures, and an
alloy is formed. Depending on the materials used, the chemical reactions between
the precursors to obtain NW material may occur either in gas-phase or on the surface
of the metal droplet. Secondly, if the alloying process is complete and the precursor
supply is maintained, nucleation takes places due to supersaturation, which leads to
precipitation of the NW material seed at the liquid-solid interface. Finally, if
continuous and uniform vapour flow is supplied, the NW grows in an atomic layer-
by-layer fashion in one axial direction, limited by the droplet size, and the growth
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front is at the liquid-solid interface. Time and precursor vapour flow (partial
pressure) typically determines the growth rate of the NWs, while temperature is set
to be above eutectic temperature of the corresponding alloy. The growth temperature
may determine the crystal phase of the material, and the phase of the NW can also
be imposed by the substrate material if an epitaxial relationship exists.

3.3 Core-shell heterostructures

To date, many fundamental properties of pure NWs are well understood. On
the other hand, the combination of different materials in more complex hybrid NWs
gives extra freedom to flexibly design their properties and add custom-made
functionality [4]. Radial or coaxial (commonly called core-shell) NWs are
heterostructures where the core NW is coated by another material to enhance its
characteristics. As the surface of a NW can greatly influence its properties, even a
very thin coating might drastically change the performance of the NWs in different
device applications.

Core-shell NWs might be categorized in two groups, depending on the
function of the shell material. The shell can be called active, if it is necessary for the
operation of a device, for instance, if a p-n junction is formed between the core and
the shell, and there are quite a few reports in literature on semiconductor core-shell
NW heterostructure electronic and optoelectronic devices [5,57,58]. Otherwise, the
shell can be called passive, if it only improves some property of the core NW and it
does not directly participate in the operation of the device. There are many reports
on modification of NWs mechanical properties [4,59,60] and use of the shell to
passivate the surface states of a NW [61], to realize high electrical conductivity NW
channels or to protect the NW from atmospheric conditions [4].

Core-shell NW fabrication methods mainly vary depending on the desired
functionalities needed. Typically, the shell is formed in two step or multistep
processes when either growth parameters or the synthesis method is changed. During
CVD process, it is possible to switch from axial VLS growth mode to radial mode
by changing the temperature and/or precursors, thus obtaining either a differently
doped or a different material shell [62,63]. Otherwise, after the VLS growth of NWs,
deposition method should be changed. Atomic layer deposition is an excellent
method for precisely controllable deposition of amorphous oxides, such as SiO2 and
Al203, that are used for surface passivation, enhancement of mechanical properties
and wrap-around gate dielectrics. Other thin film deposition methods, such as pulsed
laser deposition and molecular beam epitaxy, have been used to deposit
semiconductor materials directly on the NWs [64,65]. To grow uniform and highly

!
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droplet N of NW

SEN - .
Figure 3.1. A schematic representation of vapour-liquid-solid growth mechanism.
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crystalline shell with thin film deposition methods for semiconductor heterostructure
applications, lattice parameters of both core and shell materials should be considered.

In this work, semiconductor materials core-shell NWs with layered TMDs
shell were synthesised. Such novel heterostructures could be used for applications in
optoelectronics and photo- or electrocatalytic hydrogen evolution reactions. There
have been very few articles in literature on fabrication of similar core-shell
nanostructures [66—70] and promising properties have been demonstrated, therefore,
the scope of the Thesis is to extend this field by exploring new materials
combinations and complementary synthesis methods, and investigating the
heterostructure applicability in optoelectronics and catalysis.
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4. EXPERIMENTAL METHODS

4.1 Physical vapour deposition

In physical vapour deposition (PVD), by physically ejecting atoms or
molecules from a target material, thin film grows when they condense and nucleate
on the surface of the substrate. Sidrabe SAF25/50 multifunctional cluster tool was
utilized in this work. Thermal evaporation has been used in this work for depositing
thin 5 nm/45 nm Cr/Au electrodes on the SiO/Si substrate, where Cr layer is used to
enhance Au adhesion to the surface. Different transition metal oxide coatings, such
as WOs, MoOs, ReOx, PbOx, were obtained by reactive DC magnetron sputtering.
Typically, 100 W DC power was used with different Ar/O, partial 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 coatings by a dissociation and/or chemical reactions of vapour-phase
precursors in an activated environment. Here, 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 synthesised via VLS method (see
Chapter 3.2). To synthesise a layered material shell around a NW, typically a pre-
deposited metal oxide coating was converted by a sulfurization/iodination reaction.
Sulfur/iodine vapour was obtained by evaporating the corresponding powder in the
necessary temperature and delivered to the sample by the carrier gas. By placing the
sample in the required temperature, solid-state reaction occurs when the vapour
diffuses into the oxide shell and reacts with it. By adjusting the temperature, one
controls the diffusion rate, thus the degree of the crystallinity of the shell.

4.3 Electron microscopy

Scanning electron microscopes (SEM) uses relatively lower energy electrons
to obtain information about the surface morphology from secondary and/or
backscattered electrons. One of the greatest benefits of SEM is a wide depth of field
at large range of magnifications in combination with high resolution. SEM is an
essential tool in this work for imaging synthesised NWSs and nanostructures (Lyra,
Tescan SEM was used). Furthermore, built-in focused ion beam (FIB) with a gas
injection system (GIS) was used for in-situ single-NW device fabrication.

In contrast to SEM, transmission electron microscopes (TEM) reveals the
inner atomic structure of the studied material. Atomic resolution is often obtained,
thus giving some information about the crystal structure - phase, lattice constant and
plane orientation. In this work, TEM (Tecnai GF20, FEI) was used to visualize
synthesised NW core-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, high-energy electrons due to their short wavelength can be used to
study crystallographic properties of a material as its atoms may diffract them. The
resulting image on the TEM screen is a pattern of bright spots — selected area
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diffraction (SAED) pattern, where each spot corresponds to a certain diffraction
condition of the crystal structure. Here, diffraction patterns were analysed using
CrysTBox software [71], which allows automatic spot identification, reciprocal
lattice construction and crystal phase matching.

4.4 X-ray diffraction and spectroscopy methods

X-ray diffraction (XRD) is a powerful method of analysing materials
structure. In this work, XRD was utilized to determine the phase composition of the
synthesised samples using Rigaku MiniFlex 600 X-ray powder diffractometer with
Bragg-Brentano 0-20 geometry and Cu anode X-ray tube (Cu Ko radiation, A =
1.5406 A).

Raman spectroscopy — inelastic scattering of monochromatic light — can be
used to determine the chemical structure of a material. In this work, micro-Raman
measurements were performed using a confocal microscope with spectrometer
Nanofinder-S (SOLAR TII). Confocal microscopy allows to locate nanostructures on
a substrate and focus the laser beam to around 1 um diameter, thus it is possible to
measure Raman spectra of single NWs and NW heterostructures. Many TMDs
exhibit relatively strong Raman scattering, therefore, micro-Raman spectroscopy is
a powerful technique to identify thin layers of TMDs on nanostructures, as have been
demonstrated in this work.

Optical luminescence spectroscopy is used to investigate the optical properties
of the material of interest. In this work, 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 direct-write laser photolithography («PG101, Heidelberg
Instruments), followed by metallization and lift-off, was used to obtain gold
microelectrode pattern on oxidized silicon wafers. Firstly, a positive photoresist layer
IS coated on a SiO2/Si substrate by spin-coating technique. Secondly, the resist is
exposed to light which follows a pattern design, and a chemical developer is applied
to remove the exposed resist. Thirdly, 5 nm/45 nm Cr/Au film is deposited on top of
the patterned substrate by a thermal evaporation. Finally, to remove the unwanted
metal film, lift-off is performed by immersing the substrate in a specific organic
solvent, that dissolves the underlying resist and thus the unnecessary metal film
detaches from the substrate. As-prepared metal electrodes are large square electrodes
that are needed to attach macroscopic contacts with two long “arms” with a gap width
of 2 um where a NW is subsequently placed on top.

4.6 Single-nanowire device fabrication and photoelectric measurements

In this work, NWs were in-situ mechanically placed on top of the pre-defined
electrodes with a nanomanipulator inside a SEM-FIB. Firstly, a single NW from the
substrate is welded to the tungsten nanomanipulator probe using electron-beam-
assisted platinum (Pt) deposition, where Pt metalorganic is delivered by GIS.
Afterwards, the NW is aligned and placed on top of the electrodes, welded with 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 single-NW devices were characterized as two-terminal
photodetectors. Current—voltage (/—V) characteristics and photoresponses to light of
different wavelengths were measured with two-contact microprobe station connected
to a low-noise current preamplifier (SR570, Stanford Research Systems) and
oscilloscope (TDS2004B, Tektronix). 405 nm, 532 nm and 660 nm wavelength
semiconductor diode lasers with the power of 0.5 W/cm? were the illumination
sources. Optical beam shutter (Thorlabs SHO5) was used for time-resolved
measurements; all the measurements were performed at room temperature and in air.
LabView-based software was developed to control the experimental setup.
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5. RESULTS AND DISCUSSION

5.1 ZnO-WS; core-shell nanowires

Tungsten disulfide WS; is an indirect bandgap semiconductor material with a
1.3 eV gap, however, when reduced to monolayer, the gap becomes direct and shifts
to around 1.9 eV [31]. 2D monolayer WS; crystals have been previously grown via
several methods, such as CVD [28,72] and pre-deposited WO3 film sulfurization
[31,73]. WSz monolayers exhibit high PL quantum yield and decent carrier mobility
(up to 200 cm?V-1s1), therefore have potential applications in future optoelectronics
[28,31,74]. In this work, few-layer WS, was grown around ZnO and GaN NWs by a
simple three-step route: as-grown ZnO and GaN NWs were coated with amorphous
WOs3 layer using reactive DC magnetron sputtering, then ZnO- and GaN-WO3 NWs
were annealed in a quartz tube reactor in a sulfur atmosphere at 800°C to convert the
oxide coating to WSy, followed by annealing in N2 atmosphere to sublimate the
remaining WOs [75].

As-grown ZnO-WS, NWs were first imaged and studied with SEM (see Fig.
5.1). The length and diameter of the pure and core-shell NWs 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 to 50 um, the
diameter is around 100 nm.

To reveal the NW inner structure, TEM was used (see Fig. 5.2). Firstly, Au
NPs were located at the end of NWSs, which were used as catalysts for VLS growth.
Secondly, few-layer WS> shell was observed on the ZnO NW surface, and is clearly
visible as parallel black lines. The thickness of the shell was 1-5 monolayers (each
consisting of S-W-S atomic planes), and the measured interlayer distance was around
6.3 A, which corresponds to previously reported distance 6.2-6.4 A in WS;
nanostructures [76]. Furthermore, the single-crystalline structure of ZnO NW core
can be well seen.

Figure 5.1. SEM images of (a) pure ZnO NWs, and (b) ZnO-WS: core-shell NWs.
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Figure 5.2. TEM images of ZnO-WS; core-shell NWs. WS; can be distinguished
as parallel black lines on the NW surface. The inset shows the measured atomic
interlayer distance in the WS shell.

| ZnO ZnO e o
Figure 5.3. SAED analysis of ZnO-WS: core-shell NWs. (a) SAED pattern, (b) TEM
image of the NW, (c-f) phase analysis.

The measured SAED pattern of a ZnO-WS, NW is shown in Fig. 5.3. Analysis
revealed only two distinct phases, WS> and ZnO, with high crystallinity. To
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Figure 5.4. XRD pattern of ZnO-WS; core-shell NW array on Si(100)/SiO:
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Figure 5.5. (a) Micro-Raman spectrum of a single ZnO-WS; core-shell NW on
Si(100)/SiO; substrate (The inset shows a SEM image of the studied NW), (b) room-
temperature photoluminescence spectra of pure ZnO NWs (dashed curve) and ZnO-
WS core-shell NWs (solid curve).

complement the SAED measurement, XRD pattern of the NW array on Si(100)/SiO:
substrate was also measured (see Fig. 5.4). Bragg peaks corresponding to WS>
(ICDD-PDF #08-0237), ZnO (ICDD-PDF #36-1451), ZnS (ICDD-PDF #36-1450)
phases and Si substrate were identified. Although the amount of ZnS in the sample
was high enough to be detected by XRD, only a sub-monolayer was present in the
ZnO-WS, NWs [75].

Micro-Raman spectroscopy was used to support the formation of WSz on ZnO
NWs. Individual NWs were transferred on top of a clean Si(100)/SiOzsubstrate. Fig.
5.5(a) shows room-temperature micro-Raman spectra of a typical ZnO-WS,; NW
(see SEM image in the inset). The two main optical phonon modes ‘Ezq at 354 cm
and Aig at 419 cm™ were detected, as well as several other weak Raman bands of
WS, phase were observed and are indicated with arrows. The positions of the
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Figure 5.6. (a) Imposition of optimized atomistic model of ZnO(1100)/ 0.5 ML
WS2(1100)/WS,(0001) interface on top of the TEM image of ZnO-WS; core-shell
NW and sections of the same interface across (b) (1120) and (c) (0001) planes.

measured bands correspond to the values of bulk WS, (355.5 and 420.5 cm?,
respectively) [31], however, the intensity ratio between those bands implies that the
thickness of the WS; shell is close to a monolayer [77]. 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.

Room-temperature photoluminescence (PL) spectra of pure ZnO NWs and
ZnO-WS; NWs are shown in Fig. 5.5(b). Pure ZnO NWs typically exhibit a defect-
related PL band at around 520 nm [78], which was observed in our measured
spectrum. The PL spectrum of ZnO-WS, NWs is more complicated as it contains
emission bands from both ZnO and WS: phases at around 540 nm and 680 nm,
respectively. Here, ZnO-related band red-shifted in comparison to pure ZnO NWs,
that may be caused by electron density redistribution, formation of ZnS
submonolayer or influence of additional defects. Similarly, red-shift was observed
for the WS»-related band, as PL band of 2D WS> microcrystal reference sample is
located at 640 nm that corresponds to direct bandgap of 1.9 eV. The shift of the WS>
PL peak might originate from the influence of the underlaying ZnO NW substrate.

In collaboration with Laboratory of Computer Modelling of Electronic
Structure of Solids in ISSP UL, large-scale ab initio calculations were performed to
develop an atomistic model of the ZnO and WS interface. It was experimentally
observed that WS2(0001) shell grew on ZnO(1100) NW substrate. Through the
theoretical calculations it was found that WS>(1100) submonolayer bridging
structures act as pads between the core and the shell for such orientation to be stable
(see Fig. 5.6). The stability of these submonolayers is higher if their quasimolecular
groups are separated by at least a next-neighbour distance, and that reduces the strain
of WS,(0001) shell. This model explains the strong adhesion of the WS> layer to
ZnO NW and is in agreement with the experimentally estimated interplanar interface
distance [75].
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5.2 GaN-ReS;, ZnS-ReS; and ZnO-ReS; core-shell nanowires

ReS; exhibits much weaker interlayer coupling in comparison to other 2D
materials with the indirect-to-direct bandgap transition in monolayers, therefore, it
remains a direct bandgap (Eq ~ 1.5-1.6 eV) semiconductor in bulk, few-layer and
monolayer forms [16]. It possesses a unique distorted octahedral (1T) structure
resulting in distinct anisotropic optical and electrical properties along in-plane
directions [79] that may be useful for emerging applications in electronics (carrier
mobility around 30-40 cm?V-!s) and optoelectronics [80,81]. 2D ReS; has been
previously obtained by mechanical exfoliation [81] or variations of CVD: by
evaporation different rhenium precursors (Re, ReO3s, Re2O7, NH4sReQO4) [82,83] or
by converting pre-deposited metallic Re film [84]. As ReS; exhibits strong interlayer
decoupling, out-of-plane growth is predominant on many substrates, leading to
growth of wrinkled low-quality polycrystalline films or thick flower-like ReS; via
typical CVD process [83]. In this work, first time growth of few-layer ReS, on
different semiconductor material NWs (GaN, ZnS, ZnO) was demonstrated.
Amorphous non-stoichiometric ReOx coating was deposited on pure NWs by
reactive DC magnetron sputtering, followed by sulfurization of the coating in a
quartz tube reactor at 800°C.

SEM images of the as-grown core-shell nanostructures (see Fig. 5.7) show
that the length of NWs is preserved after the procedure and matches their respective
pure NWs length before the high-temperature treatment, as well as the density of the
NW arrays is maintained. However, a morphology changes of ZnO-ReS; NWs upon
heating at 800°C can be observed, that indicate an occurrence of a recrystallization
process.

TEM was used to study the inner crystalline structure of the NW
heterostructures. Fig. 5.8 shows TEM images of as-grown GaN-ReS; (a,b), ZnS-
ReS; (c,d) and ZnO-ReS; (e,f) core-shell NWs prepared at 800°C. The lower
magnification images show that GaN and ZnS NWSs maintain their straight shape,

Figure 5.7. SEM images of (a,b) GaN-ReS;, (c,d) ZnS-ReS; and (e,f) ZnO-ReS>
core-shell NWs, prepared at 800°C, at different magnifications.
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Figure 5.8. TEM images at different magnifications of as-grown (a,b) GaN-ReS,
(c,d) ZnS-ReS,, and (e,f) ZnO-ReS; core-shell NWs, prepared at 800°C. The insets
show the measured atomic interlayer distances between ReS; layers.

however, ZnO NWs undergo a transition to an irregular shape as was also observed
in SEM. The higher magnification TEM 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 6.3-6.4 A for all samples, that closely
matches the lattice constant a = 6.45 A of triclinic ReS; [85]. The typical thickness
of the ReS; shell varies from 2-10 monolayers (each consisting of S-Re-S atomic
planes), and the shell is uniformly distributed over the length of the NWs with only
slight variations of thickness. Furthermore, the single-crystalline nature of the core
NWs is visible (in NWs with diameter less than 80 nm) indicating high crystalline
quality of the as-prepared core-shell heterostructures.

According to TEM measurements, the optimal sulfurization temperature was
found to be 750-800°C in order to obtain high-quality single-crystalline ReS> layers
from the magnetron-sputtered rhenium oxide coating. ReS: shell converted at 750°C
still exhibited polycrystalline nature indicated by non-parallel placement of the layers
while the TEM images in Fig. 5.8 shows high crystallinity at 800°C. On the other
hand, in the case of ZnO NWs, a structural change of the NW can be observed around
750°C, therefore a further study was performed. It was observed that at 700°C the
ReS, is still polycrystalline, whereas it becomes single-crystalline at higher
temperatures, while the ZnO core re-crystallizes at 750°C. Evidently, ZnO NWs
undergo a sulfurization process at this temperature and are converted to ZnS phase
[86,87]. Worth noting, that no detectable formation of ZnS phase at 800°C was
observed in previously discussed ZnO-WS; core-shell NWs due to the unique growth
mechanism of the WS; shell [75].
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Figure 5.9. XRD patterns of as-grown (a) GaN-ReS;, (b) ZnS-ReS,, and (¢) ZnO-

ReS; core-shell NW arrays on Si(100)/SiO2 substrates, prepared at 800°C. Note the

ZnS phase peaks in ZnO-ReS; pattern that emerges due to a partial or full conversion

of ZnO to ZnS which starts at around 750°C.

To confirm the presence of phases in the as-grown core-shell NW samples,
XRD measurements were performed on the nanowire arrays (converted at 800°C) on
Si(100)/Si02 substrates (see Fig. 5.9). All XRD patterns contain a strong ReS> (002)
peak of the triclinic phase (ICDD-PDF #52-0818) as well as Bragg peaks attributed
to the Si(100) substrate at 33 degress and gold nanoparticles used for VLS growth
(ICDD-PDF #04-0784). For GaN-ReS; and ZnS-ReS; NW samples, GaN (ICDD-
PDF #50-0792) and ZnS (ICDD-PDF #36-1450) Bragg peaks are clearly apparent.
For ZnO-ReS2 NWs samples, both ZnO (ICDD-PDF #36-1451) and ZnS phases are
present, confirming that ZnO N'Ws are partly or fully converted to ZnS above 750°C
as was observed in TEM measurements. Worth noting, that the ratio between ReS;
and nanowire XRD peak intensity is related not only to the amount of ReS> on the
NWs, but also on the Si(100)/SiO> substrate, thus it cannot be properly used to
quantitatively describe the phase composition ratio of the core-shell heterostructures.
As the ZnO NWs undergo sulfurization process before single-crystalline ReS> shell
is formed, such material might not be suitable template for ReS> growth, whilst it
was possible to grow high-quality single-crystalline layers of ReS; on GaN and ZnS
NWs.

To confirm the presence of ReS2, micro-Raman scattering spectra of as-grown
Zn0-ReSy, ZnS-ReS; and GaN-ReS; core-shell NWs (measured in each case from a
single NW) are compared to that of bulk 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> and core-shell NWs. The Raman bands are narrower for bulk ReS» and
GaN-ReS, NW, whereas they are slightly broadened for ZnO-ReS; and ZnS-ReS;
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Figure 5.10. Micro-Raman spectra of ZnO-ReS;, ZnS-ReS, and GaN-ReS; core-
shell NWs, prepared at 800°C, and bulk ReS>. Vertical lines indicate the positions of
the Raman active Aq phonon modes.

NWs. The broadening leads to an overlap of nearest bands located around 280 cm™,
307 cm* and 322 cmL. The most intense bands (Eg-like modes) are located at about
152 cm?, 163 cm ™ and 213 cm* and mainly involve in-plane vibrations of Re atoms
[88].

5.3 ZnO-MoS; core-shell nanowires

MoS might be the most popular and well-studied 2D TMD [8]. Bulk MoS;
has a 1.2 eV indirect bandgap while its monolayer has a direct bandgap of 1.8 eV
[12]. It has relatively good mobility (~700 cm?V-1s), therefore, it has been widely
studied for applications in electronics and optoelectronics. 2D monolayer MoS> has
been obtained using quite a few different methods, most relevant to this work being
CVD, conversion of MoOs and thermal decomposition of (NH4)MoS4 [26]. In this
work, first time synthesis of ZnO-MoS; core-shell NWs, where ZnS interlayer is
formed between ZnO and MoS, was demonstrated [86]. The process involves
immersion of pure ZnO NWs in ammonium heptamolybdate tetrahydrate solution
followed by annealing in sulfur atmosphere at 700°C.

SEM was used to tune the NW growth process and to observe the morphology
change after MoS; shell growth. It is clearly visible in Fig. 5.11(a,b) that the smooth
surface of ZnO NWs immersed in the ammonium heptamolybdate solution becomes
significantly more rough and altered (see Fig. 5.11(c,d)) after annealing. The NW
length is maintained after the heat treatment. Strong electrical charging was observed
for the core-shell NWs, however was absent for pure ZnO NWs. This may indicate
that electrical properties of ZnO NWs were strongly affected by a shell layer, making
them less conductive. It is known that sulfur reacts with ZnO at temperatures above
400°C resulting in a formation of ZnS phase [87], which has the value of the bandgap
(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 ammonium
heptamolybdate solution and dried; (c,d) ZnO-MoS: core-shell NWs after annealing
in sulfur atmosphere at 700°C.

TEM images of core-shell NWs annealed in sulfur atmosphere at 500°C and
700°C are shown in Fig. 5.12. Sample annealed at 500°C has a polycrystalline shell
with some remaining amorphous phase. No MoS: shell was found around the NW,
however, few crystallites appearing as parallel black lines (Fig. 5.12(c)) may be
identified as MoS». The shell in the sample annealed at 700°C is non-homogeneous
and appears as a mosaic of dark and bright spots (Fig. 5.12(d,e)) or as microcrystals
formed around the NW core (Fig. 5.12(g,h)). According to interplanar distance
measurements, microcrystals on NW surface can be attributed to zincblende ZnS
phase with the interplanar distance d=3.1-3.2 A (ICDD-PDF #36-1450). It is known
that ZnO reacts with sulfur and forms ZnS starting from 400°C. Due to the lattice
mismatch and different crystal structure of ZnO core and ZnS shell, the upper layer
cannot grow as a smooth single crystal layer on top of ZnO NW surface.
Furthermore, NWs prepared at 700°C are coated by few layers of MoS2, which
appears as a number of parallel black lines (Fig. 5.12(f,i)). The number of MoS:
layers varies in the range of 1-8 monolayers, which is probably related to
nonhomogeneous coating by ammonium molybdate precursor. The measured
distance between monolayers is about 6.25 A, which corresponds well to 6.2-6.3 A
interlayer distance in MoS; (ICDD-PDF #37-1492).

SAED analysis of the core-shell NW (see Fig. 5.13) revealed the following
phases: ZnO zincite (zone axis <0001>), ZnS zincblende (zone axis <001>), and
MoS2 molybdenite phases (zone axis <-2201> and <14-53>). Dominating (the most
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Figure 5.12. TEM images at different magnifications of ZnO-MoS; core-shell NWs,
prepared at (a-c) 500°C and (d-i) 700°C. The insets show the measured atomic
interlayer distances between MoS; layers.

intensive) diffraction spots belong to the ZnO core, while less intensive to ZnS and
MoS; phases. Symmetric orientation of MoS; reflexes relative to ZnO reflexes may
indicate epitaxial growth of MoSo.

Micro-Raman spectroscopy was used to confirm the formation of MoS; layers
on the NWs. The in-plane E'>3 mode at 384 cm™ and the out-of-plane Aig mode at
407 cm* were clearly resolved on the core-shell NW (see Fig. 5.14) that corresponds
to typical MoS; Raman spectra [89]. Note that the large peak at ~521 cm™ is the first
order of optical mode at k=0 of the underlying silicon substrate.
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Figure 5.13. SAED analysis of ZnO-MoS; core-shell NWs. The presence of (a,b)
ZnO zincite zone axis (0001), (c,d) ZnS zincblende zone axis (001), MoS;
molybdenite phases of (e,f) zone axis (—2201) and (g, h) zone axis (14-53) were
identified.
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Figure 5.14. Micro-Raman spectra of ZnO-MoS; core-shell NW on Si(100)/SiO>
substrate. The inset shows a confocal microscope image of the studied NW.

Alternatively, MoOs sacrificial layer was deposited on pure ZnO NWs by
reactive DC magnetron sputtering, similar to ZnO-WS; core-shell NW preparation
method discussed previously. After sulfurization of ZnO-MoO3z NWs at 700°C,
morphology of thus obtained core-shell NWs is rather similar to the ones produced
by immersion in ammonium heptamolybdate solution (see SEM images in Fig.
5.15(a,b)). However, MoS; shell is usually significantly thicker due to the large
amount of deposited MoOs precursor (it is difficult to deposit very thin layer of MoO3
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Figure 5.15. SEM images of (a) ZnO-MoO3 core-shell NWs, where the shell has
been deposited by magnetron sputtering, (b) ZnO-MoS, core-shell NWs after
annealing in sulfur atmosphere at 700°C. (¢) TEM image of the as-prepared core-
shell NW.

by magnetron sputtering), therefore, the immersion method of molybdenum
precursor deposition is more preferable in this case compared to the magnetron
sputtering. Nevertheless, TEM image (see Fig. 5.15(c)) shows that it is still a viable
method how to obtain few-layer MoS2 on NWs but with less uniformity.

5.4 Pbl,-decorated ZnO nanowires

Pbl is a layered vdW material with a similar structure and physical properties
as TMDs, however, it is not a TMD but has iodine atoms instead of chalcogens. It is
a semiconductor material with a direct 2.2-2.55 eV bandgap and can be used as a
photodetector or as an X-ray and y-ray detector material [90,91]. There are
theoretical and experimental studies that show band structure shift from direct
bandgap to indirect bandgap when the Pbl. thickness is reduced from bulk to
monolayer [14], as opposed to other more commonly studied vdW materials.
Therefore, monolayer Pbl> is not expected to be an efficient material for
optoelectronics applications. Few-layer Pbl, flakes can be synthesised in a liquid
phase [92] or via CVD process [90,93]. In this work, a novel two-step growth process
for uniform crystalline Pbl> nanosheets via reactive magnetron deposition of a lead
oxide film followed by subsequent iodination at 420°C to Pbl> on a ZnO NW
substrate was demonstrated, and as-grown hybrid nanostructures were compared
with ones prepared via thermal evaporation method [94]. Few-layer Pbl, did not
uniformly cover all surface of NWs, therefore, such heterostructures are not called
core-shell NWs but Pblz-decorated NWs instead.

SEM was used to image as-grown individual NWs and NW arrays and study
their morphology. Pure ZnO NWs are typically 20-30 um long with a diameter
around 100 nm and exhibit a smooth surface. Fig. 5.16(a,b) shows ZnO NWs with a
thermally deposited Pbl> coating. 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 of images of (a,b) ZnO-Pbl, NWs made by using the
thermal evaporation approach; (c,d) ZnO NWs covered by lead oxide deposited by
magnetron sputtering; (e,f) ZnO-Pbl, NWs made by converting the lead oxide
coating.

deposited lead oxide coating with a fine roughness are shown in Fig. 5.16(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
material is sublimated after the transformation (see Fig. 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 nanostructures’ inner structure was obtained using
TEM. Fig. 5.17(a—c) shows TEM images of ZnO-Pbl> NWs obtained by the thermal
evaporation method at different magnifications. The lower resolution images show
noticeable contrast between the two NW sides (Pbl> layers correspond to the darker
region), indicating non-uniform coating deposition, which is expected from the
thermal evaporation approach since it is a line-of-sight method. At a high resolution,
the crystalline structure of the nanostructure is revealed. The layers of Pbl> grown on
the ZnO NW surface are distinguishable as parallel black lines. Typically, the
thickness of the coating varies between 5-10 monolayers (each consisting of I-Pb-I
atomic planes), with interlayer distance measured around 7 A, which is in a good
agreement with the lattice constant (a = 6.979 A) of bulk hexagonal Pbl, (ICDD-
PDF #07-0235). Furthermore, the single-crystalline nature of the ZnO NWs is clearly
visible; the measured interplanar distance is 2.8 A, corresponding to hexagonal ZnO
wurtzite (ICDD-PDF #36-1451). The TEM images of the ZnO-Pbl, nanostructures
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Figure 5.17. TEM images at different magnifications of (a-c) ZnO-Pbl> NWs made
by using the thermal evaporation approach, and (d-f) ZnO-Pbl> NWs made by
converting the magnetron-sputtered lead oxide coating. The insets show the
measured atomic interlayer distances between Pbl> layers.

obtained by conversion of sputter-deposited lead oxide coating are shown in Fig.
5.17(d-f). In this case, the Pbl; coating is uniformly distributed over the entire ZnO
NW surface; however, the surface roughness is significantly increased. The thickness
of the coating typically varies between 5-15 monolayers, with some islands being
even thicker. As in the first approach, the measured interlayer distance is around 7
A.

To complement TEM structural investigations and confirm the presence of
phases, XRD measurements were performed on the as-prepared samples. Fig. 5.18
shows XRD patterns of NW arrays prepared by the two approaches: thermal
evaporation and converting the magnetron-sputtered lead oxide coating,
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Figure 5.18. XRD patterns of (a) ZnO-Pbl. NW arrays on Si(100)/SiO substrate
made by using the thermal evaporation approach; (b) ZnO-Pbl, NW arrays on
Si(100)/SiO, substrate made by converting the magnetron-sputtered lead oxide
coating.
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respectively. Both patterns indicate highly crystalline hexagonal ZnO wurtzite
(ICDD-PDF #36-1451) and hexagonal Pbl, (ICDD-PDF #07-0235) phases. No other
phases were observed, confirming the high crystallinity of the as-prepared
nanostructures, as did the TEM investigations. It is worth noting that the ratio
between Pbl, and ZnO peak intensity is not only related to the amount of Pbl> on
ZnO NWs but also the amount of Pbl> crystallites on the Si/SiO> substrate. Therefore,
spectra cannot be properly used to describe the phase composition ratio in the
nanostructures. Furthermore, ZnO NW Bragg peak intensities vary between the
samples - due to an inhomogeneous gold nanoparticle catalyst deposition from
colloid on the silicon substrate; the density of as-grown ZnO nanowires arrays was
also not homogeneous while the Pbl, layer is relatively homogeneous over the
substrate due to the precisely controllable deposition method. In Fig. 5.18(b), the
Bragg peak at 33° is attributed to diffraction in the Si(100) substrate (forbidden
Si(200) reflection).

To study the optical properties, room temperature PL in the as-prepared
samples was measured in a wavelength range from 400 to 650 nm, excited by a 266
nm laser. Generally, Pbl> has a direct band-to-band transition at around 495 nm (~2.5
eV) [95]; however, a broad band peaked at 510-525 nm has been previously
observed and attributed to recombination through defects, such as iodine and lead
vacancies [90]. The PL spectrum of pure ZnO NWs exhibits a defect-related band at
~520 nm [78]. Therefore, the interpretation of the ZnO-Pbl, nanostructure spectra
might be ambiguous due to this ZnO and Pbl> PL band overlapping, since higher
ZnO PL intensities might lead to indistinguishable Pbl PL peaks or vice versa. Fig.
5.19 depicts the measured PL spectra of pure ZnO NWs, the Pbl; thin film reference
sample, and the ZnO-Pbl2 nanostructures prepared via both approaches. It is worth
noting that the PL intensity is depicted in arbitrary units and does not contain
information about the relative intensities between the obtained spectra. The ZnO NW
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Figure 5.19. Room-temperature photoluminescence spectra at the excitation
wavelength of 266 nm of the different as-prepared samples.
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spectrum exhibits the typical defect band at 520 nm and the Pbl, thin film sample
(prepared by converting lead oxide film) shows two emission peaks: the direct band-
to-band transition at around 495 nm and the defect-related band at around 530 nm.
The ZnO-Pbl. nanostructures (prepared by thermal evaporation approach) exhibit
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 Pbl, peak ratio for samples prepared with different methods due to the defect-
related peak maximum shift. For example, the defect/band-to-band peak intensity
ratio for thermally evaporated Pbl> is ~2, while for lead oxide converted Pbly, it is
~1.33. Therefore, by also considering the ZnO peak contribution, one can
qualitatively assume that lead oxide conversion via iodination leads to fewer defects
in Pbl> coatings than the thermal evaporation approach.

5.5 Single nanowire photodetectors

To investigate the applicability of the developed NW heterostructures in
optoelectronics, two-terminal single-NW photodetector devices were fabricated for
the most perspective nanostructures. The selection was based on the structural and
composition studies. The device fabrication and characterization procedures were
previously described in Chapters 4.5 and 4.6. A typical as-fabricated device is shown
in Fig. 5.20, where a single NW is placed between gold microelectrodes. At least
five single-NW photodetectors for each material or synthesis method were fabricated
so that consistent conclusions could be made.

To characterize such devices, dark state lss-Vas curves, dark current, current
enhancement ratio lon/loft, rise and decay photoresponse time, spectral responsivity
Ry, and external quantum efficiency EQE were determined; devices were measured
at 405, 532 and 660 nm wavelength light illumination and usually at 1V bias voltage.
Stability and reversibility of on-off measurements was also evaluated. Rise 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, respectively. R; and EQE are used
to evaluate photoconductive properties of a material - R;, and EQE are respectively
defined as Ry =AI/(PS) and EQE=hcRj/(e)L), where A1 is the difference between the

Figure 5.20. (a) Optical microscope image of gold microelectrodes on an oxidized
silicon substrate; (b) SEM image of a typical as-prepared nanowire photoresistor.
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photocurrent lon and the dark current lor, P is the light power density, S is the
effective illumination area (estimated as the NW length between contacts x NW
diameter), h is Planck’s constant, c is the speed of light, e is the electron charge and
/. 1s the light wavelength. Large R; and EQE values correspond to high photodetector
sensitivity, and EQE larger than 1 means there is a photoconductive gain in the
device.

5.5.1 PbS, In;S3, CdS and ZnSe nanowire photodetectors

Firstly, the method of single-NW device fabrication and characterization was
developed and tested on pure metal chalcogenide NWs [96]. A study of such pure
NW devices is necessary in order to better understand the photoelectric behaviour of
more complicated core-shell systems afterwards.

Fig. 5.21 shows the measured las-Vas curves of different as-prepared NW
devices. Typically, nearly symmetrical characteristics were obtained for all
investigated NW materials, therefore, indicating that ohmic contacts were formed
between the electrodes and the NW. Features of non-linear quadratic (I ~ V?)
behaviour of the I-V curves may be interpreted as an effect of the space-charge
limited current (SCLC), as other groups have previously shown in different material
nanowires [97,98]. In addition, it is worth noting that as-fabricated devices exhibit
high resistance, wherein, most probably a considerable part arises due to the contacts.
Possible causes of such increased resistance include high resistance of deposited Pt
contacts due to a carbon presence from the metal-organic precursor [99].

Next, as-prepared NW device electrical response to an illumination of a light
at different wavelengths was investigated. On-off photoresponse measurements,
which are based on photoinduced conductivity changes, for three different
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Figure 5.21. Dark-state l4s-Vas characteristics of (a) PbS, (b) In2Ss, (¢) CdS and (d)
ZnSe NW photodetectors.

36



31 150

—e— 405nm —+— 532nm —e— 660 nm 1 —e— 405nm —+— 532nm —— 660nm
a 125 b )
3.0 - | ﬁT ;@ &gf B
z 4 z 100{ | |
2 20 ¥ M : ] J
E 2z 8 7 \ | { | |
3 3 50{ | r L
j E \
2.7 25 E N
l '(
2.6 o
60 920
Tlme (s) Tlme (s)
405 532 660 50
RSN SETERANm Sorenonm —e— 405nm —s— 532nm —— 660nm
1201 C 25 d . .
10.5 , e
z i T 7 20 : Tﬁ ‘ !
|
£ 9.0 £ ‘
£ ‘ ‘ £ 1.5 |
8 g |
5 5 1.0 ‘ I
(] o }
0.5 |
0.0 — s -
0 30 60 90
Time (s) Time (s)

Figure 5.22. On-off photoresponse measurements of (a) PbS, (b) In2Ss, (¢) CdS and
(d) ZnSe NW photodetectors at Vgs = 1 V bias voltage and 0.5 W/cm? light intensity
of 405 nm, 532 nm and 660 nm wavelength light illumination.

illumination wavelengths at V4s=1V bias of as-prepared NW photodetector devices
are depicted in Fig. 5.22. It can be seen that all four studied NW materials exhibit
rapid (< 1 second, in most cases) increase and decrease of the current after the
illumination is turned on or off, respectively, except in the case of the In.Sz NW
current decay time for 405 nm illumination, which features a second, slower time
component, most probably do to a presence of trapping centres.

Table 5.1 shows the comparison of current enhancement ratios (lon/loff) OF the
studied NW materials in the context of their respective bandgap, which determines
their cut-off wavelengths. Firstly, it can be seen that PbS NWs exhibit weak (1on/loff
close to 1) photoresponse to all three illumination wavelengths; however, linear ratio
vs. wavelength dependence was observed. Secondly, In.Ss and CdS NWs exhibit
strong photoresponse to 405 nm illumination, and significantly weaker one to 532
nm and 660 nm illumination. Finally, ZnSe NWSs 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 single-nanowire
photodetectors.

lon/lofr ratio
Materials Ey (eV) loark at 1V (NA)  at 405 nm at 532 nm at 660 nm
(3.06 V) (2.33eV) (1.88 V)
PbS NW 0.41 2.65 111 1.07 1.03
In2S3 NW 2.1 9.95 11.3 2.8 2.1
CdS NW 2.4 3.65 2.7 14 11
ZnSe NW 2.7 0.02 115 1 1
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and 660 nm wavelength light. Obtained lon/lotf Value tendencies, for the most part,
are as was anticipated from the material bandgap values; however, relatively weaker
photoresponse to 660 nm illumination was expected for either CdS or In.Sz NWs.
Such above-cut-off-wavelength photosensitivity may be caused by defects, like
impurity doping or surface states. Table 5.2 contains the calculated R; and EQE
values of the studied NW devices. The obtained data shows a relatively wide range
of values for different NW materials, however, these values are comparable to other
typical state-of-art 1D nanostructure photodetector [100], thus indicating the
potential to use such materials in future applications.

Table 5.2. Responsivity R, and external quantum efficiency EQE values of the
studied single-nanowire photodetectors at different illumination wavelengths.

Responsivity R;, A/W EQE
Materials
at 405 nm at532 nm  at 660 nm at 405 nm at 532 nm at 660 nm
PbSNW  0.06 0.04 0.02 18% 9% 3%
In,Ss NW  16.01 2.80 1.71 4903% 652% 321%
CdSNW  0.86 0.20 0.05 264% 47% 10%
ZnSe NW 0.20 0 0 62% 0 0

5.5.2 ZnO-WS; core-shell nanowire photodetectors

ZnO-WS; core-shell NW photoelectric properties were compared with the
ones of pure ZnO NWs and few-layer WS; flakes. Fig. 5.36(a-c) shows measured
typical current-voltage characteristics of photodetectors built using pure ZnO NWs,
WS, flakes and ZnO-WS; core-shell NWs, respectively. The ZnO photodetector
demonstrates a non-symmetric lgs-Vgs curve and this is typical for Schottky barrier
of ZnO NWs on gold contacts [101]. However, nearly symmetric characteristics were
obtained for WS, flakes and ZnO-WS; NW devices.

On-off photoresponse measurements were performed at the bias voltage of
1V, laser wavelengths of 405, 532 and 660 nm and laser power of 0.5 W/cm?. Typical
photoresponse measurements of pure ZnO NW, WS flake and ZnO-WS; core-shell
NW devices are shown in Fig. 5.23(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. 5.23(d)), while the photoresponse of WS: flakes is almost identical at
wavelengths of 405, 532 and 660 nm (Fig. 5.23(e)). The photoresponse of ZnO-WS;
core-shell NWs at 532 and 660 nm are similar, but the photoresponse is significantly
stronger at 405 nm (Fig. 5.23(f)). Since pure ZnO NWs do not respond to green 532
nm (2.33eV) and red 660 nm (1.88 eV) light because of their wide band gap (Eq=3.2—
3.3 eV), the photoresponse of ZnO-WS; core-shell NWs to red and green light can
be attributed to the WS> shell. For violet light (405 nm), both ZnO core and WS>
shell contribute proportionally to the photoresponse of ZnO-WS; core-shell NWs.
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Figure 5.23. Dark-state lq4s-Vgs characteristics of (a) ZnO NW, (b) WS; flakes and (c)
ZnO-WS; NW photodetectors. On-off photoresponse measurements of (d) ZnO NW,
(e) WS, flakes and (f) ZnO-WS; NW photodetectors at Vgs = 1 V bias voltage and
0.5 W/cm? light intensity of 405 nm, 532 nm and 660 nm wavelength light
illumination. Time-resolved photoresponse measurements of (g) ZnO NW, (h) WS;
flakes and (i) ZnO-WS2 NW photodetectors at Vs = 1 V bias voltage and 0.5 W/cm?
light intensity of 405 nm wavelength light illumination.

Time-resolved photoresponse measurements are presented in Fig. 5.23(g-1),
and the corresponding data are given in Table 5.3. A slow response of pure ZnO
NWs on the timescale of seconds is typical for this material [52,101]. In addition, the
response time of WS, flakes depends on the material fabrication method and the
number of WS layers [102,103]. Perea-Lopez et al. reported the response time of a
few layer WS: photodetector as fast as 5.3 ms [102], while Huo et al. reported the
response time of a multilayer WS, photodetector to be faster than 20 ms [103]. The
response time of the prepared ZnO-WS; core-shell NWs is significantly faster than
that of ZnO-WS»-based heterostructured thin film devices [104]. The calculated
values of R and EQE for the photodetectors are given in Table 5.4, and the obtained
data are comparable to other state-of-art ZnO nanowire- and WS; nanotube-based
photodetectors. For example, Guo et al. demonstrated the high responsivity of a ZnO
nanowire-based UV photodetector having 40 A/W; however, at 10 V bias the kinetics
of the photodetector was measured in the range of seconds [101]. In contrast, Zhang
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et al. demonstrated a multiwall WS> nanotube-based photodetector with R, = 3.14
A/W (at 0.5 V bias) and EQE = 615% for 633 nm light [105].

Table 5.3. Photoresponse (rise and decay) time of the studied photodetectors
fabricated from pure ZnO NWs, WS; flakes and ZnO-WS; core-shell NWs.

ZnO NWs WS; flakes ZnO-WS; NWs
A, 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 the
studied photodetectors fabricated from pure ZnO NWSs, WS flakes and ZnO-WS;
core-shell NWs.

Parameters A, Nm ZnO NWs WS; flakes ZnO-WS; NWs
405 1.50 5.03x10* 7.00
R, AIW 532 - 4.84x10* 2.25
660 - 4.58x10* 1.75
405 4.59 1.5x1073 21.4
EQE, % 532 - 1.1x103 5.2
660 - 8.6x10* 3.3

5.5.3 Pbl>-decorated ZnO nanowire photodetectors

Photoelectric properties of Pblz-decorated ZnO NWSs prepared via reactive
magnetron deposition of a lead oxide film followed by subsequent iodination to Pbl>
were investigated and compared to ones of hybrid nanostructures prepared via
thermal evaporation method. Fig. 5.24(a—c) shows the characteristics of the two-
terminal ZnO-Pbl. single NW devices made using the thermal evaporation approach,
while Fig. 5.24(d—f) shows the characteristics of the ZnO-Pbl. single NW devices
made by converting the magnetron-sputtered lead oxide coating. Both dark state
current-voltage (ldgs-Vas) characteristics of ZnO-Pbl> NWs in Fig. 5.24(a) and Fig.
5.24(d) exhibit linear behaviour, indicating that onmic contacts formed between the
nanostructures and the electrodes, as is expected for Pbl. on gold [106] and which is
beneficial for efficient photogenerated carrier collection. In contrast, pure ZnO NWs
typically form Schottky contact with gold electrodes (see the nonsymmetric 1-V
curve in Fig. 5.23(a)) [101].

The devices were illuminated with 405 nm wavelength light in a periodic
fashion to study their photoresponse properties as shown in Fig. 5.24(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. On-off measurements demonstrate a steady, rapid and
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Figure 5.24. ZnO-Pbl; single NW made by using the thermal evaporation approach
(a) dark-state lgs-Vas characteristics, (b) on—off photoresponse, (c) time-resolved
photoresponse measurements; and ZnO-Pbl2 single NW made by converting the lead
oxide coating (d) dark-state l4s-Vas characteristics, (¢) on—off photoresponse, (f) time-
resolved photoresponse measurements at 1 V bias voltage and 0.5 W/cm? light
intensity of 405 nm wavelength light.

repeatable increase and decrease of the current when the illumination is turned on or
off, respectively; therefore, showing good stability and reversibility of the devices.
ZnO-Pbl2 NWs exhibit low dark current (10-100 pA) which is necessary for high-
performance photodetectors, while for pure ZnO NWs, it can be up to several tens of
nA (see Fig. 5.23(d)). The current enhancement ratios (lon/loff) for the nanostructures
prepared via both approaches were measured to be at around 10-20, in contrast to
less than 2 for pure ZnO NWs.

Time-resolved photoresponse measurements were performed to evaluate the
rise and decay time of the as-prepared ZnO-Pbl; devices. As shown in Fig. 5.24(c)
and Fig. 5.24(f), the obtained values are in the 30-50 ms range, which is almost two
orders of magnitude faster than the pure ZnO NWs (see Fig. 5.23(g)) and comparable
to typical NW or 2D Pbl, photodetector response times [14,92,93,100]. 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, surface of ZnO NWs was passivated using a thin Pbl> or WS>
coating, and photodetectors of such heterostructures exhibit reduced dark current and
photoresponse time, although it also decreases on-state current lon 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
nanostructures [52,109,110]. Consequently, band bending, induced by adsorbed
oxygen molecules that capture free electrons, causes an efficient photogenerated
electron-hole separation that leads to high gain in single-nanowire photodetectors.
The presence of the Pbl> layers in the nanostructures protects the ZnO surface from

41



oxygen adsorption that might influence surface-related photoinduced processes and
decrease the number of charge carrier trapping centres.

A responsivity as high as ~0.6 A/W (EQE ~180%) was calculated for the ZnO-
Pbl, single NW devices made using the thermal evaporation approach and ~0.3 A/W
(EQE ~90%) for the ones made by converting the magnetron-sputtered lead oxide
coating; however, it is not valid to compare the two different synthesis approaches
based only on the responsivity values as the value range for all as-fabricated devices
overlapped no matter which method was used. The obtained R; and EQE values are
comparable to other typical state-of-the-art 1D nanostructure [100] and 2D Pbl;
[92,93,111] photodetectors.
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6. CONCLUSIONS AND THESIS

In this work, development and characterization of various material nanowire
and transition metal dichalcogenide core-shell heterostructures was demonstrated,
including investigation of the nanostructure photoelectric properties.

The synthesis methods developed in this work are not limited to the
demonstrated heterostructures and can be applied for other materials, if their
compatibility is considered. Numerous other combinations of materials have also
been investigated, and it was concluded that: 1) the sulfurization of the sacrificial
shell material must occur at a lower temperature than that of the NW core
recrystallization temperature; 2) to grow the layered material parallelly and
uniformly around the NW, usually the symmetry and the material lattice parameters
should be similar, otherwise the layered material grows out-of-plane or as islands,
with specific exceptions. Therefore, if the criteria are met, the novel method is quite
versatile - many layered materials might be grown with such method, if the right NW
material is selected. Here, it has been demonstrated that high-quality layered
materials can be grown around single crystal NWs parallel to the substrate NW
surface plane.

In most of the cases, the shell thickness is not symmetrical on both sides of
NWs. This is mainly due to different angular distribution of nanowires during
magnetron deposition of the precursor material — nanowires oriented perpendicular
to substrate plane are covered more homogeneously, while for nanowires oriented
horizontally the upper side is covered with more material compared to the bottom
side. For vertically oriented nanowires with length up to 10-20 um, the coverage
should be homogenous. Precursor deposition via the salt solution immersion method
exhibits much more uniform shell thickness that does not depend on the NW
orientation, in contrast to the magnetron deposition. With finely tuned process
parameters, such as pre-deposited oxide thickness, NW length and orientation,
temperature, sulfur vapour and carrier gas flow, precise control over the number of
layers should be achievable with the proposed methods.

ZnO NWs were of particular interest in this work due to the pronounced
change of their photoelectric properties after the surface modification. By fabricating
two-terminal single-nanowire photodetectors from the NW heterostructures, it was
shown that few layers of WS or Pbl> can significantly affect photoconductive
properties of ZnO NWs. For example, ZnO-WS; core-shell NW two-terminal
devices exhibit enhanced spectral responsivity in comparison to pure ZnO NWs, and
light absorption in the WS> shell extends the active spectral range to the red part of
the spectrum. Notably, ZnO NW surface passivation with layered vdW materials
shell improves their photoresponse time for almost two orders of magnitude due to
thus limited photo-induced processes related to adsorption/desorption of atmospheric
oxygen species which typically slows down photoresponse in ZnO NWs. Therefore,
fast operation of NW-based photodetectors might be achieved using such core-shell
materials.

Two-terminal photodetectors based on the as-prepared core-shell NWs are
comparable to other state-of-the-art 1D and 2D nanostructure photodetectors
reported in literature. However, the combination of different materials in more
complex hybrid NWs gives extra freedom to flexibly design their properties and add
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custom-made functionality. Such novel heterostructures could also be used for other
applications in optoelectronics and in photo- or electrocatalytic hydrogen evolution
reactions, which can be assumed from the favourable heterostructure band alignment.

Thesis

1. Few-layer WS, can be epitaxially grown on ZnO nanowires at 800°C by
sulfurization of a WOs coating, pre-deposited on nanowires via reactive
magnetron sputtering. The WS> shell enhances ZnO nanowire photosensitivity in
the short wavelength range (spectral responsivity increases from 1.5 A/W to 7.0
A/W at 405 nm, dark current remains similar) and extends the spectral range to
the red part of the spectrum. ZnO nanowire surface passivation with few-layer
WS, improves photoresponse time for almost two orders of magnitude from
several seconds to tens of miliseconds.

2. Few-layer Pbl, was synthesised using a new method — iodination at 420°C of a
PbOx coating, pre-deposited via reactive magnetron sputtering. ZnO nanowire
decoration with few-layer Pbl leads to significantly decreased dark current (from
several nanoamperes to tens of picoamperes) at a cost of slightly reduced spectral
responsivity from 1.5 A/W to 0.6 A/W at 405 nm. ZnO nanowire surface
passivation with few-layer Pbl> decreases photoresponse time by more than one
order of magnitude from several seconds to tens of miliseconds.

3. Decomposition and sulfurization at 700°C of an ammonium heptamolybdate
tetrahydrate coating, pre-deposited on ZnO nanowires via solution immersion,
was found to be a viable method for ZnO-MoS; core-shell nanowire synthesis.
Compared with similar two-step method of magnetron-sputtered MoOz coating
conversion, the immersion method of molybdenum precursor deposition yields
significantly thinner and more uniform few-layer MoS; shell compared to sputter-
deposited MoO:s.

4. Preparation of novel GaN-ReS;, ZnS-ReS; and ZnO-ReS; core-shell nanowire
heterostructures was demonstrated using new few-layer ReS> synthesis method —
sulfurization at 800°C of a ReOx coating, pre-deposited via reactive magnetron
sputtering. ZnO nanowire recrystallization and conversion to ZnS phase was
observed at the temperature necessary for highly-crystalline ReS> growth. GaN
and ZnS nanowires were found to be stable for the core-shell heterostructure
synthesis, however, the ReS; shell crystalline quality was lower than that on the
recrystallized ZnO substrate.
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