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Abstract

Semiconductor nanowires (NWs) synthesis successes have given keys to unprecedented nano-scale
sensitivity opening up new opportunities in device applications. NWs’ potential relies upon the
possibility of engineering and modifying properties such as sensitivity and carrier transport, by
tailoring the NWs’ morphology and conductivity. New challenges have taken place with the
downscaling of electronics for NWs integration and assembly techniques. Amongst a large variety
of integration techniques, dielectrophoresis (DEP) is a powerful tool for the precise manipulation of
NWs of different compositions and sizes. However, experimental implementation and analysis with
DEP often lack depth regarding the optimisation of the technique and the effects of the parameters
on the performances of the final devices, crucial for the understanding of NWs’ electric transport
properties and technology improvement.

Consequently, this thesis presents a comprehensive study of the experimental implementation of
DEP which is of paramount importance to obtaining optimum conditions for NWs alignment. With
this aim in mind, the presented work demonstrates a detailed investigation of the electrical and
optical properties of germanium (Ge) and gallium-arsenide-bismuth (GaAsBi) NWs-based devices
by DEP as a function of the collection frequency. The Ge and GaAsBi NWs were obtained by
MOVPE and MBE respectively as a collaborative work with the Institute of Material for Electronic
and Magnet (ltaly) for the Ge NWs, and with the research team of Dr Robert Richard at the
University of Sheffield (Department of Electrical Engineering and Electronics) for the GaAsBi
NWs.

Firstly, to maximise NWs alignment precision, optimum DEP parameters are for the first
time thoroughly extracted by testing the effects of different mediums (chemical inertia, volatility
and contact angle) and electrode designs (gradients and electric field).

Secondly, fabricated with a DEP frequency range of 500 kHz to 10 MHz the devices were
electrically characterised using voltage-current response. An asymmetric diode-like behaviour was
found to be originating from heterostructured Ge NWs specifically orientated by electrophoresis
combined with DEP. This result is particularly promising for orientation control demonstrated for
the first time, tuning and altering current response from chemically heterostructured nanowires.
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A particular focus was given to the effect of increasing frequency on the device performances such
as carrier transport. Despite a decrease of aligned NWs corroborating theoretical analysis, increasing
frequency collected higher conductivity Ge NWs with carrier mobility improving from 26 at 500
kHz to 4.380 at 10 MHz demonstrated using Mott-Gurney, and GaAsBi NWs with carrier mobility
increasing from 5.29 + 0.027 to 100 + 0.70 cm?V 1.s* at 500 kHz and 10 MHz demonstrated using
the Fermi-velocity law. Such selectivity is of great potential to improve sensing technology
transduction.

Using optimum parameters previously found, a low-cost and simple voltage divider system
joined to DEP is demonstrated for the first time to improve the alignment technique of a single Ge
nanowire. The resulting spectral response was consistent with optical characterisations found in the
literature for a single Ge nanowire and demonstrated high sensitivity near-infrared and
communication wavelength as confirmed with a high responsivity of 6.2 x 105 A/W at 1550 nm.
Such high resistivity is amongst the highest ever obtained for NWs.

Furthermore, a NWs-based biosensor for the spike protein of the SARS-CoV-2 was fabricated
by multilayered surface functionalisation evidenced by Raman spectroscopy. Upon exposure to
increasing concentration of the protein, the biosensors transduced increasing current response with a
working range of at least 1 aM to 100 fM. Selectivity to the spike protein was testified using bovine
serum albumin as a negative control reference.

The GaAsBi NWs were for the first time fully characterised and implemented as devices by
DEP. The NWs surface roughness showcased the importance of surface properties that influenced
DEP collection and carrier transport. Spectral responses from the devices brought to light the
different bismuth content at the origin of reduced band-gap energy shown by the cut-off
energies of the spectrum. With a Bi content increase of roughly 1% in GaAs the photodetectors
presented high responsivity from 1.3 x 10* A/W to 5.6 x 10* A/W.

Effective NWs-based biosensors and photodetectors were proof of concept devices that
corroborate NWs and dielectrophoresis functionality paving the way to future nanotechnology

improvement.
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Chapter 1

Introduction

With Moore’s law progression, integrated circuit technologies have seen significant growth of interest in
generating electronic and optoelectronic devices with increased sensitivity, speed, and reduced power
consumption. Wildly described by Moore’s Law, the down-scaling technology has its limits, principally the top-
down fabrication approach [1]. In this respect, bottom-up material fabrication control at the atomic scale
(controlled size, composition, and doping) of one-dimensional (1D) nanostructures are the key. Semiconductors
being the backbone of previous and upcoming technologies, semiconductor nanowires are showing the way to

lead next-generation of sensing technology.

1.1 Significance of nanomaterials for sensing technology

Sensing devices can detect optical, physical, or chemical properties changing in the surrounding
environment. Changes that are transferred as a signal to be read by users. The original Moore’s
prediction stipulates that around 2030, down-scaling technology will reach its limit for
Complementary Metal Oxide Semiconductor (CMOS) and other Field-Effect Transistors (FETS).
Sensing technology is capable of detecting changes in chemical species concentration [2], pH [3],
pressure [4], temperature [5] and optical properties [6]. Beyond detection, most of the sensing
technology is a combination of functional diversification. Known as "More than Moore", that
recent trend is the product of research with the original aim of technology miniaturisation. To
overcome Moore’s law, growing innovation borrowed from silicon technology is not anymore
exactly on the same line and scale as Moore’s predictions. The following schematic Figure 1.1
illustrates the diversification of innovation originally based on Moore’s law. This trend has
accelerated the semiconductor industry production and research, especially on non-silicon materials

like germanium and 111-V semiconductors ("Life after Silicon" [8]).
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Figure 1.1: More than Moore’s status roadmap.
Extracted from [7]. Note; System-on-chip is a system that contains other chips on a single chip
(more than one CPU, micro-controllers, digital signal processors, etc.). System-in-package combines
different functionalities in a single unit (passives + MEMS + optical devices, etc.).

Moreover, that diversification leads to technology like CMOS combined with Micro Electronic
Mechanical Systems (Sensors and actuators system-in-package) and with FETs [7]. This thesis is
focused on sensing and actuator technology at the heart of the "More than Moore" trend and within
miniaturisation objectives. Together with miniaturisation, sensing nanotechnology opens up a large
variety of possibilities in particular due to the high surface-to-volume ratio making nanomaterial
very sensitive with low power consumption and fast response. Nanomaterials can allow the
detection of small amounts of molecules, photons and mechanical displacements that are used for
medical screening and diagnosis [9] and photodetection for solar cells for example [10]. For those
applications, sensitivity, nanometer-scale size, robustness, low power, ease to use, low cost and
versatility are desirable. However, those requirements have not yet been reached by the present
nanotechnology [11]. To realise the integration of nanoscale technology, nanomaterials have to be
of optimum good quality to reach the desired performances. Semiconductor nanowires are the main
topic of this thesis. Nanowires have quasi-one-dimensional nature and can be grown axially or
radially and/or directly onto existing silicon device systems.

Moreover, they have the ability to adapt to strains during growth and present fewer dislocations than

for bulk or thin film materials beyond the fact that nanowires are monocrystals [12].
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Hence, because of their dimensions, nanowires also enable control of the density of states, bang-
gap and electronic transitions that are determined by material chemistry and geometry.
Fundamentally, they can provide a sensing platform that is not possible with conventional planar
and bulk semiconductors but also they offer considerably reduced cost and material utilisation [13].
Similarly to a transistor, semiconductor nanowires are the sensing channel detecting changes in the
environment [14]. Nanowires have already shown their potential notably in Field-Effect-Transistors
applications [15] and sensing devices [16]. Despite significant knowledge refinement, properties
like; charge carriers transport, surface dynamics, environment and size effect of the NWs are still
rising redundant questioning. Besides, their manipulation and integration into devices are also

remaining challenges.

1.2 Significance of Dielectrophoresis

With "More than Moore" progression and down-scaling, nanomaterial implementation brought new
challenges. As outlined, nanowires already started to show the way for future nanotechnology. To
keep up with miniaturisation, new techniques and equipment development were necessary for
nanomaterial manipulation. The methods used for implementation will affect and determine the
final device performances as much as the synthesis of the materials.

Implementation of nanowires in devices can be either vertical or horizontal, as an array of
nanowires and even individually. The nanowires can also either be used attached to the growth
substrate [17] or detached post-synthesis and transferred onto another system [18]. Several
techniques have been developed for controlling the placement of nanowires, each has its specificity
depending on the final channel connection and device structure. Sensing performances will require
the semiconductor to be of high quality (crystallinity, low defects, purity, conductivity,
compatibility) and so the implementation technique will have to be optimal to avoid damage.
Effectually, manipulation and assembling of the nanoparticles in precise locations and orientations
are critical stages and are still very challenging concerning repeatability and quality. Only then
can practical applications of the device progress and probing or bio-functionalisation can be
performed so that the nanowires can interact with a system and its surface can interact with the
environment. Part of the challenge is first to locate the nanowires; either with the help of a
medium (particles in liquid) or in dry environments. Existing methods of "pick and place"”
such as lasers (optical tweezers) [19] or scanning probe microscopy/atomic force microscopy [20]
can accurately locate nanoparticles with the help of powerful microscopes even scanning electron
microscopy [21]. On a large-scale production and low-cost scheme, the need for initial localisation

is not ideal.
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To address this issue, indirect contact for moving particles with precision can be done by means
of dielectric properties, fluid dynamics, chemical properties or electrostatic [22]. Amongst the
existing reported techniques that respond to low-cost, accuracy, low damage, label-free, and large-
scale feasibility, dielectrophoresis is the most suitable and is extensively investigated in this thesis.

Intending to improve electrical engineering and electronics in line with miniaturisation and
diversification, dielectrophoresis control exploits simultaneously the dielectric properties of the
nanoparticles for placement and selection. More than that, the dielectric parameters and interactions
between particles and dielectrophoresis allow the technique to "scan", sort and select nanowires of
different lengths, conductivity, and morphology from a batch of many nanowires (say = 36 X
10°NWs/mL in 4 pl of solution). Such possibilities have tremendous potential for nanoparticle
manipulation, combining direct analysing/selection and placement ("pick and place™) without the
help of a microscope. Such selection ability received a lot of attention for nanowires-based devices
and a lot of efforts have been made to optimise further this assembly technique that differs with
liquid mediums, particles, electrodes and dielectrophoresis parameters (voltage, frequency).

1.3 Motivation and thesis overview

The overarching ambition of this thesis is to investigate germanium and gallium-arsenide- bismuth
nanowires-based device performances fabricated by dielectrophoresis. With the aim of pushing the
intricacies of dielectrophoresis further from optimum preparation to final sensing properties and by
tailoring electrical and optical properties. Chapter 2 presents the central core of the fundamental
principles of sensing technology based on semiconductor nanowires. It presents semiconductor
nanowires including nanowire growth and implementation techniques. With a focus on
dielectrophoresis principles and theory, are also proposed adjustments and refinement of
dielectrophoresis equations for nanowires. Previous work on semiconductor devices such as
transistors and sensor building blocks technology is exhaustively described in addition to the
conduction mechanisms and carrier transport keys to technology improvements. A description of
the materials’ fabrication and characterisation is detailed further. The nanowires growth techniques
for germanium and gallium-arsenide-bismuth are explained as well as the procedure for the
electrode platform fabrication. All the equipment and methods are described for surface, chemistry,
morphology, optical and electrical analysis performed in this work. In Chapter 3, the germanium
nanowires are characterised and the dielectrophoresis parameters are investigated. To do so, different
mediums, electrode designs, electric field lines and gradients are inspected for the optimum

conditions of nanowires alignment.
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Moreover, dielectrophoresis refined calculations are used to pre-estimate further the nanowires’
collection behaviour. At the centre of Chapter3 also lies a complete scientific and experimental
study of the influence of dielectrophoresis parameters (voltage and frequency) on the carrier
transport and performances of the final high-quality and reproducible diode devices. Part of this
work resulted in a publication [2] and was presented at UK-semiconductor-2019 and Bio-Med-Eng-
2021 Conferences in Sheffield. Through a fabricated resistance monitoring set-up and electrical
characterisation, Chapter 3 additionally highlights dielectrophoresis selectivity and crucial surface
chemistry as well as the possibility of combining other electrokinetic mechanisms for further
alignment control and device characteristics. From Chapter 3 to Chapter 5, the presented work is
focused on germanium nanowires. Chapter 5 reports the first demonstration of one single
germanium nanowire aligned between two electrodes using dielectrophoresis coupled with a simple
and innovative voltage divider system. Using the dielectrophoresis parameters studied in Chapter 3,
the voltage divider system is evaluated for single nanowire alignment. Afterwards, the obtained
single germanium nanowire devices are analysed for their electrical and photo-detection properties.
Chapter 5 blends scientific and experimental research on optimum dielectrophoresis parameters for
the fabrication of a nano-scale biosensor for the detection of the protein of the SARS-Corona
Virus-2 using surface bio-functionalisation. The first part shows the characterisation of the
functionalisation layers on the nanowires’ surface and the second part demonstrated the selectivity
and sensitivity of the devices with exposition to different concentrations of protein. This work was
published [2] and presented at the Bio-Med-Eng2021 Conference.

For the first time, synthesised gallium-arsenide-bismuth nanowires-based devices are analysed
using dielectrophoresis in Chapter 6. The nanowires are characterised and dielectrophoresis
optimum parameters are investigated for this semiconductor. Electrical experiments demonstrate
further the importance of surface morphology and the importance of nanowires synthesis and its
impact on future devices. Furthermore, bismuth content in gallium-arsenide, the length, surface
roughness and morphology of the nanowires are considered to be dielectrophoresis sensitive and to
influence carriers’ mobility. In addition, the photodetection characteristic of the nanowires device is
investigated by means of spectral response measurements allowing simultaneous analyses of
bismuth content and its importance on the responsivity and band-gap engineering. Finally, Chapter
7 provides a closing conclusion and outlook on possible work and research for further improvement

towards nanowires sensing technology using dielectrophoresis control.
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1.4 Semiconductors Nanowires, fundamentals and previous work

Regarding electrical conductivity properties, semiconductors are a group of material
intermediate between metals and insulators. In an atom, electrons occupy discrete energy levels
(different levels of an atom’s "shells"). Atoms brought together to form a solid will have their
energy level split into energy bands instead of discrete energies like for free atoms. In a simplified
description, electrons close to the nucleus (electrons in the valence band) and bound to their atoms
are not able to participate in conduction and electrons far from the nucleus (electrons in the
conduction band) have more freedom between atoms and available electrons bounding with other
atoms and travelling through the material. The band theory models the behaviour of electrons in a
solid with the energy bands represented in the following Figure 1.2

Electron Energy

r 3

Fermi level Band-gap
e e e e e e e e ] e e i - - —— _——— or Energy

gap (Eg)

Valence band
Valence band

Valence band

Metal

Semiconductor

Insulator

Figure 1.2: Energy band diagrams in metal, semiconductor and insulator.

At absolute zero temperature (0 K) the valence band is separated from the conduction band by
the energy gap (Eg) and semiconductors or insulators cannot conduct. The Fermi level (as
represented in Figure 1.2) is the highest energy level that an electron can possibly occupy at 0 K.
From positive temperature, say room temperature, electrical conduction is possible through a
variety of stimulation that enables electrons to be excited and go to the empty states in the
conduction band. Nevertheless, at room temperature, for instance, the energy gap still dictates the
semiconductor properties. Electron allocations in the energy bands are dominated by the

energisation stimulation rate (heat, light, electromagnetic waves, strains, etc.).



7 Chapter 1. Introduction.

In intrinsic semiconductors, atoms linked together by their orbital valence electrons form a
covalent bond that provides cohesiveness of the matter. Atoms and bonds form the repeating
structural unit, the regular geometric network of the material. Solid materials such as
semiconductors can be of different structures, amorphous or crystalline depending on the atom
arrangement expressing the degree of order of the repeating structural unit. The number of free
electrons (high energy level =~ one in 10 valence electrons in Si for example) have similar
behaviour to those found in metal. When the material undergoes an electric field (at room
temperature RT), valence electrons display mobility as well as a drift velocity that creates a
conduction current. That conduction current is much lower than in metal that has more free valence
electrons. In semiconductor crystals, energy bands broaden due to interactions of consecutive
overlapping atomic orbitals creating a separation gap between the low energy band (valence Ev)
and the high energy band (conduction Ec). As mentioned, enough applied energy will allow valence
electrons to move to the conduction band and to be free and create conduction within the material.
At the macro-scale, the crystal semiconductor can be a monocrystal or made of polycrystals. In an
ideal mono-crystalline semiconductor (compared to polycrystalline or amorphous) there is no
electronic states between the valence edge and conduction edge band. A free electron from its
valence band will leave behind a hole of opposite polarity; an applied electric field will cause both
carriers, electrons and holes to drift in opposite directions creating conduction. The IlI-V
semiconductor groups like Ga, As and Ge, as well as compounds like InP and GaAs have been
studied as a replacement for Si. Crystalline Si and Ge differ from elements of group I11-V (except
for AISb) because of their indirect band-gap where at the smallest band separation, electrons
transition is not vertical and needs more energy and momentum to transit [23]. Hence, with an
indirect band gap a photon cannot be emitted as it transfers momentum to the crystal. Direct band
gaps for compound materials like GaAs or InAs have electrons that can be directly excited to the
upper band. Figure 1.3 shows the energy band structure of Ge, Si, and GaAs and Table 1 shows
more details on the materials’ properties.

This is where the interest in semiconductors lies; band gaps and the possibility to tune and alter
them by engineering can create desirable electrical and optical properties. Carriers, electrons and
holes in materials have different effective masses that depend on the nature of the semiconductor,
band and crystal structure. Holes are heavier than electrons and tend to move slower in the material
than electrons, hence their masses influence their mobility. By extension, the different carriers’

mobility of semiconductors can be limited by the material’s lattice crystal structure (defects,

doping).
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Figure 1.3: Energy band structure of (a) Ge, (b) Si and (c) GaAs.
From [23].

1.5 Nanowires

Nanowires (NWSs) are quasi-one-dimensional single crystalline structures, they are defined as
materials with at least one dimension between 1 and 1000 nm and are usually described as having 1
to 100 nm of diameter. By extension, compared to bulk and 3D material their electrons movement is
only along the x-y-axis. Nanowire growth presents remarkable established properties during
synthesis. In particular, the relaxation of the lattice from strains at the region of interfaces (on
mismatched substrates) allows the crystal to be dislocation free while thin films or bulk are prone to
defects and dislocations during growth [24]. Such crystal fabrication provides control on key
properties; electronic properties like the density of states and carrier transport and hence it can be
directly integrated with already existing Si technology [25]. From a physical point of view and
compared to 2D (thin film) and 3D (bulk) the fundamental asset of NWs is their 1D nature where
carriers flow directly from one point to another. Carriers in matter move in a random direction and
change direction if they collide with an atom of the lattice. Compared to their bulk counterpart,
in NWs, carriers’ movement is confined at the nanoscale along the x-y axis and is even described
as "quasi” one dimension along the long axis [26]. Because of the reduction of the transport path at
the scale of the NW core, the chances of collision are reduced for well-structured NWs crystals with
an optimal mean-free path. Semiconductor NWs have the unique potential of band gap engineering

by tailoring their size, shape and doping, to respond to any demand of application function.
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For instance, the optical and electronic properties of semiconductors greatly depend on the crystal
size at the nanoscale [27]. Moreover, advantages of NWs for sensing properties emerge from their
surface, where atoms undergo different environments than bulk material. Reactions at the surface of
bulk material are mostly not influencing the properties of the whole material. Surface to volume
ratio is higher for nanomaterial and surface events are critical making NWs interesting for sensing
as they greatly increase the limit of detection. Nanomaterials size also provides reduced reflection
and excellent light trapping providing photovoltaic less total cost [28].

Moreover, the diminution of electrical components by using NWs allows a higher integration
density with more devices, functions and improvements. After growth, most of the semiconductors
have a surface oxide layer that provides a natural gate (field effect transistor structure) that
combined with the channel core controls the channel conductivity. These interesting properties
make NWs promising nanosensors because of their sensitivity and tunable channel conductivity.
They have proved their value in FET applications [15], photodetectors [29], light-emitters [30],
solar cells [28] and sensing devices [16] and diodes [31]. NWs with dimensions lower than the Bohr
radius have been used for their quantum confinement effect and implemented for resonant tunnelling
diodes [32] and single electron transistors [33]. Quantum confinement modifies the nanocrystal
band-gap structure and density of states because of degenerated split bands affecting occupancy
level, electron transitions, mobility and density of the carriers. In such dimensions, NWs electrons
behave differently where they are not considered like particles and the energy band becomes
dependent on the size. In general NWs dimensions that are =~ 30-200 nm do not exhibit quantum

effect [34], Table 1 shows examples of materials' Bohr radius.

Table 1: Materials properties.

Germanium Silicon (Si) Gallium Bismuth Gold (Au)
(Ge) Arsenide
(GaAs)
Direct Band 0.88 1.17 1.42 0.15 NA
Gap (eV)
Indirect Band 0.66 1.12 1.71 0.38 NA
Gap (eV)
Fermi level 0.72 0.56 0.77 0.1 5.53
(eV)
n/h mobility  p,=3800, 1,=1500, u,=450 L,=8500, NA Unw® 30-50
(cm2V1s! at u,=1800 =400 (Au, Cu, Ag)
RT in bulk)
Bohr Radius 50 (longitudinal) 40 (longitudinal) 12 NA 0.174

(nm) 400 (transverse) 90 (transverse)
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NWs surface is a crucial factor; roughness, morphology, and chemical nature (dangling bound)
have an impact on NWSs sensitivity, transport characteristics and by extension exchange of
information with the environment that is part of the future sensing performances. To a point where
surface passivation treatment is usually done (if not natural in the air) to protect or modify the NWs
and their intrinsic electrical properties. NWs synthesis is able to fabricate nanoparticles and NWs of
many different chemical elements, structures, sizes, and shapes, even with a protective shell of
another material to avoid surface oxidation and tailor new properties. This is why synthesis is a

very important step for the fabrication of sensing technology.

1.6 Nanowires growth and implementation in technologies

Integration of NWs in devices has an advantage over common planar devices (like thin films FET);
it can be done in many different approaches that will depend on the NWs fabrication method
categorised as "bottom-up" or "top-down". The "top-down" way is a subtractive model where the
material is removed from bulk, using etching or electron beam lithography (EBL) for instance.
Inversely, the "bottom-up™ approach can be described as an additive mode where the material is
scaled-up (like a tree growing from seeds) from a reactive precursor. NWs synthesis methods are

described in the following sections.

1.6.1 Top-down integration techniques

To create increasingly smaller structures down to the nanoscale, conventional lithography
techniques have evolved. Top-down NWs fabrication can be done by chemical lithography, using a
resist stencil material or physical lithography using an electron beam. Chemical lithography is one of
the main techniques currently used in the microelectronics industry. A photoresist film (polymers
like SU8 or poly-methylmethacrylate (PMMA)) is deposited on a single crystal wafer or bulk
surface and by photoreaction, develops a pattern designed from exposure of a stencil or a mask. As
the NWs are fabricated at specifically defined locations, the top-down approach allows
simultaneous integration of the circuit parts at a chosen area and assembling of the device. The
wavelength of light used in the photolithography technique limits NWs’ resolution generally not
suitable for small NWs (below 100 nm standard limitation) [35]. Although in development, shorter
wavelengths like extreme ultraviolet and X-ray allow resolution down to 10 nm allowing higher

resolution for high-quality lithography.
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(a) Horizontal NWs [36] (b) Vertical NWs [37]

Figure 1.4: SEM images of top-down NWs fabricated by electron beam etching (EBL).

High resolution of lithography is usually achieved using EBL with possible patterns down to 20
nm. EBL is a direct writing method that does not require a shadow mask and where a beam of
electrons is used as a "chisel" to carve down bulk material. It offers the possibility to obtain
highly organised NWs horizontally or vertically as shown in Figure 1.4,

The top-down method has been found to have resolution limitations, yielding surface roughness
to the detriment of sensing properties as well as an increasing cost associated with increasing time
of fabrication [38]. In addition, synthesis by top-down limits the final NWs chemical structure to
the fixed starting material. The bottom-up method represents an alternative to the top-down

fabrication. It enables more accessible possibilities and imagination for new device ideas.

1.6.2 Bottom-up integration techniques

In comparison with the top-down method, NWs fabricated via bottom-up are chemically grown by
absorbed atoms of chosen nature offering more control over their dimensions, shapes and chemistry.

The most used technique for NWs synthesis via bottom-up is Chemical Vapour Deposition
(CVD); CVD qgathers a well-known group of methods used in microelectronics such as laser-
assisted catalytic growth, Metalorganic Vapour-Phase Epitaxy (MOVPE) and Molecular Beam
Epitaxy (MBE). The first NWs growth has been elaborated in 1964 by Ellis and Wagner [39] and
was named the vapour-liquid-solid (VLS) mechanism standing for the three different states of the
deposited material. It uses metal particles or nanoclusters that act as a catalyst or seeds and form a
liquid alloy with the growing material. In the example of growing Si NWs those nanoclusters
act as advantageous energetic sites for the volatile gaseous precursor (SiCls or SiHai precursors)

absorption and decomposition.
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The precursor is transported in a heated reactor by an inert gas flow (Ar or Hy) to the seed
particles (or nanocluster). As the precursor vapour blends with the nanocluster, it changes to a
liquid phase and diffuses toward the liquid-solid interface by a concentration gradient. In the
nanocluster, the material precursor concentration increases up to a solubility threshold point
established by the binary phase diagram. Figure 1.5 A) shows the Au/Si nanocluster precursor
binary phase diagram. At 500 °C, the Au/Si mixing containing more than = 20 % of Si will
have Si crystallising (also called nucleation) at the interface nanocluster/substrate. At the base of
the nanocluster, a NW starts to grow by epitaxy layer after layer concentrated on the
nanocluster. Cui et al. have shown that Si NWs grown by VLS were having a diameter
dependent on the Au nanocluster size [40] giving control on the NWs’ final diameter.

Nanoclusters on the substrate can be obtained in different ways;

« By lift-off nano-structuration
e By thin film dewetting

« By the use of a colloidal solution

- B SiH,(2)

G 750+ Au-Si(/) incorporation

0; 600 Au(s?; S'(S)f; vaporation

::; Au-Si(/) Au-Si(l) S

&= —> VLS growth

© 300 Au(s) + Si(s) ‘ crystallization
Opu 20 0 g

Percentage Si (%)

Figure 1.5: Vapor-Liquid-Solid method; A) Binary phase diagram of gold and silicon B) Si
crystallisation mechanism C) Heated reactor with inert gas flow D) SEM image of a Si NW grown
using an Au nanocluster of 150 nm in diameter; scale bar, 150 nm.

From [41].
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Nanostructuration by lift-off is an expensive and time-consuming process as it also requires EBL
to generate a lift-off mask. Thin film dewetting on the other hand is a rather fast and cheap method.
It consists of a thin film on a substrate that dewets and agglomerates into islands when heated. The
issue with that technique is the increasing size of the nanocluster island during the growth of the
NWs with annealing. A possible way to overcome tapering morphology is a pre-treatment of the
substrate surface which inconveniently add more steps [42]. Colloidal solutions for NWs growth are
mixture solutions of insoluble nanoparticles showing good control over the diameter size of the
nanoparticles during growth [43]. The nanoparticle solution is usually drop-casted on the substrate
and placed in the synthesis chamber. In this work, the Ge NWs were grown by using gold
nanoparticles in solution as nanoclusters deposited on a Ge substrate. M. Bosi et al. demonstrated
the advantage of growing germanium NWs by using nanoparticles colloidal solution over dewetting
technique [44]. In addition to Ge, GaAsBi NWs were grown using Molecular Beam Epitaxy using
Ga nanoclusters deposited on an unknown substrate. The laboratory where the GaAsBi NWs were
grown kept the synthesis protocol confidential and hence only the basics on the growth are

explained.

1.7 Towards nano-manipulation

It is possible to create either a single nanowire or a NWs network-based device. Unlike polyhedral
and spherical nanoparticles, NWs are long enough to be relatively easily integrated into
microstructures due to their wire shape. In order to fabricate NWs devices, one of the most
important and challenging steps is the NWs manipulation and implementation. It is possible to
grow NWs directly on a functional surface and avoid the assembly step, or isolate NWs synthesis
from their assembly. As seen in the previous section and Figure 1.4, top-down NWs fabrication is
highly time and cost-consuming. Usually, a couple of NWs are fabricated with specific placement
and electrical contact is deposited on the top. The top-down technique for NWs implementation
lacks versatility and accessibility.

After growth, NWs have to be found, selected and manipulated. Once removed from the
substrate they have a random orientation and alignment. Implementation techniques via a bottom-
up approach have been already developed to direct assembly into a chosen configuration.
Separation of NWs growth from the assembly step has the benefit that the growth conditions are
preserved and the NWs can be manipulated afterwards. There are different methods for NWs
assembly by a bottom-up approach, either by direct contact using atomic force microscopy (AFM),
optical tweezers or indirect-contact like microfluidics (electrokinetics) with which most of the time

uses NWs solution that is cast on substrate or electrodes.
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Using different kinds of electrokinetic forces interaction between NWs and the surface one can
direct the NWs to final orientation without "touching™ them avoiding risks of damage. Methods like
Langmuir Blodgett [45], electric or magnetic field-assisted assembly [46, 47], contact printing [48],
blown bubble film [49, 50], optical trapping [51], microfluidic assembly [46], chemically driven
assembly [52] are widely used and have proven to be promising alignment techniques. Those

techniques are described in more detail in the following subsections.

1.7.1 Chemical or electrostatic interaction

NWs in solution deposited on a substrate will have a random orientation. Their placement will
depend on their interactions (hydrogen bond, van der Waals, electrostatic) with the surface. Precise
placement and selection can be obtained by initial chemical or biological surface treatment resulting
in engineered interaction without using external forces. Biological or molecular ligand binding is
attached to the NWs surface by functionalisation and can interact with a surface treated with a
complementary bond. In this way, it is possible to tailor specific contact and orientation by using
hydrophobic or hydrophilic interaction for instance. By extension, using a variety of antibodies and
their targeted proteins it is possible to have specific collection and binding, and even create complex
structures. This technique is helpful for recognition, combination and placement. The team of Lee
et al. used functionalised NWs to assemble them on pre-patterned electrodes using DNA
hybridisation [53]. They functionalised NWs and the substrate surface by complementary DNA
strands creating a selection and recognition mechanism. The limitation of that technique is the
necessity to use pre-treatment and functionalisation of both NWs and host surface resulting in

possible undesired reactions and inaccurate alignment.

1.7.2  Shear force interaction

Shear force interaction also called "contact printing” is a rather simple assembly technique that
consists of putting into contact directly as-synthesised NWSs on the substrate with another surface.
NWs on the substrate (ideally forest-like growth) are slid onto a receiver surface that is pre-
structured defining "sticky"” and "non-sticky" areas (van der Waals interactions). The sliding
contact is very slow (20 mm min™!) and has a well-defined and controlled pressure. The NWs are
aligned with the sliding direction and are collected on the receiver substrate. Its main limitation
is the contact that has to be very well controlled to not damage the NWs that in addition have to
be long enough to fit the contact equipment settings. The technique is illustrated in the following

Figure 1.6.



15 Chapter 1. Introduction.
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Roller with
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final nanowire arrays nanowire printing

Figure 1.6: Assembly by shear forces. a) Roller placing NWs on a substrate, b) placement of NWs by
contact printing. Extracted from [54].

1.7.3  Blown bubble film

Blown bubble film is a technique mainly used in the plastic film industry. From that, Yu et al.
[49] got inspiration and applied blown bubble film to nanotechnology. NWs are dispersed in a
polymer that can be shaped as a bubble using nitrogen with controlled gas pressure. As a
consequence, the blown film (usually ~ 100 nm thick) contains aligned and oriented NWs. It is
possible to obtain large sheets of NWs film of 35 cm diameter and 50 cm large. The NWs films can
be later used to be transferred on another large rigid, plastic or curved surface which makes it its
main potential. However, that same potential is also a drawback as the NWs are enclosed within the
polymer and it is possibly altering their properties and chemical nature. Reactive ion etching could

potentially free the NWs from the polymer matrix which would add more steps and risk of damage.
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Figure 1.7: Blown bubble film technique. Top; NWs in bubble schematic, bottom images of the
formation of the bubble with the NWs and placement on substrate by contact.

Extracted from [49].

1.7.4  Microfluidic force

Laminar flow from microfluidic channels can also be used to align NWSs. In a solution, NWs
undergo a stream flow in a channel, and to minimise the fluid drag they align in parallel to the
flux direction [55]. Microfluidic channels are usually easy to fabricate using polymers like
polydimethylsiloxane (PDMS) or polymethylmethacrylate (PMMA). The microfluidic channels
determine the aligned NWs area (generally 100 nm). However, the bigger the channels the less
uniform the fluid drag force will be.

According to the micro-channels design, it is possible to obtain different structures of aligned NWs
by using a layer-after-layer method demanding good control of interactions between NWs and
receiver substrate [56]. Huang et al. [46] found a way to control NWSs and substrate interactions in
the channel flow by combining it with functionalisation resulting in NWs network. The following

Figure 1.8 shows aligned NWs obtained by microfluidic force and functionalisation.
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Figure 1.8: SEM images of layer-by-layer assembly of NWs by microfluidic and functionalisation
deposition. The black arrows show the flow direction.
Extract from [46].

The microfluidic assembly process has great potential for geometrical integration in future

devices especially if it is coupled with functionalisation and is compatible with flexible substrates.

1.7.5 Langmuir Blodgett

Langmuir Blodgett assembly method combines capillary forces followed by the removal of extra
NWs. NWs, rendered hydrophilic are placed on the surface of a water-based solution described as a
“microscopic version of logs-on-a-river” [57]. The solution undergoes a controlled uniaxial pressure
aligning the NWs on the surface and forming a well-organised monolayer. By means of capillary
force and surface tensions between the receiver substrate and the liquid, the NWs settle on the
substrate. Similarly to microfluidic force, this method is versatile and can be used to form structures
of NWs. This method asset relies on the fact that it is simple and can be used for large-scale
deposition. In the following example Figure 1.9, the NWs networks are obtained by combining

Langmuir Blodgett, surface functionalisation and photolithography [58].
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Figure 1.9: Network of crossed NWs aligned by Langmuir Blodgett.
Extracted from [58].

1.7.6  Dielectrophoresis technique

Dielectrophoresis (DEP) is based on the polarisation of particles through an electric field where
induced charges move at the surface creating a dipole that aligns with the electric field. Aligned for
the first time by DEP, gold NWs were assembled between electrodes forming a parallel network of
NWs and are shown in Figure 1.10.

Right electrode
Aligned nanowire

Left electrode

Figure 1.10: First DEP applied on gold NWs by Mayer et al. in 2000.
From [59].
DEP depends on the dielectric properties of the particles in relation to the dielectric properties
of the medium within which the NWs are transported and deposited. By contrast, electrophoresis
(EP) depends on the net charge over the size ratio of the particles.
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There are two different ways to put the NWs solution and the electrodes together; either by
simple drop-casting on the top of the electrodes or employing microfluidic channels integrated into
the DEP electrodes. Using micro-channels fabricated on the top of electrodes it is possible to obtain
100 % alignment efficiency (100 % of the NWs in the solution are collected) [60]. The following
Figure 1.11 shows an example of DEP coupled with microfluidic.

Figure 1.11: DEP coupled with microfluidic channels. a) schematic of the DEP/microfluidic set-up
b) Aligned NWs obtained by coupling DEP and microfluidic.
From [60].

Overall, for any apparatus, the use of DEP is designed so that the DEP force overcomes others
such as gravity, Brownian motion, and viscous force. Similarly to microfluidic, DEP alignment
direction can be changed by changing the electric field direction but also by changing the medium or

nanoparticles’ dielectric properties.

1.7.7  Comparison

For potential manufacturing, control over the placement and alignment of NWs is essential. The
differing alignment technique used will require specific conditions such as; low cost for

manufacturing, versatility and easy integration.
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e Manufacturing:
o Easily installed to be suitable for large-scale fabrication.
o Performance and efficiency.
o Versatility:
o Possible differing assembly (NWSs or connection structure).
o Possible selectivity (material nature and size).
e Easy integration :
o Device integration substrate is ideally possible on a flexible or rigid substrate.
o Possible post-processing external to the assembly step.

o ldeally without the need for surface functionalisation avoiding extra steps and

possible damage and degradation.

So far, NWs in solution guided by an electric field like dielectrophoresis (DEP) show
convenience and precise alignment across electrodes [61]. Besides, this technique offers ease, low
cost and fast fabrication time. Depending on the future application, the alignment technique has to
be under three main prerequisites; large-scale fabrication potential, low cost, versatility and easy
integration. The following table outlines the different existing techniques along with their
advantages and drawbacks. Manipulation of nanoparticles by DEP appears as a preferable
technique according to Table 2. Its possibility for large-scale fabrication coupled with easy
integration and the fact that the working surface does not require functionalisation put DEP control

at the centre of this thesis.
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Table 2: Table summing and comparing the different alignment techniques.
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1.8 Dielectrophoresis control

Dielectrophoresis has been first observed in 1924 for the separation of different minerals achieved

by Hatfield. Only in 1951, DEP reappeared and the term "dielectrophoresis" started to be known

from the work of Herbert Pohl which used to describe the translational motion of an electrically

polarised particle in a non-uniform electric field. Later, DEP gained more and more recognition, so

well that it is now integrated into at least six commercial products. For instance, the Apo-Stream

technology separates target tumour cells from blood using DEP [62], whilst the Panasonic bacteria

counter uses electrical impedance changes of bacteria captured between DEP microelectrodes to

measure their concentration [63] or the Shimadzy 1G-1000 that collects nanoparticles by DEP to

create an optical grating [64].

exploited for its interaction with biological cells and for clinical applications.

In that respect, and in the last ten years, DEP has mostly been
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Non-biological particles handled with DEP only started to grow considerably in the late 1980s,
especially with the trend of lab-on-chip and miniaturisation technology [65].

Towards nanowires (NWSs), the first experiments on such shapes were with the separation and
orientation of carbon nanotubes (CNT) in 1992 [66] and gold NWs alignment in 2000 by Mayer et
al. [59]. It was followed by more research on the new generation of NWs-based devices that
demonstrated strong and innovative characteristics for applications like a light-emitting diode
(LED), nano-electronic and nano-optic [59], [67]. The possibility to control NWs or any non-
biological nanoparticle in general without direct contact is of great interest for nano-device
fabrication. It was previously explained that DEP is a suitable method for NWs control to fabricate
nanodevices for possible manufacturing. Although considerable work has been done to understand
the complexity of DEP, research on the latter has been mostly focused on biological cells and only a
little on non-biological particles.

1.8.1 Dielectrophoresis for nanowires geometry

Suspended in a liquid medium, and in a uniform DC electric field E (example a) Figure 1.12) each
side of the particle is under the same generated Coulomb force strength, as they compensate each

other in zero force the particle does not move.

E —)
a) DC b) AC
e —
\_’—b Q‘

v

Microelectrodes e Electric field lines =+ Induce charges

|:| Nanowire - Forces

Figure 1.12: DEP principle; a) in a uniform electric field, b) in a nonuniform electric field.
Inspired from [68].
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A particle in an AC electric field E (example b) Figure 1.12) experiences an electric dipole
moment (per unit volume) by charges separation at its surface. If the polarisability of the particle is
greater than the polarisability of the medium the electric field lines pass through the particle
forming the surface polarisation. The dipole moment and AC field result in an uneven force
strength that leads the particle to move and to direct towards high field density regions (called
positive DEP). The electric dipole interacts with the applied electric field and to minimise their
potential energy the particles move along the electric field resulting in particles like NWs to self-
assemble in the electrode gap.

The DEP force applied on a spherical particle having a radius R follows equation 1.1 described

by Jones [69] where &y, is the permittivity of the medium that surrounds the particles, R. is the real

part of the Clausius-Mossotti factor (CMF) and E is the electric field (with FE as gradient).

Foep = 27memR3Re(Kspheroia(e)) VE2 (1.1)

The term "dielectrophoresis” is associated with the Coulomb responses of an electrically polarised
particle in a non-uniform electric field where DEP force is the result of the differing Coulomb
forces illustrated in red arrows Figure 1.12. The dipole moment magnitude and polarity are
influenced by the dielectric properties of the particle and are proportional to the CMF. For a
particle more polarisable than the medium the particle movement dominates over the medium, the
CMF will be positive and the net force will move the particle towards high electric field regions
(positive DEP). Likewise, for a particle that is less polarizable than the surrounding medium, the
particle movement is dominated by the medium, the CMF will be negative and the particle will
move towards the region of low electric field (negative DEP). The CMF K(w), can be described
as the strength of the dipole and has no unit. For NWSs, contrary to spherical particles, the
CMF is anisotropic and so DEP depends on the orientation of the NWs to the electric field
gradient [70]. The CMF is an essential element of the dielectrophoresis force (direction and

magnitude) and relies on the applied frequency (w is the angular frequency (w = 2 x & x frequency).

For a spherical particle, the CMF K(w) is defined by;

Kspheroid(a)) = j:p_—i (1-2)

Ept+ 2€&m
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In which &, and &, are respectively the complex permittivity of the particle and the medium and are
detailed as followed in equation (1.3), where ¢ is the conductivity of the medium or the particle
and ¢ the relative permittivity of the medium or the particle. j is the imaginary vector with

j= V=1

§=¢e—j (1.3)

g la

As previously shown the CMF equation 1.2 is written for spherical particles that are isotropic
systems. However, NWs have a cylindrical shape assimilated to a prolate ellipsoid shape that is an
anisotropic system. Figure 1.13 shows a prolate ellipsoid 1.13a shape used for the NWs and
spheroid shape 1.13b geometries commonly used in literature for the calculation of DEP forces and
CMF on NWs.
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(a) Prolate ellipsoid (b) Spheroid

Figure 1.13: Geometrical drawings of a prolate ellipsoid (a) and a classic spheroid particle shape

(b).

It has been demonstrated that the prolate ellipsoid shape was a valid substitute for cylindrical
shape NWs to be included in the equations originally for spherical particles [71]. The prolate
ellipsoid expresses the major and minor axes from the NW length (a) and diameter (b=c).

DEP on NWs is a relatively recent method, their corresponding equations are very often
found without taking into account their ellipsoidal shape and resulting anisotropy which potentially
leads to incomplete analysis.

In this work, to take into account the anisotropy of NWs, the depolarisation ratio and eccentricity

factor have necessarily been included for equation 1.2 for the study of DEP for ellipsoidal shapes.
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For a particle more polarisable than the medium (positive DEP), the depolarisation ratio Aa
evaluates, as a result of the induced polarisation charges at the surface, how reduced (depolarised) is
the electric field inside the particle compared to the external applied electric field [72]. This gives
information on the influence of the particle on the electric field and resulting changes. Its equation
is written as followed (1.4) and (1.5).

1—e? 1+e
Aa = ”e [log (;) — 2e] (1.4)
A= =2 (1.5)

Where a is the a—long—axis depolarisation ratio of a prolate ellipsoid and b—short—axis (a > b)
and the eccentricity € is the geometrical factor for the prolate ellipsoid shape and is described in

equation (1.6).
e= [1——= (1.6)
As a result and conforming to Jones [69] the DEP force and the Clausius-Mossotti factor are

described by two mathematical components. Equation 1.2 is therefore now written using the two
axes, as follows;

1 Ep— Em
Kenipsoid(w) = 3 m (1.7)
1 Ep— Em
Ka-long-axis((l)) = 5 m (18)
1 Ep— Em
Kb-short-axis((l)) = g #(;5) (19)
m *(Ep— €m

Thus, for prolate ellipsoid, there is a polarisation variation within the NWSs according to their
orientation to the electric field gradient. When the electric field gradient is parallel to the NWs, the
DEP force will be directed along the long axis of the NWs. In the opposite case, when the NWs are

perpendicular to the electric field gradient, the DEP force will be directed along the short axis.
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For NWs randomly oriented to the electric field gradient, the DEP force will be related to both
axes with a stronger force along the long axis. Figure 1.14 illustrates the assembly and polarisation
of a NW parallel to the electric field lines. After polarization of the NWs each pole is attracted to
the electrode by DEP force and will depend on several parameters such as magnitude (electric field
magnitude in newton per coulomb), frequency, NWs material and electrode shape.

The device conduction is related to the number of aligned NWs where more NWs should lead to
a higher current [73]. The collection rate can be influenced either by NWs solution concentration or
by the AC applied voltage (frequency and amplitude). However, given the size of the NWs the
applied voltage is limited by the possible voltage overload in the dielectric leading to destruction
[74]. One of the most underrated and understudied features of DEP manipulation is its capacity to
simultaneously aligned NWs and select quality NWs with enhanced electrical conductivity. Only a
couple of publications have highlighted this unique characteristic including results obtained in this
work [2, 75, 76]. Polarisability being related to conductivity, it was found that increasing the
frequency parameter of DEP led to aligned NWSs with increased conductivity properties. Hence,
low-frequency collections present NWs of mixed qualities together with low quality (purity,
conductivity, crystallinity defects, traps, etc.) whereas high frequencies cause only high-quality
NWs to align. More details will be given in this work over the next chapters. DEP motion can also
be influenced by the electronic double layer caused by the interaction between the NWs surface and
the aqueous medium [77]. Particles like NWs have an electronic layer forming at the surface when
they are immersed in a medium. Even in "pure" non-polar solvents, like anisole,
dimethylformamide (DMF) or ethanol possible traces of ions can create an electrical double layer at
the surface of the particles forming a low net charge. That net charge can be determined by zeta
potential measurement equipment. The zeta potential (net charge) at the surface of the NWs can be
either positive or negative depending on the polarity of the medium and NWs surface chemistry.
For a non-polar solvent (ethanol, anisole, toluene, etc.) the zeta potential is rather negative. On
germanium NWs for instance O- from the thin oxide layer if in a polar solvent (like water, acetone,
etc.) the zeta potential will be rather positive, as counterions of O- will surround the NWs surface
[78]. In this work, the DEP forces and Clausius-Mossotti factor equations after refinement for
prolate ellipsoid have been investigated through a computational code written using Matlab. They

are addressed later in the next chapters.
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Figure 1.14: Nanowire (red) in an AC electric field subjected to DEP force influenced by the
anisotropic nanowire a) top view b) side view.
From [60].

As expressed in equation 1.7 the CMF (describe the strength of the NWs dipole) is a function

of influencing parameters:

Dielectric properties of the particle are expressed by conductivity o, and permittivity .

The shape of the particle, length and diameter.

Structure of the particle (morphology, homogeneity, defects, doping).

Dielectric properties of the medium are expressed by conductivity om and permittivity em.

and lastly voltage and frequency of the AC electric field.
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1.9 Electrophoresis

Similarly to DEP, Electrophoresis (EP) is used to manipulate nanoparticles with the interaction of
an electric field. In a medium, EP acts primarily on fixed charged particles ("pure" electrostatic
force) while DEP acts on unfixed charges (polarisation). The motion of particles via EP requires a
DC voltage that interacts with the electrical net charge of particles and so the movement of the
particles is unidirectional and proportional to the electrical field and polarity strength. Charged
particles are most likely organic and/or they can be found in polar mediums with an electrical double
layer. A simple Coulombic force system will move a charged particle with a force F o« QE
(Q=charge, E=electric field) towards one single electrode of opposite polarity. The moving force
and thus the mobility will be determined by the medium properties and electrical double layer
formed on the dielectric particles. EP is thus proportional to the electrokinetic potential (determined
by the net charge zeta-potential) and the electric field strength (Coulombic force) [79].

Derived from the Coulomb equation, the electrophoresis force equation is presented as follows

[80];

13')12—& * 112 (1.10)

4 1T go12

?12 is the force acting on particle 2 of net charge Q2 exerted by particle 1 of net charge Q1,
€0 is the permittivity of the vacuum, r is the distance between particle 1 and 2 and T712 is the

vector from Q1 to Q2. For a prolate ellipsoid shape like NWs as illustrated in Figure 1.13 a) the
EP force has been adapted as follows by [81];

Fep = — — = —6mubuR (1.11)

With p the dynamic viscosity of the medium, o the relative viscosity of fluid-particle, a is the

major axis and b = c is the radius and with R;

R = ki (1.12)

@) 1[G) +1]eorn5)-5)
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For a NW parallel to the electric field E with a thin electrical double layer in the case of a
non-polar solvent the EP force can be written with E (DC electric field), { zeta potential of the

particle in the medium with e = 8mC/p. as follows;

Foep = 6mubucRE = 6mbem(RE (1.13)

Where en is the electric permittivity of the medium. EP is mostly used to sort out and
separate particles and very few applications used EP for NWs implementation where EP is used
as a trajectory force [82]. The following Figure 1.15 shows the difference between EP (DC
electric field) and DEP (AC field) both in equal conditions. Si NWs of 15 um long and 300 nm
diameter were manipulated by EP and DEP. For EP a) Figure 1.15, the DC applied voltage is 1.5
V in dimethylformamide (DMF). For DEP b) Figure 1.15, the AC applied voltage is 10 V at 5
MHz in both situation conductivity and permittivity of the particles are higher than the medium
DMF [83].

Figure 1.15: Images obtained by Brown et al. showing the difference between a) EP and b) DEP at
15 s of the experiment. Scale bar 100 pum.

From [83].

For a fixed same time, the Figures show well the different collection features obtained either with
EP or with DEP. The NWs collection with EP a) is principally on the right electrode (on the whole
electrode surface) while collection using DEP b) is mutual attraction (strong gradient at the gap)
leading to NWs aligned at the edge gap between the electrodes.
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1.10 Nanowires sensor devices

It has been explained that the potential integration of nanoparticles in devices has great potential
because of their enhanced sensitivity and electrical properties like band gap engineering and density
of states modification [84]. NWSs have already been largely exploited in many forms of devices and
sensors that will be reviewed in the following sections. Being at the centre of research for modern
technology, it is important to understand the electronic properties of NWs. The probing of particles
at the nanoscale is not as straightforward as for bulk material due to spatial localisation for
example. A variety of measurement techniques have been developed either for single NW or arrays
of NWs mostly performed using microscopy probing like AFM or electrical contact 1(V). NWs
implementation in devices is a challenge, such as making electrical contact with the nanostructure.
I(V) curves can be obtained using two probes contact that can influence the contact and the device
performance.

1.10.1 FET building blocks for nanosensor

Field Effect Transistor (FET) is the most fundamental electronic device along with diodes for
high-density circuit integration. In traditional planar bulk material FETs, the device’s structure has
three terminals; metal source/drain electrodes and a gate. Current is injected and collected through
the source and drain electrodes that have opposite doping. The gate is capacitively joined to the
channel with an insulating layer (usually silicon oxide). For a p-type semiconductor channel (with
n-type source and drain), a reverse bias applied at the gate will deplete the carriers (p-holes) and
reduce the conduction channel (depletion), while a forward bias will create an accumulation of
carriers and increase conduction in the channel. By modulating the potential at the gate voltage it is
possible to control "on" and "off" states and change the channel conduction. A n-type channel
works inversely the same way.

Unlike standard FETs where source/drain contacts are formed with doped material, simple metal
contacts are often used for source/drain material in NWs FET [85]. Semiconductor NWs, play the

role of the conduction channel between source and drain electrodes as shown Figure 1.16.
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Figure 1.16: Cross section of a floating gate FET.

NWs’ sensitivity to the environment (light, biomolecules, gas...) leads to alteration of the
channel conductance. In this configuration of FET the floating gate can be played by the oxide layer
of the semiconductor channel and or by the surrounding environment and showed in dashed lines
Figure 1.16. Upstream, any changes in the electric field are quantifiable and transduced into
electronic signals making a sensor device.

Hence, gateless FET sensors are considered a new type of sensor, where the gate is replaced by
the NWs’ surface interactions that intimately change the electrical conductivity. In this fashion,
NWs from the sensor devices are either more exposed to their environment and/or the device
fabrication is more straightforward, especially by using DEP alignment [14]. The two following
examples show NWs FET sensor devices fabricated without a gate for two different types of
detection; a mechanical sensor through piezoelectric properties and biosensing through electrical
interaction properties.

Wang et al. [86], measured the piezoelectric properties of a single ZnO NW capable of
detecting nano-Newton force range. The NW was randomly chosen and detected in a SEM chamber
followed by needle probing measurement on two silver contacts. Figure 1.17 shows the obtained

results.

2 0
Voltage (V)

Figure 1.17: SEM images of five bending modes of a ZnO nanowire (left) and the corresponding
current response 1(V) showing the piezoelectric FET sensor curves.

Extracted from [86].
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From the current response on the right Figure 1.17, they observed a good symmetric signal with
ohmic contact at both ends of the NW. For an increasing bending force, the current response
decreases. Conversely, the NW was able to retrieve its "normal™ electrical properties with an
increasing current response as the strain force was released back to a straight shape. The bending of
the NW and its core structure alteration was detected by the needle probes thanks to the

piezoelectric properties of the ZnO NW.

The basic design of an immuno-FET is a transistor in which the gate is replaced by a layer of
antibodies specific to a target protein. In the case of functionalised p-type Si NWs, receptors like
antibodies attached to the NWs surface will react with a corresponding target molecule in its
environment. It creates an increase or a decrease in the NWs current response depending on whether
the binding target molecule is negatively charged (accumulation of holes) or positively charged
(holes depletion) [87, 88]. In the following example of bio-FET Figure 1.18, Rahman et al. [3]

functionalised a p-type Si NW connected between two gold electrodes fabricated by a top-down

approach.
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Figure 1.18: Schematic of the p-type Si NW FET sensor (left) and its electrical measurement for
every functionalisation layer (right). From [3].

The Si NW was functionalised with a layer of 3-aminopropyl-triethoxysilane (APTES red
curve) followed by a layer of glutaraldehyde (GA/APTES blue curve) both presenting negative net-
charge as well as for the final probing receptor (sSSDNA-probe in a pink curve) [89]. On the Si NW
surface, the functionalisation layers and probing receptor attachment lead to the accumulation of
holes (red dots in the left-handed schematic) in the p-type NW. As a result, they observed an

increase in the current response as seen in the 1(\VV) measurement in forward bias Figure 1.18.
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Conversely, if the net charge of the probing receptors was positive, a decreasing current
response (recombination) would be measured [3]. Those NWs-based sensors are quasi-real-time
interactions/interpretations of events. NWSs characteristics and low size-scale integration are
showing the way to modern nanosensors and surpassing standard detection limits without the need
for labelling offering possibilities for many applications.

The current flow translates the NWs channel electrical characteristic as a response to an applied
voltage. The electrical resistances are at the contacts where electrons enter and leave the NWs, and

are involved with the functioning properties of the device.

1.10.2 Conduction, transport mechanism in nanowires

The conventional way to fabricate NWs diodes by the bottom-up approach starts with a random
distribution of NWs properties followed by the fabrication of the contact electrodes. It was
explained earlier in this chapter that DEP enables specific selection and manipulation of NWs to
collect them between pre-patterned electrodes. Although mainly used for FET NWs fabrication,
DEP has shown successful diodes [90, 91]. DEP has mainly been used for simple collection
alignment without exploiting selection properties that have been only scarcely studied for the
fabrication of FET and diodes often due to the lack of previous reports. This thesis aims to compile
DEP collection and selection properties to investigate their impact on device performances as an
additional building block to nanotechnology research.

Schottky diodes like p-n junction diodes are the simplest type of diodes. Because of their
properties at the nanoscale, NWs implementation as diodes has been at the centre of many research
projects and has proven its potential for solar cells because of their light trapping properties [92] but
also similarly to FET for their transducing properties for sensing technology [16]. It has been
demonstrated that Schottky diode sensors were exponentially sensitive to conduction changes on the
NWs because of the Schottky contact band bending alteration and the surface interaction supporting
NWs integration in nano-sensing future technology [93]. Conduction mechanisms (or injection-
limited conduction mechanisms) have been particularly studied. Analysis of devices’ conduction
mechanism is largely done via I1(V)s current-voltage response measurements. Four main conduction
mechanisms are frequently observed in nanostructure devices; Schottky emission (or thermionic
emission), tunnelling, surface roughness scattering (SRS), space charge limited current
(SCLC) and hopping conduction. These conduction mechanisms are described in the following

part and are illustrated with examples from previous research.
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Schottky conduction mechanism

NWs devices often use metal contact electrodes in contrast to common bulk or planar diodes that
have doped contacts. Depending on the channel and contact material nature, the junction
metal/semiconductor M(-S) NWSs will be either Schottky with rectifying behaviour and non-linear
current-voltage response or ohmic, non-rectifying and linear current-voltage response. Schottky
barriers are due to band bending at the junction M-S; electrode-NWs and NWs surface states
combined where electrical current flowing across is non-linear (discontinuity of energy). This results
in diode device performances influenced by the contact properties. The current transport is mostly
due to the majority of carriers, holes in p-type and electrons in n-type.

For rectifying contact, the basic process with a p-type semiconductor is the transport of holes over
the Schottky potential barrier where holes are the majority carriers mostly resulting in conduction.
For a classic p-type Schottky contact, the rectifying contact is formed when a metal has a lower
work function (energy to remove an electron to vacuum) than the semiconductor which results in
barrier height at the middle of the metal and semiconductor work function. As known, NWs have at
the surface incomplete chemical bonds called dangling bonds. Dangling bonds and impurities
produce energy levels located within the band gap. Those surface states, either donor or with
acceptor character are generally not well known and there are different varieties of states depending
on the surface morphology [94]. At the interface M-S, semiconductor NWs energy state levels will
be physically located at the interface. Those state levels result in the pinning of the Fermi level so
that work functions are independent of the metal contacts. Germanium NWs have presented Fermi-
level pinning for Schottky contact as it is well known that Ge has energy state-level from surface
dangling bonds [95]. For a p-type semiconductor such as the Ge NWSs used in this study, metal
contact like gold and band bending at the junction can be illustrated as follows. When contact is
made, electrons from the metal flow to the empty states of the valence band (of the semiconductor)

resulting in an upward bending to reach equilibrium (a) Figure 1.19).
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Figure 1.19: Schottky barrier contact between metal and p-type semiconductor.

As a comparative example band banding of ohmic contact and n-type Schottky barrier type
illustrations have been put in appendix Figures A.1.1 and A.1.2.

At equilibrium after contact (Figure 1.19 b)), a region called the space charge region has been
depleted of electrons creating a potential barrier for holes (abrupt interface red line) to reach the
metal interface and recombine with electrons in the semiconductor. The metal connected to the
positive electrode in reverse bias results in holes repelled by the interface as illustrated c) Figure
1.19. The potential barrier is increased (as well as the depletion zone) ensuing in a low current
response in reverse bias. If the metal is connected to the negative electrode forward biasing results
in holes attracted towards the interface illustrated d) Figure 1.19. The potential barrier is reduced,
giving a larger current in forward bias. Electrons’ emission from metal to the semiconductor
channel is called Schottky or thermionic emission. On the metal contact side, if electrons can gain
enough energy (from thermal activation), the electrons overcome the energy barrier to go towards
the semiconductor channel. Thermal activation will lead to the lowering of the energy barrier due to
the Schottky effect. Schottky diodes exhibit specific rectification behaviour where forward bias
conducts the current response and reverse bias displays a smaller current response and can result in

reverse leakage.
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The performance of a Schottky diode is measured by the rectification ratio given by the ratio
between forward bias current response and reverse bias current response. As an example,
commercial Si (bulk) based diodes have a rectification ratio of ~ 10° to 108. A higher rectification

ratio gives more control over the current.

In photodetection technology, Schottky devices with a p-type channel rely precisely on the junction
metal-semiconductor of the Schottky barrier effect that involves the generation and collection of
photo-generated carriers. Incident light (photons) with enough energy will be absorbed by the
semiconductor channel generating electron-hole pairs. The Schottky barrier separates the
photogenerated carriers with electrons moving toward the metal contact and holes moving rather
towards the semiconductor. The opposite movement of the carriers results in the flow of a
photocurrent that is enhanced by the application of an external bias voltage which also enhances the

device sensitivity and response.

Nanowires-based Schottky devices

As a standard Schottky device example using NW, Park et al. [96] fabricated a ZnO p-type
NW-based diode (randomly chosen) in contact with a Au/Ti (ohmic) electrode and a Au (Schottky)
electrode deposited by EBL. They obtained the following I(V) current response (at RT) presented in
Figure 1.20.
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Figure 1.20: Typical 1-V characteristic curve for p-type nanorod Schottky diodes (left) and a
scanning electron microscopy (SEM) image (right).
Extracted from [96].

The current response to the applied voltage highlights nonlinear and asymmetric behaviour
originating from the ZnO contacts. The ohmic contact has low resistance with the ZnO NW so that

charge carriers can travel without obstacles. They observed no significant break-down voltage in
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reverse bias with good rectifying behaviour and turn-on voltage around 0.5 V.

Similarly to the FET sensors presented in Figure 1.18, NWs-based Schottky sensors sensitivity
also leads to the possible detection of bio-molecules. Schottky sensors have been improved with
NWs implementation and have been widely studied for mechanical strains, biomolecules, and gas
detection [93]. Carrara et al. [97] fabricated a Schottky Si NW for the detection of antigens. The Si
NW was fabricated by top-down approach (etching) and contacted between Ni/Ti electrodes
deposited by thermal evaporation using a mask. The Si NW surface was functionalised with rabbit
antibodies called AB-NW binding sites (red dots Figure b) 1.21. Figure 1.21 illustrates the

functionalised NW and its current response to increasing concentrations of antigens (AB).
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Figure 1.21: Functionalised Schottky Si NW with b) antibodies and its ¢) current response when
exposed to increasing concentration of antigens (1) 0 fM in black, (2) 5 fM in blue, (3) 10 fM in
red.

Extracted from [97].

Before the antigens exposure, they observed after functionalisation, a decrease in the current
response due to the positive net charge of the rabbit antibodies on the surface of the NW
(shown in ref [97]). Moreover the author proposes that the voltage shift observed on the IV
responses is due to the presence of the functionalisation layer. Upon antigens exposure b) and c)
Figure 1.21, the sensor is detecting the molecule at a concentration superior to 5 fM otherwise the
signal is similar to 0 fM. The surface detection by the NWs is related to the electrical charges of the
antibodies, the amount of injected charges and the carrier mobility of the NW. In that example, a
concentration of 5 fM was not enough to modify the channel conductivity and/or change the

Schottky barrier height.
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The sensitivity and ultimate Limit of Detection (LoD) of such devices are largely determined by
the surface area of the sensing element (i.e. thin film or NW). The smaller the surface area the fewer
entities are required to bind to the aptamer/antibody and result in a measurable change in the current.
Additionally, carriers’ mobility and crystal quality of the channel will play a crucial role in the LoD
and sensitivity of the sensor. For the detection of viruses, biosensors can be found in the literature
with a variety of LoD performances such as 0.20 mM using In,O3 thin film [98], 1 pM using
AlGaN/GaN thin film layers [99], 10 to 1 fM using graphene [100] while NWs biosensors have
shown possibilities to detect one single virus using Si NW [101] or 0.1 fM also using Si NW [102]
and 2.5 pM using InN microtubes [103]. Thus, NWs are an attractive possible platform for sensors,
given their innate small size, with the ultimate sensitivity potentially being offered if a single
nanowire can be utilized as opposed to an array.

The precise detection mechanisms of NWSs sensing devices are not yet well-understood [104]
although the sensitivity to the environment is clear, studies have highlighted detection mechanisms
only due to the metal-semiconductor contact junction over the channel implications [105, 106]
while others have shown the clear influence of the conduction channel for detection [87, 107] and

even participation of both have been proposed [93], [108].

Nanowires Heterojunction
Heterojunction devices are traditionally p-n diodes with p-type and n-type doped materials. As

known, NWs devices’ electrode contacts are intrinsic (undoped) metal. Instead, the NWs channel
itself can also be doped either intentionally or unintentionally. With the improvement of NW
synthesis, it is possible to control the growth process allowing a large panel of compositions,
doping, dimensions and shapes (corrugated, straight, kinked, etc.). Only possible by a bottom-up
approach, even radial and/or axial chemical heterostructures have been achieved [109]. Control and
multiple possibilities on NWSs synthesis enable most of all development of functionalities and
modification of their electronic properties.

In his Nobel Lecture about the modern role of semiconductors in electronic devices, Kroemer
Herbert pointed out "The interface is the device". Indeed as for Schottky devices, heterojunction is
achievable with differing metal contact (as seen in the previous paragraph), but also achievable with
different materials within the conduction channel. There are two distinct heterojunctions; axial and
radial, and this thesis is involved with axial heterojunction. Axial heterostructures have shown
interest in the domain of electron transport because of the possible insertion of different sharp band
structures that can operate as resonant tunnelling diodes [110], barriers [111] and single electron
transistors [112].
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During growth, the axial chemical nature of NWs can be obtained by changing precursors
and/or catalysts seeds or by using generated laser ablation enabling block-by-block NWs of
different materials [113]. In NWs crystal structure, a disruption of the lattice symmetry can lead to
electrostatic potential (like the barrier illustrated by the red line in Figure 1.19) from new states
leading to charge barriers. Similarly to metal contact with semiconductors for Schottky and p-n
junction different band bending can occur in heterostructured NWSs. Heterostructured NWs device
properties will depend on the junctions that can be abrupt or graded (graded by several times the
NW diameter). In a graded junction, the barrier is by definition less abrupt than illustrated in Figure
1.19. Graded junctions have been shown to avoid leakage current pathways [114] because of a
more stable lattice mismatch from one material to the other. For most catalysts/seeds used for NWs
growth by VLS, gold has been shown to produce graded heterojunction for Si and Ge because of
their alloying good solubility [114]. Hence research on heterostructured NWs devices has obtained
low barriers Schottky diodes by simply using Au nanoparticles as seeds for the growth of ZnO
[115], GaAs [111], and Ge NWs [116].

Heterojunctions in NWs and entailing electronic properties are considerably lacking knowledge
mainly because of the difficulty to get lattice and dislocation images in the device, as well as the

intricacies of electrostatic potential and interface state properties [117].

Tunnelling

Tunnelling is a quantum mechanical conduction mechanism. It occurs when electrons can penetrate
directly through an energy barrier due to their wave nature. This effect is particularly observed with
nanoscale materials. In a FET the tunnelling is modulated through the gate, and in a diode, the
tunnelling is modulated through the bias across the channel. In FETs or diodes, band-to-band
tunnelling can be from the metal to the semiconductor conduction band often resulting in high
leakage current. Similarly to the Schottky barrier for the p-type channel in forward bias (illustrated
Figure d) 1.19) the potential barrier narrows increasing the possibility of tunnelling from the metal
to the semiconductor conduction band. Electron tunnelling is a possible explanation for high
current response at low forward bias. Tunnelling is also possible from the valence band of the
semiconductor to the metal in reverse bias where the potential barrier is high enough with the space
charge region still extending on a small distance at the interface M-S. The energy distribution of the
carriers is influenced by the temperature as well as the doping of the material and so can generate
tunnelling [118].
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Surface Roughness Scattering (SRS)

It was explained in the previous sections that FETs and diode fabrication were the keys to
understanding transport mechanisms and electrical features. An applied voltage allows probing
NWs carriers’ transport giving information later interpreted. Contacts between NWs and electrodes
or structure and morphology of the NWs or even chemical interactions can lead to different transport
and conduction mechanism. The transport mechanism within NWs and devices is very different
from thin films and bulk as carriers travel mostly along the long axis and their mobility is also
determined by scattering. Within NWs, carriers not only scatter with other carriers and atoms but
also from impurities decreasing the mean free path (ballistic transport). It is clear that NWs’
electrical properties are most of all ruled by their sensitivity to their environment and interaction
with other materials. Tt was also explained that NWs’ electrical properties can be influenced by
their morphology and physical strain in the case of piezoelectric material. Depending on the
synthesis parameters like for heterostructured NWs, NWs surface can present different morphology
from rough to corrugated, smooth and even star shape. Surface roughness (SR) can be obtained
during synthesis with variations in temperature or nanoclusters' chemistry and stability [119]. It is
also possible to use post-growth techniques to shape NWs and their surface, mostly done via etching
[120].

Surface roughness act as elastic scattering (no loss of energy) of charge carriers and is
associated with potentials that displace the charge density and can increase scattering, this scattering
of charges is called Surface Roughness Scattering (SRS). SRS has been shown to increase optical
efficiency by 17 % for NWs-based solar cells compared to smoothed NWs surfaces [121]. SRS
produces light scattering between the surface walls increasing light absorption. Star shape surface
NWs have also featured multiple light scattering between NWs placed in arrays increasing resulting
light absorption and solar cells performances [122]. In Si NWs, SRS has also reduced the density of
states (below the Fermi level) resulting in an increase in the threshold voltage [123]. However, as a
consequence, the downside of SRS is that it also decreases electron mobility with increasing
roughness and as a consequence could potentially decrease NWs sensitivity despite an increasing
surface-to-volume ratio [124]. A greater roughness will increase the scattering effect and deteriorate
electronic properties as roughness enters deeper into NWs. Hence, SRS induces local changes in
electronic band structure that become less effective as the NWs have a bigger diameter, letting more
volume for the carriers and decreasing in turn carriers scattering by SRS. The majority of the work
on SRS properties has been obtained using simulations and only a few experimental reports are
estimating the effect of SRS on electrical properties. SR, morphology and size of NWs are crucial

parameters of electronic properties that are important for future applications of NWs-based devices.
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Space Charge Limited Current (SCLC) mechanism

Electron space charge is a characteristic commonly observed in dielectric or in insulator materials
and Schottky contact devices. It is particularly sensitive to the presence of electronic state level
and carriers trap often due to defects like surface oxide, interface, lattice defect, impurities, etc.
[125]. Those defects are the source of intermediary states level with traps (shallow and deep traps)
or without trap levels in the band gap [126]. In a NW-based device, when the applied voltage is
increased the injection level follows specific regimes within the channels; i) first ohmic conduction
then ii) shallow traps SCLC regime, iii) trap-filled limited conduction and finally iv) trap-free
SCLC. At low voltage applied to the device, the conduction mechanism is ohmic i), in that regime,
the intrinsic electrons are in higher concentration than injected ones and the Ohm’s law is valid. In
SCLC regimes, the injected charge carriers dominate the current that displays a quadratic response
I(V?) as illustrated by the blue curves in Figure 1.22. For such a regime, the current response
depends on the mobility (in contrast to ohmic conduction) and not on the charge carrier density
anymore which is why mobility can be obtained based on a simple 1(\VV) measurement. ii) SCLC is a
conduction mechanism that can be of two types; either trap-free (trap-free state level) SCLC or with
traps of the extended states (shallow and deep traps) with trapping and possible de-trapping events

in NWs. Figure 1.23 shows a schematic of the state level with shallow and deep traps.
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Figure 1.22:Current—voltage behaviour of NWs with SCLC.
Extracted from [126].
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iii) Shallow traps have a small energy difference from valence and conduction bands and so
those traps can be overcome by thermal energy or high voltage. By voltage energy, they appear
as SCLC in I(V)s. Deep traps are generally in the middle of the band gap with energy levels well
separated from the bands. They are not easily filled and are likely to promote recombination under
thermal excitation. For a trap-free regime iv), the SCLC is governed by the V2 relationship first
derived by Mott [127]. The trap-free regime does not always necessarily imply that the material is
trap-free but is also valid for iii) trap-filled states. The injected current density in the SCLC regime
is then given by the Mott-Gurney law shown in equation 1.14 [128].

9 V2

J = égongNWs L37

(1.14)

Where & is the relative permittivity and | is the electron mobility. It has been well
demonstrated that for SCLC indicating 1(V*) a >2 state level or shallow traps were distributed in
energy between conduction and valence band as illustrated in Figure 1.22 [126], [129].
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Figure 1.23: Semiconductor (p-type) band diagram with defect state levels shallow and/or deep
traps.

At low voltage and in the traps filled SCLC regime, current response results from injected free
electrons that gradually fill the traps (shallow traps below Fermi level) until other empty traps are
limiting the ensuing increase of current. This is often observed in low intrinsic doping materials
[130]. As the voltage is increased, as well as the injection level, injected free electrons now overtake
injected trapped electrons (filled traps) and a quadratic dependence is again observed. In the case
where deep-level traps are in the band gap (usually around the Fermi level) it is possible to have

again 1(V*) a >2 at high applied voltage [131].
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So far in the literature, there is no relation for the full range of the applied voltage for all the
kinds of energy level traps. As SCLC is sensitive to defect-trapping carriers it is often used to

highlight the energy distribution of defect states and density.

Hopping transport

The hopping transport mechanism arises from disordered systems where the bandgap of the
semiconductor channel presents intermediate defect state levels and shallow or deep traps. The
hopping conduction can be at the nearest neighbour state (nearest neighbour hopping (NNH)) or
variable range state (variable range hopping (VRH)) [132].

« In the NNH conduction, electrons with enough energy from high-temperature input (T~ 580
K for example [133]), can hop to the nearest empty site. The conductivity equations
following the hopping event at a temperature T are well described in the reference [134].

e In the case of VRH, electrons rather hop to a site using minimal energy and occur at a
lower temperature than for NNH (wide range of 10 K< T< 120 K [135]). VRH is the
most studied mechanism of hopping conduction and was first shown by Mott who described

the conductivity at a certain temperature T as follows;

1

0 X exp (_TT*)E (1.15)
and,
« _ 2.8e?
T = B (1.16)

with « dielectric constant, o energy of the original hopping site and Kg is the Boltzmann constant [136].
The SCLC conduction regime explained in the section above is similar to hopping transport.
The difference is that hopping conduction from one state to another arises thanks to temperature-
dependent energy input while SCLC is dependent on charge injection. A schematic illustration of

the hopping conduction mechanism is shown in the following Figure 1.24.

Figure 1.24: Schematic illustration of a) NNH mechanism and b) VRH mechanism. Kg is
Boltzmann’s constant and T is temperature.
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1.11 Bio-Sensor devices and previous work

Sensor devices, either bulk, thin films or nanowires are associated with relevant chemical or

physical interactions to be transduced as signals. Four main types of bio-transducers can be found,;

e Chemiresistive (also called capacitive transducers) are common for the detection of gases
where the sensing element or targeted molecule transfer charges to the channel. For instance,
upon absorption, NHs; or alcohols like methanol and ethanol (that are acceptors) oxide the
semiconductor channel. Upon oxidation, MoS; or p-type carbon-based materials undergo a
decrease of the hole concentration which increases resistivity and reduces transduced signal.
Conversely, NO; gas by injection of holes increases p-doping and conductivity [137].

e Optical transducers are the most common in nanosensing technology where optical waves

changing (UV to IR) are measured after interacting with the sensing material. Changes like
polarisation, frequency, phase and intensity are used in spectroscopy to characterise analytes
[138].

e In _Electrochemical or Amperometric transducers, chemical species affect the carriers'

concentration. In those sensors, often in liquids, a constant potential is applied and any

charge transfer with the measurands marks a change in current [139].

» Solid state or FET transducers are mostly made of metal, semiconductor or isolating junction
materials and are based on electric field modification in the presence of the detected
targets. Electric field modifications are monitored by means of impedance, capacitance,
current properties and other electrical properties (carrier concentration, resistance, barriers,
etc.). Semiconductor devices (transistors or diodes) are sensitive to changes in their
environment and external stimuli where any changes in the electric field or the number of
holes and electrons can be measured. As shown in a previous example negatively charged
DNA that binds to a receptor on an n-type NW will increase the resistivity of the channel
[140].

This type of bio-transducer is the main topic of this thesis and has resulted in published material [2].
For biosensors, semiconductor-based devices on protein functionalisation is the research trend for
the last ten years [141].
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Those devices rely on solid states and FET transduction. The semiconductor has the role of reliable,
fast signal acquisition and transmission while proteins enable specificity, sensitivity and a wide
genetic field of detection. The covalent attachment of receptors on semiconductors provides
docking sites for the specific binding of the targeted molecules. For the group HI-1V
semiconductors, three main routes for surface functionalisation are well reviewed in reference
[142]. Although cycloaddition is the most investigated route it requires specific conditions like ultra-
high vacuum [143]. Besides, surface oxides, impurities and structural defects have a negative
impact on the attachment of receptors by cycloaddition which does not suit with NWs surface. The
most adapted functionalisation route for possible manufacturing of NWs biosensors is silanisation
by 3-aminopropyl-triethoxysilane (APTES) widely used with oxides, quartz and Si/SiO, biosensor
devices [144]. Often, pre-oxidation by H.0- is necessary to obtain O~ or OH-terminated surface to
react with the APTES, in the case of Ge the natural oxide layer of Ge acts already as a suitable
surface. Most studies have shown that a stable layer of APTES on semiconductors can provide
protective surface passivation without electronic drawbacks for up to several weeks in ambient
conditions [145]. Only a few experiments have been done on Ge and polytypes semiconductors like
SiC or SiGe although Ge has been shortly studied, it has never been functionalised with APTES
[146]. Being of similar sizes, NWs with atomic or molecular contact on their surface can lead to
accumulation or depletion of carriers that are measurable via NWs device fabrication and
measurements. Like in this thesis, the working principle of semiconductor NWSs sensor devices is

via field effect electrical transduction.

Si NWs and carbon nanotubes have been used for sensing devices due to their known sensing
properties and simultaneously as conduction channels within the device [141]. NWSs being sensitive
to their environment, electrical transport is mostly depending on the nature of the NWs and their
surface. Detection for biosensing technology is mostly achieved by using labels attached to the
DNA targets like redox indicators, isotopic and fluorophores that are only later detected by
corresponding equipment (radioisotope, fluorescent probe, chemiluminescent probes, etc.) [3].
Those labels require expensive measurement techniques and label attachment is time-consuming. In
2001, Lieber’s group demonstrated for the first time the idea of functionalisation on Si NWs using
diverse classes of targets/receptors with selective detection of proteins, ions, nucleic acids and
viruses [147].

From that Si NWs and other semiconductors have been a platform for NWs implementation and
functionalisation for sensing devices. Later, biosensing using NWs-based devices has been shown
to be applicable for the characterisation of a large range of molecules with fast response and

working as label-free detectors [147].
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As mentioned most of the sensor devices found in the literature have been using top-down and
other better-known bottom-up approaches and the DEP technique has been only scarcely used
because of the lack of knowledge. Silicon NWs have been used for the detection of a couple of
times via bottom-up integration for biosensing technology, where mostly p-type NWs of 20 to 60
nm of diameter were functionalised for antigen and virus detection with LoD ranging from 7 nM to
0.5 fM [148].

Using DEP with Si NWs, research groups used a simple set-up to align single or arrays of NWs
between electrodes and highlight a robust nanomanufacturing process [60], [149]. Only gold NWs
have been reported for their manipulation via DEP followed by biofunctionalization [150]. The
research team of Kumar et al. [151] functionalised gold NWs post-alignment using biotin-
streptavidin for the detection of two types of cortisol with a detection range of 10—-80 uM and 5 —
30 pM. Those devices used a microfluidic channel pattern on the top of the electrode and

showed great potential for manufacturing.

1.12 Previous work on germanium nanowires

Germanium is slowly getting more interest has its properties have the potential for enhanced
functionalities compared to Si. As known Ge has higher intrinsic carrier concentration and mobility
promising a faster response than Si. Table 1 shows a couple of material properties as well as the
Bohr exciton radius larger in Ge enabling more control over the bandgap and possible quantum
effect. Hence, at the nanoscale, Ge NWs have been recognised for optoelectronic and field effect
transistors [152]. For instance, it was found that at room temperature, the Schottky barrier is less
important for Ge NWs than observed with bulk Ge [153] but also compared to planar Si and NW
devices' performance [154]. Most results obtained from FET Ge NWs feature current responses
from nano to micro amp highlighting Ge NWs as an ideal candidate for nanoscale technology with
some patents that already demonstrated its interest in sensing elements in detection devices [155].

For implementation, NWs have to be crystalline with a minimum of defects (to avoid state level
and recombination) for optimised conductivity and the response of the device. Currently, the little
research on Ge NWs for sensing is due to a lack of control and understanding of the interface
oxide layer. Wang et al. [156] studied p-type Ge NW (boron doped and passivated by chemical
etching) devices contacted with palladium.

They obtained carrier mobility of ~600 cm?v1s™L. In other studies, passivation of Ge

with Si coating and alloy has shown unchanged carrier mobility [157].
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Ge natural oxide layer can indeed be a source of surface traps that reduces mobility, however for
intrinsic Ge NWs (with [111] ideal crystal orientation [158]) with a natural oxide layer, a mean
carrier mobility of 3000 - 12000 cm?V 1571 has been reported, the latter hasn’t been reached by Si
NWs performance [159]. In fact, more studies have demonstrated that surface oxide may be the
origin of high conductivity [160]. Similarly to Ge coated with Si [161], the work of Hanrath et al.
[162] on Ge grown using Au gold catalyst/seeds presented that Ge NWSs conductivity was due to
trapped surface charge rather than the presence of Au from the Au seeds. The location of electron
traps energy level from surface or core defects has been determined to be located at ~ 0.15 eV close
to the valence gap and below the Fermi level (0.72 eV) in the work presented references [163, 164].
Now, a couple of research groups have already functionalised Ge NWs without using chemical
etchant or treatment for passivation before functionalisation and found that biofunctionalisation
layers on intrinsic Ge NWs provided better stability than untreated bulk Ge [165].

Functionalised with isoprene Ge NWs have even shown improved carrier mobility compared to
non-functionalised NWs [166]. Using a suitable biofunctionalisation route it is possible to
functionalised and simultaneously protect and passivate Ge NWs from oxidation and degradation as
the organic monolayer is attached at the surface [165]. Most of the studies found on semiconductor
NWs and Ge NWs manipulated by DEP feature pure NWs characterisation with a superficial usage
of the DEP properties [167, 168]. Afterwards, the NWs are probed to investigate their
microstructure and response to diverse stimulation and rarely DEP involvements are questioned.

As a sensor, Ge NWs have been mostly exploited for their optical advantages thanks to the
properties already mentioned. Most of the time, their implementation is made directly through a
transparent polymer membrane within which they are grown from. The advantage of the
supercritical-fluid-inclusion technique is the combination of growing NWs directly in a
transparent matrix forming the final channel ideal for optical technology. Moreover, this technique
has demonstrated NWs of similar electrical quality when characterised individually [169]. This is
where DEP is an important asset; for biosensing, this technique is not adapted as the NWs are
enclosed in a polymer keeping them from chemical interaction with the environment and hindering
surface functionalisation. While DEP has demonstrated unprecedented selection properties and
alignment characteristics without direct contact and damage to the crystal structure, manipulation
of Ge NWs has never been thoroughly studied. In order to achieve good alignment control and
optimum selection of NWs, DEP parameters have to be analysed in depth offering the opportunity

to manipulate a large range of Ge NWs to be embedded in a wide variety of device sensors.
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1.13 Previous work on GaAs and GaAsBi

GaAs is well known for its piezoelectric properties, which is why it has been used for resonant
sensors and actuators [170]. Hence, GaAs has been used for piezotronic and pressure sensors as
potential crystal quartz microbalance [4]. Moreover, because of its high electron mobility (as seen
in Table 1) GaAs has been investigated for its fast response features in high-speed transistor and
integration in optoelectronic devices in the visible and UV range, especially in photovoltaic
application coupled with its thermal resistivity due to its wide band gap [171]. GaAs with Ge are at
the centre of interest as a replacement for Si because of their properties already mentioned.

GaAs NWs have been synthesised in high quality either by MBE or by MOCVD using
GaAs or Au catalysts/seeds [172]. Like Ge, because of the intrinsic instability of GaAs oxide layer
in an aqueous environment, functionalisation studies have been limited. Nevertheless, a couple of
alternative solutions have been found using protective layers compatible with further
functionalisation [173, 174]. At the nanoscale, GaAs NWs have mainly been used for their
optoelectronic properties. Effective photoresponse has been achieved in a vertical array of GaAs
NWs that provides increased photoactive area and photoconductive response [175]. NWSs in
photosensors and optoelectronics have improved photocurrent due to enhanced light absorption,
conversion efficiencies and lower cost compared to thin films [176, 177].

Li et al. [178] studied the photoresponse of a single GaAs NW synthesised by MBE and
implemented by EBL for electrical contact. They observed for a NW of 15 um long and
diameter of 160 nm a sensitive peak response at 1.40 eV compared to a conventional peak
response at 1.42 eV from the GaAs band-gap. In thin films, the most sensitive peak is also
found at 1.42 eV [179]. Using DEP, the integration of GaAs NWs has been particularly
investigated by the group of Nunez et al. [91], [180]. The studies principally demonstrated ideal
collection rate parameters. By chemical beam epitaxy they obtained GaAs NWs of 5 um long
and 50 nm in diameter with hexagonal morphology. They showed that using DEP, the ideal
collection rate is dictated by an AC voltage of 5.66 V applied between the electrodes with a
frequency of 100 kHz in ethanol. DEP studies, in the vast majority of the literature lack analysis of
the influence of parameters on the quality of the collected NWs and electrical properties. Instead,
DEP is widely used as a quantitative tool rather than a qualitative one. This work hopes to fill
the gaps of information about the influence of frequency collection on the properties of the NWs to

improve implementation for future technology using DEP.
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One essential interest of GaAs relies on its compatibility for ternary to quaternary compound
mixing. Indeed, GaAs has been synthesised as numerous alloys such as SbhGaAs [181], InGaAs
[182], AlGaAs [183], GaAsBi [184, 185] and often with a surface layer of different chemistry [186,
187]. As a function of the Bi % content, GaAsBi alloy has shown encouraging results in the field
of electronic [188] and photovoltaic [189]. Bulk GaAsBi has been successfully grown by
MOVPE, MBE and Liquid Phase Epitaxy (LPE) [190, 191]. Most of all, research has mainly
been pointing towards MBE growth because of its flexibility and the possibility to reach stable high
content of Bi [192]. The growth of GaAsBi NWs is very scarce with only a couple of publications
[193, 194, 195]. The team of Ishikawa et al. [193] synthesised GaAs NWs with a GaAsBi shell (%Bi
0.5-2 %) by MBE.

-~

Figure 1.25: SEM images of GaAs/GaAsBi NWs obtained by MBE by Ishikawa et al..
Extracted from [193].

They showed NWs morphological features close to the NWs investigated in that study. Their
NWs had strong surface roughness morphology and an inhomogeneous distribution of Bi revealed
by EDX. SEM images of the obtained NWs have been put in the following Figure 1.25. It was
demonstrated that small incorporation of Bi content of less than a few per cent can shrink the bad
gap with the valence band moving towards a higher energy range and the conduction band moving
towards a lower energy range [196]. Hence, the possibility of absorbed or emitted photons
wavelength can be increased with the potential for increased sensitivity and high-speed
photoresponse that are leading features for photosensing. The introduction of Bi in the GaAs host
creates perturbation in the band structure.
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The valence orbitals of Ga, As and Bi suggest that their core orbitals and electrons are
unchanged during the formation of bonds GaAs with Bi. GaAs valence band and Bi atomic
orbitals follow a resonance theory resulting in the GaAs valence band energy rising with Bi
incorporation [197]. A decrease of band gap by a rate of 83 meV/ Bi % has been demonstrated
[188], which is much larger than for incorporation of In with 10 meV/ In % in InGaAs [198]
and Sb with 16 meV/ Sb % in SbGaAs [196], and N with 150 meV/ N % in NGaAs [199].
However, if the incorporation of N in GaAs decreases the band gap, it also leads to a deterioration
of electron mobility [200]. The incorporation of Bi in GaAs offers interesting band gap engineering
with possibilities of improving hole mobility [201]. There have been several DEP studies with the
objective of device fabrication for future sensors and nanotechnology analysing how NWs
chemical nature and structure can be used to increase their performances. However, although
valuable progress has been made in the field and DEP has been recognised as a leading tool for
precisely aligning NWs forming a nanodevice, in-depth DEP research towards improvement of the
quality of the aligned NWs and the impact of these key parameters is lacking.

The research carried out in this thesis aims to address this issue by demonstrating control and
key transport parameters of germanium and gallium arsenide bismuth, as well as analysing the use of

the resulting NWs as diodes and biosensors.

In the next parts of the thesis, the key objectives are therefore the following;

o To explore the key steps involved in the fabrication process, including nanowire
synthesis, device design for dielectrophoretic manipulation, and characterisation,
emphasising their significance in achieving high-performance sensor devices.

e Discuss dielectrophoresis as a fabrication technique for precise positioning and
alignment of nanowires onto target substrates, enabling the realisation of functional
sensor devices.

e To explore electrical, biological and optical properties of the fabricated sensor devices,
ensuring their quality and performance

e To highlight the importance of germanium and GaAsBi nanowires as promising
materials for sensor devices, considering their unique electrical, optical, and
mechanical properties

e To summarise the key findings and insights obtained from the discussed techniques and
equipment, and to identify future prospects and challenges in the field of sensor devices

fabricated using germanium and GaAsBi nanowires via dielectrophoresis.
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Chapter 2
Fabrication and characterisation

Introduction

In order to investigate nanowires’ manipulation, implementation in sensor devices and electrical
properties, accurate measurements of the nanowires morphology, placement and electrical response are essential.
The following Chapter 2 discuss the key steps involved in the fabrication process, including nanowire
synthesis, first elements of device design, biofunctionalisation and characterisation methods. Additionally, the
chapter will highlight the importance of specific equipment and instrumentation employed at each stage, providing
insights into their functionalities and capabilities.

2.1 Germanium nanowires growth by Metalorganic Vapour-Phase
Epitaxy

Amongst the growing techniques involved with the VLS mechanism, Metalorganic Vapour Phase
Epitaxy (MOVPE) (also named Metal Organic Chemical Vapour Deposition (MOCVD)) is largely
commercialised for semiconductor epitaxially grown. From blue laser or light emitting diodes to
high-speed solar cells, the production of a wide range of semiconductors and its versatility make
MOVPE a leading technique for semiconductor optoelectronic and electronic devices. The term
"metalorganic" stands for the nature of the precursor gas and "vapour phase epitaxy" for the low-
defect-density and lattice-matched epitaxy with the substrate. MOVPE allows control and high-
quality material synthesis from semiconductor thin films to heterostructure and nanowires. That is
why in collaboration with the IMEM-CNR: Institute of Material for Electronic and Magnet which is
part of the Italian National Research Council in Parma (Italy) the studied Germanium nanowires in
this thesis were grown at the IMEM by MOVPE [202]. As similarly described previously and
following the VLS mechanism; in the hot wall MOVPE system, a single liquid metal organic
precursor, isobutyl germane (iBuGe), is mixed with a pure gas carrier (500 sccm palladium
purified Hy).
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In the case of Ge growth NWs, Ge-hydride (GeH.) is generally used as a precursor. However here,
due to its higher toxicity, iBuGe is used instead as it is safer and has shown conclusive success [44],
[203]. In the growth chamber, the iBuGe precursor was kept at a constant temperature of 10 'C
within a thermostatic bath [44]. Gold nanoclusters were used as seeds (from a gold-nanoparticles-
based solution) which allow control over the diameters of the NWs. The Au nanoclusters were
drop-casted on a Si(111) substrate and placed in the chamber.

substrate

\oooooooo
H, + iBuGe —

TN\

RF coll Exhaust

Figure 2.1: Schematic representing the MOVPE main chamber.

MOVPE occurs either at low (commonly 100 mbar) or high pressure. The vaporised precursor is
transported in the main chamber that is heated at 430 "'C (for the Ge NWSs) towards the substrate
followed by nucleation mechanism and growth, and the remaining reagents evaporate from the
system. The NWs were grown over a period of 1 hour at a pressure of 100 mbar and using iBuGe
as a precursor [202]. The length of the NWs can be modulated by the growth time. The process
explanation has been simplified and is more complicated than stated as a number of reactions take
part in the growth during gas phases and surface processes. More details are well presented in
references [44] and [202].

2.2 GaAsBi growth by Molecular Beam Epitaxy

Curiously, bulk GaAsBi was one of the first materials to be synthesised by MOVPE [204]. While
most elements of the I11-V group (Al, Ga, As, Sb, Bi, In..) have been well established for their
growth via MBE, GaAsBi has mostly been reported for its growth via MOVPE [204, 205] and MBE
[206]. With the successful work of Tixier et al. [207] investigation of GaAsBi growth by MBE
has seen increasing interest because of the possibility to push Bi content up to 20 % unachievable
by MOVPE [208].



53 Chapter 2. Fabrication and characterisation

MBE, similar to VLS and MOVPE techniques of crystal growth is also a successive atomic layer
deposition, based on reactions of source element in contact with a heated crystalline substrate.
MBE is however performed in ultra-high-vacuum (UHV) (typically 107 Torr by MOVPE VS 1011
Torr by MBE). UHV conditions avoid contamination and the main reactions involve an atomic or
molecular beam which gives this technique advantage of purity. MBE process is a strong asset
compared to MOVPE.

Reflection High-Energy Electron Diffraction (RHEED) is a setup technique implemented to
MBE that allows real-time in-situ measurement and control of growth and composition
(stoichiometry, epitaxy, temperature) [208]. Such purity and monitoring have led to promising
band-gap engineering [208]. MBE growth also revealed its enormous potential with the discovery
of the quantum Hall effect at the origin of the 1998 Nobel Price in Physics [209]. To the best of our
knowledge, GaAsBi NWs have been only scarcely explored by a couple of groups’ work resulting
in publications [193, 194, 195]. Two of them present either multi-shell GaAs/GaAsBi shell NWs by
MBE, or GaAsBi NWs by MOVPE while the other introduces the first principal simulation on
electrical and optical properties, GaAsBi NWs have never been synthesised by MBE before. As
mentioned and as represented in the following Figure 2.2 within a UHV chamber, epitaxy growth
occurs between one or more beams (K-cells) of atoms or molecules thermally evaporated from

sources passing through the cells orifices towards the heated crystalline substrate (controlled

Magnetic
manipulator

temperatures).
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Figure 2.2: Schematic representing an MBE chamber.
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In the deposition chamber, the most important part of the MBE system, a substrate is placed to
host the NWs growth. Atoms from the beam, As, Bi and Ga are generated by the beams
generator K-cell as illustrated in Figure 2.2. The beams of atoms hit the heated substrate surface
and nanoclusters are evaporated or sublimed allowing chemical interaction. The growth mechanism
is a formation of a thin crystal layer after layer. Although the details of the growth mechanisms are
not well known a series of models have been proposed for GaAsBi thin film [191]. Beams atoms
flux rate and substrate temperature are critical and have to be precisely controlled. Usually, for Bi
incorporation, As:Ga flux is stoichiometric and the substrate temperature is heated below 400 ° C
[210]. To grow NWSs, nanoclusters of GaAs are used from (a colloidal solution) and deposited on

the substrate. More details on the growth haven’t been shared by the research team.

2.3 Electrodes fabrication

To fabricate the electrodes, a layer of 5 nm of chromium (Cr) followed by 50 nm of gold
(Au) was deposited by metal thermal evaporation on corning glass. All electrodes have been
designed using KLayout Software and later printed on a chromium mask to perform
photolithography. Photolithography was used to define the electrode geometry via the designed
electrode, undeveloped resist was then removed before the samples were placed in Au and Cr
etchant to take out the unwanted metal. The photoresist on the samples was subsequently washed

out by immersing them in acetone.

Thermal evaporation

A Moorfield minilab 60 thermal evaporator was used to deposit the metal layers. The equipment is
located within the facilities of the Department of Electrical Engineering and Electronics of the
University of Liverpool and all the metal depositions originate from the author’s interaction with

the equipment.

All chemicals and metals used in this part were obtained from Merck and used as received
unless otherwise stated. A first layer of Cr followed by a layer of Au was deposited. The principle
of deposition relies on the heating of the solid source material (Au of Cr) that vaporises in a vacuum
chamber and is transported to the clean substrate where the metal particles condensate to form a thin
film. In the Moorfield minilab 60, the target substrate is fixed on a rotating plate above the metal

source for an upward deposition.
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A shutter between the metal vapour and the target substrate allows protection against unwanted
particles and can intercept the vapour to control the deposition rate. The pressure, usually kept
under 10% mbar minimises collision between gas and metal vapour particles. Moreover, such
pressure creates a mean free path for the vapour particles to reach the above target substrate.
On the substrate surface, the particles form a nucleus and generate growing islands until a film is
formed. The uniformity of the film is achieved by the rotating plate. Both metal layers of Cr
followed by Au are deposited after the other without breaking the vacuum avoiding contamination
in layers. The final glass substrate with the metal layers is simplified in the following Figure 2.3 b).

Vacuum chamber b)

\ Rotatingplate

Source material
in resistive
heating filament

;Jll_J

Vacuum pump

e
<«
Shutter — 1 .\.\ Substrate
Au 50 nm
——l Vapour Cr 5nm
—

Figure 2.3: Schematic of a) Thermal evaporation and b) resulting deposited layers of Cr and Au on
a glass substrate.

Photolithography

The technic of photolithography for micro-fabrication is widely spread in the electronic industry
and research. It is based on a pre-designed pattern mask transferred onto a photo-sensitive polymer
deposited on the top metal layer. The schematic Figure 2.4 is the step-by-step process for
photolithography. Once the metal layers have been deposited onto the glass substrate, the surface is
covered by a layer of cordovan photosensitive polymer (MICROPOSIT S1813 reacting to UV light
illustrated Figure 2.4 a) 1)) using spin coating. The mask pattern is placed on the cordovan
photoresist (a) (2)) and UV light is shone on the top (a) (3)).
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The UV light that comes through the mask reacts with the exposed part of the photosensitive
polymer b) (1). The photoresist is then baked in order to harden the unexposed part and sensitise
further the exposed part. The exposed parts are thus easily removed by chemical reaction using a
photo-developer. In this example, the positive photoresist is removed by the developer that reacts
with the exposed part while a negative photoresist is removed by the developer that reacts with the
unexposed part. As a result, the left photoresist layer has the pattern of the future electrodes (as

seen in c)).

@l LTI b

Au 50 nm Au 50 nm
Cr 5nm Cr snm

c) d)
"N -—H W W -R
Au 50 nm

Au 50 nm
Cr 5nm Cr 5nm
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Au 50 nm
Cr 5nm

Figure 2.4: Schematic of the fabrication of the device electrodes by photolithography and
etching. Not to scale.

To form the final metal electrodes, chemical etchants that do not react with the photoresist are
used to remove the parts unprotected by the polymer. Specific Au etchant followed by Cr etchant
removes the layer of unwanted metal (see d)) [211]. Finally, the remaining photoresist is washed away
using acetone and the samples are dried using N gun step e).
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2.4 Bio-functionalisation of the nanowires

The NWs in this work are being studied as potential sensor channels for biotechnology. The Ge
NWs are thus functionalised using the silanisation method described below and also detailed in
reference [212]. The devices were immersed in an ethanol solution containing 3% of (v/v) 3-
aminopropyl-triethoxysilane ((APTES) chemical molecule represented in appendix Figure A.4.1) at
80 °C. After 2 hours the samples were removed from the solution and washed four times with
ethanol to remove any excess material. This step was completed by drying the samples under
nitrogen and a curing step of 1 hour at 110 °C. The Si—OH groups of the silane react with the OH
and O~ dangling groups of the oxide surface [213]. This leads to the formation of a stable bond
on the surface. The surface at this point is terminated with an amine group (NH—2) that can be used
for further functionalisation as pictured in the schematic Figure 2.5 b).

The samples were then immersed in an aqueous solution containing 2% of (v/v) glutaraldehyde
at room temperature (25 + 2 °C) for 1 hour. The glutaraldehyde (GA) acts as a linker that binds
with the amine-terminated silane and provides an aldehyde binding group for the amine-terminated
aptamer sequence. After rinsing, the samples were dried under N,. The functionalised devices were
subsequently immersed in a solution containing amine-terminated aptamers (200 pL, 100 nM),
Eurogentec, Belgium. The devices and aptamer solution were incubated at 37 °C for 2 hours and
then rinsed with 1x Phosphate-Buffered Saline (PBS) and deionised water to remove the excess
aptamers and subsequently dried under N, resulting in the device shown in Figure 2.5 d). That
aptamer was previously reported to bind to the spike protein of the SARS-CoV2 virus [214]. The

specific sequence is

5’CAGCACCGACCTTGTGCTTTGGGAGTGCTGGTCCAAGGGCGTTAATGGACA-3’
with an amine group attached to the 5” end. There is a possibility that not all aldehyde groups (R-
CH=0) provided by the GA will have bound to an aptamer and as such, they would provide sites
that potentially can bind non-specifically to any amine group present in the proteins. To prevent
this, following the aptamer functionalisation, the samples were immersed in a PBS solution
containing 80 mM of glycine for 1 hour at room temperature. They were subsequently rinsed in PBS
and dried in an N, atmosphere to remove excess material as well as any water, Figure 2.5 €)
provides a schematic overview of the functionalisation steps and final device in the presence of the

spike protein reacting with the attached aptamer.
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Figure 2.5: Schematic of the functionalisation steps a) bare device, b) device after silanisation
terminated with an amine group NH,, c) device after Glutaraldehyde treatment acting as a linker
between amine of b) and aptamer, d) final functionalised device with attached aptamer,

e) functionalised device in the presence of spike protein.

2.5 Characterisation and analysis tools

In order to characterise the NWs and the resulting final devices through their journey starting from
synthesis, DEP manipulation and finishing by functionalisation and biosensor fabrication or
photodetector properties analyses, accurate measurement techniques are employed. Chemical
nature, physical shapes, orientation in space, electrical properties and surface are analysed thanks to
specific pieces of equipment that have been used throughout this study and are explained in this

section.

2.5.1 Electron Microscopy
Scanning Electron Microscopy (SEM)

In this work Scanning Electron Microscopy (SEM) images and analysis were obtained using a
JEOL 7001F from the Albert Crewe microscopy Department of the University of Liverpool where

most of the obtained images are from the author’s interactions with the equipment.
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A SEM is composed from top to bottom of an electron gun, a system of electromagnetic
condenser lenses, scanning coils, an objective aperture lens, two detectors and the sample on stage
in a vacuum chamber. Figure 2.6 (right) shows details of the SEM equipment. The electron
microscope is a powerful technic to analyse the morphology, atomic structure and chemical nature
of small elements from micro to nanoscale.

Traditional optical microscopes use light while SEM uses electrons to form an image allowing
higher magnification and structural depth. This technique can probe chemical species by Electron
Dispersive X-Ray Spectroscopy (EDS or EDX) also used with Transmitted Electron Microscopy
(TEM). From the source, electrons are generated by a heated tungsten filament and beamed through
the gun. A voltage is used to improve the electrons’ Kinetic energy enough to hit the sample and
interact with the matter. In the case of SEM there will be two different types of interaction
with the matter, resulting in the detection of Backscattered Electrons (BSE) and Secondary
Electrons (SE). Many other energetic interactions occur like  X-ray emission or
cathodoluminescence [215]. It is the choice of the user which signals to capture for adapted
analysis as each signal carries information.

BSE and SE detectors are respectively placed above the sample concentric with the beam and
placed at an angle.

o BSE have elastic interaction with the matter in the depth of the sample where electron
energy from the beam is conserved. They transfer momentum to the sample atomic
nucleus because of the mass difference. Large atoms (high atomic number) will result
in more electrons being scattered and able to reach the detector producing higher signals
and ensuing brighter images giving contrast. The BSE will provide information on the

sample’s chemical nature as well as the topography and crystallography.

o SE have inelastic interaction, they are electrons from the sample’s surface where electron
energy is lost compared to the initial electrons. Electrons from the source collide with
electrons from the sample’s atoms and come out with a loss of energy, a secondary
electron is emitted ionising the atom. Detection of SE gives information on the
topography of the sample’s surface up to 10 nm depth. It provides an image of the

surface, profile observation and morphology.

For SEM analysis samples can be of any thickness although they must have a conductive path
for the electrons to scatter and probe the matter. Hence for insulating material, surface treatments

are done to cover the sample using plasma deposition of chromium for example.
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Figure 2.6: Schematics of an optical microscope, Transmitted Electron Microscope and Scanning
Electron Microscope.

Transmitted Electron Microscopy (TEM)

In this work Transmitted Electron Microscopy (TEM) images were obtained from a JEOL 2100 Cs
Corrected STEM also available at the Albert Crewe Microscopy Department of the University of
Liverpool, most of the obtained images are from the author’s interactions with the equipment.

TEM follows a similar principle to SEM although with higher magnification and more advanced
options. For this technique, samples have to be thin enough (< 150 nm) so that, as the name
suggests, electrons from the gun are transmitted through. Compared to SEM the sample stage is
situated in the middle of the column and transmitted electrons go through objective, aperture,
intermediate and projector lenses finally diffraction pattern and image are converted on a fluorescent
screen or by a charge-coupled device camera (CCD) as illustrated Figure 2.6 in the middle
schematic. As electrons pass through they are transmitted in the same direction or diffracted and
they have either elastic or inelastic interaction with the sample. Further below in the machine after
the sample, the electrons pass through the objective lenses and form a diffraction pattern on the
focus plane of the objective lens system as well as an image on the image plane.

Electrons scatter in the sample (elastic scattering) or rather they diffract waves from one point

of the sample atomic structure.
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Focused by the objective lens that energy is converted and forms one spot on the focus plane
resulting in the diffraction pattern. The diffraction pattern is a good asset to investigate the
crystal nature of the sample. It gives information about the crystallinity of the sample. For a
monocrystalline area hit by a parallel or tilted beam, the diffraction pattern will show one single spot
for one single crystallographic plane.

By extension, this enables analysis of the interplane distances and symmetry. For a structure less
oriented or for polycrystalline areas the diffraction pattern will exhibit spots that appear more like
dashes and for an even less oriented structure like amorphous phases, it will appear with lines and
rings as the diffraction pattern translates more random structural orientation. Figure 2.7 shows an
example of diffraction patterns obtained from three different structures of Aluminium (Al) with a)

showing well organise and clear spots of crystallographic planes.

Figure 2.7: Diffraction pattern of different structures of Aluminium a) monocrystalline, b)
polycrystalline, and ¢) amorphous.
Extracted from [216].

Similarly to SEM, the transmitted beam is sensitive to the density and thickness of the sample
where thicker regions scatter more electrons appearing darker on the image and conversely for
thinner regions giving contrast to the image. The interest in using TEM is the possibility of
observing the same region of the sample and obtaining the diffraction pattern and the magnified
image. It is also very useful for analysing the chemical nature and defects in semiconductors. With
TEM a high resolution down to 0.04 nm has been achieved recently [217, 218] although
traditionally TEM resolution reaches 0.08 nm [216]. As explained TEM samples have to be very
thin (< 150 nm) and they sometimes need to be processed to be very flat which can be tedious
[215]. For surface morphology, 3D projection analysis by SEM is a better choice but for crystal

structure analysis as well as lattice defects and impurities TEM has to be used.
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Energy Dispersive X-Ray Spectroscopy analysis (EDX)

Energy Dispersive X-Ray Spectroscopy (EDX or EDS) is a widespread technique for chemical
investigation. Available within SEM and TEM equipment it gives qualitative and quantitative
information on the chemical nature of the selected area with the possibility to get a chemical map of
a few cubic micrometres. As mentioned when the sample is hit by the electron beam X-rays can
originate from the beam and matter interaction.

Those X-rays are detected using an energy-dispersive spectrometer [219]. The energy of the
detected X-ray is interpreted by a lithium drifted silicon detector and gives information on the
chemical composition. A very interesting and common tool used for sample analysis is chemical
mapping. As an example the following Figure 2.8 shows two different examples of individual
elemental mapping a) obtained from this work and combined chemical mapping b) obtained from
the work presented reference [220].

a)

As Kal

Bi Lal

2.5
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um
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Figure 2.8: Images obtained by Energy Dispersive X-ray Spectroscopy of a) GaAsBi NWs and
b) composite nanoparticles.
Extracted from [220].

2.5.2  Optical microscopy

In this work, the optical microscope images were obtained using an Olympus BX53 available at the
Material Innovation Factory (MIF) of the University of Liverpool. All images are from the author’s
interactions with the equipment.

Compared to SEM and TEM the optical microscope is rather used for quick analysis with low
magnification. The sample installation is extremely easy compared to SEM and TEM and does not
require any preparation. An optical microscope uses light instead of electrons and can
magnify =~ 2000 times.
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As shown in Figure 2.6 optical microscopy is simpler equipment with
a system of lenses and the image obtained is the "real" magnified image of the sample. The
Olympus BX53 was equipped with a Brace-Koehler compensator allowing the use of polarising light

and resolution up to 20 nm.

2.5.3 Raman Spectroscopy

In this study, the Raman spectroscope used for surface analysis was a Renishaw InVia Qontor
available at the MIF of the University of Liverpool. All results and analyses obtained were
performed by the author.

Raman spectroscopy is based on the inelastic scattering of light photons from their interaction
with matter. When a monochromatic light source shines on a material surface the majority of the
scattered light energy is elastic and is called Rayleigh scattering, another part (=~ 1 part in 10°) is
inelastic and called Raman scattering [221]. Rayleigh scattering, having no change of energy can
not be used. Raman scattering is composed of two subcategories of scattering called Stokes for loss
of energy and Antistokes for a gain of energy. Antistokes scattering is rarely used and the Renishaw
equipment only analyses Stokes scattering [222]. Inelastic Stokes scattering originates from the
exchange of photons with atomic bond vibration in the material. The Raman spectrum is obtained
from the detection of those Stokes scattered photons. The vibration of the atomic and molecular
bond by the incident photons implies polarisability and bond modifications. Vibration modes can be
symmetrical or asymmetrical, stretched and in-plane or out-of-plane bending (rotational, stretching,
scissoring, rocking, etc.) [223]. The resulting Raman spectrum can be composed of a multitude of
peaks translating one specific type of vibration from specific atoms and molecules giving
information on the sample molecular arrangement. From a rich database and vibrational tables,
spectrum vibrational peaks are assigned to corresponding atomic and molecular bonds [224]. The
Renishaw InVia is equipped with two wavelengths in the visible region at 532 nm and near IR in
the 785 nm regions. The spectrums obtained in this work were obtained from a laser source

wavelength of 532 nm.
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2.5.4 Contact angle, wettability

Contact angle measurements are performed using a KRUSS Drop Shape Analysis System
(DSA 10 MKk2) to measure the wettability angle of liquids. All collected results are from the
interaction of the author with the equipment available within the Electrical Engineer and Electronics
building. The drop shape analysis system allows measuring the contact angle from the image of the

drop and the surface tension of the support solid.

base line
shape line (substrate)

Figure 2.9: Drop fitted contour and determination of the angle & by drop shape analysis.
Extracted from KRUSS [225].

The wettability of a solid by a liquid is quantified by the contact angle. It is the angle formed by
a liquid at the three-phase boundary between air, liquid and solid surface. The following Figure

2.10 shows the different contact angles for two types of liquid on a surface.

Liquid dro;
. b) e
Liquid drop

air air

Support surface Support surface

© < 90" Good wetting © > 90" Poor wetting

Figure 2.10: Schematic of contact angle principle.
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In the case of a complete wetting like shown a) Figure 2.10 the liquid spreads over the
surface with a large area of covering and the contact angle is considered as < 90°. Above
> 90" angle the liquid is considered as not wettable and does not spread over a large area on

the surface.

2.5.5 Zeta potential

In this thesis zeta potential analysis was obtained from a Malvern DLS ZETASIZER ZS available
at the MIF of the University of Liverpool. All data obtained originated from the author’s interaction
with the equipment.

Zeta potential is experienced by any particle in suspension similar to a surface electrokinetic
potential. It is the external layer net charge (as shown Figure 2.11) that forms at the particles’
surface and the medium, it is the net charge of the particle surface in dissociation with the
surrounding medium. The following figure illustrate the surface Zeta potential of particles in

medium.
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Figure 2.11: Surface zeta potential of a particle in a medium.

That surface potential is about millivolts and influences the ionic distribution from the medium
by attracting counterions at the surface, especially for polar solvents like water. This forms most
of the time an Electrical Double Layer (EDL). The overall potential surface charge is measured by
means of electrophoresis (EP). Within a cuvette, with two facing electrodes, the zeta potential is

measured by applying a DC electric field between the electrodes.
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Laser Doppler is used to tracking the transport of the particles that moves toward the opposite
electrode with a velocity proportional to the zeta potential [226].

By comparing medium dielectric permittivity and viscosity the mobility of the charged particles
is converted to zeta potential.

2.5.6  Photocurrent Spectroscopy

Traditional photocurrent spectroscopy enables by means of wavelength light excitation to analyse
material morphology and properties like photocurrent of electrically contacted NWSs. Because of
the NWs dimensions, photocurrent can be influenced by quantum confinement in the case of
dimensions lower than the Bohr radius [227]. In that study, all the NWs have dimensions above the
Bohr radius limitation and so no quantum confinement effect should be expected. An incident beam
of photons with a larger energy hv than a semiconductor band gap will excite the electrons escaping
from the valence band to the conduction band. Hence, photocurrent gives information on the NWs
band structure [228]. Photocurrent spectroscopy measures the resulting current generated by photons
wavelength and bias voltage stimulation of a material, in this study case, semiconductor NWs
electrically contacted by DEP.

A laser light from a monochromator system (Horiba iHR320) modulated by an optical chopper

passes through a lens and focuses onto the NWs device. A voltage is applied to one electrode of the
device using a Stanford Research 570 ( ) low-noise current pre-amplifier. The amplifier
also allows the application of a bias voltage to the device and collects back the current response
from the other electrode to amplify it. Afterwards, the signal goes to a Stanford Research 850
(SR850) digital signal processing lock-in amplifier.
As working with nanoscale material sensitive to its environment that is a potential source of noise,
the optical rotating disc chopper (placed after the light source) at a programmable frequency is
used as a reference signal. The enhances the measured weak signal from the
device and the lock-in amplifier (SR850) rejects the overwhelming noise at a given reference
frequency and phase of the expected signal set by the optical chopper. Any large variations of
the input signal that is out of tune with the chopper for instance sources of noise are being
suppressed.

In this work, the NWs devices are mounted onto a customised printed circuit board and the

electrodes are connected to the photocurrent set-up as illustrated in Figure 2.12.
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~

Pre-amplifier ~
SR570

Figure 2.12: Schematic of the photocurrent spectrometry measurement set-up.

Responsivity

The performance of photodetectors is measured by their responsivity, bandwidth and spectral range.
It quantifies the conversion efficiency of a device; photons are converted to electron-hole pairs in
other words photocurrent produced by a photodetector when illuminated. The responsivity (R) is in
amperes per watt (Roevice = Adevice/ W ) and is the electrical current divided by the incident optical
power in watts (W = A/R). The incident optical power is determined using commercial diodes of
known responsivity [229]. In this work, Si and InGaAs diodes photocurrent As;-mcass (Measured)
and responsivity Rsi-mca4s (extracted from the commercial manual) are used and placed in appendix
Figures A.2.1and A.2.2.

The incident optical power W takes into consideration the area of the device Areadeice (aligned NWs
in a rectangle area) and the surface of the illuminating spot Areaiignspor @and can be written as

follow;

W _ Asi-InGaAs % Areddevice (2_1)

Rsi-incaas  ATedspot-light

And,

_ Adevice
:Rdevme - W (22)
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2.5.7  Current response characteristic

The current responses are measured using a semiconductor parameter analyser (Hewlett-Packard
4155C) probe station at room temperature with no potential applied to the gate (floating gate). The
equipment is located within the Department of Electrical Engineering and Electronics building of
the University of Liverpool and all the data obtained originate from the author’s interaction with
the equipment.

A DC voltage was swept on the electrodes through the aligned NWs by connecting tungsten probe
needles on the contacts and the current flowing through the devices was recorded. The current curve
response defines the operating characteristic of the electronic device and by extension the
characteristic of the channel material. Most of the diodes and transistors are fabricated using
semiconductor P-N junctions. Diodes have non-linear 1(V) characteristics where the current passes
in forward bias and is blocked in reverse except for leakage current. Figure 2.13 shows a
characteristic example of a practical I(\V) Ge diode at room temperature. Contrary to ideal diodes,
real diodes have a small reverse current response for small reverse bias until it reaches the
"breakdown" where the reverse current increases in a constant way. Some diodes called Zener diodes
are used as regulators for their constant output specifically designed to operate in the breakdown
region. In forward voltage, the current response is small and gradual until the voltage reaches
the internal barrier of the material (0.3 V for Ge and 0.7 V for Si) and features an avalanche in

which forward current response increases rapidly for small voltage increases.
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Figure 2.13: Current-voltage characteristics in a linear and semilog scale of a practical
heterojunction Ge diode at room temperature. The inset shows the same (V) with a semilog scale.
Extracted from [230].
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Using 1(V) measurement, analysis of the curves and calculation are good indicators of the
device characteristic and its conduction mechanism previously explained.

This chapter introduced the synthesis and fabrication of the very basic elements necessary to the
NWs and the resulting device analysis. It is a transition between the theory of the presented work

and the experiments and results presented later in the next chapter.



Chapter 3

Dielectrophoresis implementation for
germanium nanowires-based device

Introduction

This chapter introduces the NWs material characterisation after synthesis by the IMEM-CRN Institute. The
technical methods for dielectrophoresis as well as its background theory concerning the Ge nanowires are
presented. The Ge NWs dimensions and surface were evaluated via Scanning Electron microscopy (SEM) and
Transmission Electron Microscopy (TEM). Different mediums were tested for the preparation of the Ge NWs
solution matrices for the DEP process and device fabrication. Thus, wettability, volatility and chemical inertia of
the NWs within different mediums were investigated to have optimum conditions for DEP experimental instalment
and nanowires collection. Electrode platform designs and the influence of shapes on electric field lines and
gradients were also investigated. Predictions over NWs collection were performed using resistance calculations
code and experimental results. By means of a second computational code, equations for Clausius Mossotti Factor
(CMF) and DEP force were formulated and simulated in accordance with the prolate ellipsoid shape of the wires.
Finally, the electrical properties of the resulting devices were analysed. This chapter is a transition between a
literature review on NWs for sensing devices and the fabrication by DEP for the main experimental part of that
thesis. It poses the first building block that establish the core of the thesis by demonstrating the principles of DEP

on Ge NWs and the properties of the resulting devices.
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3.1 Characterisation of the nanowires

3.1.1 Morphological and chemical characterisation of the nanowires

Scanning and Transmitted Electron microscopy analysis

The Ge NWs are grown by Metalorganic Phase Vapor Epitaxy (MOVPE) in partnership with the
IMEM-CNR [202]. Chapter 2 describes the MOVPE technic and NWs growth process for the Ge
NWs. As discussed in reference [44], the length of these NWSs can also be controlled by
changing the growth time, while maintaining a reduced degree of tapering (which is the increase of
nanowire diameter over the length ensuing conical shapes). The NWs have been characterised by
Scanning Electron Microscopy (SEM) and by Transmitted Electron Microscopy (TEM) in order to
define their growth direction, dimensions, and detailed morphology. Prior to TEM analysis, the
NWs were transferred to a carbon-coated copper grid by applying gentle scrubbing. For SEM small
pieces of the substrate directly out of the synthesis chamber were placed in the SEM. The NWs
growth axis is along the (111) direction (epitaxial to the substrate) as observed from the diffraction
pattern in the left image Figure 3.1. The NWSs have a smooth needle shape. Their dimensions were
measured and are; 20-25 £ 0.5 um long with a diameter of 60 + 5 nm. The following Figure 3.2
shows images of the NWs obtained by SEM. The amorphous oxide layer (observed by TEM) in
Figure 3.1 at the nanowire surface has a thickness of 0.5 nm just after growth and is = 2.0 nm after 2
months in the air. The bottom left inset Figure 3.1 shows the diffraction pattern of the NWs and
indicates the NWs’ crystallinity in zinc blende structure of [111]. The NW tip composition has
been analysed by energy dispersive X-ray spectroscopy (EDX) by [202], and it was determined
that the tip contains Ge and Au alloy with a composition of 27 £ 3 atomic % Ge and 73 + 3 atomic
% Au.
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Figure 3.1: TEM images of the germanium nanowires surface. Left; nanowire surface after growth.
The bottom left inset is the diffraction pattern of the nanowires indicating good crystallinity of the
nanowires in <111> orientation for diamond cubic structure. Right; nanowire surface after two
months.
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Figure 3.2: SEM images of the germanium nanowires on the silicon substrate. Top magnification is
4.53 k and bottom magnification is 26.26 k.
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Raman Spectroscopy Characterisation

The chemical nature of the NWs was analysed further by Raman spectroscopy. The sample
consisted of the as-grown Ge NWs transferred on a glass substrate by gentle scrubbing. The
experiment was carried out using the inVia Reflex Qontor Confocal Raman Spectroscope
(Renishaw, UK). The analysis of the NWs was performed using a 532 nm laser with 3 mW power
and 10 s exposure time with a 100X objective. The 532 nm laser provides a circular analysing
spotlight of 0.8 um diameter. Each spectrum consisted of a series of 7 scans in the range of 150 to
3500 cm™1. The glass signal was automatically removed using the WIRE-5 software (Renishaw,
UK).
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Figure 3.3: Raman spectra of Ge NWSs on glass. The glass background has been removed and the
signal smoothed.

The obtained spectra showed Figure 3.3 has one single peak centred at 300 cm™, that peak is
attributed to crystalline Ge. The presence of germanium oxide observed in the previous SEM
analysis is shown in the Raman spectra at 287 cm ™! (also usually observed at 450 cm™ [231]). This
is most likely due to a lack of material for the detector to get enough signal from the Ge oxide
molecular vibration. The sharp signal obtained at 300 cm™* from the Ge indicates that the NWs are
rather crystalline supporting observations from TEM diffraction pattern. From the diffraction

pattern itself it was not possible to determine if either the structure was Zinc blende or Wurtzite.
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3.1.2 Characterisation of the nanowires in different mediums for
dielectrophoresis

The medium used for the NWs solution is the NWSs conduit, it allows them to have a matrix to
circulate within during DEP but it is also a practical way to carry and manipulate them. As
explained in Chapter 1, the way the NWs are going to move, either attracted or repulsed by the
electrodes depends on the nature of the electrical interactions between the particles and the
medium. Equation 1.7 in Chapter 1 shows that for an effective attractive force on the NWs
(positive DEP), the dielectric constant of the NWSs (&) has to be higher than the dielectric constant
of the medium (em) (likewise for the conductivity (opm)). Four types of mediums have been
considered; Deionised Water (DIW), anisole, and Isopropanol (IPA). They have been selected first
for their easy access and handling along with low toxicity. A formulation of Dimethylformamide
(DMF) and toluene has also been tested with a 50:1 ratio respectively, chosen for its previous
successful use in Si NWs manipulation using DEP and for storage [232]. Dielectric constant e,
wettability angle (), volatility (T ‘C) and chemical inertia are the parameters that are going to
dictate the choice of the medium. The following Table 3 gathers the materials’ electric and
chemical characteristics. All mediums information has been taken from the literature except for the
wettability angles which have been measured as shown later in this section. Sarah Beretta et al.
from the IMEM-CNR institute [233] used Focused lon Beam Induced Deposition (FIBID) to
randomly select Ge NW (NWs used in this study and fabricated by MOVPE and previously
mentioned parameters) and connect them to platinum and gold electrodes. From I(V) measurements,
they found resistivity values of 0.18 - 0.21 Qcm (476.19 - 555.56 S m?) for a single Ge NW
randomly selected. Those results are being used for the following work and later be investigated
further. To remove the NWs from the substrate and prepare the solution, a substrate slide of 1
cm? of as-grown Ge NWs is used and then put with 300 puL of medium and sonicated at low
power(~100 W) for a duration of 60 s. If the amount of NWs on a slide of 1 cm? is considered
generally the same from batch to batch, the concentration of NWs for a droplet of 4 pL is = 36

x 103 NWs.mL ™! as determined by using a cell counter grid.
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Table 3: Materials characteristics.

Dielectric Electrical Boiling . : ie
constant | Conductivity |Temperature S |
e (Sm™) (°0)
Germanium 16 476.19 - 555.56 NA NA NA
DIW 20.3 5.5E-6 100 1 55.83
DMF 66.7 2.5E-4 153 0.79 50.9
Toluene 2.38 5E-12 110.6 0.55 7.94
DMF/Toluene NA NA NA NA 32.57
50:1
Anisole 4.33 2E-6 153.8 0.77 46.57
IPA 19.92 6E-6 82 1.92 4.68
Wettability

Gravity, viscosity and wettability of the medium used simultaneously have considerable advantages
for DEP. The higher the viscosity the higher the DEP force will have to be for the NWs to move
through and reach the electrodes before complete evaporation of the medium. Moreover, a medium
that has low wettability can cover a small area with a maximum of NWs in a maximum volume of a
droplet. If the medium has a high wettability (small wettability angle) the droplet on the glass
surface and electrodes will spread over and the solution will go further away from the electrode gap
reducing NWs concentration in the vicinity of the electric field and reducing the space for the NWs
to circulate within.

Hence, the wettability of the mediums on the electrodes has been measured using the method and
equipment described in Chapter 2. A 4 uL of NWs solution was dropped on the electrodes, the
KRUSS camera analyser was focused on the drop shape and the surface of the substrate aligned
with the red baseline. The wettability angles were measured by Shape Analysis System on the
electrodes at room temperature. The following Figure 3.4 shows the resulting images of a 4 pL Ge

NWs droplet prepared with each medium and cast on the electrode’s surface.
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Wetting Angle = 50.9 + 0.20 Wetting Angle =7.94 +2.18°

Surface
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Figure 3.4: Wettability contact angle images of the Ge NWs droplet solution prepared with
different mediums. With wettability angles of a) DIW = 55.83 +1.30°, b) DMF = 50.9 +
0.20°, c) Toluene = 7.94 +2.18°, d) DMF/Toluene 50:1 = 32.15 +1.07°, e) anisole = 46.57

+1.42° and f) IPA = 4.68 £0.38".

As shown in Figure 3.4 and reported in Table 3 the largest wettability angle is given by DIW
55.83+ 1.30°, DMF 50.9 + 0.20° and anisole 46.57 + 1.42° while IPA (Figure 3.4 f) shows, on the

other hand, the highest wettability with the smallest wettability angle of 4.68 +0.38". The error has
been obtained automatically from the software system based on the comparison of four
measurements. Another experiment was similarly conducted with a small tilt (= 10°) of the substrate

to enable a rolling flow of solvent and NWs towards the electrode gap, the results were analogue to
the non-incline samples. IPA wettability and viscosity are not ideal to perform DEP as well as
toluene and the formulation of DMF/Toluene that have high wettability. DIW solution shows a
bigger volume of materials on a smaller surface leaving enough matrix for the NWs to be
circulating within. However, DIW with IPA has higher relative viscosity.

Volatility

The NWs solution is drop-cast on electrodes and lets to dry during the DEP process, the solvent
mustn't evaporate too quickly to let the NWs move through the medium for enough time and
align. Mediums with low boiling temperatures have high volatility and will stay for ~ 20 s on the
surface during DEP.
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Ideally, a time of a minimum of 30 to 60 seconds would avoid the rush and allow more than enough
time for the NWs to align. Ge NWs solutions have been prepared with each medium and volatility
tests were performed in DEP condition to record the length of time needed for a droplet of 4 pL to
completely evaporate at room temperature (RT).

The Ge NWs solution prepared with IPA completely evaporated after a few seconds on the
electrodes due to its low boiling temperature of 82 ‘C (see Table 3) which implies high volatility.
All the other mediums, anisole, DMF/toluene, DIW were completely evaporated after at least 6 to
10 minutes, leaving more time for the NWs to align at the electrodes. A 4 pL of solution
dropped on electrodes stayed for ~ 12, 9 and 6 minutes for anisole, DMF/Toluene and DIW
respectively. With a short period on the electrodes, high wettability and viscosity IPA shows non-
ideal characteristics for NWs solution to do DEP.

Chemical inertia

Besides their dielectric constant, medium and NWs material have to be in a condition of chemical
inertia with each other. The Ge NWSs have to be resistant to degradation from reactions that might
be caused by the medium. Hence, the NWs’ chemical and physical properties have to remain
unchanged. Long-term chemical inertia (say a week) of medium and particles are seldom discussed
for DEP. To resolve this, solutions of Ge NWs in diverse mediums have been prepared; DIW,
DMF/Toluene and anisole have been used and the NWs were observed by TEM to evaluate their
inertia with the medium and confirm their compatibility.

The following Figures 3.5 and 3.6 obtained by TEM show images of the state of the Ge
NWs in solution with DIW and DMF/Toluene respectively after 2 days.

a

(a) Image of dissolved nanowire (b) Image of dissolved nanowire (c) Image of clusters of Ge

Figure 3.5: TEM images of the influence of deionised water on Ge nanowires after
two days.
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In DIW, it is observed that the NWs dissolve. O, being naturally present in the air and water
reacts with the Ge to form GeO that is soluble in water as explained in the chemical equation (3.1)
[234].

Besides that, as shown in Figure 3.5 (c) the NWs in DIW tend to form clusters (chemical nature
confirmed by EDX put in appendix Figure A.2.3) which is not ideal as their shape has completely
changed.

Ge+2H;0 — GeO; +2H; (3.1)

GeO: is soluble in water and O, reacts with Ge to form GeO, again, there is therefore a
continuous process of oxidation and dissolution leading to the degradation of the NWs. Because of
the oxidation process, the Ge NWs are not able to stay in the solution for a maximum of two
days, which leaves a very short time of usage from the moment they are being sonicated to prepare
the solution. Resulting in unnecessary waste, water is not an ideal medium for Ge NWs besides
having a high dielectric constant compared to Ge and high viscosity.

Figure 3.6 shows the behaviour of the Ge NWs in DMF/Toluene. It appears that
DMPF/Toluene has a similar effect on the Ge NWs than in water. Like in DIW, only a few intact
NWs have been found, they have also formed clusters of NWs (chemical nature confirmed by
EDX) instead of beads that also greatly hinder the movement of NWs during DEP. While
DMF/toluene seemed to be a good match for Si NWs [232], Ge NWs cannot be prepared and

used in that medium.

(a) Image of dissolved nanowire (b) Image of nanowire (c) Image of clusters of Ge
nanowire

Figure 3.6: Dark field TEM images of the influence of DMF/Toluene on Ge nanowires after
two days.
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Anisole has previously shown ideal properties to be used as a medium for DEP. After 2 days
and later 2 weeks, the Ge NWs showed no changes, the analysis has thus been pushed a little further
in time to 2 months in anisole. Figure 3.7 shows how the Ge NWs react within an anisole
solution after two months. After 2 months in anisole, and similar to air exposure the NWs haven’t
changed if only for a thicker oxide layer of =3 nm (as shown in Figure 3.8). The analysis showed
no cluster formation and no NWs dissolution making anisole an ideal candidate for Ge NWs
medium solution and DEP.

From all the mediums considered for the Ge NWs solution, anisole has shown the most suitable
inertia allowing to keep the NWs for a long time in good condition in the medium. Besides, anisole
has the lowest volatility (153.8 'C), the lowest dielectric constant (¢ =4.33) and a low viscosity.
Hence, with low viscosity and low dielectric constant, anisole doesn’t polarise as easily as DIW or
DMPF/Toluene allowing more movement freedom of the Ge NWs. Finally, anisole has on electrodes
and glass a large wettability angle of 46.57 ° which optimises simultaneously, a maximum amount of
material within a small area of the electrode gap, gravity for NWs collection and enough matrix to
undergo polarisation and attractive DEP force. In the following work, anisole is used as a solution
medium to fabricate the devices. The following Table 4 summarises the characterised mediums and
their compatibility with the DEP setup.

Figure 3.7: TEM images in bright field showing the influence of anisole on Ge nanowires after two
months. On both images, the NWs are demonstrated to be intact in anisole after two months.
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Figure 3.8: TEM images in bright field images of the influence of anisole on Ge nanowires
after two months. The image shows the surface of a germanium nanowire showing an oxide layer of
3nm slightly larger than post-fabrication.

Table 4: Summary table of the mediums’ characteristics.

Evaporation time

Wettability Boiling Chemical

Viscosity (cP) Angle (°) T 4 L _r.!roplet inertia Usage for DEP
(time)
DIW 1 55.83 £1.30 100 6 min Dissolved x
DMF/Toluene 50:1 NA 32.57 +1.07 NA 9 min Dissolved x
Anisole 0.77 46.57 £1.42 153.8 12 min ‘\j ‘\/
IPA 1.92 468 +0.38 82 14 sec NA x

Prior to more concrete experiences, DEP forces and Clausius Mossotti factor leading NWs

alignment have been simulated as preliminary analyses of the parameters.
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3.1.3 Dielectrophoresis force and Clausius-Mossotti factor calculations

As explained in Chapter 1, the DEP force is described by the following equation:

Foep = 2memR3Re(K spheroid((l)))ﬁ) (1.1)

With NWs of radius R, en is the permittivity of the medium that surrounds the particles,

Re is the real part of the CMF and VE? is the electric field (with VE as gradient) [235].

To analyse the DEP force equation and predict its behaviour with the frequency a computational
Matlab code has been written. It is detailed in the appendix A.2.4 The equations have been adapted
to take into account the prolate ellipsoidal geometry of the NWs by implementing in the CMF; the
depolarisation factor Ax and Ay as well as the eccentricity e. In the simulations, preliminary
parameters were used; AC electric field of 8 Vpeak—to—peak applied on electrodes of 20 um gap for
Ge NWs of =~ 20 um long with non-intentional doping and in anisole solution. A specific gap of 20
pm has been chosen according to previous research from Liu et al. [236]. They determined that the
ideal ratio gap size/NWs length was about =~ 0.85 - 1 for an optimised DEP force. Hence, with NWs
measured at 20-25 pm long a gap size of 20 um giving a ratio of 1-1.2 should be able to provide
optimum DEP force (by considering the length of the NWs measured by SEM 20-25 + 0.5 um).
Graphs from Figures 3.9 to 3.12 have been obtained. They all have a clear tendency; as the
frequency increases the CMF decreases and so is the DEP force. Figures 3.9 to 3.10 present the
influence of the frequency on the CMF according to the orientation of the NWs to the electric field.
The short-axis contribution is mostly independent of the frequency and 5 orders of magnitude
lower than the contribution along the long axis for the CMF at low frequency as shown in Figure
3.10. This means that the DEP force along the short axis is weaker when the NWs are
perpendicularly oriented to the electric field. This highlights the fact that the NWs tend to align
where the force is the strongest, in parallel with the electric field and by extension to the electrode
gap. In the case where a NW is randomly oriented to the electric field, the dominant force along the
long axis will orientate the NW parallel to the electric field. In the interest of investigating the effect
of frequencies on the Ge NWs, frequencies from 500 Hz, 500 kHz, 1 MHz, 5 MHz and 10 MHz have
been selected. It was explained in Chapters 1 and 2 that increasing frequency has been
demonstrated to attract NWs of better conductivity than NWs collected at low frequencies [2, 75].
Hence, the selected frequency range situated at the end of the plateau of the maximum DEP force
(see Figures 3.11 and 3.12), should provide simultaneously maximum DEP force and improvement

of the NWs conductivity with increasing frequencies.
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Figure 3.9: Simulated real part of the CMF along the long axis as a function of the frequency for
Ge NWs aligned at a voltage of 8Vyeur—w0-—pear ON @ 20um electrode gap in anisole.
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Figure 3.10: Simulated real part of the CMF along the short axis as a function of the frequency for
Ge NWs aligned at a voltage of 8Vyeur—ro-pear ON @ 20 um electrode gap in anisole.
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Figure 3.11: Simulated real part of the Clausius Mossotti factor as a function of the frequency for
Ge NWs aligned at a voltage of 8 Vyeur—ro—pear ON @ 20 um electrode gap in anisole.
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Figure 3.12: Simulated DEP force as a function of the frequency for Ge NWs aligned at a voltage
of 8 Vpeak—to—pear ON @ 20 pm electrode gap in anisole.
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Dielectrophoresis platform

In this section, the essentials of DEP development, electrical set-up and background designs are
presented with a study on the DEP platform used in this work. SEM and TEM images as well
as COMSOL simulation and optical microscopy have been carried out in order to highlight the

optimum parameters being used and electrode design characteristics to perform NWs collections.

3.2.1 Design of the electrodes

DEP either being used to attract or repel particles is found in the literature with a very wide range of
different electrode designs. For instance, it is mainly found for bioparticle sorting by means of a
channel flow where 2 different types of bioparticles are separated from each other according to their
dielectric properties [237]. The design system can be integrated for DEP within a stream flow
channel (bioparticle sorting) or a simple immobile droplet or a well of particle solution (particle
collection). For any design, the DEP force has to overcome possible issues like electroosmosis or
electrofluidic to move the particles effectively. For any specific goals of transport one can play with
different parameters that influence the particle movement; varying the electric field lines by the
electrode structure or varying the dielectric properties by selecting relevant medium permittivity
and conductivity. AC electric field gradients can be generated by 2D or 3D electrode designs. 2D
electrodes are usually fabricated by standard photolithography and metal evaporation methods on a
chosen substrate. In 2D designs, the electric field mostly reaches particles that are in the vicinity of
the electrodes. 3D designs are rather more complex to fabricate but they reach bigger volumes of
particles in the solution. Common 2D designs have interdigitated or parallel electrode fingers [238],
castellated [239], oblique [240], curved [241], quadrupole [242], microwell [243], or matrix designs
[244], Figure 3.13 (A to J). And for 3D designs, extruded [245], wall pattern [246], insulator-based
2D design structure [247] but creating a 3D electric field gradient, and medium contactless [248],
Figure 3.13 (K to M).
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Figure 3.13: Schematics of common electrode design. A) parallel or interdigitated, B) castellated,
C) oblique, D) curved, E) quadrupole, F) microwell, G) matrix, H) extruded, I) and J) wall-
patterned, K) side-wall, L) isolating obstacles based, M) Medium contact-less.

Extracted from [68].
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Each electrode configuration enables a specific localised or diffused electric field gradient to
interact with the particles in the solution. In Figure 3.13, designs A to H are rather used for droplet
mode while designs | to M are rather used for stream flow channels. As mentioned, alignment
properties such as precision, yield and NWs density, can be controlled by tailoring several factors.
In this work, the principle of the Ge NWs device fabrication is to obtain contact between NWs and
electrodes, so that the NWs bridge the gap between the electrodes. Ideally, the design of the
electrodes allows the NWs to be collected at specific locations easily analysed and treated.

3.2.2  Simulation and dielectrophoresis set-up

In the following part, two different electrode design geometry have been investigated; interdigitated
and parallel electrodes. As a start of that PhD research, DEP was performed on interdigitated
electrodes as an inherited project within our facilities. A simulation study using COMSOL
MULTIPHYSICS was first done followed by experimental analysis to investigate and confirm
the influence of the interdigitated electrodes on the NWs collection by DEP.

It has been explained that the gap size separating the electrodes is in close relationship with the
NWs collection rate where gaps length collected NWs of similar dimensions [249]. The applied
electric field is equally distributed in the gap and so NWs of shorter length than the gap "see" the
DEP force decrease as the electric field around the NWs is less strong (the larger the space the
lower the field "pressure™) and for a smaller gap, DEP also decreases as the electric field is reduced
at the entire NW length rather than the gap. According to that, the designed electrodes were
predefined so that the gap size was between 5-25 pm for the interdigitated electrode design and 20
pm for the design of the parallel electrodes.

For all the future experiments of this work, electrode fabrication, as well as NWs solution
preparation, are following the same experimental protocol.

In the COMSOL simulation with MULTIPHYSICS, an "electric potential study" was used
and compiled with surface gradient and electric fields along the surface of the electrodes in an
anisole environment. An AC voltage of 8 V peu—10-pear Was used with a frequency of 500 kHz.
This allows visualising the gradient generated by the electrodes and the electric field lines
giving an idea of where and how the NWs can potentially align. Afterwards, for the DEP
experiment on the interdigitated and parallel design, the electrodes (Device Under Test (DUT))
fabricated by metal evaporation (explained in Chapter 3) are electrically connected by a set-up that
enables the connection to a Tektronix Digital oscilloscope, and Agilent function generator and later

connected to a fabricated Trans-Impedance Amplifier (T1A).
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The TIA features and fabrication are explained later in the chapter. Voltage and AC frequency
signals are preset before the NWs solution drop-cast. Direct-time alignment across the electrodes
was monitored by following the resistance changes held by the NWs forming electrical bridge contact
between the electrodes. The details about resistivity monitoring are explained later in that section.
The DEP process was carried out until the cast droplet dried (= 12 minutes for anisole). Figure 3.14
illustrates the electrical installation used for DEP.

e A
=/ &

TIA

Figure 3.14: Circuit topology for DEP. The dotted box contains a photograph of the DUT and
below is shown close-up photography of the electrodes deposited on glass.

The NWs were removed from the substrate slide (slide of 1 cm?) of the as-grown NWs and put
in 300 pL of anisole and sonicated at low power of 100 W for a duration of 60 s. The DEP
assembly process is operated with the drop-cast method on an inclined substrate of =~ 10 ° angled
to enable a rolling flow of solvent and NWs towards the electrode gap. Using a micropipette, a
droplet of 4 pL was dropped cast on the electrodes, and an AC voltage of 8 Vyeur—ro—peak aNd a
frequency of 500 kHz was applied. The AC voltage of 8 Vyear—o-pear Was used from an inherited
promising project investigation on those NWs. The droplet was left on the electrodes until it was
completely dry, the electrodes were then gently rinsed with IPA and blow-dried with N2 to wash

out impurities and any non-attached NWs.
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Interdigitated electrodes design

a) b)

0.5 mm

0.5 mm

Figure 3.15: Schematic image of the interdigitated electrode design with gaps from 5 to 25 pm. a)
Overview of the interdigitated electrodes, b) Enlargement of the left side of the electrodes. The
striped parts are the metal of the electrodes.

The interdigitated electrodes are pictured above in Figure 3.15 where the red strips represent the
electrode material. The electrodes were first simulated using COMSOL MULTIPHYSICS in
order to analyse the electric field lines and gradients. Figure 3.16 shows the obtained simulation.
For higher frequencies, the simulation showed a similar gradient and electric field lines pattern.

\ARAART

Gradient (V/m)

Figure 3.16: Electric field and gradient distribution simulation using COMSOL
MULTIPHYSICS. A voltage of 8 Vjea—rn—pear and frequency of 500 kHz was applied on the
interdigitated electrodes. a) top-view of the electrodes, b) region of the big gaps, c) region of the
small gaps. The scale barre on the left indicates the strength of the gradient.
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The resulting simulation indicates a stronger gradient at the smallest gap of 5 um as illustrated
in ¢) Figure 3.16. The gradient is less intense in the regions with larger gaps. Moreover, the
simulated electric field lines along the surface show that the NWs are more likely to bridge along
the sides where the electric field lines are crossing and parallel to the red arrows. The following
Figure 3.17 shows SEM images of the resulting DEP experiment on the interdigitated electrodes

using the parameters mentioned.

/.\ Ay 2
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General ICaL 27 Mar 2019 General ICaL 27 Mar 2019

Figure 3.17: SEM images of resulting DEP at 8 Vpear—0—pear @nd 500 kHz on interdigitated
electrodes.

In this particular design, the saw tooth electrode shape allows a gap size range from 5 to 25 pm,
in this way, it is possible to collect and "scan" a bigger range of NWs lengths. Figures 3.17 and
A.2.6 in the appendix show images of aligned NWs. The SEM images reveal that the NWs are
mainly attracted to the zones of 5-10 um and between 20-25 pm (highlighted in in
Figure 3.17 and bars in Appendix a) and c) Figure A.2.7 ). NWs between 5 to 12 pm were
measured at the region of 5-10 um gap (ratio of 0.4—2), and NWSs between 24 to 27 um long were
measured at regions of 20-25 um gap (ratio of 0.75—1). This is in correlation to what has been
observed previously by Liu et al. [236] with a length collection ratio of 0.85-1, although it seems
that for a small gap, the length collection distribution is larger. Moreover, the alignment regions
match the regions indicated with the red arrows in Figure 3.16 where the NWs aligned parallel to
the electric field lines. The collected NWs indicate that some NWs broke during the sonication
process and as a consequence, the NWs solution after sonication contains batches of 5-10 and 20-25
pum long NWSs. Although the sonication power was gentle, a lower power couldn’t have removed the
NWs from the substrate.
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Dai et al. [250] have evidenced that breaking forces from sonication decrease with decreasing length
and diameter and that NWSs were also more susceptible to break at areas of lattice defects, leaving in
the solution long intact Ge NWs that have fewer defects. The collected NWs of similar lengths to
gap sizes coincide with the previous studies by Benjamin Smith et al. [249] and Liu et al. [236],
where they show that DEP can be used as a selective length tool. Examples are given in Figure
A.2.7 a)-c) and b)-d) in the appendix show the collection of a mixture of debris and some NWs at the
smallest gap (5 um) where the gradient is the strongest. Moreover, at regions of the electrodes pads
instead of aligning by the gaps, NWs are collected in small packs as shown in the and red
dot circles Figure A.2.7). Those NWs and debris (in dot circles) on the side of the electrode are due
to a phenomenon called electroosmosis; a combination of DEP forces and fluid flow in the medium
[251]. It is a dynamic of charges in the electrical double layer at the surface of the electrodes.
During DEP, vortexes of liquid form over the electrode edge and pull back the attracted NWs from
the gaps in the middle of the electrode pads. The regions of the strongest gradient being at the
smallest gap as depicted in the COMSOL simulation Figure 3.16 is also where the electroosmosis
effect is the most prominent. Indeed at bigger gaps of 20-25 um, smaller packs of NWs are visible
(red dot circle) where the electric field and vortexes are less strong. Electroosmosis can be an
advantage and has been used to separate medium or particles by vortexes or particles’ dielectric
properties [252] or by particle sizes [237]. Electroosmosis is frequency dependent and is the strongest
at low frequencies where the vortexes have enough time to form whereas the electrode polarity
changes are too fast to follow at high frequencies. In our case, electroosmosis can pose a problem as
it pulls back the NWs resulting in a competitive force against attraction and collection of NWSs in
the gap. Although electroosmosis wasn’t observed at a higher frequency a simpler design should
avoid side-by-side vortexes resulting in less drifted NWs and less electric field and gradient
discrepancy. The debris collected at the small gaps of 5 um at the tip of the electrodes can also be

avoided by using a bigger gap size that won’t be able to attract those small particles.
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Parallel electrodes design
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Figure 3.18: Schematic image of the parallel electrode design with 20 um gap.

The interdigitated design is not ideal for the collection of the Ge NWs used in this work, and
another design has been considered; parallel electrodes. In this section two different end tips have
been analysed, round shape tip and square shape tip as depicted in Figure 3.18. As shown, this
design is smaller and simpler than the interdigitated electrodes in terms of shapes and ease of
development during the fabrication process as it has less intricate features and angles. That design
has one single gap by device, although the coverage area is smaller than for the interdigitated
design, the attractive force is focused on one single area giving one way for the NWs. The geometry

of the electrode gap should enable easier analysis of the behaviour of the NWs collection.

To evaluate the influence of the geometry over the DEP collection on the two different shapes,
the total gradient distribution and the electric field lines in the anisole at the gap were also
simulated using the COMSOL MULTIPHY SICS simulation tool. The obtained simulation, pictured
in Figure 3.19 shows that geometry A (round tips) has less gradient variation than geometry B
(rectangular tips) which has a stronger gradient at the corners and then spreads over the surface at
the gap. Although the trapping region is larger for geometry B, geometry A provides a gradient
more focused at the centre of the gap.
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Figure 3.19: Simulation of the electric field and gradient distribution along the surface using
COMSOL MULTIPHYSICS. A voltage of 8 Vpeu—w-pear and frequency of 500 kHz was applied
on the round and rectangular tips. The scale on the left indicates the strength of the gradient.

Gradient distribution A) and B) and electric field lines A”) and B’).

Following the simulation, several devices were fabricated at 6, 8, 10, and 16 Vpea-0-pear at @
frequency of 500 kHz in order to study the influence of the applied voltage on the NWs collection.
It was found that 8 V,eu-w—peax Was an ideal voltage, as the NWs were burned off the electrodes
contact at a higher voltage. Figure A.2.8 in the appendix shows images of devices with NWs broken
in the middle and aligned at 10 and 16 Vpeat-0-pear- I the voltage is too high the NWs can break as
soon as they connect between the electrodes while at the lower voltage, the NWSs stay intact when
aligning although with a reduced DEP force. Therefore, a voltage of 8 Vpeai—o—pear Was selected to

study the Ge NWs alignment and resultant devices fabricated in this work.

Another series of devices were made by DEP using the parameters previously mentioned i.e a
droplet of 4 pL dropped cast on the parallel electrodes and a voltage of 8 Veu—to-—pear and a low
frequency of 500 kHz and a higher frequency of 5 MHz. The electrodes were subsequently analysed
by SEM with images shown in appendix Figure A.2.9 and by optical microscopy (Olympus BX53
with a polarised light Brace-Koehler Compensator (U-CBR1)) shown in Figure 3.20. The aligned
NWs were measured by SEM, both shapes showed a distribution of collected NWs of 18 to 27 pum
along with a ratio of 0.75-1.1 (ideal ratio of 0.85-1 according to [236]).
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Figure 3.20 shows that both round and rectangular shapes had no packs of NWs left on the sides
at low and high frequencies indicating that electroosmosis did not occur and that DEP was the
dominating force. In addition, only a few pieces of debris have been collected or dragged to the

electrode gap (debris visible outside the gap), confirming precedent speculations.

Figure 3.20: Optical microscopy images of geometry A (round tip) a) and b) and geometry B
(rectangular tip) c) and d) after DEP at low and high frequencies.

Geometry B seems to collect fewer NWs than geometry A at low and high frequencies which is
unexpected due to its generally larger strong gradient area as seen in the simulation. This could be
explained by the gradient discrepancy being stronger at the corners of the tips of B, which also
answers why small packs of NWs tend to be collected at the corners leaving NWs little freedom to
connect at both ends. Furthermore, geometry A at low and high frequency (Figure 3.20 shows a
better distribution of NWs aligned at the gap that follows the electric field pattern and strong
gradient.

After considering two different designs and geometry, the round tip geometry of the parallel
electrodes design appears to be the most suitable for NWs collection and investigation because of its

simple features making it quick to fabricate and because of the gradient distribution it displays.
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3.2.3 Real-time resistance monitoring

To detect NWs collection over time as the DEP process starts, the electrode gap was monitored by
following the subsequent changes of resistance. A droplet of 4 pL was drop-casted on the
electrodes on an inclined substrate ~ 10° angled to enable a rolling flow of solvent and NWs towards
the electrode gap. The devices were then gently rinsed with isopropanol and blow-dried with
nitrogen to wash out impurities and any non-attached NWs.

For the rest of the work presented in this thesis, the Ge NWs solutions are prepared following
that protocol. DEP alignment and resistance monitoring was performed at the same time. Parallel
electrodes with round tips as previously studied, a sinusoidal signal of 8 Vpeak-to-peak and
frequencies from 500 kHz to 10 MHz were applied to perform DEP.

Real-time resistance changes were recorded using a coded Matlab calculation command
connected to the Tektronix Digital Oscilloscope, a function generator and the fabricated
transimpedance amplifier (TIA). The TIA is generally used to convert and amplify (with high gain)
current coming out of the DUT into voltage. They are very often used for the conversion of low-
current sensors into voltage. It is the resistor R1 illustrated in Figure A.2.10 (in the appendix) that
sets the gain of the amplifier but there are different configurations of TIA depending on the
application. TIA provide high gain and low noise amplification. The recording of the resistance
started prior to the Ge NWs solution placement on the Device Under Test (DUT: electrode gap)
and was stopped after =~ 12 minutes when the droplet completely dried. The samples are
subsequently gently rinsed with ethanol and blow-dried with nitrogen. Finally, images of the
aligned NWs were taken using optical microscopy and put in the appendix Figure A.2.12.
As DEP starts, both electrodes are affected by each other’s electric field and behave like a
capacitor (that intensifies at high frequency). This setup leads to an insufficient signal-to-noise ratio
because of the parasitic capacitance that overlaps any changes in dropping resistance. The parasitic
capacitance effect tends to increase with small electrode separation and becomes important
especially when the devices are electrically characterised [253]. Hence, the use of a TIA will
amplify the signal out of the DUT.
Figure A.2.10 in the appendix presents the circuit schematic of the TIA in two sections. Section 1
is the biasing of the electrodes and section 2 converts the current from the electrodes into a
voltage and amplifies the signal. With the two sections, the total gain is found to be 1 x 10°
VAL

Using the resistance monitoring system, the input/output signal relationship was approximated

by using Ohm’s law. The calculation code details are put in Appendix A.2.11.
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Figure 3.21 shows a typical example of the obtained resistance plot over time at a voltage of 8
Vpeak—o—pear @Nd frequency of 500 kHz. Immediately following the placement of the solution, a fast
drop of resistance is recorded followed by a small increase around 100 s and a linear decrease
indicating alignment of NWs across the gap.
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Figure 3.21: Calculated resistance as a function of time of DEP at a voltage of 8 Vpeu—0-peak aNd
frequency of 500 kHz. Graph obtain by resistance calculation approximation using a Matlab code.

The curves obtained from the Matlab code display two main characteristics; at first, a few
seconds after the drop-casting of the NWs solution, the resistivity decreases sharply from 170 kQ to
120 kQ at any frequency either 500 kHz to 10 MHz. Then, the resistivity slowly decreases until the
experiment is stopped when the droplet has completely dried. A verification test of anisole without
NWs evidenced that the decrease of resistivity was not from the medium creating a conduction path
between the electrodes. Indeed, the first sharp drop of resistivity originates from the NWs in the
solution that comes to impact on the electrodes, the NWs being pushed by gravity to the
electrodes create a quick bridge at the gap. That explains the small increase at ~ 80 s indicating
that the pushed NWs were replacing themselves or moving away in accordance with the DEP force.
Another sharp decrease in resistivity can be explained by several NWs aligning while slow decreases

(between 100 to 600 s for example) are most probably due to a single NW connecting the gap.
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At higher frequencies (from 5 to 10 MHz) sudden drops of resistivity were seldom observable,
rather, a generally slow decrease of resistivity occurred. The electrodes behave even more like a
capacitor at high frequency and so the parasitic capacitance effect takes over the TIA that cannot
keep up with the decreasing signal-to-noise ratio and it becomes more difficult to detect any changes
in resistivity. A way to overcome that issue could have been to refine the TIA circuitry, increase the
gain, and reduce the noise at high frequency with the addition of an ultra-low noise operational
amplifier.

Natasha Mureau et al. [254] suggested that the time for the resistance to drop during the

NWs alignment is inversely proportional to the DEP force, hence the inverse of the time (given by
time constant ) expresses the DEP force magnitude. In order to analyse DEP force magnitude over
the frequency dependence, z presented equation 3.3 was extracted from the obtained resistivity
curves from 500 kHz to 10 MHz.

-t
T=—"7 3.3
ln(Z(t)NWs) ( )
The time constant z equation 3.3 is depending on time t at which the change of resistivity Z(t)nw s is
obtained via the Matlab code. Figure 3.22 shows the resulting plot of the inverse of the time
constant (DEP magnitude) over frequencies from 500 kHz to 10 MHz. The Z(t)nw s values were
consistently chosen at the same time of 320 s generally where resistivity was already decreasing by

bridging NWs. The same behaviour was observed for other batches of Ge NWs.
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Figure 3.22: Inverse of time constant z, indicating the magnitude of the DEP force as a
function of DEP signal frequency.
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Equation 3.3 expressing the DEP magnitude is an adequate approximation for NWs collection.
For a given frequency, it is within a capture radius of the electrode gap that the NWs
experience the strongest DEP force and gradient (as shown in simulations Figure 3.17 and Figure
3.19). At low frequency, and according to Figure 3.22 the DEP magnitude is the highest and as a
consequence attracts more NWs than at high frequency. This is in conformity with the collection
observed from optical microscopy analysis put in the appendix Figure A.2.12 where fewer NWs are
collected as the frequency is increased. It is worth mentioning that for higher concentration than the
one used in those experiments (= 36 x 102 NWs mL™1), the NWs collection showed more attracted
NWs but also more debris and packs of NWs creating disordered structures. This indicates that an

ideal concentration can also be considered to optimise NWs collection.

The experimental results obtained in Figure 3.22 have been also correlated to the theoretical DEP
equations simulated via Matlab code Figures 3.11 and 3.12. In Figure 3.22, it would have been
expected to see a plateau between 500 kHz and 1 MHz as calculated in Figures 3.11 and

3.12. Instead, experimentally the DEP magnitude already drops from 500 kHz to 10 MHz while
theoretically, it features only a slight decrease from 10 MHz. The difference could be that the
adapted DEP equation (3.2) needs to be further refined because of the difference between the
approximated prolate ellipsoid and the real "needle" shape of the NWs. Besides, it could also be
due to the thin oxide layer of GeO, often referred to as particle shell. A particle shell can have a
very different electrical conductivity than the core and thus modify its transportation by the forces
involved. Moreover, in the calculations, the Ge NWs are considered as unintentionally doped and as
we have seen earlier in this chapter, the Ge NWs have a remaining gold tip that could change their

surface polarisation compared to a "pure" Ge NW.

As a means to manipulate Ge NWSs and fabricate devices, the first steps to determine the
feasibility of the use of DEP were studied. In these experiments, analyses were performed for
DEP platform basis like medium and particle inertia, simulations on electric field gradient of the
electrodes and study of the CMF and DEP force to have primary insight on the relationship of
DEP with the Ge NWs alignment. It was demonstrated, based on the mathematical plots and optical
microscopy images, that, for an increasing frequency the CMF was decreasing and so the collection
rate of NWs followed the theoretical trend. Optimal frequencies for a high yield of alignment have
been already subjected to much research. However, if the NWs collection by DEP can be influenced
by the dielectric properties of the particles, one could argue that the dielectric properties of all the
NWs taken individually in fabrication batches out of the MOVPE chamber are not perfectly

equal.
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3.3 Influence of the dielectrophoresis frequency

3.3.1 Establishment

Semiconducting Nanowires

Source Electrode

Drain Electrode

Glass substrate

Figure 3.23: Schematic of a floating gate Ge NWSs device with the idealised alignment of NWs
between source and drain electrodes.

After alignment, the resulting devices are as shown in the schematic Figure 3.23 (and by optical
microscopy Figure A.2.12 in the appendix). The electrical characteristics of the resulting devices
were investigated with a focus on the influence of increasing frequency on their properties. This
work allows more understanding of Ge semiconductor NWs-based devices fabricated by DEP
manipulation as well as more understanding of their electrical properties performances and potential
implementation.

Standard photolithography and metal etching were used to define the contact electrodes on glass.
The devices were fabricated using the protocol and DEP parameters previously studied.

The Ge NWs alignment along the electrodes was performed using DEP with a sinusoidal signal of 8
V peak—10-peak at frequencies of 500 Hz, 500 kHz, 1 MHz, 5 MHz and 10 MHz (500 Hz was added out
of curiosity).

3.3.2  Electrical properties; IV response

The resultant current-voltage (V) response was measured for each device using the setup described
in the previous Chapter 2. To evidence the electrical response characteristic, a reference control was
fabricated where the NWs were drop-casted between the electrodes without applying any DEP signal.
Once fabricated, the electrical properties of the NWs devices aligned at different frequencies were
investigated. For each frequency, at least 6 devices were fabricated. Figure 3.24 shows the

measured 1V response for each DEP frequency.



99 Chapter 3. Dielectrophoresis implementation for germanium nanowires-based device

E8y—T———————T—— 11—
] Increasing :
DEP Frequency"-..
< 1E9- .
\—.; ]
© m
s o
S1E-104 4 o
3 i v . 1
= ]« :
O 1E-11 r;‘#
2R § ] E
E - '1!' -? .
] = ]
n " [
L Py r"
By - mg ¥
1E-12 T ) T L— L <| e T T ! T
-15 -10 -5 0 5 10 15

VOItageSource—Drain (V)

Figure 3.24: IV characteristics of fabricated Ge nanowire devices at differing DEP frequencies with
floating gate potential.

Device IV in the black curve shows that without any DEP being applied, there is a slight,
negligible increase in the current as the potential is increased. This is most likely due to residual
surface contaminants, residing in the channel, from either drop casting the NWs or the subsequent
isopropanol rinse forming a negligible conduction channel. Alternative possibilities may be a chain
of overlapping or debris of NWs providing a conduction channel between the electrodes. However,
the current without any DEP signal being applied is at least an order of magnitude smaller than that
observed once a DEP voltage is applied, indicating that any NW alignment or current flow from
just drop casting the NWs is insignificant.

When a DEP signal is applied, at 500 kHz (blue triangles curve), a clear IV response can be
observed indicating that NWs have been aligned across the electrode gap. The response shows a
slight asymmetry with a slightly larger current flow in the reverse voltage direction, no saturation
in the current is observed up to the maximum voltage applied in either direction. For a fixed bias, in
the forward direction, the current increases with the frequency, while the opposite occurs at reverse
bias.
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In both voltage directions, the increase and decrease in current is not a fixed shift with frequency,
but with a degree of overlapping in the IV response from the devices fabricated at 500 kHz,
and . The reason for this could be due to slight differences in the distribution of NWs used in
each device. Looking across the entire frequency range, there is a clear change in the asymmetry at
the highest frequencies. It was shown in this chapter (Figure 3.22 decreasing DEP magnitude) and in
the literature that for positive DEP force the tendency was that above a certain frequency, the DEP
force reduces for round particles [251] and ellipsoidal NWs [71] particles. Constantinou et al. [75]
work on Si NWs devices demonstrated that DEP was, besides a length selection tool a quality
selection tool that relied on the NWs conductivity. They noticed that with increasing frequency only
the most conductive NWs can respond to the field and align in the electrodes gap. Considering only
the Vs, it is not possible to determine whether more NWs are attracted or only highly conductive
NWs.

The images put in appendix Figure A.2.12 show the Ge NWs alignment with increasing
frequency. It is observable that fewer and fewer NWs are being attracted to the gap with increasing
frequency which is in correlation with the results from the DEP magnitude calculation and
simulation obtained in the previous chapter. The DEP force being affected by the NWs conductivity
it is implied that NWs of mixed conductivity together with low quality are both being attracted at
low frequency and thus only the highest conductive NWs with less defect are being attracted at a
higher frequency. In FETs and diodes, it is intuitive speculation that more aligned NWs in the
gap is related to increasing the conduction current. It has been demonstrated that this statement
does not occur for the dense packing of ellipsoid particles. Indeed for FETs [255] and diodes [256]
packs of NWs tend to induce screening effects and reduce device performances. As a consequence,
the reduction of aligned NWs observed at increasing frequency Figure A.2.12 and the measured
current response obtained from the IV plots Figure 3.24 should indicate that NWs attracted at high
frequency are of better conductivity. In regards to the obtained IVs Figure 3.24, it would thus be
expected to detect an increase in current across all biases. However, while we see this for positive
bias with the opposite effect for negative bias potentials and the fact that this subset of NWs would
be more conductive, this indicates that the behaviour observed here is more complex. It could also
indicate that the aligned NWs are not yet dense enough at the gap for the screening effect to
occur. No saturation of the current is observed for all DEP frequencies as the voltage is increased in
both directions, as would be expected for a transistor-type behaviour. As mentioned, there is a
degree of asymmetry in the IV responses. From these observations, one could argue that the devices

are operating as diodes, rather than as transistors (with floating gate potential).
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Orientation manipulation during DEP

While the device structure should be nominally symmetric, the Au nanoclusters used as seeds for
NW growth remain on the tips of the NWs. TEM characterisation shows that Au diffuses inside the
NW [44], resulting in NWs having an axial heterostructure with an alloyed Ge(Au) in contact with
the Au electrode at one end, while the other end has an abrupt junction between the Ge NW and the
Au electrode. Although intrinsically synthesised, Ge NWs are inevitably p-type as a consequence
of surface traps at the interface Ge/GeO; oxide creating holes accumulation [257].

Therefore, the device is structured with two different junctions from one contact to the other.
One contact is more ohmic (or "less Schottky™) with a graded junction from Au electrode to
Ge(Au)alloy/Ge(core), while the other is a Schottky contact with a more abrupt junction
Ge(core)/Au(electrode) as shown in the schematic Figure 3.26 a). During device fabrication, the Ge
NWs being different from one side to the other undergo nonetheless the same non-uniform electric
field of DEP and so the Ge(Au)alloy or the Ge(core) side of the NWs should have no preferential
alignment parameters or orientation. The asymmetric electrical properties of the devices from
forward to reverse bias can be explained if the NWs have an orientation trend and orient a certain
way i.e the Ge(Au)alloy sides connected on one electrode and Ge(core) sides connected on the
opposite electrode. It was actually found that the function generator had a DC offset artefact of 100
mV. During DEP, that DC offset from the function generator created an additional electrokinetic
force to DEP force; electrophoresis (EP). The DC offset generates an electrode with fixed poles
"more positive” and "more negative” than the opposite electrode and hence two forces are
determining the preferential orientation of the Ge NWSs. The zeta potential of the Ge NWs was
measured using a Malvern DLS ZETASIZER, and it was found that the NWs surface was
negatively charged in anisole with ' = —0.75 mV. Indeed, with the thin oxide layer on the surface,
the dangling bonds of oxygen form a layer of negatively charged O~. At the Ge(Au)alloy side, the
surface is more likely to have no oxide layer or at least much less O~ bound due to the presence of
gold and thus a more neutral net surface charge. Hence, the Ge(core) side of the NWs with its
negative net charge in anisole, tends to orientate towards the "fixed" opposite polarity; the positive
electrode of EP. EP is ruled by the fixed net surface charge of the NWs surface while DEP is ruled
by polarisability, dielectric properties and moving carriers in the Ge NW.

The combined forces of DEP and EP, show an interesting assembly method to fabricate
heterojunction diode-like devices. Indeed that serendipitous offset was enough to influence and
direct the Ge(core) part of the NWSs to one electrode. Hence, the Ge(core) side NWs are particularly

attracted to the more positively charged electrode at a certain time under the AC field added with
DC offset. Therefore, resulting in asymmetrical devices.
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If the function generator is ideally set to 0 V offset, the aligned NWs have non-preferential
orientation and the resulting device features more transistor-like behaviour with a symmetrical
response. The following schematic 3.25 illustrates the combination of DEP and EP forces acting on
Ge NWs with an oxide layer (green), rending the net surface charge negative ({{-)) and a
Ge(Au)alloy sides neutrally charged ({{2)) at the surface.

() a2 o 0¥ —

Figure 3.25: Combination of Dielectrophoresis and Electrophoresis forces; not to scale. Alternating
DEP voltage (red arrows and signs) of 8 Veat—-pear @and fixed EP voltage (black arrows and signs)
of 100 mV.

Ge NWs heterojunction diode devices

After alignment and fabrication of the device by DEP, this hetero-junction

Au(electrode)/ Ge(core)/Au(electrode) results in a band diagram illustrated in Figure
3.26 b). As input, known parameters were used for the band diagram reconstruction [95], [258]. On
one end of the NW, the abrupt contact Ge(core)/Au(electrode) is considered a Schottky contact; the
p-Ge NW band at the interface meta Ge bends upwards, and the holes are depleted close to the
interface of the NW with the metal creating a potential barrier for holes to reach and recombine with

electrons at the space charge region.
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Figure 3.26: Schematics of (a) representation of contacted NW and (b) schematic of the resulting
band alignment.

The contact Au(electrodes)/ bends the energy band downwards and injects holes
lowering the Fermi level in the Ge semiconductor [259]. The contacts Au(electrodes)/
is gradually ohmic towards the electrode and gradually ohmic or "less Schottky" towards the
chemical junction with the Ge(core). Recent work has shown very similar properties obtained with
heterostructured NWs of In(Au)alloy/GaAs(core) and measured Schottky barrier lower than for
traditional Au/GaAs Schottky contacts [111]. This reduction is caused by chemical bonds
formed during the growth at the junction /Ge(core) that ease the junction from abrupt
to graded and determine the carriers' transport. This is what can be observed during the
annealing of semiconductors with metal contact where chemical bonding between these elements is
improved leading to ohmic contact [260]. In the present case, one could argue that the band
diagram actually shows lower bending at the junction /Ge(core) than at the abrupt
contact Ge(core)/Au(electrodes).

To further investigate and understand the performance of the devices fabricated at different
frequencies, the IV characteristics in Figure 3.24 are re-plotted on log-log scales in forward voltage

Figure 3.27 and in reverse voltage Figure 3.28 for selected frequencies.
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Figure 3.27: Forward IV characteristics of as fabricated Ge NWs devices fabricated at DEP
frequencies of (a) 500 Hz, (b) 1 MHz and (c) 10 MHz all fabricated with a peak-to-peak DEP
voltage of 8 Vpeak—10—peak-

e Looking first at the device fabricated at the lowest DEP frequency a) 500 Hz, the current
response in forward bias voltage displays an initial region (between approximately 0 and 1.5
V) where a negligible current is able to flow, followed by an increase in the current as the
voltage is further increased. The gradient of the increasing current is 2.05 + 0.08, which
indicates that the device is dominated by space charge limited currents (SCLC) due to low
carrier concentration from the depletion of injected electrons trapped by defect states [261].
Given that Ge has high electrons and holes mobility, it is most likely that the "pure™ Ge NWs
dielectric properties have little contribution to the conduction. That effect has been previously
observed in nanowire-based diodes [262] where it is also demonstrated that SCLC is enhanced
by dimensionality (high aspect ratio). At low voltage, the captured injected charges are not
enough to overcome the SCLC, there is a coexistence of band carriers and trap states
(shallow or deep traps). The slight tick-up at a high voltage of 10 V indicates an onset trap-
free SCLC when the trap states are being filled.

At a DEP frequency of 1 MHz a noticeable change in the IV behaviour is observed, with the
appearance of three distinct regimes. At voltages up to 1 V, there is no significant increase in
the current, as similarly observed in the initial region at 500 Hz. The next region occurs
between 1 and 3 V, where the current increases as the voltage is increased with a gradient of
0.85 = 0.09. In that region, the gradient is close to the value of 1 which is expected from
ohmic conduction. The conductivity mechanism is slowly transitioning from SCLC to ohmic

(from 500 Hz to 1 MHz and higher frequency) as trap states are less present in the NWs.
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As the voltage is further increased >3 V at 1 MHz the current increases at a faster rate with a
gradient of 2.1 + 0.1 indicating SCLC as the dominant conduction mechanism in the device
performance. SCLC that are most probably originating from shallow traps (low energy
density of states either close to valence or conduction band) commonly observed in
nanodiodes [126]. There is then a slight reduction in the gradient for the highest voltages =
10 V (with a gradient of 1.1 + 0.1) suggesting saturation of the SCLC and a return to
ohmic behaviour supporting fewer trap state levels. As the voltage increases it becomes
high enough to pull the Fermi level above the traps (in less amount than for lower frequency
NWs) energy level and entails a device that features power dependence. For the device
fabricated at the highest DEP frequency of 10 MHz, significantly different behaviour is
observed with the current getting larger as the voltage is increased across the entire source-
drain potential range. Furthermore, only a single ohmic gradient is observed for nearly the
entire voltage range for this device with a value of 0.95 = 0.05, indicating true diode-like
behaviour. One could assume that for NWs aligned at high frequency, the carrier
concentration and mobility are higher than the trapped charge density and show fewer
response differences. At the highest voltages, a slight uptick is observed in the gradient
suggesting a potential onset of trap-free SCLC at voltages > 14 V when the trap states are

filled and don’t affect the carrier concentration anymore.

Firstly the initial region of no current flow becomes smaller as the frequency is increased, in
other words, the threshold voltage required to turn the device ON reduces. Secondly, as the
DEP frequency is increased an initial ohmic region is observed before the onset of SCLC,
the upper threshold of this ohmic region then increases as the DEP frequency is increased
along with fewer trap states leading to ohmic conduction dominating the performance of the
device. Within the NWs, less SCLC and so fewer defects imply that the channel material

quality heads toward a less disordered system and more ideal crystals.

« Conversely, looking at the 1V behaviour for reverse bias Figure 3.28 a), b), c), it is observed
that for the devices fabricated at 500 Hz and 1 MHz, a very similar feature is obtained with an
approximate constant increase in the current being measured across the entire voltage range.
For these devices, gradients of 1.15 + 0.03 and 1.20 + 0.04 were obtained. This suggests
that the resultant diodes were suffering from high leakage currents. In reverse voltage,
leakage are coming from crystal defects, dislocation, and lattice mismatch inducing trap states

that reduce NWs quality and conduction [263].
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Figure 3.28: Reverse IV characteristics and gradient fitting lines of as fabricated Ge NWs
devices fabricated at DEP frequencies of (a) 500 Hz, (b) 1 MHz and (c) 10 MHz all fabricated
with a peak-to-peak DEP voltage of 8 V,eur—ro—peak-

For the 10 MHz devices, significantly different behaviour is observed; there is initially only a

very small voltage dependence on the current that occurs up to a threshold of around 2 V.

Above this value there is a sudden and sharp increase in the current (gradient of 3.75 + 0.07) to

a voltage of approximately 8 V after which the increase in current begins to reduce. This

more closely resembles the one that would be expected from a diode in reverse operation with

no current flow before a sudden breakdown occurs at = 2 V, although the origin of the

breakdown behaviour (i.e. Zener, impact ionisation, etc.) is not clear.

For the devices not shown, similar behaviour is observed in the 500 kHz and 5 MHz cases,
with only the 10 MHz device exhibiting significant change to this.

To summarise the results and better help understand the performance of these devices as diodes,

Figure 3.29 shows the measured forward “turn-on voltage” and the rectification ratio as a function of

frequency. Figure 3.29 a) shows that as the DEP frequency increases, the turn-on-voltage decreases

from 1.17 V to 0.2 V which is close to the expected turn-on for a Ge diode (0.3 V), while in Figure

3.29 b) the rectification ratio increases, reaching a value of over 500 at a voltage of 1.5 V at the

highest frequency.
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Figure 3.29: (a) Forward Turn on Voltage and (b) Rectification Ratio (at +/- 1.5 V) as a function of
DEP frequency.

Other studies on the doped p-n junction of a single Ge NW diode showed a rectification ratio of 100
for NW of 60 nm of diameter on a device fabricated by VLS and E-beam contact [264]. A
rectification ratio of 205 to 1430 for n and p doped array of Ge NWS of 150 nm diameter has also
been measured [265]. Si NWs diodes have been reported with rectifying behaviour of 1.33 to 4.47

[266]. This rectification ratio is an important asset for semiconductor devices as it controls the flow

by blocking undesirable leakage currents.

To understand the cause of these distinctly different regimes and device performance over
increasing frequency, the NWs alignment by DEP force has to be considered, specifically the
interactions between the AC field frequency and the NWSs. At low frequencies, a similar force is
experienced by all the NWSs, regardless of conductivity or the number of defects in them. As
such, for the most inferior frequency devices, any Ge NW will have been aligned and contribute to
the observed current. SCLC occurring across all voltages above the turn-on, as well as leakage
current, indicates that a significant percentage of the NWs have active traps and defects and
subsequently these dominate the electrical performances seen in forward and reverse bias voltage.
No significant SCLC has been observed at high voltage, one can assume that the majority of NWs

have shallow traps rather than deep traps. A reconstructed schematic of the band alignment is

shown in Figure 3.30.
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Figure 3.30: Theoretical band alignment of the Ge NWs-based devices. At low frequencies, the
devices exhibit SCLC shallow trap states present in the collected NWs. Energy levels are relative
for illustration purposes and are not absolute values.

The graph in Figure 3.30 shows shallow traps between the Valence Band (VB) and Conduction
Band(CB). Shallow traps, close to the VB and CB are responsible for the observed SCLC of the
NWs collected at low frequencies. Previous works estimated shallow traps from interface and surface
defects in germanium NWs to be situated below the Fermi level at 0.13-0.15 eV [164]. Shallow
traps above the Fermi level have been scarcely investigated, their defects type is unknown and they
have been estimated to be situated at 13-17 meV above the Fermi level [267].

With increasing DEP frequency, the NWs require a higher conductivity (for the carriers to
polarise the NW) and so fewer defect states to respond to the field and align; the most trap-rich
NWs cannot respond to DEP during the fabrication, resulting in the appearance of SCLC
regions in the IV characteristic. As the DEP frequency continues to increase, the device contains
fewer selected NWs with fewer traps resulting in the ohmic region becoming larger until no SCLC
is observed at the highest DEP frequency. Extrapolating this idea would eventually result in a
reduction of the current as only a few NWs would be located inside the gap and contributing to
the current flow. However, it would seem that from the results obtained in this work, we have not

yet reached this critical frequency.
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Increasing frequency aligns NWs that feature higher conductivity, and so the Mott-Gurney law
was studied from the resultant 1V curves. If a bulk semiconductor does not have any traps, the
SCLC is governed by the V2 relationship first derived by Mott [127]. For NWs that contain traps,

the law is rewritten in the form as follows [268].

2

J = ZQEGe,uNWSII% (3.4)

In our case ¢ is the permittivity of Ge, [nws is the NWs carrier mobility, V is the applied

voltage, L is the distance between the electrodes and 6 is a scaling constant that is inversely
proportional to the density of traps in the NWs. As such, we have fitted the SCLC regions of
the 1V curves with equation 3.4 and extracted the product (6u) as a function of DEP frequency with
the results shown in the plot Figure 3.31. Because no clear SCLC region was present in the IV
response the analysis could not be performed at the highest frequency of 10 MHz. From the
analysis, as the frequency is increased the product (6u) also increases. While it is not possible to
decouple the terms using this approach, for the product to increase either the mobility is increasing
or the trap concentration is decreasing or even both are occurring. An increase in carrier mobility
can be seen as improving the quality of the NWs in the device. Similarly, a decrease in the trap
concentration would be seen as signifying higher quality NWs. In that fashion, for NWs having
higher conduction and carrier mobility, the carriers during DEP can follow the pace of high-
frequency signal, transit within the NW and polarise it on both sides and finally align between the
electrodes. This explains the hypothesis that increasing the DEP frequency results in better-quality
NWs being selected and aligned.
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Figure 3.31: 6u as extrapolated by fitting the Mott-Gurney law to the IV curves as a function of
DEP frequency.

The improved performance of the devices fabricated at higher DEP frequencies and their
potential reproducibility were tested. Four repeat devices were made at the highest frequency of 10
MHz. Based on the analysis above we expect to only align the most conductive NWs and
obtain the most diode-like behaviour. The resultant Vs are shown in Figure 3.32, each separately
fabricated spanning a period of several months. Three of the devices show almost identical 1V
characteristics, with the fourth only showing a slight difference, primarily in the reverse voltage
direction. All devices exhibit the same slight asymmetry as observed previously in Figure 3.24 and
analysis of the forward bias response shows the same behaviour as observed in Figure 3.24, with
identical gradients, turn-on voltages and rectification ratios (within the fitting uncertainty). This
confirms that, despite the different oxide thicknesses observed in NWs of different ages, the Ge
NWs are stable and suitable for device fabrication months after their growth, and DEP is a viable
and attractive route to fabricate predictable devices utilising semiconductor NWs, resulting in a

similar number of nanowires with the same mobility in the end device.
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Figure 3.32: : IV Characteristics of multiple Ge Nanowire devices fabricated with a DEP frequency
of 10 MHz and a peak-to-peak DEP voltage of 8 Veak—io-peat-

Conclusion

Choice of the medium according to its wettability with the platform surface, chemical inertia with
the Ge NWs as well as the relevant design of the receiving electrodes have been identified as the
most favourable parameters for DEP workability. With the aim of investigating DEP for Ge NWs,
optimum fabrication parameters were found to be crucial. It was demonstrated by means of
scientific experiments that DEP is an effective tool for the collection and selection (length and
quality) of Ge NWs with different lengths and electrical properties.

NWs collected at high frequencies resulted in an alignment of NWSs length similar to the gap,
and high conductivity properties with the lowest level of defects confirmed by the absence of SCLC
and increase of carriers’ mobility. DEP collection at high frequency leads to the attraction of
semiconductor NWs that tend towards ideal semiconductor crystals system. It was demonstrated
that it was possible to manipulate and orientate heterostructured NWSs by combining two
electrokinetic mechanisms. Dielectrophoresis and Electrophoresis working together allow specific
orientation and motion of electrical charges characterised by permittivity (DEP) and surface charge
(EP) of particles in a medium in interaction with an applied electric field; AC and DC. This is the
first time that such motion is performed on heterostructured semiconductor NWs, with the potential
of orientating and aligning NWs to obtain heterojunction contact. DEP selections still occurred

which means that it was dominating over EP.
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To preserve the advantages provided by DEP, an applied AC voltage of 8 V eai—0o—pear and DC
voltage of 100 mV were efficient parameters to electrically interact with the moving charges at the
core of the Ge NWs and with the fixed negative net charge provided by the thin oxide layer at the
surface of the NWs. SEM images and EDX chemical analysis were not possible to perform to
have images of the preferential orientation alignment. SEM imaging has an interaction volume
depth of electrons that is too big and too penetrating in the matter and thus was reaching the gold
electrodes. A smaller excitation voltage would have not excited the gold enough for detection and
therefore the detection of gold would have been hampered by the gold electrodes. However,
analogous results have been obtained from previous electrical properties studies on heterostructured
NWs supporting this reasoning [111, 260]. The obtained diode-based devices demonstrated to
possess a Schottky contact at the Ge(core)/Au(electrode) junction and ohmic contact at the
Au(electrode)/Ge(Au)alloy junction. The obtained diodes showed increasing performance
characteristics, including carriers’ mobility of 4.40 6y, a turn-on voltage of 0.2 V, a large reverse
breakdown voltage, and a rectification ratio of 500 for characteristics obtained at the highest
frequency of 10 MHz.

Lastly, from low to high frequencies, it is possible to control the features of the devices resulting
in diode or transistor performance if one decides to align the NWs with heterojunctions (with
electrophoresis) or homojunction (without electrophoresis). This is a promising technique for the

next generation of nanotechnology for the manipulation of chemically structured nanoparticles.
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Chapter 4

Fabrication and characterisation of a
single nanowire-based device

Introduction

In Chapter 3 it was demonstrated that increasing frequency besides aligning superior electrical properties also
collected fewer NWs because of decreasing DEP force and because of the unpredictable and limited amount of
quality NWs by batch. As a consequence, it was observed that for frequencies higher than 10 MHz it was difficult
to align NWs even with the aim of single NW alignment. As investigated in the previous Chapter and literature,
despite the tremendous potential of DEP, manipulation, and placement of NWs is still a dominant challenge for
nano-manipulation, especially for a single NW. By means of DEP, a possible way would be to have one single
NW in the solution which would imply a randomly chosen NW without being pre-selected by DEP, adding
manipulation that would risk damage. Another method would be to stop the DEP process as soon as a NW is
aligned in the electrode gap, and the selection mechanism of DEP still occurs. Ideally, it could have been done by
using the Matlab code and TIA set-up to stop the DEP process as soon as the calculation shows a drop in
resistance. The issue is that at a frequency of 10 MHz the parasitic capacitance effect from the electrodes takes
over the TIA that can not keep up with the decreasing signal-to-noise ratio and it becomes more difficult to detect
any changes in resistance. Currently, most of the single NW alignment methods are by advanced lithography (top-
down), electrophoresis, and tweezers manipulators used with a complex optical microscope (bottom-up). Those
techniques have shown high precision placement but require direct contact with the particles which is a source of
damage, time-consuming, and involves randomly chosen NW [269]. In the literature, single NW alignment by
DEP relies on a very low critical voltage used together with a fluid flow channel system (electroosmosis from a
conductive medium like water) which can be a problem regarding the chemical nature of the particles [60].

In the following Chapter, an experimental method is proposed to align one single NW by combining the

advantages of DEP and a voltage divider set-up.
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This system gives the possibility to use any frequency (and so variable NW properties) without additional
constraint to the NWs’ motion and environment. It is an easy and rapid method to have control over the density of
NWs by keeping their properties provided by DEP at a selected frequency. Single NW alignment has great
potential for analysis of fundamental properties of materials at the nanoscale as well as applications like a single

molecule or photon sensors.

4.1 Voltage divider set up

The basic principle of a voltage divider is a simple series of resistor circuits allowing voltage
division between two resistors and producing an output voltage divided by the input voltage. The
voltage divider system can be implemented as presented in Figure 4.1 where the electrode gap is
represented by the resistor Rnw. To simplify and avoid any additional electrical artefact, the
alignment monitoring system with the TIA was removed for this experiment. Besides, as
mentioned, at high frequencies the signal-to-noise ratio is too insufficient to detect any accurate
changes in the resistance. Using the same protocol of fabrication and DEP parameters previously
studied the system demonstrated in this chapter proposes an innovative way to have further
control over nanoparticle manipulation. The voltage divider system is ruled by Ohm’s law

equation and the voltage passing through the electrode gap Vgap can be written as follow;

Rnw
Vgap - Vi“m (41)

Before the start of DEP, the electrode gap Rnw can be considered as an "open circuit
resistor" connected in series with a chosen resistor Rd. Therefore, before any NW starts to align
Vin = Vgap = 8 Vypeak—10-peat, aNd Ryw — oo Q. When the circuit is being closed by an
aligning NW, the resistance Rnw (Rnw — 0 Q) has to become considerably smaller than Rd so
that the voltage passing through Vg, =~ 0 is negligible stopping the DEP process. For that
purpose, Rd has to be low enough to allow Vgap = 8 Vpear—o-pear at the start, but high enough

for Vgap =0 when Rynw <<'Rd. ldeally, in this way DEP allows one NW to align.
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Figure 4.1: Voltage divider system with DEP circuit topology.

To test that idea, a series of devices were fabricated using the parameters previously studied, i.e.
AC voltage at 8 Vpear—0o—pear and frequencies of 1 and 10 MHz with no DC offset. A new batch of
Ge NWs in anisole was prepared by sonication. For each device and frequency, the DEP process
was coupled with the voltage divider system and was set with a resistor Rd of 0 Q, 16 kQ, 22 kQ
and then 33 kQ. The samples were analysed by optical and SEM microscopy and the images at 10
MHz are presented in Figures 4.2 and 4.3. The devices’ images fabricated at 1 MHz were not

shown as they performed the same collection trend as at 10 MHz.
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Figure 4.2: Images obtained by optical microscopy of devices fabricated at a DEP voltage of 8
V pea—10-peak @NA frequency of 10 MHz. The voltage divider system was set with Rd = a) 0 kQ,
b) 16 kQ, ¢) 22 kQ and d) 33 kQ.
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Figure 4.3: SEM images of _ 1 NW in devices fabricated at a DEP voltage of 8 Vcu—1wo-peat,
frequency of 10 MHz and with a voltage divider resistor of 33 kQ.

A limiting resistor value was considered at the point where 2 to 1 NWs seemed to be aligned as
suggested by a quick check using optical microscopy. At 1 MHz the limiting resistor was found to
be at 16k€, while at 10 MHz the limiting resistor was found to be at 33 kQ. Analogous alignment
yield was obtained for 1 MHz and 10 MHz with a similar progression than with increasing
frequency observed in Chapter 3 where here the number of aligned NWs decreased with increasing
Rd. As Rd is increased, the necessary resistance Ryw (before Vgp =~ 0) decreases, which is

why fewer NWs are collected until only a couple or one NW is collected.
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From the SEM images at 10 MHz with Rd= 33 kQ Figure 5.3 1 NW seems to be aligned
although it is also surrounded by other entangled NWs. It is possible that those entangled NWs
were dragged by the more conductive one by branched NWs or that smaller NWs and particles were
collected by residual electrophoresis created by the function generator at high frequency (DC offset
artefact at high frequency) [270]. A method that could have been used to reduce entangled NWs
was to reduce the NWSs concentration risking chances to collect any NWs and quality NWs.

5.1 Current response

The I(V) responses were measured using the set-up described in the previous Chapter 2 and used in
Chapter 3. The electrical measurements of the devices were put in Figure 4.4 for the device
fabricated at 1 MHz with a limiting resistor of 16 kQ and Figure 4.5 for the devices fabricated at 10
MHz with a limiting resistor of 33 kQ.
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Figure 4.4: I(V) characteristics of the aligned NWs at 1 MHz and AC field of 8 Veatto-peat,
with a voltage divider resistor Rd= 0 kQ and 16 kQ.
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Figure 4.5: 1(V) characteristics of the aligned NWs at 10 MHz and AC field of 8 Vyear—ro-pea,
with a voltage divider resistor Rd= 0 kQ, 16 kQ, 22 kQ and 33 kQ.

For all the responses obtained using Rd = 0 kQ, symmetrical transistor-like performances are
observed at 1 and 10 MHz frequencies. As expected and with no DC offset applied during DEP
(and thus no EP), transistor-like performances are obtained as the collected NWs have no
preferential alignment. This further confirms the possibility to build NW-based devices with a
certain control on the desired performances.

At 10 MHz and with increasing Rd, the increasing asymmetry suggests devices that head toward
one NW alignment (heterojunction). As the collection rate decreases the device performances are
dominated by the heterostructured NWs. It implies that for heterostructured NWSs with no
preferential alignment on the electrodes, transistor performances can be reached if enough NWs are
aligned in the gap to counterbalance heterogeneity at the junctions which would otherwise result in
asymmetrical response as explained in Chapter 3. The resistance of the resulting devices fabricated

at 1 and 10 MHz was investigated as a function of the increasing Rd and put in Figure 4.6.
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Figure 4.6: Resistance of the device measured between 10-11 V as a function of the voltage divider
set-up resistor Rd.

As fewer and fewer NWs bridge the gap, the electrical resistance at the contacts increases due to
increase electron scattering at the contact as equivalently observed with decreasing NWs size
[10]. For =1 contacted NW, the resistance at 10-11 V is lower for devices with NW aligned at
10 MHz than at 1 MHz. It also implies that for Rd = 16 kQ, ~1 NW-based device aligned at 1
MHz is less conductive than say a couple of higher quality NWs-based devices aligned at 10
MHz. In the similar voltage range, by considering the resistance of ~ 1 NW-based device at 10
and 1 MHz, it is possible to extract an approximate number of aligned NWs at 0 kQ, 22 kQ and 16
kQ. At 10 MHz the estimated numbers of NWs are; 16 NWs aligned at 0 kQ, 12 NWs at 16
kQ, and 8 NWs at 22 kQ for =1 NW aligned at 33 kQ. At 1 MHz the estimated number of NWs
aligned with 16 kQ is 7 NWs. Those number of NWs are consistent with the optical microscopy
images in Figure 4.2.

Additionally, the resistivity (Q.cm) of ~1 NW-based device (with the resistivity of the
contact) has been calculated for NWs collected at 1 MHz and 10 MHz in order to compare them to

the resistivity obtained by Sarah Beretta et al..
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In their study, using the same Ge NWSs growth process, the NWs resistivity was measured using
Focused lon Beam Induced Deposition (FIBID) to contact a randomly chosen Ge NW to platinum
and gold electrodes. They found resistivity values of 0.18-0.21 Q.cm (476.19 - 555.56 S m™?) for 1
single Ge NW [233]. As shown in the graph Figure 4.6, the obtained resistance for 1 NW-based
device at 10 MHz is 7.73 x 108 Q which corresponds to a resistivity (obtained from Ohm’s law)
of 8.7 Q.cm. At 1 MHz the measured resistance for 1 NW was 1.55 x 10° Q which corresponds to
a resistivity of 17 Q.cm. Such a difference can be explained by the measurement technique.
Focused lon Beam induced deposition (FIBID) of Platinium to connect NWs to the gold electrodes
allows locale deposition and high-resolution nanopatterning thus resulting in ultra-low contact
resistivity [271]. Table A.3.1 placed in the appendix reports the resistivity of single Ge NWs found
in the literature from different growth techniques and device fabrications. Compared to resistivity
obtained from other techniques the Ge NWs aligned and contacted by DEP at 1 and 10 MHz have
promising resistivity. Current response measurements at different temperatures would have allowed
investigation of the contact resistance and barrier heights enabling more accurate extraction of the Ge
NW resistivity without contact resistivity. Moreover, a second layer of electrodes deposited on top
of the current electrodes would have improved contact and reduced resistivity further.

5.2 Optical properties; photocurrent spectroscopy

The photoresponse characteristic of an array and of approximately a single NW device were
investigated. Using the spectroscopy setup described in Chapter 2 the device was placed on a
stage to receive the incident light beam. The optical chopper was set to rotate at 330 Hz and
placed between the monochromator light source output and the device. Illumination was performed
with a wavelength from 400 to 1100 nm and a bias voltage of 100 mV was applied. The
illumination spot diameter was 1 mm and illuminated the entire device as well as part of the Au
electrodes which can not be avoided. The light was shone onto the device perpendicular to the NWs
axis alignment and the photocurrent was measured as a function of the photon excitation
wavelength giving the spectrum presented in the following graphs. Figure 4.7 presents the

photoresponse of an array of Ge NWs aligned with no resistor Rd= 0 kQ .
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Figure 4.7: Spectral response spectroscopy at room temperature of an array (black curve) at a DEP
frequency of 10 MHz with a resistor of 0 kQ (black curve).

The photoresponse of an array of NWs was found to dominate under illumination between 600
and 1400 nm in the visible and infrared wavelength with a maximum photocurrent measured at 0.34
MA. For a wavelength converted in increasing energy (eV), the onset photocurrent is from 1550 nm
corresponding to 0.8 eV which is the Ge energy band gap. Previously measured Ge-based devices
presented in the literature show results that are in correlation with optical results obtained in this
study [272]. However, there is a slight difference; for a reference germanium photodetector, as
presented in reference [273], the photocurrent dominates over a wavelength of 900 nm to 1550 nm
while in this study the photocurrent has an onset from 500 nm. Such broad photoresponse has been
observed for Ge material either doped [274], with a Schottky barrier [275], multilayered [276] or
strained heterostructure [277].

When the incident light energy is greater than the band-gap of a p-type NWs there is a positive
photoresponse (in contrast with a negative photocurrent response for n-type material [6]). Upon
illumination, photoexcited free carriers result in the observed photocurrent. As mentioned further
enhancement of the photocurrent can either be from impurities at the interface, doping or lowering
of the Schottky barrier. For Ge NWs, intensity increases at a wavelength onset of 1550 nm with

more carriers released at higher energy until a drop at =~ 600 nm.
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Illumination upon the device and contacts has been largely investigated for NWs and has
particularly shown a lowering of the Schottky barrier and an increase in photocurrent [278]. The
photoresponse current obtained from ~ 1 NW is shown below in Figure 4.8.
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Figure 4.8: Spectral response spectroscopy at room temperature of = 1 Ge NW. The device

is fabricated with NWs aligned at a DEP frequency of 10 MHz with a resistor of 33 kQ.

The photoresponse of a single Ge NW was found to dominate between 1110 and 1540 nm
with a maximum photoresponse of 1.9 nA. The spectrum shows a first distinctive valley response
between 500-900 nm and a second valley between 1120-1540 nm. A couple of peaks are present
with one at 600 nm, a second at 900 nm and a last distinctive shoulder at 1550 nm. The device
response suggests higher sensitivity near-infrared. Wavelengths between 780 and 850 nm, 1300 and
1550 nm, are the essential wavelengths of communication with minimum losses and attenuation
through glass and fibres, resulting in higher quality, better signal-to-noise ratio and longer potential
link distance compared to other wavelengths [279].

Compared to an array of Ge NWs presented in Figure 4.7, the single Ge NW photoresponse
Figure 4.8 is in two parts; a region between 500-900 nm with a response of 1.3 nA and at higher
photocurrent a region between 1000-1550 nm with 1.9 nA.
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Overall the photoresponse is about two magnitudes lower than for an array of NWs but most
probably that ~ 1 NW device is more sensitive. Previous studies on single Ge NW have
demonstrated similar high photoresponse in the wavelength range of 1000-1600 nm where it is also
shown that it was due to the Schottky barrier between Ge NW and Au electrode [278]. Their
photocurrent response for a single Ge NW (NW of 2 pm long and 60 nm diameter) in contact
with Au electrodes is consistent with what was measured in this study and suggests that 1 Ge
NW is measured. Sett etal. [278] highlighted that asymmetrical contact induces increasing carrier
conduction because of the barrier separation of carriers avoiding recombination. This characteristic
has been observed for metal-semiconductor Schottky contact of ZnO NWs (collected by DEP)
between Pt electrodes[280], and single GaAs NW between Au electrodes [281]. As demonstrated,
for an array of NWs (with EP shown in Chapter 3) or for = 1 Ge NW aligned, the asymmetrical
current response comes from the heterojunction of the device with a graded chemical junction within
the NW. Ge(Au)alloy/Ge(core) creates an ohmic contact (or "less Schottky') on one side and an
abrupt junction Ge(core)/Au(electrode) resulting in a Schottky contact on the other side. At the
Schottky contact and at equilibrium (as shown in Figure 1.19 b) in Chapter 1) builds a layer of
negative carriers (electrons) in the semiconductor and positive carriers (holes) in the metal interface
forming the energy barrier (in abrupt interface red line). The Schottky barrier height is sensitive to
carrier generation and transport. Hence, under illumination generation of electron and hole carriers,
and under forward voltage, the applied electric field is opposite to the built-in and lowers the
Schottky barrier. This type of asymmetric structure has demonstrated enhanced sensitivity [282]
where photocurrent can be produced with no applied bias while symmetric structures have
photocarriers in a built-in potential well until external bias is high enough to pass through the barrier
[283]. It would have been interesting to measure the photocurrent response of devices fabricated with
DEP at lower frequencies in order to analyse how lower-quality NWs would perform under
illumination.

The performance of a photodetector is measured by the responsivity that also reflects its
sensitivity. The spectral responsivity can be determined by evaluating the incident light power
using two different reference diodes of known responsivity. Using Si and InGaAs commercial
photodiodes, the responsivity of an array and of ~ 1 Ge NW has been plotted in the following
Figure 4.9. The light spot being larger than the detection area, it is difficult to accurately calculate
the incident optical power. The graph Figure 4.9 indicates for ~ 1 Ge NW (in the red curve) high
responsivity of 6.2 x 10° A/W at 700 nm and 5.2 x 10° A/W at 1550 nm. To the best of our
knowledge, this is one of the highest responsivity measured for photodetector based on

semiconductor NWs.
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Such high responsivity for the selected wavelengths of 650-700 nm and 1550 nm have great
potential for application within red visible light and optical communication wavelength respectively

[284, 285]. Table 5 compares responsivity performances from a couple of studies on single NW for
photodetection.
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Figure 4.9: Optical responsivity of an array of Ge NWs (in black) and 1 NW (in red). Both devices

have NWs aligned by DEP at 10 MHz with no resistor and with a resistor of 33 kQ in the voltage
divider system.
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Table 5: Photodetector nanowire-based responsivities found in the literature.

. . 6.2 x 105 700
This work Single Ge
el F= G 5.2x 105 1550
MOVPE L=20 ym DEP g X105 00
x 104
Array Ge e
EBL + top
[Settzt;t oL Single Ge MOVPE ©= 20 nm metallisation/random 3.6x10° 353
[338] L;132 m selection 3.7x107 5
_ EBL + top
Das et al. Single Si Etching ton-down 91?_?0 E)m metallisation/random 1.5 x 104 TG
[333] & el Sl selection 45
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i = 4
E‘;Z]Et al Single InSb Electrochemical L=10 ym EBL/FIB random selection 8.4x10 500
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©= 40 nm A
Guo et al. - _ metallisation/random 1.9 x 103
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Notes; MOVPE=Metalorganic Vapor-Phase Epitaxy, MBE= Molecular Beam Epitaxy, DEP=
Dielectrophoresis, EBL=Electron Beam Lithography, FIB=Focused lon Beam.

The array of Ge NWs (in the black curve) shows less sensitivity with 2 x 10° A/W at 700 nm
and 8 x 10* A/W at 1550 nm. This difference with = 1 Ge NW could be due to more scattering from

the array of NWs or shadowing from overlapping NWs.

In this study, the high responsivity is most likely originating from multiple physical mechanisms
occurring at the NW. Enhanced carrier collection can arise from Schottky barrier lowering (in
heterojunction) [278], surface traps at the interface of NWs (for p-type NWs) [275] and optical
resonance can originate from spectral selectivity or internal reflection antenna [286]. Control on the
chemical composition and morphology of NWs have shown to lead to possible absorption of light
leading to optical resonance. Cao et al. [227] measured optical resonance from individual Ge NWs
of 50 and 200 nm diameter (60 nm diameter in this study). They highlighted spectral selectivity and
optical resonance of the NWs at wavelengths of 700, 900 and 1250 nm where they also measured
maximum response. Using the photocurrent response Figure 4.8 and responsivity Figure 4.9 one can
speculate that the devices feature optical resonance. A possible way to confirm the latter would
have been to measure the NWs horizontally and vertically with a reflectance system in cross-

polarisation in order to determine the absorption of the NWs as a function of the wavelength [287].

It was explained that the Schottky contact at the junction Ge(core)/Au(electrode) was an asset

due to the carriers’ separation and lowering of the barrier by the photogenerated carriers.
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During the photogeneration of carriers, and under forward bias with negative electrodes at the
Schottky contact, possible recombination of the carriers is reduced by the oxide layer at the
Ge/GeO; interface.

Indeed, the shallow trap states highlighted by SCLC in Chapter 3 capture photogenerated
electrons separating and prolonging free holes’ lifetime to reach electrodes resulting in an increase
of photocurrent. As a consequence, it is possible that the photodetector NW device can perform
photocurrent response without the need for external bias voltage [288].

Conclusion

In summary, the possibility of a single NW alignment has been demonstrated, based on a voltage
divider coupled with DEP alignment. Although the system could have been improved with further
filtration and concentrations investigation of the NWs solution to avoid entangling, reaching 1 single
NW between electrodes by DEP is shown to be easier than for most of the existing techniques.
Such NWs entanglement could come from branched NWs that are formed during growth upon
seeds disturbances like sudden temperature variations [289]. Moreover, coupled with the selectivity
performances of DEP, it is possible to select the length and crystal quality from a batch of NWs.
With increasing resistance (Rd) in the voltage divider setup and without EP, aligned NWs in the
device lead toward a heterojunction system, asymmetric diode-like behaviour. Using optimum DEP
parameters, it was estimated that at the highest frequency of 10 MHz and with a voltage of 8
V peak—10-peats =1 Ge NW device has a resistivity of 8.7 Q.cm against 0.18 Q.cm obtained from the
same growth but with a device fabricated with a randomly chosen NW contacted by Focused lon
Beam Induced Deposition. Although Ge NWSs have been very scarcely studied via DEP the
obtained resistivity is promising and shows DEP considerable interest in nanotechnology
implementation.

Photodetection performances of an array and ~ 1 Ge NW are investigated. It was shown that ~ 1
Ge devices have high responsivity of 6.2 x 10° A/W at a wavelength of 700 nm and 5.2 x 10°
AJW at 1550 nm against 4 to 7 magnitude lower for an array of Ge NWs and more than 10 orders of
magnitude lower for bulk Ge photodetector [290]. Arising from the Schottky heterojunction of the
NWs structure and traps, such responsivity in a photodetector is of great interest for photonic and
telecommunication applications where specific radiations need to be detected. Moreover, single
NW has potential in applications like single photon detectors and single molecule chemical sensing.
This highlights the potential of DEP coupled with a voltage divider system. While keeping DEP
selection properties the possibility to further control the alignment rate has promising development

over the future collection and entailing performances.
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Chapter 5

Germanium nanowires-based biosensor
device

Introduction

It was confirmed in the previous chapters that the use of DEP enables the self-alignment of NWs across a pre-defined
electrode gap and also offers the possibility to select ensembles of NWs with desired properties for a given
application. Moreover, it is low-cost and permits the rapid fabrication of devices [2]. The selection of NWs
properties from within the ensemble results in devices having much more reproducible performance from batch to
batch. This is of particular importance when looking to use such devices as the active element for bio-sensing as it
removes the requirement for calibration for individual sensors, reducing the cost and complexity of the final
sensor system. In the previous chapter, aligned NWs at high frequency were showing increasing carrier

mobility. Additional devices fabricated with optimum parameters validated their repeatability.

While biosensor FETs have previously been demonstrated from NWs, in this work 3 distinct changes have
been made. Firstly, nearly all previous NW-based immuno-FETs have used Si, however, in this work, Ge NWs
are used. Compared to Si, the high carrier mobility of Ge NWs and smaller band gap are anticipated to result
in enhanced sensitivity to protein binding events. Other advantages of Ge in comparison with Si include higher
carrier injection velocity and lower temperature growth and processing, making its choice attractive for the
development of CMOS-compatible devices [291]. Secondly, the use of DEP offers the possibility of rapid
fabrication, while maintaining reliable and repeatable performance between devices. The third difference is in the
use of smaller aptamers rather than antibodies to attach the target protein, as previously discussed in Chapter 1 this
should result in the protein being located closer to the surface of the NWs and hence in a larger variation in the
channel conductivity. In summary, the following chapter establishes the feasibility of the application of DEP
used as an easy and reliable way to fabricate nanowire devices that can be used for biosensing. Functionalised
Ge NWs directed towards selective detection of the protein of SARS-CoV2 as an example target of rapidly

emerging threat is envisaged as a principle that can be extended to any protein.
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The sensor devices were fabricated using the alignment parameters investigated in the previous Chapter 1. Based
on these results, a DEP frequency of 10 MHz was used for all subsequent devices fabrication with no offset applied
(no EP) and investigation for the potential use of these devices as biosensors.

5.1 Characterisation of the functionalisation layers by Raman
spectroscopy

Once the optimum DEP parameters had been determined, a series of fresh devices were fabricated
to investigate their functioning as potential biosensors. After the DEP process, the aligned NWs
were functionalised in order to attach the binding element to their surface. The aptamer probe
molecule was attached to the Ge surface using a silanisation method detailed in Chapter 2 and also
described in reference [212].

To verify that the functionalisation had been successful and that the aptamer layer is attached to
the NWs, Raman spectroscopy scans were performed on the NWs. After each deposited layer, a
scan was performed. To qualitatively characterise the step-by-step functionalisation of the Ge NWs
device, Raman spectroscopy has been used (technically described in Chapter 2). The main issue
encountered with this kind of spectroscopy is the interference of inherent fluorescence caused by
certain types of molecules which can influence the measurement process and, in turn, the
interpretation of the ensuing bands. The analysis was carried out after each step of the
functionalisation process using an inVia Reflex Qontor Confocal Raman Spectroscope (Renishaw,
UK). The analysis of the NWs was performed using a 532 nm laser with 3 mW power and 10 s
exposure time with a 100X objective. Each spectrum consisted of 7 scans in the range of 150 to
3500 cm™l. The glass signal was automatically and systematically removed using WIRE-5
software (Renishaw, UK). As a guide, molecular schematics have been added to the spectras and
are represented in the appendix from Figure A.4.1 to Figure A.4.3.
More details on Raman spectroscopy can be found in Chapter 2. The presented graphs are the

resulting analysis of the step-by-step functionalisation.
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Figure 5.1: Raman spectra of the aligned Ge NWs after silanisation and a chemical representation
of the 3-aminopropyl-triethoxysilane molecule.

Figure 5.1 shows the Raman spectra of the first step of functionalisation; Ge NWs with
silanisation layer (APTES molecules) in the same conditions mentioned above in the 150-3500 cm ™!
range. The vibrational band observed at 300 cm™ is attributed to crystalline Ge and 450 cm™?
corresponds to Ge-O from silane bound to the oxide of Ge.

The band observed at 510 cm™! can be attributed to the stretching mode of Si-O and Si-C
(v(Si0O), ¥(SiC)) and at 1100 cm™! the band corresponds to the CH; (y(CHy)) twisting and rocking
of NH2 (5(NH,)). Lastly, at 1300 cm™* the vibration mode is the specific scissoring of CH,. Above
2000 cm™! the two bands reveal stretching modes of Si-C and C-H bonds at 2400 cm™* and 2900
cm™ ! respectively [292]. After silanisation, a layer of glutaraldehyde (GA) is deposited and acts as
a linker that binds with the amine-terminated silane and provides an aldehyde binding group for

the amine-terminated aptamer sequence.
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Figure 5.2: Raman spectra of the aligned Ge NWs after silanisation and glutaraldenyde mono-layer.
On the right is a chemical representation of the glutaraldehyde molecule.

The obtained Raman signal presented in Figure 5.2 shows several bands that can be
attributed to the GA layer. The Ge band at 300 cm ™! is still present. CH> stretching band at
1300 cm™! and the 3 bands at 2580, 2730 and 2900 cm™! from the aliphatic chain have been
detected despite the signal deformation. The deformation of the signal is due to the presence of
fluorescence that prevents discerning clearly APTES and GA. Nevertheless, the newly observed
C=0 vibration at 1600 cm™! is a characteristic band from the GA. Impurities from the sample
or the free aldehyde group (C=0) can be the cause of the significant fluorescence background
which visibly overlaps Raman bands. Nonetheless, it was still possible to detect specific bands

and it is further proof of the presence of GA [293].
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Figure 5.3: Raman spectra of the aligned Ge NWs after complete functionalisation; silanisation,
glutaraldehyde and aptamerisation final monolayer. On the right are the chemical representations of
protein molecules and their bases.

Because of their complex nature and size, DNA, proteins and aptamers are usually analysed

using Surface Enhanced Raman Spectroscopy (SERS) with which detection and recognition are

more sensitive and accurate for those particular molecules. Nevertheless, using standard Raman

spectroscopy, identification of the aptamer layer and thus the complete functionalisation was

possible to evidence. Several of the previous bands detected from the silane layer are again revealed

by spectroscopy. The symmetrical stretching mode C-N-C of the amino acids (bases) is observed at

836 cm™* (strong vibrational signal) and the weak band observed at 1580 cm™ is also a fingerprint

for aptamer and corresponds to the N-C-C bending, it can also be associated to aromatic ring band

vibration of amino acids [224]. A table put in Appendix A.4.4 summarises the functionalisation

molecules and their band vibration positions. Once the bio-functionalisation layers were highlighted

the devices were tested for their responsivity to increasing concentration of spike protein of SARS-
Cov2.
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5.2 I(V) with increasing spike protein concentration

To investigate the biosensor properties, increasing concentrations from 1 aM to 1 nM (with M=
mole.L™?) of spike protein (Cambridge BioScience spike protein) dispersed in PBS were drop-casted
onto the sample and the current-voltage response was measured after each exposure. For all
concentrations, a droplet of 4 pL was deposited on the functionalised NWs and left for 15
minutes, the sample was then washed using PBS to remove any unbound protein and gently blow-
dried with nitrogen prior to measurement. Until complete functionalisation, and after exposure to
the spike protein concentration the NWSs are exposed to water from the functionalisation and
PBS solution. As observed in the previous Chapter 3, water had a negative effect on the Ge
NWs; a detrimental reaction cycle of oxidation and dissolution that leads to the destruction of the
NWs. However, it was shown that silanisation (APTES) on semiconductors provides a protective
barrier to water [145] resulting in a passivating shell. Hence, to determine that the functionalised
NWs were stable and did not suffer dissolution, a functionalised device was exposed to PBS for
increasing lengths of time and the current-voltage response was collected using a probe station
system at room temperature in air, with no change in the electrical performance being detected
(see appendix Figure A.4.5). A further 4 devices were fabricated using the same procedure, 1V
curves were taken after functionalisation and upon exposure to increasing concentration of spike
protein. Figure 5.4 shows the resultant IV curves of one device for each concentration, along with a
functionalised device without spike protein exposure used as a reference (black curve).

After the device is functionalised, a significant reduction is observed in the current response at all
biases compared to the non-functionalised device from 5 x 1078A down to 1.50 x 10 A as
observed in Figure A.4.6 placed in the appendix. The presence of the aptamer layer on the NWs
has introduced a positive charge distribution across the nanowire surface, which resulted in the
attraction of electrons (to reach equilibrium) and induce charge depletion within the NWs and the
observed current reduction. Positive surface charge on the NWs results in the depletion of
charge carriers (holes) in the p-type Ge NWs, leading to a reduction of the current response. As
known, additional charges at the surface induce opposite charges within the semiconductor channel.
Hence, conversely, for attachment of negatively charged molecules, there is an accumulation of
charge carriers (holes) in the p-type channel leading to an increasing current response [3]. It was
mentioned in previous research showed in Chapter 1 that APTES and GA layers are negatively
charged, which supports that the final aptamer layer is positively charged and dominates the surface

charge.
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Depletion from positive charges has previously been modelled by adding p-type charges
(positively charged) to the surface of the Ge NWs [88] and as such supports that the overall net
charge from the functionalisation layer used here is positive. Despite a final rinse having taken place
after the functionalisation step, there may be still some residual trapped salt from the PBS near the
surface of the NWs causing increased noise. That is why the presented curves have been smoothed
using standard polynomial regression.

An increase in the measured current is observed at all biases upon exposure to the spike protein.
This is due to the binding of the spike protein to the aptamer, resulting in a change in the charge
distribution at the surface of the NWs reducing the initial depletion. The relative noise in the current
measurements reduces as the spike protein concentration is increased. The spike protein binding to
the aptamer results in negative potential at the surface and results in the accumulation of carriers
(holes) within the NWs ensuing in an increase in the current response [294]. As explained the
functionalisation layers act similarly to a gate electrode in a conventional FET device; with negative
gate voltage in the case of the spike protein.

To further examine and quantify the changes in current with the concentration of the spike
protein, the relative change in source-drain current at a fixed bias point (2 V) is plotted as a function
of the concentration in Figure 5.4 b). The parameter Al is used to analysing the relative change in

the current and is given in equation (5.1) below.

Al'= (5.1)

Where 1 is the measured current and lo is that measured at the same voltage in the 1(V)
characteristic without the presence of the target spike protein. While a bias of 2 V is used here, a
similar effect is seen for all bias points measured (positive and negative). Figure 5.4 b) gives the
mean value for four devices at the same bias of £ 2 V, with the error given as one standard

deviation. Three regimes can be identified across the concentration range. Between concentrations

of 1 aM (10718) to 100 fM (10713), there is a clear increase in the measured current as the spike
protein concentration is increased, with an increasing gradient of 5.1 + 0.9 for the +2 V points and 6.3

+0.8 for the —2 V points across this range.
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Figure 5.4: (a) IV characteristics of as fabricated Ge Nanowire FETS, after functionalisation and
exposure to increasing concentrations of the spike protein from 1 aM to 1 nM. All devices were
fabricated with a DEP frequency of 10 MHz. (b) shows the relative increase in the source-drain
current, relative to a functionalised device at a bias of Vps = 2 V. Response has been
measured from O to 3V and in reverse from 0 to -3 V.

This indicates that over this range the amount of protein binding to the aptamers is increasing,
resulting in a changed surface potential and hence a change in the measured current. Between a
concentration of 100 fM (107%%) and 10 pM (10°*') a saturation region is observed, this seems to
indicate that once a concentration of 100 fM (10 %) has been reached all the aptamers bound to the
NWs have now also bound to a protein and as such, no further change occurs in the surface
potential. For concentrations above 10 pM (10°*), a very sharp and sudden increase in the current is
then observed, the origin of this mechanism is not clear. However, it may be that at such high
concentrations, current can travel directly through the protein layer itself. An alternative explanation
may be that as the entire substrate is functionalised (glass and NWs) a conduction path has now
been formed around the NWs by the protein/aptamer layers, or that charges transfer through
proteins allowing NWs to transfer charge between themselves.

To ensure the changes in the IV response are due to the protein binding and are repeatable, two
reference control devices were made. As for Figure 5.4 b) the relative changes in source-drain
current at a fixed bias point (2 V) are plotted as a function of the concentration for the two
references. Firstly, a reference with no NWs and just functionalised electrode gap is used to verify
that the current measured is due to the NWs and not charge transport through the functionalisation
layers. The first reference put Figure 5.5 a) exhibits no measurable changes at increasing spike

protein concentration.
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It demonstrates that the gap is not being bridged by the functionalisation layer bound with spike
protein. The response strongly increases where the current travels directly through the
functionalisation and protein layers from a concentration of 1 nM (10° M) similar to the
functionalised NWs that have a much higher relative increase as they are more sensitive devices.
Secondly, to determine the specificity of the aptamer functionalisation on the NWs, reference
devices were tested in Bovine Serum Albumin (BSA) instead of the spike protein of the SARS-
CoV2 and put Figure 5.5 b). BSA is a standard non-targeted protein commonly employed as a
negative control for antibodies or aptamer selectivity. The NWs device fabrication and
functionalisation steps were exactly the same only the protein was changed.
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Figure 5.5: Control reference devices showing the relative variation in the source-drain current to a
functionalised device with a) no NWs at a bias of Vps = 2 V and b) functionalised NWs and
increasing concentration of BSA protein at a bias of Vps =2 V.

The signal response obtained from the devices tested with BSA exposure (b) highlights the
selectivity of the aptamer towards its binding with the spike protein of SARS-Cov2. Indeed the
devices showed negligible response with increasing BSA concentration attesting to no bonding
event. To push further verification on the selectivity it would have been interesting to test the
functionalised NWs with a real solution of the SARS-CoV-2 virus as well as a reference virus.

As a deduction, the current measured here in Figure 6.4 is due to conduction through the NWs

and the changes with spike protein concentration caused by the variation in the surface potential.
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Previous simulations on Ge NWs have shown that molecular charge transfer can occur from the
surface of the nanowire, resulting in an enhancement of around 300% in the current [88]. The
results suggest that a similar transfer of charge may be occurring from the proteins to the nanowires.

Conclusion

It was demonstrated that it was possible to extend the functionality of NWs aligned by DEP to
the domain of bio functionalisation with a very encouraging outcome. Following a step-by-step
functionalisation using aptamers as the recognition element, the different layers were qualitatively
characterised by Raman Spectroscopy. Exposure to increasing concentrations of spike protein
resulted in a distinct increasing signal with a LoD of at least 1 aM in a working range of 1 aM to
100 fM. Moreover, the performance of the functionalisation was testified by references; with no
NWs but with a functionalised gap and references with functionalised NWs exposed to a negative
control protein. From previous biosensing work using such spike protein, the following limits of
detection have been found; 0.220 pM with a working range of 0.1 pM to 1 uM using functionalised
gold nanoislands [295], 2.06 aM [296] with a working range of 2.06 aM to 20.6 fM using
functionalised graphene as a channel in FET, and 51.44 fM using functionalised thin film as the
FET channel [297].

While most of the studies have been working with silicon NWs for biosensing, in general,
[298], this work brings out the possibilities that Ge offers without the need for oxide removal.
Coupled with DEP it allows the selection of high-quality NWs with the possibility of fabricating
heterojunction for heterostructured NWs. There have been several other reports recently looking at
FET-based biosensors for the detection and monitoring of COVID-19 [296, 299]. These have all
shown similar responses in terms of sensitivity to spike protein concentrations. Our previous work
[300] is the most similar to the results reported here, in terms of using aptamers rather than
antibodies and performing the measurements in the air rather than in liquid.

The key difference in this work is in the use of Ge NWs as the active channel rather than
bulk silicon. Compared to our previous results the use of NWSs has resulted in an enhanced
sensitivity with an increased current being observed at 2 orders of magnitude lower concentration
here. The likely reason for this improved sensitivity is due to the smaller surface area of the NWs
compared to a large FET area. A single-bound protein represents a larger relative charge on the
device. By extrapolating this, one could anticipate that a single nanowire device would provide the
ultimate limit in terms of sensitivity. It would have been interesting to functionalise a single

Ge NW using the voltage divider system presented in Chapter 4.
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This analysis could have been insightful on the optimum limits of detection per NWs as a
function of the concentration. Moreover, functionalised Ge NWs aligned at a lower frequency than
10 MHz would have provided more information on the detection capability with NWs of lower
conductivity and higher numbers.

In the previous chapter, the potential of DEP for NWs-based device fabrication was established.
DEP could i) select NWs length relative to chosen electrode gap, ii) place NWs on predefined
electrode designs and most of all iii) DEP could select enhanced electrical properties of NWs. It
was found that it was possible to take further nanoparticle manipulation by combining DEP and
EP. As discussed earlier, nanowire-based bio-FETs that have been reported to date have either used
drop-casting of dispersed NWSs between contacts or expensive nano-fabrication to realise devices.
Here, it has been demonstrated that DEP offers viable advantages of label-free, noninvasive and
low-cost alternative approach to fabricated nanowire bio-FETs yielding reproducible and reliable
device performance. Considering biosensors more generally, this work demonstrates that aptamers
have the potential to act as specific binding elements, which could potentially be extrapolated to a
large number of possible target proteins and molecules. The upshot, combining these with NWs
offers the possibility to achieve nano-scale sensors with high sensitivity and the possibility of

improving nanoscale building blocks of integrated electronics.
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Chapter 6

Dielectrophoresis implementation for
GaAsBI nanowires-based device

Introduction

GaAsBi is one of the compound materials that has attracted great interest due to their potential for
optoelectronic device integration. Because of its considerable band gap engineering and reduction [204]. Bi
incorporation in GaAs allows such alteration of band structure where Bi level situated below GaAs valence band
rises the valence band to an upwards bowing. Bi % band gap reduction allows the reduction of Auger
recombination (non-radiative energy loss recombination that increases threshold voltage) [301]. As the gap is
smaller, the excess energy from the electron-hole recombination is easier transferred to electrons or holes
from the valence gap. Yet, the large lattice mismatch between GaAs and Bi makes epitaxial growth difficult with
defects affecting the surface quality of films for instance [302]. As known, nanowires during growth have the
capacity to adapt to strains thanks to elastic dilatation properties and so NWs are a good structural fit for GaAsBi
[303]. Fabricated for the first time by Molecular Beam Epitaxy (MBE), GaAsBi NWs were synthesised by the
group of Dr Robert Richards (Sheffield) in Japan. Different parameters such as Bismuth flux pressure and
synthesis temperature resulted in three different batches of NWs. It was explained that NWs, because of their
1D geometry feature significant advantages for nanotechnology. It has been shown in the previous chapters
that dielectrophoresis (DEP) enables precise control of NWs as well as unique properties of selectivity.
Interestingly, NWs present different morphology and chemical structure according to their growth parameters
like an increasing amount of chemical material within the growth chamber. It was shown in Chapter 3 that the
chemical structure and surface of the NWs played an important role in their contact configuration with the
electrodes but also with the final electrical properties. Although it is an understudied area, NWs surface is a
key factor when it comes to any kind of science applications and electrical devices integration. Therefore, this
chapter presents the uncommon GaAsBi NWs grown with different parameters resulting in surface
morphology. The application of DEP on different surface morphology NWs is investigated with the aim of

exploring for the first time the properties of the resulting devices.
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6.1 Characterisation of the nanowires

6.1.1 Morphological and chemical characterisation of the nanowires

Scanning and Transmitted Electron microscopy analysis

Following the synthesis by MBE (detailed in Chapter 1), three batches of NWs were characterised
by Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX) in
order to define their dimensions, morphology and chemical nature. Small pieces of the synthesised
NWs directly on substrates were placed in the SEM chamber for analysis. The analyses have been
summarised in the following figures; the obtained SEM images are presented in Figure 6.1 and the
EDX chemical mapping is in Figure 6.2. On the upper right of the figures, a table summarising the
batch growth parameters has been put as an indicator.
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Figure 6.1: SEM images of the three different GaAsBi NWs morphology A) NWs fabricated with a
Bi flux of 4.3 E-5 Pa and synthesis temperature of 350 °C B) NWs fabricated with a Bi flux of 1.4 E-5
Pa and synthesis temperature of 330 °C, C) NWs fabricated with a Bi flux of 1.4E-5 Pa and synthesis
temperature of 350 °C.
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Figure 6.2: EDX chemical mapping of the three different batches of GaAsBi NWs.

All the NWs are measured by SEM to be of L=3-4 + 0.5 um long with an average
diameter of @= 450 £5 nm. As synthesised the NWs presented no oxide layer. GaAsBi NWs were
synthesised using Ga nanoclusters/seeds and presented a tip of a well-mixed GaAsBi compound
according to the EDX mapping Figure 6.2. Batch C with low Bi flux demonstrated the highest
amount of Bi % with 1.74 % conforming to EDX analysis shown in Figure 6.2. However, it should

be stressed that the EDX chemical analysis accuracy has a percentage error of + 0.4 - 5 %.

Interestingly, all three batches have very different surface morphology than the Ge NWs that
had a more "needle” shape morphology. Batch A, B and C have in common a protuberance round
shape at the tip probably originating from the nanoclusters/seeds. Batch A and B have generally
similar morphology with a noticeable coarse triangular core along the NWs of B (Figure 6.1).
More details on the morphology can be seen in the appendix on SEM images A.5.1 to A.5.3. At
equal Bi pressure but higher temperature than B, C presents overall a more smoothed core
morphology with fewer asperities as seen in appendix Figures A.5.2 to A.5.3. Although quite like B,

C also presents a coarse triangular shape at the base.
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One could argue that in the growth system of GaAsBi NWs a lower Bi flux and increased
temperature most probably would lead to smoother surface morphology but can also lead to a
triangular base [119]. Essouda et al. [194] grew by MOVPE GaAs NWSs with a GaAsBi shell that

exhibited similar corrugated surface morphology.

Raman Spectroscopy Characterisation

The chemical nature of the GaAsBi NWs was also confirmed by Raman Spectroscopy. The sample
consisted of the as-grown GaAsBi NWs transferred on a glass substrate by gentle scrubbing. The
experiment was carried out using an inVia Reflex Qontor Confocal Raman Spectroscope
(Renishaw, UK). The analysis of the NWs was performed using a 532 nm laser with 3 mW power
and 5 s exposure time with a 100X objective. The 532 nm laser provides a circular analysing
spotlight of 0.8 um diameter. Each spectrum consisted of 5 scans in the range of 150 to 1100
cmt. The glass signal was automatically removed using WIRE-5 software (Renishaw, UK). More
details on Raman spectroscopy are given in Chapter 2. All three batches presented the same Raman

spectra and the resulting scan has been put in Figure 6.3.
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Figure 6.3: Raman Spectroscopy of the GaAsBi NWs.
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Taken separately, the signature peaks of Ga, As and Bi measured by Raman spectroscopy at RT
are reported at 246 cm™ (Ga), 290 cm™ (As) and 96 cm™* (Bi) [304, 305, 306]. As a compound,
GaAs peaks have been measured at 268 cm™ and 292 cm™ [307, 308]. With the introduction of Bi
in GaAs, more distortion of the lattice occurs with modification of the electronic cloud and
modification of the vibrational peak response. Hence, chemical characterisation of GaAsBi by
Raman spectroscopy has shown signature peaks at 180 cm™, 269 cm™* and 288 cm™ attributed to
Bi bond with either to Ga or As, and the two last peaks (266-287 cm™?) are attributed to GaAs also
shifted by the introduction of Bi [309, 310, 311]. Therefore, in the spectrum obtained in Figure 6.3,
the peaks obtained at 160, 266 and 287 cm™ can be associated with the presence of GaAsBi also
supporting EDX analysis.

The response at 160 cm™ is a little above the general noise signal and it is probably due to the small
amount of Bi% incorporation. The following table 6 summarises the Raman peaks from the
literature compared to the peaks obtained from the present work.

Table 6: Raman vibrational peaks from the literature cited above and from the present work.

246 290

Literature

Thesis work 160 266 287

Raman shift em™
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6.2 Characterisation of the nanowires in different mediums for
dielectrophoresis

6.2.1 Characterisation of the nanowires in anisole

In the same way, as with the Ge NWS, the GaAsBi NWs were tested in anisole for their chemical
inertia. In Chapter 3, anisole demonstrated ideal wettability to perform DEP on electrodes
microfabricated on glass. Besides, Ge NWs were shown to be in good inertia with anisole after 2
months in solution, their morphology and chemical nature remained unchanged compared to other
mediums like deionised water or DMF. Therefore, the same medium was used, and, prepared in
anisole the GaAsBi NWs were analysed by TEM to evaluate their inertia and confirm their
compatibility. The NWSs solution was transferred onto a carbon-coated copper grid using a
micropipette. The GaAsBi NWs were not showing morphological changes after 2 weeks and so the
analysis was also pushed further to 2 months and the resulting images were put in the following

Figure 6.4.

A ] >

| v X

Figure 6.4: Bright field TEM images of the three different GaAsBi NWs batches in anisole after
two months in solution. NWs from batches A, B and C are still intact after long storage in anisole.
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After two months in anisole, GaAsBi NWSs appear to be in good inertia, morphology and
chemical state were unchanged if for a grown oxide layer of 2-3 nm presented in the appendix in
images Figure A.5.4. Anisole can thus be used as a medium for GaAsBi NWs for DEP.
Additionally, a diffraction pattern was performed to evaluate the crystallinity characteristic of the
NWs. As they all presented the same trend one image representing the diffraction pattern results
was put in the appendix Figure A.5.5. The diffraction pattern indicated that the NWs are

crystalline, although the crystal phase could not be found.

6.2.2  Dielectrophoresis force and Clausius-Mossotti factor calculations

In this section, DEP simulation was performed on the GaAsBi NWs in order to investigate the
CMF and DEP force theoretically exerted on the NWs. This gives a first evaluation of the
NWs collection. The same previous Matlab code was used, as well as parameters of 8
Vpeak-10-peak @pplied on a set of round end tip electrodes with a 5 um gap for GaAsBi NWs of
3-4 um long. A gap of 5 um was used as it was the smallest feature of microfabrication available in
our facilities. To the best of our knowledge and as a new NW material, literature on the electrical
properties of GaAsBi NWSs is scarce. Thus, as an experimental start, a theoretical resistivity of
50 kQ cm™! (20 S m™1) was used from the work presented in reference [312] on GaAs NWs of
closest dimensions ((2=100 nm, Length=2-3 um). Those parameters were chosen by the similarity
of dimensions and chemical nature. Table 7 summarises the characteristics of the materials used for

the simulation, Ge is shown for comparison.

Table 7: Materials characteristics.

Dielectric constant e Electrical Conductivity
(Sm™)

Germanium 16 476.19 - 555.56
Gallium-Arsenide 12.8 20
Anisole 2E-6 4.33

The graphs Figure 6.5 shows the simulated DEP force on the GaAsBi NWSs. More details on
the CMF and DEP force graphs have been put in the appendix Figure A.5.6 to Figure A.5.8.
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Fi?ure 6.5: Calculated DEP force as a function of the frequency for GaAsBi NWs aligned at a
voltage Of 8 Vpeai—0peak ON @ 5 UM electrode gap in anisole.

As equivalently observed with the Ge NWs, the DEP force and CMF decrease with frequency.
The calculation code was designed so that the NWs are not doped. In the case of the GaAsBi NWs,
it is most probable that the NWs are more or less conductive and the simulation curves would
present a shift to the right or the left. From 500 kHz to 10 MHz, the simulation curves show a DEP
force and CMF on a plateau and start decreasing at a higher frequency than 100 MHz. Compared
to the previously studied Ge NWs, the calculated DEP force, from 500 kHz to 10 MHz presented a
plateau and a decrease at 10 MHz, although experimental results featured a different DEP force
curve shifted to the left. For the same frequency of 10 MHz the DEP force is estimated at 2 x
1071 N for GaAs and 4 x 107° N for the Ge NWs using the same voltage.

The differences lie in the conductivity, structural and quality properties as well as in the volume.
Ge NWs are potentially more conducive than the GaAsBi NWs and have higher structural order (if
referring to the diffraction pattern Figure 3.1 Chapter 4 Vs GaAsBi Figure A.5.5 in the appendix).

However, DEP force is generally more important on bigger volumes, and the GaAsBi NWs are
bigger (6.36 x 1070 mm3) than the Ge NWs (5.65 x 107 mm3) [70]. Experimental results
will help answer this question and give more insight into the DEP forces, collection properties and

electrical performances.
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6.2.3 Real-time resistance monitoring

In order to be able to detect NWs collection over time as the DEP process starts, the electrode gap
was monitored by following the subsequent changes in resistance. The real-time resistance changes
were recorded using the coded Matlab calculation command connected to the Tektronix Digital
Oscilloscope, a function generator and the fabricated transimpedance amplifier (TIA illustrated
Figure A.2.10 in the appendix and explained in Chapter 3). Additionally, optical microscopy was
used to follow the NWs collection with the frequency. The anisole solution of GaAsBi NWs was
prepared by using the same protocol as with the Ge NWSs presented in Chapter 4. The DEP setup
was the same. Using the parallel electrode bars with round tips as previously studied, a
sinusoidal signal with amplitude 8 Vpeu—pear (@nd a left artefact offset of 100 mV creating
electrophoresis) and a frequency from 500 kHz to 10 MHz was applied using a function generator.
An electrode gap of 5 um was used as it was the smallest gap feature that could be fabricated in our
facilities. The recording of the resistance started prior to the GaAsBi NWs solution placement on
the DUT and was stopped after =~ 12 minutes when the droplet completely dried. It was specified
that both electrodes are affected by each other’s electric field and behave like a capacitor (intensifies
at high frequency). The previous electrode gap of 20 um was leading to an insufficient signal-to-
noise ratio because of the parasitic capacitance that overlaps any changes in dropping resistance.
The parasitic capacitance tends to increase with smaller electrode separation and becomes important
especially when the devices are electrically characterised [253]. As a consequence of using a smaller
gap for smaller nano-particles, the obtained curves were automatically smoothed for more visibility
with the same minimum degree to avoid misinterpretation. Figure A.2.10 in the appendix presents
the circuit schematic and Figure A.2.11 shows the computational code details for the real-time
monitoring of the resistance that has to be considered with GaAsBi NWs parameters. Figure 6.6
shows a typical example of the obtained resistance plot over time at a voltage of 8 Vpeai—o-peax and
frequency of 500 kHz applied for all three different batches of GaAsBi NWs.

The electrodes being closer to each other the electric field reaches quickly the opposite contact
electrode and the start resistance is lower than for electrodes separated by 20 um (170 kQ at time 0 s
for 20 um gap VS 17 kQ at time 0 s for 5 um).
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Figure 6.6: Resistance as a function of time during DEP at a signal of 8 Vpea—0-pea and frequency
of 500 kHz. The graphs are obtained by resistance approximation using a Matlab code calculation.
The insets are SEM images of the respective NWSs on the substrate.

Quite resembling behaviour to the monitoring of DEP with Ge NWs, batches A, B and C
have a common trend where, following the placement of the solution (= 90 seconds), a fast drop of
resistance is recorded. In Figure 6.6 the general drop is in two steps. This trend could be because
once collected, the aligning structure needs to stabilise and move a little before settling. Images of
the collections were obtained by optical microscopy using the Olympus BX53 and are put in Figure
6.7. At 500 kHz in Figure 6.7 a), it is not clear why the NWs would feature two steps of resistance
drops. However, in the appendix Figure A.5.9 a different focus was used on the device fabricated
at 5 MHz c) Figure 6.7. As there are fewer NWs aligned, it is possible to see that the GaAsBi
NWs align with very interesting behaviour and a similar behaviour was observed for the other
frequencies. Liu etal. [236] determined that the ideal ratio gap size/NWs length was about 0.85 - 1
for an optimised DEP force. The NWSs, measured by SEM have a length of 3-4 um. As a
consequence, in the case of the GaAsBi devices, the ratio gap size/NWs is 1.25 - 1.6 and results in a
weaker DEP force than for a smaller gap size closer to the NWs length.

1
900
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The chaining behaviour observed from the NWs indicates an attitude of adaptation to weak DEP
force. Liu etal. [236] also demonstrated through simulation the "pearl chain" assembly of NWs. As
the NWs start to orientate parallel to the electric field between the electrodes and in the vicinity of
the electrodes, NWs are attracted to the electrode tips where the gradient is high (see COMSOL
simulation Figure 3.19 Chapter 3). The NWs then move together by dipole-dipole interaction with
the neighbouring NWs and create a longer chain as the NWs move parallel to the field. Between
the NWs, this is an effect of "local-DEP" that creates this changing of electrostatic interaction
[313]. Once a chain is completed and bridges the gap the first drop of resistance appears and, as the
structure stabilises a second drop is recorded [314].

Similar behaviour has been observed with spherical particles [315] but also on rhodium (Rh) NWs
[316] although in general resulting electrical and optical characteristics of chained NWs haven’t
been explored. Consequently, below a critical length, NWs can adapt to weak DEP force (mutual
DEP force). The measured NWs were smaller than the 5 um electrode gap size, so it would have
been interesting to have longer NWs or smaller gaps to analyse the effect of directly aligning NWs
against chaining NWs and question the length selectivity mechanisms and conditions. As no NWs
were directly bridging the gap, this example shows a very interesting behaviour of adaptability that
small NWs have by forming longer entities. As observed with the previous calculations the
decreasing number of collected NWs is the result of a decreasing DEP force with frequency but also
a result of the number of quality NWs within batches. This suggests that the DEP force curve is
also shifted to the left towards lower frequencies where experimentally the plateau is instead situated
before 500 kHz (plot Figure 6.5).

Interestingly, conforming to the results from monitoring the resistance, it seems that either the shape
or other synthesis parameters like Bi % content are influencing the DEP and placement of the NWs
aligning in the gap. An equivalent behaviour was observed for DEP at higher frequency (not
shown) with fewer sharp drops of resistance because of the decreasing signal-to-noise ratio.
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20 um X 20 um

Figure 6.7: Example of dielectrophoresis collection of GaAsBi nanowires; a) 500 kHz, b) 1
MHz, ¢) 5 MHz, d) 10 MHz. This typical example is obtained from batch A.
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DEP magnitude

The time constant = showed in Chapter 3 and below equation 6.1 has been investigated using the

obtained monitored resistance in the subsection above [254].

—t
T = m (61)
t represents the time at which change of resistance Z(t)nw s is obtained via the Matlab code A.2.11
shown in the appendix. Figure 6.8 shows the resulting plot of the inverse of the time constant
expressing the DEP magnitude over frequencies from 500 kHz to 10 MHz of the three different
batches of GaAsBi NWSs. The Z(t)wws values were consistently chosen at the same time of 570
s generally in the middle of the experiment where the resistance was already decreasing by bridging
NWs. As explained the time constant z of the NWSs collection expresses the DEP force magnitude

over frequency.
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Figure 6.8: Inverse of time constant ¢, describing the magnitude of the DEP force as a function of

DEP signal frequency.
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At low frequency, according to plots in Figure 6.8, the DEP magnitude is the highest and as a
consequence attracts more NWs than at high frequency. All the samples were analysed by optical
microscopy presented above in Figure 6.7 and were having a similar trend to Ge NWs where fewer
NWs were aligned with increasing frequency. The decreasing magnitude and decreasing NWs
aligned in the gap were as expected complimentary.

Batch B showed a generally smaller DEP magnitude decrease from 20 s™* to 18 s™* while batch
A and C showed a DEP magnitude decreases from 20 s™* to 16 s*. For batch C, 5 MHz was the
maximum frequency before getting difficulties collecting any NWs after several trials. Above that
parameter, it implies that there were very few NWSs of better quality in batch C than the ones
collected at 5 MHz. The experimental results obtained in Figure 6.8 have been correlated to the
theoretical DEP and CMF equations simulated via the Matlab calculation code. The DEP
magnitudes in Figure 6.8 show a general decreasing trend specifically for batch C while batch B
only starts to decrease at 10 MHz. At this point, it is difficult to estimate whether the Bi % of the
NWs or their morphology is responsible for the DEP magnitude variations and NWs alignment. In
general, and as also observed with the Ge NWs in Chapter 3, the Matlab code gives an approximate
idea of the CMF and DEP force trend. Plots in Figure 6.8 denote a decrease of the DEP force from
~5 MHz which would make the theoretical DEP force curve shift to the left either because of more
conductive NWs than the theoretical value or additional parameters like surface morphology or
because the DEP equations (3.2) need to be further refined because of the difference between the
approximated prolate ellipsoid and the real shape of the GaAsBi NWs.

In the objective of manipulating GaAsBi for the first time using DEP, the first steps to
determine the feasibility of the use of DEP were studied. In these experiments, tests were
performed for preparing DEP-like medium/particle inertia, and calculations of CMF and DEP to
have primary insight into the relationship of DEP with the GaAsBi NWs alignment. Images of the
aligned NWs revealed an interesting behaviour of chaining in order to adapt to a large electrode gap
and weak DEP force experienced by the NWs. This behaviour, already demonstrated in previous
studies highlights the possibility to use bigger electrode gap sizes for small synthesised NWs and
investigating NWs structures [313]. Moreover, based on calculated DEP force, CMF, measured
resistance and optical microscopy images, increasing frequency features decreasing CMF and DEP
force ensuing decreasing the collection of NWs. However, it was also seen that for differing Bi %

and surface morphology, predictions over DEP polarisation and collection are more complex.
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6.3 Influence of the dielectrophoresis frequency

6.3.1 Electrical properties; IV response

Following DEP performed to fabricate devices with differing Bi % in GaAsBi NWs, the resultant
current-voltage (IV) responses were measured for each device using the measurement setup
described in Chapter 2. To evidence the electrical response characteristic a reference was fabricated
where the NWs were drop-casted between the electrodes without applying any DEP signal. Once
fabricated, the electrical properties of the NWs devices aligned at different frequencies were
investigated. For each frequency, at least 2 devices were fabricated. A voltage of 10 V forward (0
to 10 V) and then reverse (0 to -10 V) was applied through the device as a first test voltage. The
devices fabricated with batch A were able to take a DC voltage of a maximum of 10 V before
breaking down while devices fabricated with batch B and C could take a maximum of 3 V before
breaking down. Accordingly, all the devices for batches A, B and C were measured with an
applied DC voltage of 3 V for comparison.

Figure 6.9 shows the typical IV responses for each device at different DEP frequencies. The
device Vs in a brown colour highlight that without any applied DEP, there is a negligible increase
in the current as the potential is increased. This is most likely due to residual surface contaminants,
residing in the channel, from either drop casting the NWs or the subsequent isopropanol rinse
forming a conduction channel. The current without any DEP signal being applied is at least an
order of magnitude smaller than that observed once a DEP voltage is applied, indicating that any
NW or current flow from just drop casting the NWs is insignificant. Batch B showed no current
response for frequencies higher than 500 kHz. It was observed that most of the NWs were gone
either from washing with ethanol or sample transportation after alignment. Only devices with
more NWs fabricated at low frequency and higher DEP force were able to display a current
path through the NWs bridging the gap. Batch B hasa very distinct morphology and thus it is
most likely that the triangular core of the NWs stopped them from placing and adhering well to
the electrodes and surface as hypothesised in the previous section. More studies on the
adhesive and molecular interaction between NWs electrodes/surfaces could help in the future to
answer that issue (for instance investigate surface interaction using high-power optical microscopy
[317)).

The complexity of molecular interactions between nanoparticles and surfaces like electrostatic
surface charges, non-covalent interactions and hydrophobic forces make it an understudied area in
particular for irregular particle morphology. A solution worth investigating could have been to

deposit a conductive layer on the top of the electrodes to assure contact with the NWs after DEP.
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In the case of batches A and C, the NWs stayed in contact with the electrodes even after

washing and transportation indicating good adherence with the surfaces. In batch C, at 5 MHz

the current response is the highest of all batches with a maximum current response of 0.01 A at 3V.

This result was obtained only once and is unrealistic and won’t be considered for the rest of the

study. It could be due to impurities or metallic layer remains from electrode fabrication. At lower

frequencies of 500 kHz, the device shows asymmetry and even seems to feature SCLC in the

forward voltage response. All the IV measurements at all frequencies could be taken for batch A

140. It indicates that the NWs were stable and adhering well to the electrodes and glass surface

even after washing and transportation.
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Figure 6.9: 1V characteristics of as fabricated GaAsBi nanowire devices at differing DEP
frequencies and differing Bi % with a floating gate potential. The table shows the different Bi % for

batches A, B and C.
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All frequencies display devices with transistor-like behaviour with symmetry in forward and reverse

voltage. For most of the different batches and frequencies, the devices show transistor-like

behaviour with symmetric responses. It was observed in the case of the Ge NWs that the

asymmetric diode response was due to the heterostructure of the NWs given by the Ge(Au)alloy tip/

Ge core. Here, the GaAsBi NWs have a tip and core that feature a homogeneous chemical structure

(as demonstrated in EDX analysis Figure 6.2) and as a consequence symmetric response. However,

in this chapter, besides the different chemical nature, size and surface morphology are also quite

different from the previously studied Ge NWs.

To detail the performance of the devices fabricated at different frequencies, the IV

characteristics are re-plotted on log-log scales in forward and reverse voltage from Figure 6.10

to

Figure 6.12. The gradients measured in batch A presented in Figure 6.10 demonstrate symmetric

devices that behave like transistors, especially for low and high frequencies with gradients closer

1 in both biases.
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At frequencies of 500 kHz and 10 MHz, the devices have a current response that is noisier than
for intermediate frequencies of 1 MHz and 5 MHz. The reasons could be due to low-quality
NWs attracted at low frequency and or discontinuity in the structural connection from the NWs
chain heighten with fewer NWs. Both devices fabricated at 1 and 5 MHz show comparable
results where in reverse voltage, the ohmic gradient appears roughly from 0.5 V after a slower
increase of the current. In forward voltage, both frequencies have a linear response with gradients of
0.75 at 1 MHz and 0.90 at 5 MHz as summarised in the table below in Figure 6.10. Overall, the
conduction mechanism of the devices’ contact with batch A NWSs shows ohmic tendencies with
gradients close to 1. Contrary to what was observed with the Ge NWs, the current response
behaviour of GaAsBi NWs with increasing frequency is more complex because of the different
surface morphology and Bi% of the NWs.
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e As previously observed, batch C shows 500 kHz asymmetric responses. In forward bias
(bottom graphs), an ohmic gradient of 1.1 is observed at low voltage followed by SCLS
gradient > 2 indicating low carrier concentration resulting from the depletion of injected
electrons trapped by defect states [261]. Then trap-free SCLC with a gradient of 2 at 1.5
V suggests that the trap states are being filled [126]. Similarly, at 1 MHz in forward bias, a
less pronounced SCLC can be observed between 0.4 and 1 V with more symmetry between
both bias responses. At 5 MHz the current response was unreliable and removed from the

experiments.

e In reverse bias, at 500 kHz (top graphs), a single gradient of 1.02 is measured indicating
leakage current coming from crystal defect as it could be expected from NWSs collected at
low frequency and also observed in the case of the Ge NWSs. At low frequencies, the
asymmetric aspect of the responses couldn’t be explained at the time of the device
fabrication. It was found, in order to perform SEM imaging analysis that metallisation (by
plasma deposition) of the device surface crushed the NWs down flattening them rending
difficult any morphological examination at differing frequencies which most probably is
the origin of the asymmetry since the chemical nature of the NWSs is homogeneous.
Nevertheless, electrophoresis (EP) created by a DC offset artefact of 100 mV was kept in the
experiment and the resulting asymmetric device response could originate from differences in
the morphology of the NWs C as visible in the appendix on image A.5.3 in the red circles.
Indeed, such structure differences will have one side more sensitive than the other due to an
increased surface-to-volume ratio, increasing in return surface charges, polarisation and
sensitivity to the environment [17]. This reveals DEP manipulation, has the potential to
manipulate different particles’ surface morphology in addition to NWs with different
chemical heterostructures. Although the detailed influence of increasing frequency on

collected particle morphology is still unknown.
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Similarly to batch C at low frequency, batch B features devices with a slight asymmetric current
response with SCLC in forward bias with a gradient of 2 and leakage current with a gradient close
to 1 in reverse bias. The obtained signals are noisy until an applied voltage of 2 V, implying
power-dependent devices.

Previously, comparable results have been presented on NWs with surface roughness. Indeed, a
characteristic called Interface or Surface Roughness Scattering (SRS) has been investigated and is
described in Chapter 1. It establishes that surface roughness greatly influences electron transport
and sensitivity of NWs [17]. SRS also causes a reduction of electron mobility; indeed surface
roughness can locally change the electronic band structure of the material reducing the mobility
[318]. The rougher the surface is the less mobile carriers are. Thus, directly affiliated with the
mobility and scattering properties, it has also been determined that SRS, acting as a perturbation of
the surface potential [319] reduces the density of states [123]. Carriers in nanostructure with rough
surfaces will scatter and will be confined in the surface/interface region; the density of states mostly

found at the surface or interface of NWs (surface states) will be occupied by those scattered carriers.
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This would explain the transition with increasing frequency that seems to be, besides regarding
the quality of the material, also influenced by surface morphology and chaining NWs compared to
chemical structure as seen with the Ge NWs. Additionally, surface roughness inevitably increases
the surface-to-volume ratio of NWs and so potentially increases surface defect states and depletion
because of their interaction with the surrounding environment as they are more sensitive. As a
consequence, there is competition between increasing surface sensitivity and reduction of electron

mobility and density of states.

It was previously seen with the Ge NWs in Chapter 4 that, increasing frequency aligns NWs that
featured higher conductivity. Hence, it is interesting to investigate higher conductivity properties
with increasing frequency and with different NWs morphology and Bi%. To do so, the Fermi-
velocity law previously demonstrated for silicon transistor NWs devices [320] was applied to the

resultant IV curves of the GaAsBi NWs devices to determine the carrier mobility.

The Fermi-velocity law is written as follows;
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Where V c is the critical voltage, po = 0.86 m?V “s7! is the intrinsic mobility of carriers in
bulk GaAs [321] and vsa is the thermal velocity. Vgq is the applied DC voltage, L is the distance
between the electrodes and Cg is the gate capacitance related to the oxide layer. By fitting the
Fermi-velocity law to experimental data using linear fit in Origin, carriers’ mobility at increasing
frequency has been extracted for different Bi % NWSs devices. The fitting was performed at the
IVs Ohmic regions and the mobility values are presented in the tables below the graphs Figures 6.13
and 6.14. The transistor behaviour can be evaluated in conjunction with adapted mobility. An
increase in carrier mobility can be seen as improving the quality of the NWs in the device although
it has to be considered that the obtained mobility accounts for the chaining NWs. With one single
measure obtained at 500 kHz for batch B, the carrier mobility couldn’t be investigated further and
was discarded. Nevertheless, batch B presented a fitting carriers mobility of 9.71 + 0.17 cm?V
“1s 1 at 500 kHz.
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Figure 6.13: Fitting mobility based on the Fermi-velocity law on forward IV response of batch A.
The table below summarises the obtained fitting mobility.

By fitting the Fermi-velocity law on the devices fabricated with batch A from 500 kHz to
10 MHz DEP frequency, carriers mobility of 5.29 + 0.03 to 100.90 + 0.70 cm?V “!s™! were
determined. Despite chaining NWSs, decreasing DEP force and aligned NWs, the fitting mobility
shows an increase in carrier mobility translating that more conductive NWs are aligned at high
frequency.

The fitting analysis on batch C at 500 kHz was performed on the ohmic regions situated from 0O
t0 0.75V and from 0 to 1.2 V at 1 MHz and the rest (SCLC) was removed. The Fermi-velocity law
on the devices fabricated with batch C from 500 kHz to 1 MHz DEP frequency demonstrates fitting
mobility of 3.48 + 0.03 to 51.70 + 0.60 cm?V ~!s™! respectively.
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As an additional note, at 5 MHz that presented unreliable 1(V) response Figure 6.9 resulted in

fitting mobility of 16.36 x 10° + 9 x 10%cm?V s supporting that this data was invalid and
discarded.

1.6E-8 ——— 11—

6E-10

5E-10

‘ T ¥ T ¥ T ¥ T 3 T T ¥ T

e 500kHz | | | | | '°| || BT AW
Fitting mobility | | o 1 [

12E84— | Fitting mobility

1E-8

4E-10

3E-10

2E-10 +—

1E-10

8E-9

6E-9 +

4E-9

Iy Current response (A)

2E-9 1

-2E9 +——— 1

0 01 02 03 04 05 06 07 08 0 0.2 0.4 0.6 0.8 1
V4 Voltage (V) V4 Voltage (V)

Fitting Mobili
Frequency ‘ (cn‘?gv_l s1) ty

C(118) 500 kHz | 3.48 + 0.025

1 MHz | 51.7 £ 0.60

Figure 6.14: Fitting mobility based on the Fermi-velocity law on forward 1V response of batch C.
The table below summarises the obtained fitting mobility.

All the devices fabricated with the different batches show a similar trend where the mobility
increases. SRS reduces the carrier’s mobility, despite the latter, the mobility still increases within
the NWs with increasing frequency, suggesting that the carriers are still able to travel from NW to
NW (and follow the pace of the changing polarity during DEP). Nevertheless, with more chains of
NWs at a low frequency of 500 kHz for example, the reduced mobility of carriers could be due to the
discontinuous channels formed by several NWs instead of longer single crystals bridging the gap.
The results show more likely that increasing the DEP frequency results in better quality selected
aligned NWs. Although it was not possible to verify whether DEP could also select specific NWs
surface morphology with increasing frequency it is evident that the morphology of the NWs plays
an important role in DEP and devices performance, opening possibilities for NWs synthesis.

Carrier mobility in bulk GaAsBi has been measured going from 1371 cm?V "™ (Bi%

2.5 %) to 2116 cm?V “Is7! (Bi% 1.2 %) [207]. While smooth surface GaAs NWs have been
reported with carriers mobility from 31 to 1040 cm?V ~1s71 [322, 323].

1.2

1.4
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In the case of this study, GaAsBi NWs range of mobility from 3.48 to 51.7 cm?V “!s™! has been
estimated. As known, the lower carrier mobility at lower scale materials like nanostructure is
attributed to crystal defects, surface dangling bonds, and carrier scattering. Despite attempts to
eliminate crystallographic defects (e.g passivations) to improve carriers’ mobility, bulk-like
mobility remains elusive [206]. An understanding of carrier mobility and scattering in rough
nanoparticles is needed to improve NW devices based performances. In the following section, the
photoresponse of the GaAsBi NWs devices was investigated to further understand the properties of
such NWs aligned by DEP.

6.4 Optical properties; photocurrent spectroscopy

In the interest of the photoresponse sensitivity and characteristics of GaAsBi devices based on
differing Bi % content, the fabricated devices of batches A and C were illuminated under a
calibrated Horiba iHR320 monochromator system. The optical chopper was set to rotate at 330 Hz
and placed between the monochromator light source output and the device. Illumination was
performed with a wavelength from 400 to 1100 nm and a bias voltage of 100 mV was applied. The
illumination spot was 1 mm in diameter and illuminated the entire gap device as well as part of
the Au electrodes which can not be avoided. The light was shone onto the device
perpendicular to the NWs axis and the photocurrent was measured as a function of the photon
excitation wavelength giving the spectrum presented in the graph below. The photocurrent
spectroscopy measurement set-up has been detailed in Chapter 2 to measure the NWs photoresponse.
Figure 6.15 shows the normalised spectral current responses obtained from the GaAsBi devices
fabricated at a DEP frequency of 1 MHz and with differing Bi % of A and C. Photoresponse from
devices fabricated with batch B at 500 kHz (not shown) featured unreliable and noisy
photoresponse suggesting that the NWs had too low conductivity and could not induce photocurrent
under illumination. The obtained spectra in Figure 6.15 reveal that a photocurrent could be induced
under light stimulation. Upon illumination, photoexcited free carriers result in the observed
photocurrent. The spectrum shows that the photoresponses of the devices dominated over the energy
of = 1.4 to 1.8 eV corresponding to wavelengths of 660 to 850 nm in the visible red and near-
infrared respectively. Below the GaAs energy gap (in pink dotted line), photocurrent response drops
as no photons with lower energy are absorbed. Figure A.5.10 in the appendix shows the normalised
photoresponse as a function of the wavelength. In the literature, photoresponse from GaAs NWs
has been largely studied and shows peak responses between 1.42-1.54 eV at wavelength 800-870
nm [178], while GaAsBi thin films have shown a response between 1.37-1.45 eV at wavelength
850-900 nm (with Bi% =~ 3%) and 1.23-1.37 eV at 900-1000 nm (with Bi% ~ 1.5 %) [324, 325].
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A spectral shift can be observed between the two differing Bi % batches. From that, estimation
of the Bi % content was undertaken using the photocurrent. Maximum cut-off energies have been
selected at 20, 30, 35 and 40 % intensity of photocurrent. As indicated in Figure 6.15 (in pink)

the electronic band gap of GaAs defines the limit above which energy domain belongs to GaAs,
thus 35 % to 40 % are the less reliable.
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Figure 6.15: Normalised spectral responses as a function of the energy measured at room
temperature. Devices fabricated with NWs aligned at a DEP frequency of 1 MHz. The pink line

shows the GaAs band gap at 1.42 eV.

The extended cut-off energy of A (red curve) is sensitive to composition and it can be
interpreted as a reduction of the band gap by Bi % incorporation. In previous work, photoresponse
was largely investigated for bulk GaAs incorporated with Bi %, particularly for the band-gap shifts
caused by Bi %. A band-gap reduction of 83 meV/Bi% was mostly reported by photoresponse

analysis for GaAs with the incorporation of 0.1 < Bi (%) < 6 [188], although a reduction of 42
meV/Bi% has also been communicated [184].
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In this work, 83 meV/Bi% was used as a reference to estimate the Bi% of the batches by
photoresponse analysis. The following table summarises the measured cut-off energies and the
corresponding calculated Bi %.

Table 6.3: Measured cut-off energies and corresponding incorporated Bi %.

Normalised Cut-off Energy (eV) 83 meV /Bi%
Photocurrent
(%) A C A.Bi% C.Bi%
20 1.21 1.29 2.5 % 1.56 %
30 1.23 1.36 2.28% 0.72 %
35 1.24 1.39 2.16 % 0.36 %
40 1.27 1.40 1.80 % 0.24 %

At 20 % of the maximum photocurrent intensity the Bi% has been estimated at 2.5 % in A
NWs and 1. 56 % for C NWs. Those results contradict the previous EDX chemical analysis
measurement indicating A Bi=0.54 % and C Bi=1.74 %. EDX accuracy of £ 0.4 - 5 % could be
at the origin of the contradiction knowing moreover that A NWs were synthesised with a maximum
Bi flux (4.3 x 10™° Pa Vs 1.4 x 10~° Pa for B and C).

Between 500 kHz and 1 MHz, the carrier mobility estimated by plotting the Fermi-velocity
Figure 6.13 is much lower for A than for C (e.g. 16.3 + 0.10 VS 51.7 + 0.60 cm?V ‘s tat 1
MHz). Now, if one asserts that A has higher Bi % than C by 1% (at 20 % of the maximum
photocurrent intensity) one can assume that Bi% does not affect the carriers’ mobility. The latter is
consistent with what has already been observed in several studies on unchanged carriers’ mobility
with differing Bi % in bulk GaAs [207] but also shows a decrease in carrier mobility in films with
Bi % > 4% [326]. Previous studies on GaAs NWs have suggested carrier mobility ranging from 31
to 1040 cm?V "1s™! for NWs generally thinner with smooth surface morphology. Bulk GaAsBi
studies have referenced carrier mobility ranging from 1370 to 2800 cm?V “1.s™* for Bi % of 1.6 %
and 0.84 % respectively. Table A.5.11 in the appendix shows values extracted from literature
presenting carrier mobility obtained on bulk and semiconductor NWs. As such, if Bi% does not
influence carriers” mobility it tends to support that the surface morphology is at the origin of the
carrier mobility discrepancy. However, more analyses are necessary to confirm that outcome.
Figure 6.1 showed that the morphology of A and B was rougher than the core morphology of C
despite a star-like shape base. Ideally, the surface roughness of the NWs could have been
measured by Atomic Force Microscopy but this experiment was unsuccessful. GaAsBi thin film

surface roughness has been shown to be greatly influenced by increasing Bi% incorporation [327].
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There are several methods to obtain smooth NWs surface morphology. The growth of GaAsBi
NWs by MBE is a recent material of study, more investigation on synthesis parameters is needed to
understand the influence of temperature, Bi flux and time on the final NWs morphology.

Ptak et al. studied GaAsBi thin film surface roughness and demonstrated that smooth surface
morphology can be obtained with optimum growth rate; however electrical, optical and structural
properties were not established [328]. It is also possible to obtain smooth surface NWs by post-
treatment using for instance surface coating that showed increased saturation voltage and carrier
mobility of the NWs compared to high surface roughness NWs before coating [38].

The performance of a photodetector is measured by the responsivity that also reflects its
sensitivity. It is the photocurrent through the photodetector per active surface per unit power of
light. The spectral responsivity can be determined by evaluating the incident light power using two
different reference diodes of known responsivity. Using a Si commercial photodiode, the
responsivity of an array of GaAsBi NWs aligned at 1 MHz for different Bi % of A and C were
analysed and plotted in the following Figure 7.16. The light spot being larger than the detection
area, it is difficult to accurately calculate the incident optical power. The graph Figure 6.16
indicates that both devices have responsivity that dominates over a wavelength from 660 to 850 nm
reaching responsivity of 1.3 x 10* A/W for C and 5.6 x 10* A/W for A. Such results are consistent
with GaAs array of NWs that have shown a responsivity of 4.5 x 10* A/W between 450-800 nm
and 6.4 x 10° A/W at 520 nm for passivated and doped GaAs NWs [178].

According to Figure 6.16, differing Bi% incorporation of +1% results in a responsivity that
increases 5 times. Nanotexturing or surface roughness on GaAs and Ge nanoparticles have been
used to reduce broadband reflectance and enhance light confinement [329] resulting in higher
detection and responsivity. The high responsivity obtained from the GaAsBi NWs can originate
from light scattering [329], surface traps at the interface of NWs (for p-type NWs) [275] and optical
resonance can originate from spectral selectivity or internal reflection [286]. Moreover, for NWs

thicker than 200 nm in diameter, internal reflection provides efficient light trapping [286].
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Figure 6.16: Optical responsivity of an array of GaAsBi NWs aligned at 1 MHz with a Bi % of
2.5 % in A (red curve) and 1.5 % in C (black curve).
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Conclusion

In conclusion, this chapter focused on the first electrical and optical characteristic studies of
GaAsBi NWS synthesised for the first time by MBE. The nature and morphology of the NWs were
confirmed and examined by SEM, TEM and Raman spectroscopy. The three different batches of
differing growth parameters showed surface roughness and distinctive morphology. It was
established that anisole was a suitable medium to be used as a matrix for DEP manipulation in order
to fabricate GaAsBi devices. Initial analysis of DEP using approximated calculations with available
GaAs information revealed an expected trend of decreasing DEP force with increasing frequencies.
The electrical characteristics of the resulting devices were established. Most of the responses
featured transistor-like behaviour (with EP from DC offset) with symmetric responses supporting
the homogeneous chemical structure demonstrated by EDX. However, few asymmetrical responses
brought out that DEP coupled with EP also has the potential to influence the alignment of NWs
with different morphology in addition to chemical heterostructure. Chaining of NWs was
observed by means of optical microscopy revealing the adaptability of the NWs to weak DEP force.
Despite chaining GaAsBi NWs increasing carrier mobility was obtained by Fermi-velocity law
implying improved conductivity even with chaining and SRS effect. Electric current through the
devices gives information on carrier mobility and sensing properties. It was demonstrated from
photocurrent response that batches A and C that Bi % does not influence carrier mobility (until a
certain Bi% decrease of mobility [326]) but reduces the band-gap energy from 1.29 eV to 1.21
eV with =+ 1 % of Bi. A possible explanation for carrier mobility degradation is that dislocations
occur at high Bi concentrations where the relaxation of the NWs crystal starts to be limited. A
second explanation comes from the ensuing SRS. In general, at the limit of the mean free path and
surface, carriers experience more scattering; scattering that is enhanced by surface roughness. Thus,
carriers’ mobility and device performances are strongly affected by the NWs’ surface conditions
and doping. The high responsivity of batches A and C revealed potential applications from visible
red to near-infrared light detectors and solar cells [330]. It would have been interesting to get
photoresponses from NWs aligned at increasing DEP frequencies, it is most probable that the
increasing electron mobility would have featured increasing photocurrent responses and
responsivity. Scientific research of NWSs surface and electrical transport properties of
semiconductors provides knowledge to improve NWs conductivity for advanced integrated circuits

and sensors.
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Chapter 7

Conclusions and Further Work

In conclusion, Ge and GaAsBi NWs have been demonstrated to be great building blocks for
future technology such as photodetectors and biosensors with unique advantages when controlled,
selected and orientated by DEP. The properties of the NWs-based devices were investigated in
detail via current responses, DEP magnitude (through an automated setup) and photo-spectroscopy
with a focus on the effect of DEP frequencies on the devices’ performances. Gained knowledge was
applied to demonstrate successful sensing applications as proof of concept corroborating DEP and
NWs functionality. In Chapter 3, anisole was found to be an ideal medium to prepare Ge and
GaAsBi NWs solution because of its low volatility, good chemical inertia and high contact angle
on the electrodes’ surface. COMSOL simulations and optical microscopy showed that parallel
electrodes with round tips had ideal and more precise collection features than interdigitated
electrodes or square tip designs. These optimum experimental parameters were subsequently used
throughout the thesis. The current response analyses showed asymmetry resulting from the axial-
graded chemical heterostructure of the Ge NWs. It was exposed that an unintended EP force
induced a specific orientation of the gold-Ge-alloy NWs’ tips toward one electrode creating an
ohmic contact on one side and Schottky contact on the other. Such versatility of manipulation and
orientation of structure has never been presented before. Currently, heterostructured NWs, either
axial or radial are grown for their band-gap engineering and superior properties than planar
geometries and are only implemented as single NW devices, mostly without selection and by a top-
down approach [331]. Hence, EP combined with DEP makes it possible to collect more than one
NW between electrodes with one common orientation. Unfortunately, the nature of the electrodes
and gold tips of the NWs prevented chemical analysis by SEM that could have accurately yielded
all the NWs’ orientations. The detailed electrical and optical characterisation of Ge NWs-based
devices fabricated with a frequency range of 500 kHz to 10 MHz confirmed theoretical

speculations.
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With increasing frequency and despite a decreasing DEP force collecting fewer NWSs, they were of
better conductivity; from a factor of 20 at 500 kHz to 4.380 at 10 MHz as proved by the Mott-

Gurney plot showing increasing carrier mobility.

Additionally, a decrease of SCLC was observed in forward voltage with increasing frequency; with
fewer defects in the NWs, charges are more likely to follow the pace of the changing polarity
through the NW and hence generate movement resulting in aligned NWs of higher quality. The
NWs collection with increasing conductivity can be regarded as NWs that tend towards ideal
semiconductor crystals. It would have been also very interesting to investigate increasing
conductivity by using conductivity mapping by AFM giving even information on individual NW
conductivity [75]. In addition, determining the evolution of the electronic energy states in the NWs
with increasing DEP frequency would have been very instructive. It can be measured using Kelvin
probe force microscopy (KPFM) where the tip acting as a probe measures the resulting current
response as a function of the rising temperature (energy) and the energy diagram can be found. The
Ge NWs-based devices also revealed an increasing rectification ratio of 0.9 at 500 kHz to 500 at
10 MHz and a turn-on voltage decrease from 1.3 V to 0.2 V close to the expected turn-on for a Ge
diode (0.3 V). NWs-based devices collected at high frequency showed to be repeatable
performances highlighting the additional capabilities of DEP.

Then, for the first time, a voltage divider system coupled with DEP was demonstrated in
Chapter 4. This simple setup used an increasing resistance Rd to reduce aligned NWs with a
fixed frequency. In this way, a high-frequency selectivity of 10 MHz for high conductivity NWs
was kept and combined with the possibility of reaching one single Ge NW aligned. It was observed
that the ideal alignment of one single NW was prevented by entanglements of NWSs, hence, here
filtration and NWs growth branching improvement would be interesting for further work. As an extra
investigation, the functionalisation of ~1 Ge NW would have been of great interest in order to
explore the ultimate limit of detection in terms of sensitivity. The electrical characterisation showed
that without EP applied, the obtained signals were symmetric with a transistor-like behaviour for
arrays of NWs. With decreasing number of NWSs, and increasing resistance Rd current responses
tended toward asymmetric diode-like behaviour confirming previous results seen in Chapter 3.
The resistivity of ~1 Ge NW aligned at 1 and 10 MHz was approximated at 1.55 x 10° and 7.73
x 108 Q corresponding to 17 Q.cm and 8.7 Q.cm respectively. The resistivity measured using
FIBID to contact a randomly chosen Ge NW (from the same source) to platinum and gold
electrodes was 0.18-0.21 Q.cm [233]. Such a difference can be explained by the contact electrode
technique of FIBID allowing local deposition and high-resolution nanopatterning and thus,

resulting in ultra-low contact resistivity [271].
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More excitingly, the photodetection characteristics of an array and =~ 1 Ge NW were compared
by photo-spectroscopy. Both results were analogous to what was obtained in the literature [278].

For = 1 Ge NW, photodetection featured specific peaks responses near-infrared and
telecommunication wavelength with a responsivity of 6.2 x 10° A/W at 700 nm and 5.2 x 10° A/W
at 1550 nm, they are one of the highest responsivity observed for single semiconductor NW-based
photodetectors. Such high responses can also be explained by the Schottky barrier lowering or
optical resonance. Nevertheless, a high responsivity is more desirable for photodetection, and near-
infrared has the potential for photovoltaic cells.

In Chapter 6, sensing devices’ fabrication capabilities were pushed further and a biosensor for
the spike protein of the SARS-CoV-2 was fabricated. Using a silanisation method an aptamer
probe molecule was attached to arrays of Ge NWs surface aligned at 10 MHz by DEP.
Although the Ge NWs were exposed to water, the stable passivating shell provided by the
silanisation had a two-fold effect; protection against dissolution (proved by water exposition tests)
and functionalisation layer. This highlighted that although Ge has been disregarded because of its
surface oxide it is still misunderstood and can be an advantage. Furthermore, upon exposure to
increasing concentration of the spike protein, the sensor current response transduced an increasing
signal as a direct result of the attachment of the negatively charged protein. The biosensor was
proved to have a limit of detection of at least 1 aM with a working range of 1 aM to 100 fM. The
specificity of the aptamer to detect the spike protein has been confirmed using bovine serum
albumin (BSA) protein as a negative control. With a maximum current response of AI=3 with the
BSA compared to a minimum of Al =10 with the spike protein, the attached aptamer confirmed its
selectivity to the spike protein. The realisation of such NWs-based biosensors by DEP reveals a
great prospective for biological detection. DEP has provided NW selection, reliability, selectivity,
low power consumption, high surface area, and high carrier mobility that open the doors to a wide
genetic field of detection with easily integrated nanomaterials. A future challenge for
commercialisation can be the non-specific binding of other proteins or species from complex
environments like blood and saliva. In the case of this thesis, it would have been insightful to test
saliva from sick patients or to test a complete virus.

To further demonstrate the potential of DEP for NWs and their sensing properties, GaAsBi
NWs were for the first time implemented in devices using DEP and later characterised for their
potential characteristic as photodetectors. First of all, SEM images revealed that for differing Bi
content and growth parameters of 3 different batches, the NWs presented distinct morphology
amongst the batches. It was also revealed that during DEP, NWs could adapt to a bigger electrode

gap environment by forming chains as a direct result of weaker DEP force.
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Electric performances of chaining NWs are still not well known and hence, it would have been
interesting to compare the performances with smaller electrode gap devices to obtain whole aligning
NWs. Such rough morphology showed to strongly influenced DEP because of unstable attachment
and alignment between the electrodes. More studies are necessary to understand the adhesive and
molecular interaction between nanoparticles and surfaces like electrostatic surface charges, non-
covalent interactions and hydrophobic forces. Nevertheless, for other batches and morphology
NWs, the measured current response from the devices was symmetric as the NWs presented no
chemical heterostructure. However, some asymmetry was observed for NWSs presenting strong
physical heterostructure and roughness including a triangular base and, some SCLC indicated defect
states and possible scattering of the carriers by surface roughness. This showed the possibility that
EP can not only influence the orientation of chemical heterostructure but also physical
heterostructure. With increasing DEP frequency, the Fermi-velocity law exposed increasing carrier
mobility of 5.29 + 0.03 to 100 + 0.70 cm?V "1s! at 500 kHz and 10 MHz despite chaining NWs
(NWs from A) confirming DEP conductivity selection. Here, it would have been interesting to
investigate the NW-NW contact by electron microscopy and AFM would have provided
information on whether all the chained NWs are of similar increasing conductivity. The optical
characteristics of the devices were investigated by photocurrent spectroscopy. For two differing Bi
% content NWs a spectral shift was observed and, photocurrent peaks were measured at the energy
of 1.4 to 1.8 eV wavelengths of 660 to 850 nm in the visible red and near-infrared respectively.
Thanks to previous work on band-gap reduction with Bi % incorporation in bulk, a difference of 1
% in Bi incorporation was found in two different batches at 20 % of the maximum
photocurrent intensity. With Bi % incorporation of 2.50 % and 1.56 % in GaAs, it was also
found that the Bi % does not affect carrier mobility as similarly observed in the literature [207].
The performances of the obtained photodetectors were asserted by responsivity of 1.3 x 10* A/W
with 1.56 % of Bi and 5.6 x 10* A/W with 2.50 % of Bi in GaAs at a wavelength of 660 to 850 nm.
Such responsivity is ideal for applications from red to near-infrared light detectors and solar cells
[330]. As a first investigation of GaAsBi NWs-based devices, the suggested further work is to
investigate the growth parameters in order to obtain NWs with less surface roughness and disparity
in morphology. This chapter highlighted the importance of surface morphology as more
investigation on synthesis parameters is needed.

The novelty that presents this thesis relies on the usage of DEP for nanowires manipulation with
extensive scientific input on the performances of the resulting device for sensing technology. For
any nanoparticle, morphology or chemical nature, the surface plays a crucial role in the collection
and alignment by DEP but also they are the foundation of the final device sensing characteristics.
This suggests careful consideration of the NWs’ dimensions and morphology in complement with

implementation conditions when designing devices.
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Appendix A

A.1 Semiconductor nanowires, fundamentals and previous work
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Figure A.1.1: Schematic of Ohmic contact with p-type semiconductor.
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Figure A.1.2: Schematic of Schottky contact with n-type semiconductor.
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A.2 Fabrication and characterisation

Photocurrent Spectroscopy; Responsivity
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Figure A.2.2: Responsivity of commercial InGaAs photodiode from Thorlabs.
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Characterisation of the Ge NWs in deionised water
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Figure A.2.3: Bright field image of clustered Ge nanowires and its EDX analysis of the clusters.
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A.2.4. DEP force and Clausius-Mossotti factor; Matlab calculation

In the following calculation, the Ge NWs have a permittivity ¢, = 16 and a conductivity op =
476-500 Sm™Y). Anisole has a permittivity of en = 4.33 and a conductivity of o = 2E10-6 Sm ™™,

1

2 %%% Calculating the Clausius—Mossotti factor and DEP force.
3

4

5 %% Defining parameters

6

7 | = 20e-6; % Length of nanowire (m)

8 r = 30e-9; % Radius of nanowire (m)

9 epsilon_ 0 = 8.85e-12; % Permittivity of vacuum (F/m)

10 epsilon__pr = 16; % Relative permittivity of nanowire
1z epsilon_mr = 4.33; % Relative permittivity of medium
12 sigma_p = 476 ; % Conductivity of nanowire (S/m)
13 sigma__m = 6e —6; % Conductivity of medium (S/m)

14

15 % Frequency range

16 % Defines a frequency range between 10 Hz and 20 MHz with 10 numbers in a
decade.

17

18 f = logspace (4, 10, 100);
19 omega = 2xpixT;

20

21 % Derived parameters

22
23 % Permittivity of NW (F/m) with relative permittivity permittivity of free space

24 epsilon__p = epsilon__prx*epsilon__0;
25

26 % Permittivity of medium (F/m)

27 epsilon_m = epsilon__mr=epsilon__ 0;

28

29 % Complexe permittivity of the particle

30 compl__epsilon__p = epsilon__p — ixsigma__p./omega;
31

32 % Complexe permittivity of the medium

33 compl__epsilon__m = epsilon_m — i=sigma_m./omega;
34

35

36 % Device and measurement parameters

37

38 % Length of gap between two electrodes (m)
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39 d = 20e—6;

40

41 % rms of applied voltage (V) Vrms=Vpk/sqrt (2)
42V = 8/sqrt(2);

43

44 % rms of electric field (V/m)

45 E = V/d;

46

47 % Root Mean Square of electric field to power of two (V/m)"2
48 E_ squared = EN2;

49

50 % Gradient of field squared assuming 10% change in micrometer
51 gradient = 0.1+ E__squared/le—6;

52

53

54 %% Clausius—Mossotti factor

55

56 %Eccentricity e

57 e=sqrt(1—(r/d)"2);

58

59 % Depolarisation factor A for prolate ellipsoid shape along x long axis
of NW

60 Ax=((1-e”2)/(2+e”"3)) *(log((1+e)/(1—e))—2xe);
61

62 %Depolarisation factor A for prolate ellipsoid shape along y short axis
of NW

63 Ay=(1-Ax)/2;

64
65 % Clausius Mossotti factor along the long axis

66 CMFlongaxis =(1/3) *( compl__epsilon__p — compl__epsilon_m) ./ (
compl__epsilon_m + Axx(compl__epsilon__p — compl__epsilon__m)) ;

67

68 % Clausius Mossotti factor along the short axis

69 CMFshortaxis =(1/3) =( compl__epsilon__p — compl__epsilon__m) ./(
compl__epsilon_m + Ayx(compl__epsilon__p — compl__epsilon_m));

70
71 %CMF total

72 CMF=(CMFlongaxis+CMFshortaxis ) / 2 ;
73
74

75

76 %% Calculating a factor proportional to DEP force
77

78 % DEP force (N)

79 F = (pi*2x | xr"~2)xepsilon__m=real (CMF) *gradient ;
80

81 %DEP force magnitude along the long axis
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82 Flongaxis =(pi=*2* | xr"2) xepsilon__m=real (CMFlongaxis ) =gradient ;
83 %DEP force magnitude along the short axis

84 Fshortaxis=(pi*2* | «r~2)=epsilon__m=real (CMFshortaxis ) *gradient
85

86
87 %% Plots

88

89 figure(1);

90 semilogx (f, real (CMFlongaxis));

o1 title(’SemiLogx (Frequence, Re(CMFlongaxis)’);
92

93

94 figure (2);

o5 semilogx (f, real (CMFshortaxis));

06 title(’SemiLogx (Frequence, Re(CMFshortaxis) ’);
97

o8 figure (3);

99 loglog (f, real (CMF));

100 title(’LogLog(Frequence, Re(CMF))’);

101

102 %figure (4);

103 %semilogx (f, 180+angle (K)/pi);

104

105 figure (5);

106 loglog (f, F);

107 title(’LogLog (Frequence, DEP-Force) ’);

108

109

110 figure (6);

11 loglog (f, Flongaxis);

112 title(’ LogLog (Frequence, DEP-Force (longaxis)’);
113

114 figure (7);

115 loglog (f, Fshortaxis);

16 title(’LogLog(Frequence, DEP-Force (shortaxis)’);



239 Appendix A.

DEP force along the long and short axis as a function of the frequency
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Figure A.2.5: Calculated DEP force along the long axis as a function of the frequency for Ge
NWs aligned at a voltage of 8 Vyeu—w0-—pear ON @ 20 um electrode gap in anisole.
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Figure A.2.6: Calculated DEP force along the short axis as a function of the frequency for Ge
NWs aligned at a voltage of 8 Vyear—to-—pear ON @ 20 pm electrode gap in anisole.
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Design of the electrodes for NWs collection by DEP

Interdigitated Electrodes

SEl 20kV 50um 2¢
General 27 Mar 2019 General

")

.
SEl 720kVae ND12mm /- SS43 10pm S 20KV
General iCal 27 Mar 2019 | General

Figure A.2.7: SEM images of collected Ge NWs at a voltage of 8 Veu—w0-—pear @nd frequency
of 500 kHz a)-c) and b)-d) are groups from the same device.
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Parallel electrodes; voltage study

Figure A.2.8: Images obtained by optical microscopy of burned-off Ge NWs aligned at a) 10

Vpeak—to—peak and b) 16 Vpeak—ta—peak-
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Parallel electrodes study; square and round tip

I 10pm ACCEM I 10pm SEM-SRF
5.0kV SED WD 9.6mm X 1,500 5.0kV SED SEM WD 10mm

Figure A.2.9: Images obtained by SEM of aligned Ge NWs in a) rectangular and b) round end
tip gap electrodes.

DEP set up and topology
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Figure A.2.10: TIA circuit topology, with the main DEP set in the brown box and TIA in the
dashed box.
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A.2.11 Real-time resistance monitoring code; Matlab computation

%% The user sets the parameters used for Dielectrophoresis in order to obtain the c
alculated resistance of the DUT.

[

3

4 amp=input ( > Amplitude ?’); % That command ask the wuser what
amplitude to apply

5 freg=input( > Frequency ?? *); % That command ask the user what f
requency to apply

6 nomeas=input ( > Measurement Number? ’) ; %That command ask the user what
time or how many measurements the programme as to do

7

8

9

10

11 %% Set TIMER

12 T = timer (’ TimerFcn’ ,@(~,~) disp (’"NEXT. *),’ Start Delay ’ ,1);
13
14
15
16 %% Calling for equipment
17

18 %Oscillator

19 % Creating USB Object
20 VOSC = visa(’AGILENT’, "USBO0::0x0699 ::0x03A3::C010904 ::0::INSTR’);

21 % Set the buffer size

22 set (VOSC, InputBufferSize’, 300000); %dont know about thissize
anymore

23 % Set the timeout value
24 vOsc. Timeout = 2;
25 % Set the Byte order

26 vOsc. ByteOrder = ’littleEndian ’;
27 % Open USB Object

28 fopen (vOSC) ;

29

30 % Function Generator

31 interfaceObj = visa( AGILENT’, "USBO::0x0957 ::0x0407 :: MY43003346
::0::INSTR”);

32 % Create USB object.

33 fgen = icdevice(’agilent__33220a.mdd’, interfaceObj);
34 % Connect device object to hardware.

35 connect (fgen);

36

37

38 %% Setup both Devices at the same time
39
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% SETUP OSCILLOSCOPE

% Waveform Data Format (Least Significant Byte First, Signed Integer)

fprintf (vVOSC, ’:DAT:ENC SRI’);

% Specify Number of Bytes/Y Data Points (256)
fprintf (vOSC, > WFM:BYT 1°);

% Specify Data Starting Point

fprintf (vOSC, > :DAT:STAR 1°);

% Set Waveform to Sine

set(fgen, ’>Waveform’, ’sin’);
% Set the Voltage Amplitude to 10V
set(fgen, ’*Amplitude ’, amp);

% Set the F.G. Frequency to x Hz
set(fgen, ’Frequency’, freq);

%% Readout RMS (Root Mean Square of signal) from Oscilloscope
tic

% Input Value RMS
disp (* Getting Input RMS Voltage ’);

for i=1:2
% Readout RMS from Oscilloscope 1 input
fprintf (vOSC, "MEASU:IMM: SOU1 CH1’) ;
fprintf (vOSC, "MEASU:IMM:TYP AMP’) ;
fprintf (vVOSC, ’MEASU:IMM:VAL?’);
WForm. RMSChlraw= fscanf (vOSC) ;
WForm.RMSChl=str2double (WForm. RMSChlraw) ;
disp (’ Value:’);
disp (WForm.RMSCh1);

end
% Readout RMS from Oscilloscope 2 output
fprintf (vOSC, "MEASU:IMM: SOU1 CH2’) ;
fprintf (vOSC, °MEASU:IMM:TYP AMP’) ;
fprintf (vVOSC, ’'MEASU:IMM:VAL?’);
WForm. RMSCh2raw= fscanf (vOSC) ;
WForm.RMSCh2=str 2double (WForm. RMSCh2raw) ;
% Readout RMS from Oscilloscope 3
fprintf (vOSC, "MEASU:IMM: SOU1 CH3’) ;
fprintf (vOSC, 'MEASU:IMM:TYP AMP’) ;
fprintf (vVOSC, ’'MEASU:IMM:VAL?’);
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86 WForm. RMSCh3raw= fscanf (vOSC) ;

87 WForm.RMSCh3=str2double (WForm. RMSCh3raw) ;
88

89 % Readout phase

90 fprintf (vOSC, "MEASU:IMM: SOU1 CH1’);
91 fprintf (vOSC, "MEASU:IMM: SOU2 CH2’) ;
92 fprintf (vOSC, "MEASU:IMM: TYPe PHA’) ;
93 fprintf (vOSC, "MEASU:IMM:VAL? ) ;

94 Phase Shiftraw= fscanf (vOSC) ;

95 Phase ShiftO=str2double (Phase Shiftraw ) ;

96

97 R1=10000; % Ohm

98 R2=1000; % Ohm

99 R3=100000; % Ohm

100 C1=200%10"-6; %Farad

101 Cf=68x10"-12;

102
103 9%I0=WForm.RMSCh3(1,1) #((1+ j #freq R1«Cf)/( j #freq |R1C1))
104
105 x11=(freq*R1xC1) *2;
106 x1=sqrt (x11) ;
107 x22=1"2+(freq *R1+Cf) *2;
108 x2=sqrt (x22) ;
109
110 tic;

111 % Output Value RMS & subsequent calcs

112 disp (’ Getting Output RMS Voltages ’);
113 for j=1:10000 %loop number #number of measurements

114

115 Ztotal =0;

116 for i=1:10 %loop for the mean

117

118 % Readout RMS from Oscilloscope 2

119 fprintf (vOSC, "MEASU:IMM: SOU1 CH2’) ;
120 fprintf (vOSC, ’MEASU:IMM:TYP AMP’) ;
121 fprintf (vVOSC, ’MEASU:IMM:VAL?’);

122 WForm. RMSCh2raw= fscanf (vOSC) ;

123 WForm.RMSCh2=str2double (WForm. RMSCh2raw) ;
124

125

126 % Readout RMS from Oscilloscope 3

127 fprintf (vOSC, "MEASU:IMM: SOU1 CH3’) ;
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fprintf (vOSC, "MEASU:IMM:TYP AMP’ ) ;
fprintf (vVOSC, ’MEASU:IMM:VAL?’);
WForm. RMSCh3raw= fscanf (vOSC) ;
WForm.RMSCh3=str2double (WForm. RMSCh3raw) ;

z1=1+R1+Cf+2*x pi* freq ;
z2=R1xCl+2x pi* freq ;
Z=(z1/22)*492.32;

disp (2) ;
10(i,1)=WForm.RMSCh2x(Z);
disp(10);

Zi (i,1)=((WForm.RMSCh1/2)/10(i,1));

Ztotal=Ztotal + Zi(i,:);
end
Zti (j,1)=(Ztotal/10);

Phase Shiftmean =0;
for i=1:10 %loop for the mean

fprintf (vOSC, "MEASU:IMM: SOU1 CH1’); %phase

fprintf (vOSC, "MEASU:IMM: SOU2 CH2’) ;
fprintf (vOSC, "MEASU:IMM: TYPe PHA’); % take outthe phase
fprintf (vOSC, "MEASU:IMM:VAL? * ) ;

Phase Shiftraw=fscanf (vOSC) ;
Phase Shift Tot (i ,1)=str2double (Phase Shiftraw ) ;
Phai (i,1)=Phase Shift0(1,1)/Phase ShiftTot (i ,1);
Phase Shiftmean=Phase Shiftmean+Phai (i ,1) ;
end
Phase Shift (j ,1)=Phase Shiftmean /10;

DATA. time (j,:)=toc;
disp (> Measurement Number ) ;

figure (1);set(gcf, >WindowsState >, ’maximized *) ;
x = linspace (0,3*pi,200);
y = cos(x) + rand(1,200);
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sz = linspace (1,100,200);

DATA. Zti = smoothdata (Zti,’gaussian’,20);

%legend ('RMS Voltage OUTPUT’, 'RMS Voltage INPUT’, Current(A) )
yyaxis left
xlabel (> Time (s) )
ylabel (’Resistivity (Ohm) )
scatter (DATA.time (j,1),Zti(j,1),20);
hold on

end

fclose (instrfind);
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DEP collection

Figure A.2.12: Images obtained by optical microscopy of NWs aligned on devices fabricated at
frequencies of ; a) 500 kHz, b) 1 MHz, c¢) 5 MHz, d) 10 MHz.
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References (doi)

A.3 Fabrication and characterisation of single Ge NW alignment

Table A.3.1: Table of single NWs resistivity found in the literature.

Sarah beretta et al.
[233]

S.Sett et al.
[153]

D. Erts et al.
[169]

M G Bartmann et al.

[336]
J. Greil
[337]

M. Seifner

[338]

M. Kolesnik-Gray
[339]

This work

S. Hutagalung
[340]

Resistivity Conductivity Synthesis Contact/ selection
(Q.cm) (Sm™)
Germanium Paw 0.18 476.19 MOVPE FIBID/ random by
Single 0.21 555.56 SEM
Germanium — G 01 VLS EBL + top
Single Prw = 4 7 metallisation/random
Germanium Paevice  14E3 SFLS Metal coating and
Single 4E- through Porous AFM/random
3E5 ey AAO
3-335-4 membranes

Germanium _ VLS Sputter
Single Pdevice = 5-5 12220 deposited/random
Germanium Paw 1E3 0.1 VLS Monolithically
Single 1E4 0.01 integrated/random
Germanium -1 o Electro- EBL/random
Single Pnw = 9-09 chemical
Germanium Pnw 3 33.3 SFLS EBL/random
Single 410 0.24
Germanium Pdevice 8.7 5.88 MOVPE DEP
Single 17 11.4
Array Paevice 1.5 15.5 MOVPE DEP

5.7 66.6
Silicon MAEE AFM\random
Single Pdevice = 33-94 295

Notes: pnw =resistivity of the NW accounted without the contact resistivity, pdevice =
resistivity of NW + contact resistivity, AFM= Atomic Force, AAO= Anodic
Aluminium Oxide, DEP= Dielectrophoresis, EBL= Electron Beam Lithography,
FIBID= Focused Iron Beam Induced Deposition, MAEE= Metal Assisted
Electrodless Etching, MOVPE= Metal-Organic Vapour Epitaxy, SFLS= Super-
Critical Fluid-Liquid- Solid, VLS= Vapour-Liquid-Solid.
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A.4 Germanium nanowires-based biosensor device

Raman spectroscopy characterisation

NH, H3CJ

CH,

Figure A.4.1: 3-Aminopropyl-triethoxysilane (APTES) molecule with amine (NH.) group.

_____________________

Aliphatic chain

Figure A.4.2: Glutaraldehyde molecule.
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Figure A.4.3: Protein Molecule; Oligomeres and their Amino acids (Bases).
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Table A.4.4: Vibration bands overview.

Functional | Position (cm™) Silanisation | Glutaraldehyde | Aptamerisation
Group
Ge 300 (Ge-Ge stretching) v v v
Ge-0 450 (Ge-0 stretching) v - v
Si-0 510 (Si-O stretching) v - v
Si-C 510 (Si-C stretching) v - v
2400 (Si-C stretching) v ) v
C-N-C 836 (amino ring) - - v
N-H 1100 (NH2 rocking) v - v
C-H 1100 (CH2 twisting) v - v
1300 (CH2 scissoring) v v -
2500-3000 (c-H aliphatic stretching) v v -
N-H 1580 (amino ring ) - - v
C=0 1600 (aldehyde) - v -
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Functionalised nanowires exposed to PBS

1E-10
<
£ 1E-11+
o) i
S
3
<
=
Q 1E-124
a3 ; | Functionalised
|| = 15 min PBS Exposure
|| =15 min x 2 PBS Exposure
— 15 min x 3 PBS Exposure
1E_1 3 T T T r |

-5 0 é
Voltageg,rce.prain (V)

Figure A.4.5: Control test current-voltage curves from a functionalised device fabricated with a
DEP frequency of 10 MHz, after multiple exposures to PBS solution (with no spike protein), the
sample was rinsed and dried between each exposure.
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Current response of the non-functionalised and functionalised NWs device

Functionalised
Non-functionalised

Cl"rremt‘source-drain (A)

T T T T T T T

-3 -2 -1 0 1 2 3
VOItageSource-drain (V)

Figure A.4.6: a) is the 1(V) response of the Ge NWs device before and after functionalisation,
b) is a schematic of the underlying mechanism before the aptamer layer with holes carriers in the p-

type Ge NWs (represented in red dots) and c) after deposition of the positively charged aptamer
layer and depletion of holes.
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A.5 Dielectrophoresis implementation technique for GaAsBi nanowires- based
device

SEM images of the as-synthesised NWs

—— lum  2020/02/06
X 10,000 15.0kV SEI SEM WD 10.0mm

Figure A.5.1: Dark field SEM image of the NWs from batch A 140.
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—_— lym  2020/02/06
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Figure A.5.2: Dark field SEM image of the NWs from batch B 136.
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Figure A.5.3: Dark field SEM image of the NWs from batch C 118.
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Characterisation of the NWs for DEP in Anisole

Figure A .5.4: Bright-field images obtained by TEM of the oxide Iyer measured to be 3 nm
thick on the GaAsBi NWs after two months in anisole a) core of a NW, b) close up of a NW
surface.

Figure A.5.5: Diffraction pattern of a GaAsBi NWs.
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Clausius Mossotti factor and DEP force calculation
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Figure A.5.6: Calculated real part of the CMF along the long axis as a function of the frequency for

GaAsBi NWs aligned at a voltage of 8V ea—r0-peak ON @ Sum electrode gap in anisole.
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Figure A.5.7: Calculated real part of the CMF along the short axis as a function of the frequency for

GaAsBi NWs aligned at a voltage of 8Veat-w0-peac ON @ 5um electrode gap in anisole.
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LogLog(Frequence, Re(CMF))
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Figure A.5.8: Calculated real part of the Clausius Mossotti factor as a function of the frequency for
GaAsBi NWs aligned at a voltage of 8 Vyear—ro—peak ON @ 5 pum electrode gap in anisole.
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Dielectrophoresis alignment of GaAsBi

Figure A.5.9: Optical microscopy images of dielectrophoresis alignment of GaAsBi NWs aligned at
a voltage of 8 Veat-1o-pear and frequency of 5 MHz on 5 um electrode gap.
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Electrical and optical characterisation
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Figure A.5.10: Normalised spectral response as a function of the wavelength at room
temperature. Devices fabricated with NWs from batch A (red plot) and batch C (black plot)
aligned at a DEP frequency of 1 MHz.
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Table A.5.11: Comparison of bulk and semiconductor nanowires mobility as a function of the
apparent surface morphology.

Material Dimensions Mobility (cm? (V.s)) Apparent surface morphology References
GaAs NWs L=15 pm
@=150 nm 31 Smooth [322]
L=10 pm
@= 9o nm 10.3 - 67.5 Smooth [206]
L=1-2 um 1040 Smooth [323]
@= 80 nm
L=1-2 pm
&= 50 nm 1000 Smooth [342]
1000
GaAs bulk NA P NA [342]
1371 (2.5 %) [330]
GaAsBi bulk NA 2116 (1.2 %) NA
2800 (0.84 %) [343]
T
(=2.5 %) : (=1.5 %)
L= 4-% um 500 kHz 5.29 3.48
GaAsBi NWs oo Aok 1MHz 163 ! 51.7 SRS This work
=45 sMHz 27.5
10 MHz 100.9 :
L=10 pm
InAs NWs @=30 nm 300 SRS [124]
L=2pm
Si NWs @= 80 nm 4.67 SRS [344]
3900
Ge bulk NA 1900 NA [347]
L=Xpm
Ge NWs St 3000 (strained) smooth [345]
L=4 pm
@=90 nm 64 smooth [346]
L=20 um
D= 60 nm 3.5*X smooth This work




