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Abstract

In recent years, investigators in industry and academia have increas-
ingly tamed the structural and electronic properties of of low dimensio-
nal materials. Among them, nanowires (NWs) and nanotubes were in-
tensely scrutinized because of their potential use in various applications
requiring miniaturization. Besides the well-known CNT, many species
of NWs-like nanomaterials can be synthesized from inorganic and/or
organic materials and offer an impressive potential in applications rang-
ing from bio-environmental sensing and energy harvesting to ultra-low
power electronic devices and high density memories. Nevertheless, the
use of single NW in real applications asks for identifying their intrinsic
behavior and requires to manipulate and contact them properly.

The aim of this thesis is to contribute to this active research area,
focusing particularly on hybrid metal-polymer nanowires made of con-
jugated polymers (PPy, PEDOT, PANi) and metals (Au, Pt, Ni) with
diameters ranging from 30 nm to 160 nm. In this experimental study,
we investigated the electrical and structural properties of several classes
of hybrid nanowires (HNW) and HNW arrays.

The first part of this thesis, focuses on the structural and elec-
trical characterization of several classes of HNW arrays. A careful
characterization of the metal-polymer interfaces by transmission elec-
tron microscopy revealed that the structure and mechanical strength of
the interfaces are very different. Variable temperature electrical trans-
port measurements suggested that the three-dimensional Mott variable-
range-hopping (VRH) model provides a complete framework for under-
standing charge transport, including nonlinear current-voltage charac-
teristics and magnetotransport. The diameter dependence of the electri-
cal properties of HNWs suggests that the transport mechanism changes
for the 40 nm HN'Ws samples which exhibit a behavior indicative of the
critical regime of disorder-induced metal-insulator transition.

Then, because of the several limitations of the bulk characterization
of HNWs (e.g. averaging effects on the measured properties, high contact
resistance, no interactions with the environment, ...) we investigated
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the integration of single HNW in a planar electronic devices. Advan-
tageously, single HNW measurements allow us to probe the responses
of HNWs to different stimuli. Especially, we showed that the electrical
properties of mutli-segmented HNWs can be switched chemically from
a linear to a rectifying behavior. We proposed a simple model based on
Schottky diodes to explain and reproduce the observed phenomenon.

Finally, to gain further insight into the structure-property relation-
ships of these nanomaterials, we developed, fabricated and characterized
multipurpose platforms, fabricated via Si micromachining techniques.
These microdevices enable the correlation between the structural prop-
erties -as observed, for instance, by transmission and scanning electron
microscopies - the electrical and thermal properties obtained from the
same sample. While these membrane-based microdevices were used for
correlated studies of NWs, the extension to other nanomaterials (organic,
inorganic, or hybrid films, nanoparticles) is straightforward.
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Motivation

Gant ar boan hag an amzer A-benn pep
tra e teuer.

Proverbe Breton

Based on very important scientific discoveries made during the past
century, the explosive growth of technology has transformed the world
more rapidly and widely than in any previous century. Many techno-
logical advances made in the beginning of the 20*" century have opened
new paths towards scientific discoveries, which in turn led to new tech-
nological possibilities. Nowadays, nobody can deny that science and
technological advances have considerable impact on our modern soci-
eties, and our way of life. Technology is present everywhere in our daily
lives: in the way we communicate, in the way we move, in everything we
do. Of course, scientific research has also benefited from these intense
technological developments.

Nowadays, so-called nanotechnology which encompasses many fields
of science (e.g. chemistry, physics, medicine) initially opaque to each
other, constitutes a trendy and very active research field. Initially pro-
posed by Dexler in the beginning of the 80’s [28], the term nanotechnol-
ogy, now usually refers! to the sciences and techniques that enable the
engineering of materials at the nanometer scale.

The potential outcomes that should ensue from nanotechnology are
so plentiful that not only the scientific community, but also industry and
even politicians are all really excited about nanotechnology. Indeed, cur-
rent leaders of the microelectronic industries see in nanotechnology po-
tential answers to the issues arising from scaling down silicon-based com-
plementary metal-oxide-semiconductor (CMOS) technology (increasing
costs, leakage current, parasitic capacitance and resistance, ...).

'More precisely, nanotechnology can be defined as research and technology de-
velopment at the atomic, molecular, or macromolecular levels, in the length scale of
approximately 1-100 nm range [29].



2 Motivation

Time is running out, and microelectronic industries are looking be-
yond conventional manufacturing technology to more exotic materials
such as carbon nanotubes (CNT) and graphene, despite general accep-
tance that the Moore’s law could still remain valid with Si-based tech-
nology at least during the next decade. This will give time to reach
a few more technological nodes, producing functional transistors with
gate lengths as small as Lg =~ 15 nm. This would be achieved by op-
timizing the transistor structure [30] (multigate-gate transistors, SOI,
vertical structures) and fabrication processes [29] (materials, lithogra-
phy techniques).

Beyond the quest for the materials and technologies that will re-
place the Si-based technology to produce more efficient electronic de-
vices, other paths are being explored to develop electronic devices with
a different philosophy, for several classes of emerging applications which
do not require the high performances of the Si-based technology. One
of these paths is organic electronics.

Organic electronics developed rapidly since the impulse given by the
seminal work of Alan Heeger, Hideki Shirakawa and Alan MacDiarmid
for which they received the Nobel prize in 2000. The impressive devel-
opment of organic electronics relies on the versatile properties of organic
materials that offer new possibilities for electronic industry. Strikingly, it
is known that organic materials exhibit lower intrinsic charge transport
efficiency than silicon because of the charge mobility found in organic
semiconductors is orders of magnitude lower than typical values found
in silicon. However, the interest of organic electronics is somewhere else.
First of all, organic materials are much easier to process, as most of
these materials offers solution processability, and can be processed at
much lower temperature over large areas which drastically reduces the
processing costs [31]. Moreover, organic materials are compatible with a
multitude of substrates such as glass, plastic or even paper. Therefore,
the versatile properties of organic semiconductors allow production of
low-cost, flexible, renewable and light-weight applications just like the
31 inche panel displays (3 mm thick) based on organic light-emitting
diodes (OLED) thin film? technology, recently presented by LG corpo-
ration at the IFA 2010 exhibition?.

While OLED based technology is being introduced into the market,
several strategies are being investigated to go beyond and exploit the
impressive possibilities offered by conducting polymer nanostructures.

2In such OLED-based panel displays, organic semiconductor-based pixels are ar-
ranged in arrays with typical pixel dimensions ranging from tens to hundreds of
microns.

3http:/ /www.ifa-berlin.com



Motivation 3

More particularly, one-dimensional (1D) nanostructures are intensely
scrutinized because of their unique structural one-dimensionality and
possible quantum confinement effects, but also because they are envi-
sioned, within the framework of the bottom-up approach, as fundamen-
tal building blocks for the construction of vast array of innovative ap-
plications requiring miniaturization. Indeed, conducting polymer nano-
wires are expected to be used as the active materials in many sensor
applications thanks to their very high specific surface area compared to
bulk materials. Also, because of their size, they could be easily inte-
grated into low-weight applications such as intelligent fabrics that could
adapt to the environment (by changing shape and color) or for medical
purposes, smart clothes could monitor fundamental physiological param-
eters (body temperature, sweat composition, ...) and even perform drug
delivery. The tools offered by nanotechnology make possible to literally
tailor the morphology, phase and structure of organic nanomaterials to
fit with the envisaged applications [32]. Despite significant advances in
synthesis of 1D nanostructures, there is still a lot to be done to fully
understand the transport mechanisms and structure-property relation-
ships existing in such organic materials. In particular, while conducting
polymers present vast technological opportunities and can be easily com-
bined with inorganic materials, besides pure polymer nanowires, hybrid
inorganic-organic nanowires have been scarcely studied.

The main goal of this thesis was to gain insight into the proper-
ties of novel classes of hybrid nanowires (HNW) that combine several
segments of metals (Au,Pt,Ni) and conjugated polymers polypyrrole
(PPy), polyaniline (Pani) and poly(3,4-ethylenedioxythiophene) (PE-
DOT). These HNWs were produced by the template method which is
known to allow very good control over the dimensions and composition
of the produced nanowires. The development of the synthesis processes
and the production of hybrid nanowires were carried out by Dr. Olivier
Reynes and Vincent Callegari, under the supervision of Pr. Sophie
Demoustier-Champagne from the FHYN group (UCL/IMCN/BSMA).

In this work, we focus on the structural and electrical properties of
HNWs, paying special attention to the metal-polymer interfaces. Vari-
able temperature electrical transport measurements were performed as a
function of the electric and magnetic fields, on several classes of HNWs,
in vertical* and planar® configurations. We show that HNW arrays
measurements corroborate with single HNW measurements and give ac-
cess to intrinsic properties of HNWs. The three-dimensional (3D) Mott

YHNW arrays embedded within polycarbonate template.
5Single HNWs deposited and contacted on insulating substrate.
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variable-range-hopping (VRH) model provides a complete framework for
the understanding of charge transport in HNWs with diameters rang-
ing from 160 to 50 nm, including nonlinear current-voltage character-
istics and magnetotransport at low temperatures. Strikingly, a size-
dependent transport mechanism was identified for low diameter samples
(¢ < 50 mm) and was ascribed to the existence of a disorder-induced
metal-insulator transition. Finally, we investigated the integration of
single HNWs in a planar electronic devices as it allows us to probe the
responses of HNWs to different stimuli. Especially, we showed that the
electrical properties of mutli-segmented HNWs can be switched chemi-
cally.

The manuscript is structured as follows: the chapter 1 is an intro-
duction to the conducting polymer nanowire. After a short introduction
to conjugated polymers (CP), the synthesis of CP nanowires and their
potential applications are reviewed. In the second chapter, models and
related concepts of charge transport which are relevant to derive quanti-
tative information on our samples are reviewed. The end of the chapter
briefly reviews the literature dealing with charge transport in CP and
more specifically CP nanowires. The analysis of the electrical measure-
ments presented in the next chapters will often refer to models, concepts
and equations described in this chapter.

In the chapter 3, we report on the structural and electrical prop-
erties of several classes of HNW made of conjugated polymers (PPy,
PEDOT) and metals (Au, Pt, Ni), and with diameters ranging from 30
nm to 160 nm. A careful characterization of the metal-polymer inter-
faces by transmission electron microscopy revealed that the structure
and mechanical strength of the interfaces are very different. Variable
temperature electrical transport measurements performed on HNW ar-
rays suggested that the three-dimensional Mott variable-range-hopping
(VRH) model provides a complete framework for the understanding of
the charge transport, including nonlinear current-voltage characteristics
and magnetotransport. The diameter dependence of the electrical prop-
erties of HNWs suggests that the transport mechanism changes for the
40 nm HNW samples which exhibit a behavior indicative of the critical
regime of disorder-induced metal-insulator transition.

Then, because of the inherent limitations of the bulk characteriza-
tion of HNWsS, several techniques for the integration of single NWs into
planar devices, were investigated and compared in the chapter 4. To
further investigate the structure-property relationships of nanomateri-

SThese limitations mainly stem from the high number (Ng NW =~ 10® — 10°) of
HNWs measured in parallel which translates into an averaging effect and a distribution
of their characteristics (diameter, segment length, interface resistance).
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als, we developed, fabricated, and characterized multipurpose platforms,
fabricated via Si micromachining techniques which offer a unique tool
for studying single nanostructures. These microdevices enable the corre-
lation between the structural properties -as contemplated, for instance,
by transmission and scanning electron microscopies - and the electrical
and thermal properties of nanomaterials. While these membrane-based
microdevices were used for correlated studies of NWs, the extension to
other nanomaterials (organic, inorganic or hybrid films, nanoparticles)
is straightforward.

Next, in the chapter 5, we come up to our experimental results ob-
tained on single nanowires. The first part of this chapter focuses on low-
T transport properties of HNWs based on PPy and Au segments. We
show that the electrical transport properties observed on single HNWs
measured in a planar configuration are consistent with the measure-
ments of HNW arrays presented in chapter 3 and follows the Mott VRH
model. Then the RT tunable transport properties of HNWs are investi-
gated. We show that the electrical properties of tetra-segmented HNWs
can be switched chemically from a linear to a rectifying behavior. We
proposed a simple model based on Schottky diodes to explain and re-
produce the observed phenomenon.
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Conducting Polymer
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8 CONDUCTING POLYMER NANOWIRES

1.1 Introduction

The electronic industry that was born symbolically with the vacuum
tubes, developed quickly since the introduction of integrated circuits
discovered in 1958 by Jack Kilby, Physics Nobel Prize laureate in 2000.
This development was based on the miniaturization of integrated circuits
performed until now by shrinking the size of every component. Since
the 1960’s the miniaturization has continuously shrunk component size,
roughly doubling the complexity of electronic components each year,
following the well-known Moore’s law [33]. The figure 1.1 exemplifies
the huge evolution of microelectronic technology by giving several state
of the art devices as a function of time, from the old style vacuum tube
to stretchable electronics. This growth was enabled by the development
of new technologies and materials together with a better understanding
of the intrinsic properties of materials involved in the fabrication process
of semiconductor components.

Parallel to the emerging electronic industry, polymer science has also
experienced explosive growth, resulting nowadays, in the presence of
polymers and especially plastics, everywhere in our environment from
clothes to automotive applications. Thanks to the impressive properties
of plastics and their numerous advantages compared to metals or wood
(excellent mechanical properties, low weight, good processability, low
cost), since 1950, the average annual increase in the plastics market has
been about 9% and represents 245 million tons in 2008 [34].

While plastics are organic polymers with saturated macromolecules
and are generally excellent electrical insulators, conjugated polymers
(CP), also called as synthetic metals, have alternating double and single
bonds that confer unique properties to CP. These synthetic metals com-
bine the features of plastics with the ability of to conduct electricity and
are promising materials involved in the development of the recent field
of organic electronics [35]. Moreover, together with the recent advances
in mechanics and materials, synthetic metals have opened a pathway to
build integrated circuits that can offer the electrical properties of conven-
tional semiconductors but with the ability to be stretched, compressed,
twisted, bent, and deformed into arbitrary shapes [36, 37].

A decade after Heeger, MacDiarmid and Shirakawa received the No-
bel prize in 2000 for their pioneering work on polyacetylene (PA), the
number of studies devoted to the synthesis and characterization of CP
is still increasing as exemplified by the number of publications dealing
with CP (roughly 4000 published papers in 2009), given by searching
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1930's

Figure 1.1: (a) Examples of vacuum tubes. (b) Kilby ’s first inte-
grated circuit (1959). adapted from reference [1]. (c) Flexible large-area
Organic-based FET and pressure sensor. Adapted from reference [2].
(d) Top-down SEM image showing a 6-transistors SRAM cell with an
area of 0.143 um?. Courtesy of IBM research (2009).

for conjugated polymer on the sciencedirect platform .

Since the discovery of the metallic conductivity obtained in PA [3§],
chemists found multiple paths for producing polymers that conduct elec-
tricity with tunable electronic properties. Just by modifying the dopant
or the side chain’s length the chemists can finely tune the electro-optical
properties of CPs as what has been done for inorganic semiconductors.
For example, it has been demonstrated that CPs can exhibit a wide range
of electrical conductivity o, from the insulating state o ~ 10710 S em ™!
to the metallic state with conductivity as high as o ~ 10° S em™!, reach-
ing the conductivity of metals [39, 40]. While the discovery of highly
conducting PA has been a major step for the development of CPs, doped
PA has poor mechanical properties (brittle), is unstable in air, and is
not easy to process. Hopefully nowadays, the new generation of CPs are
stable and easily processable from a wide variety of solvents [3], allow-
ing researchers and engineers to exploit the versatile properties of CPs
for producing low-cost, flexible, renewable, and lightweight applications.

L www.sciencedirect.com
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Even though commercial products (thin film transistors, photovoltaic
and light emitting devices), based on CPs are already on the market,
they are quite simple and characterized by low efficiency compared to
the inorganic semiconductor-based devices. This low efficiency is mainly
due to the much lower charge mobility found in organic semiconductors
(u = 1075 - 20 em?/Vs) which is orders of magnitude lower than typical
values found in silicon.

Strikingly, one of the pathways taken for research to improve the effi-
ciency of the CP-based devices is basically the same as that for conven-
tional semiconductors, and consists in decreasing the device dimensions.
Moreover This is a general trend in applied physics research that orig-
inates from quantum confinement and low dimensionality effects which
are expected to bring new and original properties (electrical, mechanical,
thermal, optical) to nanomaterials compared to their bulk counterparts.
Many studies have demonstrated higher performance for nanostructured
CPs over their bulk counterparts and this for various applications such
as electrochromics devices, field effect transistors (FET), or chemical
sensors [41, 42, 43, 44]. The purpose of this chapter is essentially to
introduce the reader to the subject- namely CP nanowires (NW), to
present useful concepts and theories as well as a few definitions that
will be used through the manuscript. As the number of existing CPs is
very high, the choice has been taken to limit their presentation to a few
examples, including, the conducting polymers that have been studied
and characterized in this work, that is: polypyrrole (PPy), polyaniline
(PANI) and poly(3,4-ethylenedioxythiophene) (PEDOT). They will of-
ten be used as examples through this introduction. This chapter will be
divided as follows. In the first section, the generic paths for CP synthesis
are presented and some generalities about CPs are reviewed.

The second section presents the strategies available for achieving the
anisotropic growth of CPs nanostructures. There will be described in
details the different methods used for synthesizing conducting polymer
nanowires (CPNW) in particular. Then, the next section reviews impor-
tant electrical properties of conducting polymers. This section will de-
scribe mechanisms that govern charge carrier transport at the interface
and within conducting polymers. The last section reviews the existing
and potential applications that are based on CPNWs.
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1.2 Conducting Polymers

1.2.1 Conjugated or Semiconducting Polymers?

The reader may have noted that several appellations are used in the
literature for speaking about conducting polymers. For clarity of the
discussion, we give in this section, commonly accepted terminology and
a few definitions that will be used in this manuscript.

First, a polymer is defined as a large molecule with a relatively high
molecular mass that is composed of repeating units called monomers.
Homopolymers contain only one type of monomer while copolymers (or
heteropolymers) are constituted by mixture of several repeating units as
shown in figures 1.2.(b) and 1.2.(d). Polymers can be organic or inor-
ganic depending if their backbone is constituted or not of carbon atoms.
Inorganic polymers such as polysulfur nitride (SNN), and silicone are
very famous examples of inorganic polymers. Indeed, (SN), is a unique
polymer that exhibits superconducting behavior at low temperatures
(T' < 1 K) [45] while everyone knows silicone (see Fig. 1.2.(a)) as it is
used in the caulking of everybody’s bathroom. Others examples of poly-
mers are given in figure 1.2. When speaking about conducting polymers,

(a) R (b) R R
-PS|1i— 01, -[—éi +—F él —+n
L k
Polysiloxanes (silicone) Polysilane copolymer
(c) (d)

H H
| | OMe
AR O\ O
H H ! \
MeO m
Polyethylene PPV copolymer

Figure 1.2: (a-d) Chemical structures of inorganic and organic poly-
mers. (a) Silicone is a famous example of inorganic homopolymer. (b)
Example of an inorganic copolymer (c) Polyethylene is one of the most
popular and widely used plastics. (d) Example of PPV-based conjugated
copolymer.
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some authors distinguish extrinsic conduction polymers (ECP) and in-
trinsic conducting polymers (ICP). While ECPs are composite polymers
made of a mixture of a non conductive polymer with an incorporated
conducting material such as metal or carbon powder, ICPs are organic
polymers that present, in their doped form, the electrical, magnetic,
and optical properties of a metal with the mechanical properties and
the processability commonly associated with polymers [46]. Nowadays,
the term conducting polymers are mostly used to designate only ICP and
therefore will be used in this manuscript. Among the very large family of
conducting polymers, the conjugated polymers represent a very interest-
ing group. Chemical structures of commonly used conjugated polymers
are given in the figure 1.3. They are polymers that have a backbone
with alternating single and double bonds.

HOA
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n
v
H 4y
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| 2/ \; |
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Figure 1.3: (a) Chemical structure of common conjugated polymers:
(a) Polyacetylene (PA), (b) Poly (p-phenylene) (PP), (c¢) Polypyrrole

(PPy), (d) Polyaniline (PANi), (e) Polytiophene (PT) and (f) Poly (3,4~
ethylenedioxythiophene) (PEDOT).
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(d)
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A particularly simple conjugated polymer is given by PA. It will
be taken as an example. The chemical structure of PA is depicted in
figure 1.4.(a) and consists of a long chain of carbon (C) atoms, each
with one hydrogen atom and connected together with alternating single
and double bonds. Carbon atoms have four valence electrons, which
in the ground state are found in the 15225%2p? configuration. C atoms
are bound together in a planar configuration through ¢ and 7 bonds
resulting from the overlapping of the hybrid sp? orbitals and p. orbitals
respectively. While o-bonding electrons are concentrated in the plane of
the molecule, m-bonding electrons are localized in a plane perpendicular
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to the o bond.

As depicted in the fig.1.4.(b), the m-orbitals of successive carbon
atoms overlap along the PA backbone, leading to the existence of a
pathway for delocalized 7 electrons along the backbone of the polymer.
In a simple model of PA, the metallic binding stemming from the 7
electron should make PA a one-dimensional metal [47]. Nevertheless,
due to the so-called Peierls distortion of the PA chain, a gap opens be-
tween the highest occupied molecular orbital (HOMO) and the lowest
occupied molecular orbital (LUMO). This phenomena is described in
more details in the section 1.3 of chapter 2. Due to the analogy with
crystalline inorganic semiconductors, the HOMO and LUMO are iden-
tified as the valence and conduction bands respectively, and the energy
difference is also called the bandgap of the conjugated polymer. In con-
jugated polymers, this bandgap is within the range of 1 to 4 eV. For
those similitudes with inorganic semiconducting materials, conjugated
polymers are also called semiconducting polymers.

i | i

@ N NSO AN

Figure 1.4: (a) Chemical structure of trans-PA (b) Corresponding elec-
tronic orbitals. The overlapping of p, orbitals results in m-bond between
carbon atoms in PA chain.

While in their undoped state, conjugated polymers are insulators,
they exhibit large conductivities and interesting electrical properties,
when electrons are removed from double bonds of the backbone. P-type
and n-type CP are possible through oxidative and reductive reactions re-
spectively. The doping procedure can be performed using either chemical
or electrochemical techniques [3]. Nevertheless, the number of available
n-type CPs is smaller and they are much less stable than p-type CPs.
The principles and methods of conjugated polymer doping are detailed
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in section 1.3.

The two following sections, will describes the main techniques used
for the synthesis of CP: chemical polymerization and electrochemical
polymerization. Although as the chemistry involved in the synthesis of
the different CP is complex and still a matter of debate, the following
sections will only present the basic principles of both polymerizations
focusing on a few simple monomers. For more detail, we refer the reader
to advanced textbooks, like Ref. [47]. While chemical polymerization is
often preferred for producing a large quantities of CP, the electrochem-
ical polymerization is more adapted to produced thin films of CP.

1.2.2 Chemical Polymerization

Many different chemical methods have been successfully developed to
chemically synthesize CP and therefore, establishing a general path-
way is quite a difficult task. Nevertheless, a good example of chemical
polymerization is given by the oxidative polymerization of Pyrrole with
FeCls as oxidizing agent. Generally speaking, all polymerization pro-
cesses can be divided in at least three steps: an initiation step, a chain
propagation step and a termination step. The chemical polymerization
of PPy begins with the initiation step, in which a pyrrole monomer is ox-
idized by FeCls, leading to a radical cation (C4 N Hy) (see figure 1.5.(a))
and the corresponding anion FeCl; that will be incorporated in the
polymer chains as dopant ions (see figure 1.7.(a)).

Then a coupling between two radical cations can occur to form a
bipyrrole dimer with deprotonation. Since the unpaired electron is now
delocalized over the two rings in the dimer, its oxidation potential is
lower than the oxidation potential of the monomer. The dimer is there-
fore more easily oxidized at the applied potential which is the oxidation
potential of the monomer. Therefore, the chain propagation step consists
in this oxidation of the bipyrrole dimer and its coupling with another
radical cation, and so on. This process is repeated consecutively for the
propagation of the chain and terminates due to the nucleophilic attack
of water molecules or impurities in the polymer chains [3]. The resulting
chemical structure of the PPy depends on the orientation of the radical
cations coupling, but generally, breaking of the linearity and planarity
of the PPy chains occurs by crosslinking of PPy chains [48]. Among
the numerous conducting polymers prepared to date, polypyrrole is by
far the most extensively studied. This stems from the fact that pyrrole
is easily oxidized, water soluble and commercially available. Further-
more, polypyrrole presents several advantages including environmental
stability, good redox properties and the ability to give high electrical
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Figure 1.5: Chemical oxidative polymerization process of pyrrole can be
divided in three steps: (a) the initiation step, the chain propagation and
the termination step (c). Adapted from [3].

conductivities [48]. The PPy produced by chemical polymerization can
be collected as a powder whereas electrochemical polymerization leads
to the growth of PPy on an electrode, as we will see in the next section.

1.2.3 Electrochemical Polymerization

Electrochemical polymerization is classically carried out using a three-
electrode cell equipped with a working electrode, a counter electrode
and a reference electrode, typically (Ag/AgCl), as exemplified in the
figure 1.6. The vessel contains a bath consisting of the monomer and an
electrolyte/dopant dissolved in an appropriate solvent (generally water).
The electrodes are connected to a potentiostat that is used for control-
ling the applied voltage difference between a working electrode and the
reference electrode [49]. Different electrochemical techniques can be used
such as potentiostatic (constant-potential), galvanostatic, (constant cur-
rent) and potentiodynamic (cyclic voltammetry) methods [48].

The mechanism for electrochemical oxidation polymerization of pyr-
role is usually described by Diaz’s mechanism [50], which is constituted
in a sequence of three steps: oxidation, coupling and deprotonation.
Nevertheless, the exact mechanism is still a matter of debate [48] and
other models have been proposed, like the model of Pletcher [51]. The
CP polymerized by an electrochemical process is grown on top of an
electrode (the working electrode) and its properties depends strongly on
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Figure 1.6: (a) Example of a typical three-electrodes electrochemical
cell. Picture taken from [4]. (b) Cyclic voltamograms recorded during
the deposition of PPy at the first and 200" cycles.

the synthesis conditions and parameters that have to be controlled dur-
ing the deposition. The most important parameters are type of solvent
(polar, aprotic,...), the choice made for the electrolyte, the synthesis
temperature and pressure, the deposition technique (potentiostatic or
galvanostatic). For example, it has been demonstrated that CP exhibit
higher conductivity when synthesized at lower temperature [52] or when
changing the dopant [16]. Electrochemical polymerization offers a a bet-
ter control of film thickness and morphology than chemical oxidation.
Nevertheless, the main drawbacks arise from the low amounts of mate-
rials produced and the fact that the polymerization occurs only on top
of the anode resulting in a thin film shaped materials. Another point
is that the electropolymerization mechanism is still not well understood
as a consequence of the difficulty to follow the fast growth of the species
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in situ at the electrode/solution interface [48].

1.3 The Concept of Doping

Similarly to their inorganic counterparts, the conductivity of CP can be
tuned in a wide range of values from their pristine (insulating) state to
a highly doped (metallic) state. The main effect of doping is to increase
the concentration of available charge carriers, however, the doping levels
and the doping mechanisms differ from the conventional doping of in-
organic semiconductors. Both p-type and n-type CPs can be produced
by removing or adding an electron from the m-electron system. This
charge transfer requires the insertion of a counter ion into the polymer
chains for the overall charge neutrality of the CP and is generally called
the dopant. An example is the oxidation of PPy (p-type) by injection
of holes on the PPy backbone from a solution containing tetraethylam-
monium perchlorate. This charge is compensated for by the presence
of the perchlorate anions [53]. The doping level is generally defined
as the number of unit charges per thiophene or pyrrole ring [47]. The
doping procedure is often carried out during the chemical or electro-
chemical polymerization of the CP but can also be carried out after the
CP synthesis, electrochemically or by exposing the CP to vapors or so-
lutions of dopants. This is generally referred to as secondary doping.
These reactions are most of the time reversible and often accompanied
by color changes (electrochromism) [54]. Besides, redox doping, it is
also possible to create or remove charge carriers through an acid-base
reaction. A well-known example of acid-base doped conjugated polymer
is poly(aniline) which can exhibit an insulating-to-conducting transition
through a simple protonation process (without any external redox pro-
cess) [54].

Due to the strong electron-phonon coupling, each charge injection is
accompanied by a deformation of the polymer chains geometry which
relaxe over a few monomer units. This reduces the overall energy of the
system and introduces new energy levels between the HOMO and the
LUMO of the CP. This association of an electrical charge to a local chain
distortion leads to the definition of polarons [55]. These quasi-particles
are considered to be at the origin of charge mobility along and between
the chains and determine the transport properties of CP [56]. A polaron
carries spin half, whereas two nearby polarons in a single unit referred
to as a bipolaron, is spinless (see Fig. 1.7).

Generally, the increase of the doping level of a CP results in an in-
crease of its electrical conductivity. As explained before, the doping level
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Figure 1.7: (a) Scheme of p-doping of PA which leads to the creation
of a polaron. (b) Energy levels of a CP. From left to right: In neutral
form. Lightly doped, with additional bipolaron levels. Heavily doped
CP with bipolaron bands.

of CP synthesized electrochemically is mainly determined by the amount
of counterion introduced within the CP chains during its synthesis. In
the case of our HNWs, ClO; is the counter-ion used for the PEDOT
and PPy synthesis. Thus the doping level can be adjusted during the
synthesis by modifying the initial C1O, concentration and by properly
adjusting the synthesis parameters (e.g. temperature, potential range,
scan rate). Nevertheless, it is commonly accepted that the doping level
has a maximum about 33 % which corresponds to the creation of bipo-
larons bands within the CP bandgap.

The next section present the main strategies available for achieving
anisotropic growth of CPs nanostructures. The aim of this section is
not to provide a comprehensive and detailed review of all the synthe-
sis schemes, but to give the reader the basics and present some state-
of-the-art techniques allowing the synthesis of 1D conjugated polymer
nanostructures.

1.3.1 P-Doping

The p-doping of CP is an oxidative process that removes electrons from
the m bonds of the backbone. In the case of PA, the reaction in presence
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of an oxidizing agent such as iodine can be written [46]:

trans — [CH]y + 1.5zy I — [CH+y(I3);]r

To maintain the charge neutrality of the doped polymer, a counter an-
ion is inserted near of the positively charged conjugated backbone, as
depicted in figure 1.7. Also, this counter ion helps screen the charge on
the polymer chain [57]. The induced positive charge of the backbone
does not stay localized on a single C atom; as depicted in figure 1.7.(a)
it spreads over many C atoms.

1.3.2 N-Doping

The n-doping of CP is a reaction in which electrons are added to the 7
electron system of the backbone. For example, a reduction can be per-
formed, in the case of PA in presence of a reducing agent such as sodium
naphtalide [46]. Practically, n-type CP are far less developed than p-
type CP and they are not stable in the air because of the oxidation
reaction that occurs in presence of oxygen. Furthermore, the fundamen-
tal structure-charge transport property relationships of n-type CP are
still not well understood. However, n-type semiconductors are essential
for the fabrication of organic complementary circuits [58].

1.4 Conjugated Polymer Nanowire Synthesis

As mentioned in the section 1.1, nanostructured materials have attracted
a great deal of attention, particularly nanowires and nanotubes, as they
represent the smallest dimensional structures that can be used for ef-
ficient charge transport [59] and thus represent a major orientation re-
garding the development of nanoscale electronic applications. However,
CP NW and NT offer many more possibilities than the mere miniaturi-
sation of electronic devices. They combine low dimensionality with the
numerous advantages associated with polymers. Their properties can
be tuned at will, they are easily processed, offer high mechanical flex-
ibility, they can be functionalized, and present higher biocompatibility
than inorganic semiconductors.

The synthesis of CP NWs can be achieved by several techniques
that can be regrouped into two main families, depending if there are
based or not on the use of a template. The template-free method is
relatively simple and inexpensive but control over the morphology and
diameter of the NWs is poor compared to the template method [60, 5].
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The most commonly used templates are membranes made of ion track-
etched polycarbonate (PC) and porous anodic aluminum oxide (AAO).
Typical PC templates have a mean pore diameter ranging from 30 to 200
nm, pore densities ranging from 108 to 10° pores.cm™2 and thicknesses
around 20 pum. Figure 1.8.(a). gives schematic views of a typical PC
template used for synthesizing CP and hybrid metal-CP NWs.

Besides usual PC and AAO templates, other materials such as Si or
polymethylmethacrylate (PMMA) can be used as templates [61, 62].
Examples of NW synthesis within PMMA templates are presented in
section B.3.

1.4.1 Template Method

The template method is probably the simplest method for achieving
the anisotropic growth of nanostructures. It is based on the use of a
nanoscale mold serving as a host structure containing nanoscale void
spaces. These void spaces act as the template, giving the shape, size
and orientation of the produced structure [3]. The template method
is very efficient for achieving a controlled growth of NWs: the shape,
size and orientation of the produced structures are precisely defined by
the template [63]. Moreover, it allows the synthesis of complex multi-
segmented NWs, core-multishell, and coaxial NW structures [64, 65, 66].

Generally, a distinction is made between the so-called hard-template
and soft-template methods. While ion track-etched membranes made of
polycarbonate (PC) and anodic aluminum oxide (AAO) membranes are
well-known examples of hard-templates [67, 64], soft-templates are host
materials such as micelles or microemulsions that can guide the growth
of the polymer during polymerization [6, 68, 59].

1.4.1.1 Hard-Template Method

The hard template method, presented for the first time by Martin and
coworkers [69, 67], offers the ability to generate complex 1D conjugated
polymer nanostructures with a very good control over the composition
and spatial distribution [70].

The most used templates are membranes made of ion track-etched
polycarbonate (PC) and porous anodic aluminum oxide (AAO); how-
ever, other materials such as Si, SiN,, PMMA, etc [71, 61, 62] have been
used for defining hard-templates. Typical PC templates? have a mean
pore diameter ranging from 30 to 200 nm, pore densities ranging from
108 to 10? pores.cm~2 and thicknesses around 20 pm. Figure 1.8.(a)

2available, for example, at www.itdip.be
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Figure 1.8: (a) Top and back views of a flexible PC template used for
synthesizing nanowires. In the left inset, the scale bar represents 5
mm. (b) Scheme of the growth mechanism for polymer NTs and NWs
within a single pore. (c) Usual relations between synthesis conditions
and morphology: Fast reaction rate and insufficient monomer supply
lead to NTs. Slow reaction rate and sufficient monomer supply direct
NWs.

gives schematic views of a typical PC template used for synthesizing CP
and hybrid metal-CP NWs. Both chemical and electrochemical methods
can be used with hard-templates, nevertheless electrochemical methods
are often preferred due to the better control of the polymerization pro-
cess and others advantages compared to chemical polymerization (see
section 1.2.3).

Other materials such as Si or polymethylmethacrylate (PMMA) can
be used as templates [61, 62]. PMMA template were fabricated by
EBL in a work conducted in a collaboration with the Bertrand group
(UCL/PCPM). In this work, PANI NWs have been synthesized by elec-
troless polymerization of aniline within PMMA templates defined by
EBL on top of Pt microelectrodes. Various samples have been charac-
terized by T-dependent electrical measurements. For consistency of the
manuscript, these results are presented in a separate section B.3.



22 CONDUCTING POLYMER NANOWIRES

1.4.1.2 Soft-Template Method

The soft-template method is quite simple, cheap, and in contrast to the
hard-template method, it is not based on the use of an insoluble mem-
brane. Soft-templates can be formed by host materials such as micelles,
ionic solvents, liquid crystals or microemulsions [6, 3, 68]. Typical soft-
templates are made of surfactants that are known to self-assemble into
micellar structures that exhibit cylindrical shape within specific condi-
tions [59]. Schematic of such cylindrical micelle are given in the Fig. 1.9.
These structures can be used as templates for a polymerization process
of a conjugated polymer.
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Figure 1.9: (a) Empty cylindrical micelle used as soft-template. (b)
micelles filled with monomer. (c) Surfactant covered conjugated poly-
mer obtained after chemical polymerisation within the micelle template.
Conjugated polymer nanowire obtained after removal of the template.
Adapted from [3].

1.4.2 Template-Free Method

It is possible to anisotropically grow CP nanostructures like nanowires or
nanotubes without using any kind of hard or soft template. This process
exploits the fact that conjugated polymers appear to have a predispo-
sition to grow preferentially in one direction. Conjugated polymers are



1.4. Conjugated Polymer Nanowire Synthesis 23

semi rigid-rod polymers that grow linearly. It stands to reason that this
anisotropy can be translated into a nanometer sized bundle by carefully
controlling reaction parameters.

Figure 1.10: Examples of nanowire-like conjugated polymer structures
synthesized by the template-free method: (a) 3D microstructures assem-
bled from PANi NWs [5](b) PANI-H3PO4 NT [6] (c) PPy NWs obtained
by the template-free method using electrochemical polymerization [7],
(d)PPy nanotubes [3].

Aligned and oriented CPNWs are generally produced by chemical
or electrochemical polymerization using a hard-template, as it fixes the
diameter and length of the produced NW. However, removal of the tem-
plates can lead to collapse or destruction of the aligned nanofibres [72].
Interestingly, it was discovered accidentally that PANi nanotubes could
be synthesized by conventional in-situ doping polymerization in the pres-
ence of an acid (as the dopant) without using a membrane as a hard
template. The template-free method is simple and inexpensive [5, 73].
The main drawback is that the controllability of the morphology and
diameter for the self-assembled nanostructures is poor compared with
that of the hard-template method [5].

1.4.2.1 Electrospinning

For the sake of convenience, the electrospinning method has been defined
here as a template-free method while in the literature, it is usually clas-
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sified as a physical method [43, 59]. Electrospinning is an efficient tech-
nique used for the fabrication of polymer nanofibers [74, 75, 76, 8, 77, 78].
Many polymers have been successfully electrospun to form fibers with
diameter ranging from tens of microns down to tens of nanometers.
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Figure 1.11: schematic diagram of the electrospinning setup composed
by a high voltage supply, a small diameter needle, and a collecting screen.
Taken from reference [§].

This technique allows to produce very long and continuous NWs.
Its principle is based on a high voltage applied between a the needle
of a syringe containing a polymer solution, and a collecting screen [76]
(see figure 1.11). The polymer solution is charged by a high electric
field (about 10 kV'). When the repulsive electrostatic forces within the
solution caused by the electric field overcome the surface tension which
holds the fluid, the solution ejected from the needle stretches to form a
very thin fiber landing on the metal collector. The figure 1.11 gives a
schematic diagram of a typical electrospinning setup.

Many parameters can influence the transformation of polymer solu-
tions into nanofibers through electrospinning: solvent properties such as
viscosity, elasticity, conductivity, surface tension, ambient parameters
such as solution temperature, and humidity. In the following section,
we provide a brief review of potential applications of CP NWs and NTs
to highlight the properties required.

1.5 Applications

In recent years, investigators in industry and academia have increas-
ingly tamed the structural and electronic properties of NWs and NTs
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which offer an impressive potential in applications ranging from bio-
environmental sensing and energy harvesting to ultra-low power elec-
tronic devices and high density memories [79, 80, 81]. The Fig. 1.12

Chemical &
Biological sensor

9 Optically transparent
Sufacelprotection conducting material

Transistor & Substitute for carbon
Data storage % nanomaterial
Nanomaterials
Photovoltaic cell @ @ Electrothomlc
; device

Supercapacitor @
Field emission display

Figure 1.12: Application fields of CP nanomaterials. Taken from [3].

The Fig 1.12 gives the multiple application fields where CP could be
advantageously used. In the following sections, we present a brief non-
exhaustive list of important potential applications of NWs and especially
CPNWs.

1.5.1 Resistors, Diodes and Transistors

The use of conducting polymers as electrical elements (resistors, diodes
or transistors) is of key importance for the development of the new field
of plastic electronics [36, 37]. Based on their high aspect ratio, NWs
offer excellent building blocks for designing high-density nanoscale de-
vices as they are the smallest dimension structures that can be used
for efficient electrical charge transport [81]. the ability to prepare NWs
of different aspect ratios allows fine tuning of their intrinsic electronic
properties [82] which could be useful for the development of NW-based
devices. In order to achieve highly integrated device architectures, NWs
can be used primarily as interconnects, thanks to their high aspect ratio.
Interestingly, systems exhibiting novel functions could be based on the
versatility associated with the ability to generate multi-segmented NWs
consisting of different materials and hence different spatially resolved
functions [82]. Indeed, several studies have shown that the unique prop-
erties of CP N'Ws enable them to function as active device elements such
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as rectifying diodes [74, 83, 77], field-effect transistors (FET) [84, 85]
or variable resistor integrated in sensor devices.

1.5.2 Chemical and Bio-sensors

Because of their high surface-to-volume ratio, chemically tunable trans-
port properties, binding affinities for various biomolecules, and biocom-
patibility, and because biomolecules can be incorporated into the CP in
a single step during synthesis, CP NWs have emerged as attractive can-
didates for fabricating (bio-)sensor devices [49]. Several CP NW-based
sensors have been demonstrated to be very sensitive (to N Hs concentra-
tions as low as 0.5 ppm) for a wide range of analytes from N Hj [86, 21],
HCI [3], H2S [87],CH3OH ,CoH;OH [88] to more complex biomolecules
such as biotin-DNA [89]. Basically, an effective sensor should exhibit a
significant and measurable variation of one of its physical properties
upon the interactions with the target material. Most of the existing CP
NWs-based sensors use the variation of electrical properties of PANi,
PPy or PEDOT NWs for developing new sensor technologies. Gener-
ally, the CP N'Ws are deposited on interdigitated electrodes, and their
resistance changes is monitored in real-time. An example of HC'l and
N Hj vapor detection is given in Fig. 1.13.(a-b) The sensors are based
on PEDOT NWs which exhibit reversible and reproducible responses
for HCl and N H3 analytes [9]. Strikingly, as shown in the panels (c-
d) of the Fig. 1.13, NWs-based sensors showed enhanced sensitivity (at
least six times more sensitive) compared to equivalent bulk film sensor.
This could be explained by a high surface-to-volume ratio and a rapid
diffusion of analytes into and out of the material [3].

1.5.3 Photonic Devices

Over the past two decades, organic materials have shown great poten-
tial for use in high-performance optoelectronic devices and in the devel-
opment of light-emitting [90] and photovoltaic devices [10], as well as
lasers and optical amplifiers [10, 78]. A recent example of single NW
photodiodes was demonstrated for an organic/inorganic P-N junction
NW consisting of PPy and CdS fabricated using an AAO template [10].
Fig. 1.13.(e-f) compares the current dependence under light illumination
for a single PPy NW and a hybrid PPy/CdS NW. The strong photode-
pendent rectifying effect is only observed in the hybrid NWs. While such
single CP NW configurations are very useful to understand the mecha-
nism of large-area nanowire-array based photonic devices such as solar
cells or light-emitting devices, at least CP NW arrays are needed to meet
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Figure 1.13: Comparison of the sensitivity of PEDOT NWs and films as
a function of (a) N Hs and (b) HC! vapor concentration. Reversible and
reproducible response of PEDOT nanorods upon periodic exposure to
(c) NH3 and (d) HCI vapor. Taken from reference [9]. (c-d) Typical (1 —
V') curves for single PPy and CdS-PPy heterojunction NWs under light
illumination. A strong photodependent rectifying effect is observed. The
inset gives a SEM image of CdS-PPy heterojuntion. Adapted from [10].

the minimum requirements of commercial photonic applications.

1.6 Summary

Nowadays, the fabrication of CP NWs is considered as an important
topic in polymer material science. In this chapter, we introduced the



28 CONDUCTING POLYMER NANOWIRES

reader to the fascinating materials that are conducting polymers. We
reviewed the synthesis of conducting polymers and briefly presented the
concept of doping of conjugated polymers. Then the main fabrication
paths for of CP NWs have been reviewed, namely, the template methods
(soft and hard template methods) and template free method. Finally,
a variety of applications have also been highlighted. It has been shown
that conducting polymer nanomaterials exhibit excellent performance
and are characterized by an enhancement of their physical and chemical
properties compared to that in the bulk state. In the next chapter, we
focus on the electrical charges transport of conjugated polymers.
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Charge Transport in
Conducting Polymers
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2.1 Overview

Since the discovery of CP, a very large amount of experimental work was
dedicated to study the properties of bulk CP and has brought to light
several electrical charge transport mechanisms. Systematic studies have
shown how the transport properties of CP are influenced by the synthesis
conditions [14], the type of dopant [52, 91], the presence of a magnetic
field [92, 93, 94], the type of electrodes [95, 53, 96|, the pressure, the
temperature and electrical field ranges [96]. Astonishingly, the models
usually used for describing the electrical properties of CP semiconductors
are essentially the same as for inorganic semiconductors.

Despite the fact that the application of such models allows an ex-
planation of the observed electrical properties of many CPs, some dis-
agreements exist, for instance in the low-T' limit, and require the use of
specific models. In this chapter, we recall classical models and related
concepts of charge transport which are relevant to derive quantitative
information on our samples and finally, we briefly review the literature
dealing with charge transport in CPs and more specifically CP NWs.
The analysis of the electrical measurements presented in the next chap-
ters will often refer to models, concepts and equations described in this
chapter.

This chapter will be divided as follows: firstly, general transport
theories of the interface injection and bulk transport mechanisms will
be presented with a special emphasis on the variable range hopping
(VRH) model. Then a brief review of the literature dealing with charge
transport in CPs and more specifically CP NWs will be given to close
this chapter.

2.2 Charge Injection Mechanisms

The charge carrier injection from a metal electrode into semiconductors
is a key issue for the characterization of all electronic devices such as
transistors, solar cells, or sensors [53]. Compared to inorganic semicon-
ductors, for which the physics of charge transport is pretty well under-
stood and for which an abundant literature is available, charge injection
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into organic materials and particularly into CPs is still not fully under-
stood [97, 98, 35].

Generally, Inorganic semiconductor are highly ordered materials,
with delocalized states which allow definition of valence and conduc-
tion bands whereas organic materials are often amorphous or poorly
ordered with highly localized states and as such a definition is not ob-
vious. Although the use of traditional models for explaining the charge
injection at metal/organic semiconductor interfaces could be in some
cases questioned, they have been successfully applied for many organic
semiconductors and in particular CPs such as PPy, PEDOT, PA or
PANI [99, 100, 101]. It is still an efficient and tool to obtain important
information about the charge transport at the metal/organic semicon-
ductor interfaces. Nevertheless, specific mechanisms of charge injection
at metal/organic interfaces were proposed recently. For instance, the
Gaussian distribution model (GDM), describes a two-step hopping pro-
cess, in which charge carriers hop from delocalized states in the metal to
localized states in the first interfacial layer of the organic semiconductor,
followed by a subsequent hop to spatially deeper states in the organic
semiconductor [102, 96].

Here, we focus on a few charge carrier transport mechanisms across
a metal-semiconductor junction described within the framework of the
band theory, focusing especially on the Schottky model as it will be suc-
cessfully applied in chapter 5, to explain the tunable electrical properties
of tetra-segmented HNWs.

2.2.1 The Ohmic Contact

The achievement of Ohmic contacts on a sample is essential for its elec-
trical characterization as it is a necessary condition for probing the
bulk-limited mechanisms of charge transport [53]. An Ohmic contact
is formed between a metal and a CP when the current density J is pro-
portional to the applied voltage V. This means that the contact can
supply any charge flow which is only limited by the bulk CP.

The figure 2.1 depicts the band diagram of the junction between a
metal and an p-type semiconductor and the formation of a barrier. The
situation before contact is depicted in the panel (a) of the figure 2.1.
When the metal and the semiconductor are brought into contact, a flow
of charges pass through the junction until an equilibrium is reached
and the two Fermi energy levels equalize. charges will be accumulated
on both sides of the interface creating an electric field and therefore
a potential gradient according to Poisson’s equation V2V (z,y,z) =
—p(z,y,z)/e which translates in a band bending [103]. The induced
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Figure 2.1: Formation of a barrier between a metal and an semiconduc-
tor. (a) The metal and the semiconductor are isolated and supposed to
be electrically neutral. (b) Once contacted, when the thermal equilib-
rium is reached, the Fermi levels equalize and a depletion area is created.

electric field causes the majority carriers (holes, in a p-type semiconduc-
tor) to move away from the interface.

Consequently, a region of width W filled with uncompensated (neg-
ative) charges will be created and is usually called the depletion region.
This depletion region width W depends on the doping concentration,
and ranges from 10 nm for doped CP (N(Er) = 10* c¢m?), to much
higher values W > 100 nm for lightly doped CP (N (Ep) < 107em?).
As shown in the figure 2.1.(b), carriers coming from the metal into the
p-type semiconductor, see a potential barrier given by

®p = Ey — (Pm — xs50); (2.1)

where F, is bandgap, xsc is the electron affinity and ®,; is the metal
work function.

Theoretically, an Ohmic contact presents no Schottky barrier (¢pp <
0). Practically, an Ohmic contact to a given CP is performed by tuning
the work function of the metallic electrode. Usual CPs such as PPy, PE-
DOT or PANI present high work functions which allows Ohmic contact
for holes by using noble metals such as gold or platinum [104]. Nev-
ertheless, despite the optimization of the contacts based on the work
function, a barrier may still exist resulting for instance from the Fermi
level pinning at the midgap or interface dipoles [105].

Generally, the injection of charge carriers across a potential barrier
is described by the T-dependent Schottky emission model (also called
the field enhanced thermionic emission model) and by T-independent
tunneling processes [103]. Lets first, consider the Schottky emission
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mechanism.

2.2.2 Schottky Emission Mechanism

The Schottky emission theory states that only the thermally activated
carriers with an energy larger than the top of the Schottky barrier height
(SBH) ¢p will participate to the current [103, 102, 100, 96]. The band
diagram of the Schottky emission is depicted in the Fig. 2.2. When a
forward bias, V, is applied to the metal-CP junction, the SBH is reduced
resulting in a current density, which can be written as

- V+As)
— A T2eqp =08 [qp® ¢8) _q 2.2
Js = AT eap "2 eap™ 2 , (22)
where A* = 4mgm*k%/h? is the effective Richardson constant with

m* the carriers effective mass. 7T is the absolute temperature, kp is
the Boltzmann constant, V' is the applied voltage. Ay, is the barrier
lowering term which takes into account the charge image force induced
by the electric field F' present at the metal-CP interface '. As a result,

the barrier seen by the carriers is lowered by Ay, = 4“601: CP). In
the reverse direction the dominant effect is due to the Schottky barrier

lowering and the current is given by the following equation

* V
Js = A*T?exp le eF/dmeoccr , (2.3)

kgT

where ecp is the permittivity of the CP [103, 100]. It is important to
notice that the Richardson free electron constant (A* = 120 A/cm? K>
) is often taken as in most of the cases, the exact value is unknown.
Nevertheless, this could lead to large error in the case of disordered CP
where A* is orders of magnitude lower [95]. Several methods can be used
to measure the SBH ¢p of a metal-semiconductor contact: capacitance-
voltage measurements, (I — V') measurements and photoelectric meth-
ods [103]. From the (I — V) characteristics taken at different temper-
atures, ¢p can be determined. Generally, Schottky plots consisting of
In[I/T?] versus 1/T at various fixed Vs and In I versus V'/2 at different
temperatures are used. ¢p is deduced from the slope of the linear fit of
the Schottky plots.

The Schottky emission process is generally observed at low or mod-
erate electric field while at high electrical field, tunneling process occur.
Moreover, an interesting phenomenon occurs when the dimensions of

L F combines the field resulting from the space charge effects and from the applied
bias V.
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a Schottky diode decrease as it was demonstrated recently by Smit et
al.. They showed that in case of the size of the metal-semiconductor
interface is smaller than a characteristic length [. , the thickness of the
barrier is no longer determined by the doping level or the free carrier
concentration, but instead by the size and shape of the diode [106]. This
results in enhanced tunneling process, which could explain large increase
of the reversed current in small Schottky diode without the necessity of
assuming a reduced barrier ® . Interestingly, this effect could have an
impact on the observed nonlinear behavior of multi-segmented HNWs.

Another important tunneling mechanism often encountered in semi-
conductor, is Fowler-Nordheim tunneling [100].
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Figure 2.2: Bands diagrams of a metal/CP for different injection mech-
anisms. a) Schottky emission mechanism. b) Direct-tunneling through
a barrier of width W. ¢) Fowler-Nordheim tunneling. d) Hopping mech-
anismes.

2.2.3 Fowler-Nordheim Tunneling

In the case of large applied electric field F', the charge injection at the
metal-polymer junction is generally described by Fowler-Nordheim (FN)
tunneling process. FN tunneling injects through a triangular shaped
energy barrier (see Fig. 2.2.(c)) in the available electronic states of the
CP [103, 100]. For large electric field F, the current density through a
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barrier of height ¢y is given by

63 4/ 2m*(<I>FN)3/2
Jpy = ——F? — 2.4
PN = rhopy. O [ 3heF (24)

where m* is the effective mass of the carriers. The resulting current is
strongly correlated to F'.

2.3 Bulk Charge Transport Mechanisms

Depending on the SBH ®p present at the metal-CP interface, a mea-
sured current can be electrode or bulk limited. It is usually assumed
that the Schottky barrier can be neglected when ®5 < 3kpT, that is
for @ < 75 meV at RT. In such a case, the metal-CP contacts are
considered as Ohmic and the measured current is bulk-limited. In this
regime, the charge transport depends only on the intrinsic properties of
the semiconductor considered such as the structural ordering.

2.3.1 Disorder and Localization

Traditional inorganic semiconductors are single crystal solids, with delo-
calized states® whereas, usual CPs such are primarily disordered van der
Waals solids, containing defects and impurities. The amount of disorder
together with the defects and impurities introduce backward scattering
which greatly influence the electronic structure of disordered systems.
In these systems, charges may become localized and the corresponding
wave function (see Fig. 2.3) decays exponentially |¢(r)| o< exp|r — ro|/&
where ¢ is defined as the localization length [107]. In these materials, the
concept of band conduction by free charges does not apply and the con-
duction is mainly based on a hopping mechanism in which the carriers
jump between localized states. Anderson studied the influence of disor-
der in terms of localization effects and disorder induced metal-insulator
transition (MIT) [108]. An important consequence of the disorder, is the
appearance in the density of state of band tails of localized states (see
Fig.2.3.(d)). The resulting electronic properties of materials depends on
the location of the Fermi level Er. The material exhibits a metallic
behavior if Er lies in the range of extended states, while the material is
an insulator even though there is a finite density of states at the Fermi
level when Er lies in the range of localized states [109]. It is possible to
vary Fr by changing applying a magnetic field or a gate voltage, and to
make the system shift from a metallic to a non-metallic state.

2Bloch waves
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Figure 2.3: Typical wave functions of (a) an extended state characterized
with mean free path A and (b) of a localized state defined with its
localization length . (c) Schematic view on a typical structure of a
CP where lines represent the CP chains and the dashed lines mark the
region where the CP chains are ordered. d) Formation of a pseudogap
with localized states in the regime of overlapping bands.

2.3.2 The Ohmic Regime

The Ohmic regime of transport holds as long as the density of injected
carriers Nop — Ny is lower than the density of thermally generated
charges carriers No(T') within the CP [53]. Assuming the conduction
is via holes which have a constant mobility uy, the current density is
given by

v
Johm = eNCP,U«hE (2.5)

where d is the thickness of the sample and N¢p is the total concentra-
tion of holes in the valence band. Generally, in CP systems, this Ohmic
regime is associated to a thermally activated conductivity ¢ which fol-

lows the relation
—E,

kuTT) (2.6)

OOhm = 0063710(

The Ohmic regime is often encountered in CP for small applied bias V.
For intermediate applied bias, the injected charge density could exceeds
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the free charge density under thermal equilibrium. As a result, the
system could transit to space-charge-limited current (SCLC).

2.3.3 Space Charge Limited Current

Bulk limited or space charge limited current (SCLC) occurs generally
in low mobility and low doped SCs in which a space charge region is
formed inside the SC which limits the current flow [110, 102]. Within
the SCLC [111] theory, assuming an exponential distribution of traps
g(F) x exp [—%}, the field dependence of the current density J is
given by
Fl+1

Jscro o« EMCPT@ (2.7)
where € is the permittivity of the CP, ucp is the field-independent mo-
bility of the carriers, L is the thickness of the sample. [ is a measure
of the width of the trap distribution. The SCLC theory predicts the
crossover from the Ohmic regime (m = 0) at low applied voltage to the
SCLC regime governed by a shallow-trap (I = 1) and to a trap-filled
regime ([ > 1) [112, 113]. and O is the fraction of free charge [103, 100].
In the presence of traps with an energy distribution, © and pucp are
temperature and field dependent [99].

2.3.4 The Poole-Frenkel Mechanism

While the Schottky emission mechanism is associated with the existence
of a barrier between the electrode and the CP, the Poole-Frenkel mecha-
nism is linked to barriers existing in the bulk of the materials [114, 103].
When the Poole-Frenkel mechanism occurs, the current density is writ-
ten as

dpV
Jpr = ooF [exp( kiT ) — 1} (2.8)

2.3.5 Fluctuation Induced Tunneling

The fluctuation-induced tunneling (FIT) model proposed by Sheng [115]
describes the electrical conduction in disordered materials made of metal-
lic islands separated by small insulating barriers. It was used to explain
the temperature and field dependences of (I — V) characteristics for
different systems (PPy, PA, V505 NWs and SWCNT mats), for temper-
atures ranging from RT down to 7' ~ 100 K [116, 117, 118, 17].
Following the FIT model, the non-Ohmic regime is described by
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T ilTo (1 - 5)2] 29)

where Tp is the temperature at which fluctuations in the voltage across
a barrier become sufficiently large to make the electron energy higher
than the barrier height, 77 is the temperature above which thermally
activated over-barrier conductivity becomes possible [119], and Fp is
the field required to lower the top of the potential barrier to the cath-
ode [100].

JFIT X Joexp

2.3.6 Zener Tunneling

The Zener-type tunnelling conduction was observed in PA nanofibres [117,
120, 121] where in the absence of an ohmic part of the low-T" (I —V') char-
acteristics, the non-linear and weakly temperature dependent (I —V') be-
havior is not consistent with pure hopping models. The Zener interband
tunneling occurs in a presence of a large electrical field F' > 10° V/cm
and is characterized by a non saturating exponential field dependence
of the current [103, 119]. The high electric field allows a direct transfer
of charge carriers between the band of the CP, and the resulting current
density is given by [19]

E
Jz < Fexp {—0} (2.10)
F
o 3/2
where Fy = % is the characteristic field. In the presence of a

field F, the carriers energy is increased by —eFx . So electrons are
able to tunnel between valence and conduction band states at the same
energy if these states are separated by a distance | = E;/eE or more
(where Ej is the SC bandgap).

2.4 The Variable Range Hopping Model

In the following we will present a very simple model proposed by Sir
Nevill Mott, but which is very efficient to calculate the conductivity in a
disordered system. The model is called Mott’s Variable Range Hopping
(VRH) model [122]. The VRH is one of the most important mecha-
nisms of charge transport in disordered materials and differs depending
on the inclusion or exclusion of electron-electron interactions. Primarily,
the VRH model were used to explain the unusual low-T resistivity p(T')
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in various amorphous inorganic SCs. The VRH model is still consid-
ered today as the most reliable theory for the evaluation of the electric
conductivity and thermoelectric power of non-crystalline SCs [47].

In highly disordered materials, charges may become localized and are
characterized by the localization length. We have seen that in such dis-
ordered materials, the concept of band conduction by free charges does
not apply and the conduction is based on a hopping mechanism in which
the carriers jump between states localized in space and energy. The hop
from a site ¢ with an energy E; and a site j with an energy E; was first
described by Miller and Abrahams [107] and can be characterized by the
range

o 2%_,_%# if AEj>—qRij-F
1{1.7 ~ Rii . -
QTJ if AEZ']' < —q Rij - F

(2.11)

where AFE;; = F; — Ej is the energy difference between the two sites in
the absence of the electric field.

The basic assumptions of the Mott VRH model are firstly, to state
that the hopping transport takes place only from localized states dis-
tributed around the Fermi level Er with N(Ep) the density of states
(DOS) around this energy level. Secondly, at sufficiently low temper-
ature, most of the hopping processes are not nearest neighbor hopping
processes as the range of each hop is determined by a compromise be-
tween the overlap factor and the energy factor of the equation (2.11).
Neglecting the effect of the electric field, a carrier has a better chance to
reduce the energy term when making a longer hop. Within the frame-
work of the VRH [122, 123], as expressed by Sir Nevil Mott, the net
current induced by an electric field F' at the temperature 1" can then be
written as the product of

e 2¢N(Ep)kpT, the number of charges involved,

® vy, an attempt-frequency which characterizes the electron-phonon
interaction,

° Rhop, is the average hopping distance traveled per hop,

e (exp(—R;j)), is the average hopping probability optimized in the
sense of Mott.

As a result, the total current density induced by the presence of an
electric field F' is given by
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Jvri < €RpopN(Ep)kpTvy, (exp(—Rij)) (2.12)

vph is of the order of the characteristic phonon frequency fp, ~
10'2 571 [124]. The critical factor in the equation (2.12) is the exponen-
tial factor exp(—R;j). We describe the effect of this term by examining
the low high electric field regimes to derive the evolution of the current
as a function of the temperature and the electric field magnitude.

2.4.1 The Low Electrical Field Regime

In presence of a low electric field such as |e R0, F| < kpT the equation
2.12 can be rewritten

eRﬁpr)
kT

JVRH ~ QeRgOpN(EF)k:BTVphexp(fR')sinh( (2.13)
where R’ and R;wp are the average nearest hopping range and the hop-
ping distance, respectively, without the presence of an electric field. The
temperature dependence of the hopping distance R’hop is found follow-
ing the reasoning of Mott which consists to optimize the hopping range
(2.11) with the condition that there is at least one state j, within a ra-
dius R, _from a given site 7, which presents the lowest energy separation

hop
AFE;;. Mott expressed this condition as follows

R, AE;
/ dr / N(e)de ~ 1 (2.14)
0 0

Considering the general case of the volume V; 2 defined in an isotropic
system of dimensionality d > 1 which possesses a constant density
N(EF) of localized states around the Fermi energy, equation 2.14 gives
AE;; = 1/VIN(Ep). If substituted into the expression 2.11, the opti-
mization of the hopping range R;; yields

=/ £d 1/(d+1) — ¢ (L0\1/(+1)

where Ty is the Mott temperature and given by the following equation

Cq

= N Ene

(2.16)

where Cy is a numerical coefficient that depends on the dimension d and
differ slightly depending on the assumptions made, the authors, and the

3Vu(r)= r¥x?2/T(d/2 + 1), where I'(z) is the gamma function.



2.4. The Variable Range Hopping Model 41

parameters of the percolation model used [125]. For example, C3 = 21.2,
Cy = 13.8 [126]. All through this manuscript, the generally accepted and
more frequently encountered value of Cs ~ 16 will be taken for the 3D-
VRH (d = 3). From equation 2.13, the conductivity o can be expressed
by 0 = % =09 ea:p(—%)l/dﬂ, which results in the well-known 7—1/4
dependence of the resistance in the tri-dimensional case of the Mott
VRH:

T T
In|R(T)] (%)1/<d+1> = (?0)1/4 ford=3, (2.17)
In the strongly localized regime, the long-range electron-electron in-
teractions (EEI) open up a soft gap in DOS at the Fermi level, which
governs the VRH mechanism as described by Efros and Shklovskii [127].
In this case, the observed resistance follows the relation

In[R(T)] (%)1/2 (2.18)

where Tgg = 2.8¢%/efkp is the characteristic ES temperature.

2.4.2 The High Electrical Field Regime

When the electric field strength is increased such that the energy gained
by a carrier during a hop is higher than the energy spacing of the two
states |eRpopF| > AE;j, the equation (2.11) shows that carriers hop
to the closest hopping range satisfying the condition AE;; = ]eRhopF |.
As a result, no temperature dependence of the conductivity is expected
and applying the Mott conditions (2.14), the hopping distance can be
expressed as

— Fi
Rpop = € (Fo)l/(d“) (2.19)

Then, from the equation 2.12, in the electric field induced hopping,
the current can be written

Jrp = exp (—%)1/@“) (2.20)

where Fj is a constant called the critical electric field and is linked to &
and N(EF), i.e.
Fy = CrkpToé/eN(ER) (2.21)

where Cr is a numerical constant [128, 129, 130]. The transition to the
field-induced-hopping regime occurs for F' > kpT'/2e§. The parameter
B = eF¢/kpT is useful to determine the regime of hopping. For § <« 1,
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transport is dominated by thermally-assisted hopping, while for 8 > 1,
electric field-induced hopping mainly contributes to the transport [129].

The next section briefly presents the influence of a magnetic field B
on the VRH mechanism.

2.4.3 Magnetoresistance in the VRH Regime

Recently, there was growing interest in magnetoresistance (MR) ef-
fects due to its potential interest in a wide range of magnetic appli-
cations [131, 132, 133]. Interestingly, large MR effects (up to 10%
for low magnetic field B ~ 10 mT) were recently observed without
ferromagnetic electrodes (no spin coherent charge injection spin valve
effect) at RT in nonmagnetic CP [134, 135, 136]. Three models were
proposed for the explanation of the OMAR effect but it is still under
debate [137, 138, 139].

Here we present the MR effects induced by the presence of a magnetic
field B when the VRH is the dominating charge transport mechanism.
The MR is defined as MR = R(B)—R(0)/R(0) x 100 (%) and is positive
(negative) when the resistance of the sample increases (decreases) with
the magnetic field B. In the VRH model, both signs were predicted.

In recent years, the negative MR effects were usually interpreted
in terms of the forward interference (FI) model developed by Nguyen,
Spivak, and Shklovskii [140, 141]. The FI model takes into account
quantum interference effects in the hopping process which increases the
localization length, and hence produces a negative magnetoresistance.
The negative MR dependence can be linear or quadratic in B and can
be written

R(B)/R(0) x —B*T~" (2.22)

where a = 1 or a = 2 depending on the model, and b = 3/(1 + d) where
d is the dimension of the system [142].

On the other hand, when the VRH is the dominant mechanism, a
large positive M R(B) is expected for sufficiently low temperatures and
was predicted by the model of the wave-function shrinkage model devel-
oped by Shklovskii and Efros [127]. The effect of the magnetic field on
the carrier transport in the VRH regime where the charges are strongly
localized is to causes the impurity orbitals to shrink, reducing the over-
lap of the localized state wavefunctions. Consequently, a decrease in the
tunneling probability between states occurs which translates in a large
positive magnetoresistance. This was observed in many inorganic [143]
and organic [92, 142, 144, 145, 146] materials. For the low-B range, the
wavefunction shrinkage model predicts a typical quadratic dependence
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of the MR which can be written
in [R(B)/R(0)] = t(B/B.)? (To/T)"/* (2.23)

where ¢ is a numerical constant (¢ &~ 0.1) and B, is the critical magnetic
field and is given by

B, = 6h/[e€3(Ty/T)"4 (2.24)

In the high-B limit, that is when B > B,, a B/3 dependence of the
MR is expected

In[R(B)/R(0)] x (e€2/6R)/3 (Ty/T)3 B3  forB> B,  (2.25)

Finally, the total measured MR could exhibit both contributions, i.e.
a negative contribution and a positive contribution as it was found for
various materials and CP [144]. While at low temperature, the positive
contribution is very large and dominant, when the temperature increases
the wavefunction shrinkage model predicts a decreasing MR as it can be
seen from the equations 2.23 and 2.25. The MR effect becomes negligible
typically for 30 K < T in our samples.

2.5 Charge Transport in Conducting Polymer
Nanowires: Literature Review

In this section, we provide a brief review of recent advances in the study
of electronic transport properties of CP NT/NWs. Charge transport in
bulk CP was thoroughly studied over the last few decades, as a function
of several parameters such as the 7', the type of dopant [52, 16], the
magnetic field [92] the pressure [52] or the electrical field intensity [96],
to give only a few examples. Nonetheless, it still remains a topic of
significant controversy because of the strong influence of the synthesis
techniques and conditions on the transport properties of these materi-
als [147], especially for the low-dimensional CP structures such as NWs
and NTs. The electrical characterization of NWs can be performed in
vertical configuration (for template-synthesized NWs) or in planar con-
figuration, with NWs dispersed on a substrate. Both techniques are
present in the literature and have also been used in this work. Remark-
ably, almost all the literature presented here concerns pure CP NWs or
NTs and not hybrid metal-CP NWs, as only a few other groups have
studied metal-CP HNWs.
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2.5.1 Temperature Dependent Electrical Conductivity

The experimental results of transport properties of CP samples have
indicated that most of the CP contain both crystalline and noncrystalline
regions. Depending on the extent of disorder (see section 2.3.1), three
different transport regimes were observed in CP NWs/NTs: metallic,
critical, and insulating [147]. Usually, the empirical parameter R, =
R(1.4 K)/R(300 K) is used* to quantify the extent of disorder and for
sorting out the various regime [148]. Generally, one assumes that the
insulating regime, critical and metallic regimes of the M-I transition
correspond® respectively to R, > 100, 10 < R, < 100 and R, < 10.
To explicitly describe the behavior of p(T') one can define a reduced
activation energy W(T') = —d(Ilnp(T))/d(InT) [148]. In the insulating
regime, W (T') > 1 and presents a negative temperature coefficient; in the
critical regime, 0.3 < W(T') < 1 and is nearly temperature independent
while in the metallic regime, W (T') < 0.3 and has a positive temperature
coefficient. The Fig. 2.4.(b) shows the W (T') for PEDOT N'Ws exhibiting
the three regimes depending on diameters [12].

In the insulating regime, the conductivity exhibits an exponential
temperature dependence with an exponent p = 1/(1+ d) which depends
on the dimension d of the system (see equation 2.17). Thus one obtains
respectively p = 0.5, 0.33 and 0.25 for one-, two-, and three-dimensional
Mott-VRH. As shown in Fig. 2.4, the exponent p = 0.25 was observed in
many samples such as PANi-CSA, PPy-ClO4 and PEDOT NT/NWs [73,
144, 149, 13], for temperatures between RT and T ~ 60K. All the
measurements presented in the Fig. 2.4 are single NW data excepted the
panels (d-e) which are measurements of CP NW arrays. Astonishingly
p = 0.33 was also observed in PEDOT NWs [14] down to T¢ = 1.5 K
and p = 0.5 was found for 200 nm PPy NWs and 35 nm diameter
PEDOT NWs [11, 16]. Remarkably, one can notice that p = 0.5 does not
correspond only to the 1D-VRH as the same 1" dependence is associated
to the Efros-Shklovskii-VRH.

Several authors also reported on a smooth crossover from the 3D-
Mott-VRH to the Efros-Shklovskii-VRH (ES)-VRH, when the temper-
ature decreases below T ~ 60 — 100 K [73, 144, 150, 149]. As shown
by the equation 2.18, this change is observed generally at low temper-
ature by a change in the exponent n in the plots of InR(T) vs T/™.

4The definition of R, is not absolute and sometimes, other definitions of R, are
used with a smaller temperature difference such as R, = R(10K)/R(300K) [12] or
R, = R(7T7TK)/R(300K) [11].

5The values delimiting the three regimes of transport are empirical values and
could be a little bit different depending on the authors.
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Figure 2.4: (a) Typical T-dependence of the resistance of a template-
synthesized single PPy NW measured in a four-probe configuration. The
inset gives a SEM micrograph of the NW. Adapted from Ref. [11]. (b)
Log-log plot of the reduced activation energy W (T') as observed for PE-
DOT NWs for various diameters [12]. (c-f) T-dependence of the resis-
tance of PPy [13, 11] and PEDOT [14] NWs plotted as InR oc T~ 1/1+,
The solid lines are linear fits to the VRH model.

Such a crossover from Mott to ES-VRH conduction was also observed in
PANi and PPy-PFg bulk films at lower crossover temperature T =2-10
K [52].

Samples characterized by a higher conductivity, a smaller resistivity
ratio 10 < R, < 100 and a constant W (T') are in the critical regime
of the M-I transition. Their resistivity temperature dependence is de-
scribed by the following power law

p(T) = (e*pp /W) (kgT/Ep) ™" oc T (2.26)
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where pg is the Fermi momentum and the exponent ~ is expected to
vary from 0.3 to 1 as the sample goes through the transition from the
metallic to the insulating side.

The figure 2.5 gives two examples of CP NW/NT samples in the
critical regime of the M-I transition. The panel (a) gives the log-log
plot of the temperature dependence of resistance of a PPy NT (orp=73
S/em) [73]. Tt is found that its resistance follows a power-law dependence
with v = 0.488. The panel (b) gives the T-dependence of a 500 nm
diameter PEDOT/C1O4 NW exhibiting a high conductivity at room
temperature (opr=200 S/cm) and lying in the metallic side of the M-
I transition. W(T) is constant with a positive value of 0.2 [16]. As
shown in the Fig. 2.5.(d), metallic behaviour was also observed in 35 nm
diameter PEDOT NWs [12]. Above the crossover temperature (T =
32K), the sample lies in the critical regime and the resistivity follows
the equation 2.26 with v = 0.44 whereas below T, the samples becomes
metallic presenting linear (I — V') characteristics and having a positive
temperature coefficient of resistivity (TCR).

Generally single CP NWs/NT in the insulating side of the M-I transi-
tion present low RT' conductivities (g < 1 S/cm) whereas samples in
the metallic regime exhibit much higher RT' conductivities (100 S/cm <
orr) that can reach very high values such as opp ~ 500 S/cm [15].
Nonetheless, it is not systematic relation as Duvail et al. recently showed
that 20-25 nm diameter PEDOT NWs presenting a relatively high RT
conductivities (opr ~ 390-450 S/cm), could exhibit a very strong tem-
perature dependence (Rp =~ 10°) and an insulating behavior at low tem-
perature [12]. Moreover, dimensions greatly influence the conductivity
(orr) and the regime of charge transport. As shown in the inset of the
panel (a) and the panel (c) of the Fig. 2.5, o gy increases greatly with de-
creasing diameter for PPy NTs and PEDOT NWs. Interestingly, it was
shown that a transition from an insulating to a metallic regime occurs for
PEDOT NWs with diameter decreasing from 190 to 35 nm while a tran-
sition from a metallic to an insulating regime takes place for the smaller
diameters [12]. Others experiments put into light comparable dimension
effects on the electrical properties of CP NWs/NTs [151, 152]. Most
probably, the enhancement of the electrical properties with decreasing
diameter is due to an improvement of the molecular and supermolecular
structures associated with an increase in the conjugation length [14].

2.5.2 Non-Linear (I-V) Characteristics

The T-dependent (I — V') characteristics of individual NWs/NTs made
of CP such as PANi, PPy, PA or PEDOT were explored extensively in
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Figure 2.5: (a) Temperature dependence of resistance of a single PPy-
PTSA NT plotted as In R vs In T, which indicates that the sample
is close to the critical regime of the M-I transition. The inset gives
orr as a function of the diameter for PPy NT. Adapted from ref. [15].
(b) Reduced activation energy W (T') for a 500 nm diameter PEDOT
NW are slightly (W ~ 0.2) on the metallic side of the M-I transition.
The inset gives a SEM micrograph of a contacted NW. From ref. [16].
(c) Diameter dependence of oy for pure PEDOT NWs. (d) Metallic
transition shown in the resistivity vs T for 35 nm diameter PEDOT NW.
(c-d) Taken from ref. [12].

the past ten years by several authors [153, 117, 83, 73, 149, 116, 17,
120, 154, 147, 119]. A common feature arises from the comparison of all
these works as described recently by Long et al. [15]: With decreasing
temperature, a transition from linear to non-linear (I —V') characteristics
is usually observed, and a clear zero bias anomaly (ZBA) (i.e., Coulomb
gap-like structure) gradually appears on the differential conductance
(dI/dV) curves. A typical example of (I — V') characteristics and the
corresponding dI/dV for a single PPy NT are given in the Fig. 2.6.(a-
b). The panel (d) of the Fig. 2.6 gives the plot of dI/dV vs. the applied
voltage V for PPy NWs measured in vertical configuration [18]. Similar
non-linear (I — V') characteristics and ZBA were observed in many other
systems such as CNT and inorganic NWs [155, 156, 121, 157, 73].



48 CHARGE TRANSPORT IN CONDUCTING POLYMERS

1500 ‘ ‘ ‘ : ‘ -
& — 160K .
12000 ek 1

1000{ | 55 PPYNT |

20K
5004 | 40k
—_ 60K ~
< 100K ]
E 09 | 160k 1<
=

=

=

3

AV (nS)

Figure 2.6: (a) (I —V') characterisitics and (b) corresponding differential
conductance (dI/dV) curves for a single PPy NT at low-7. Adapted
from Ref. [15]. (c) (I — V) characteristics of a single PPy micro-line
synthesized using a scanning probe microscope. From ref. [17]. (d)
Differential conductance dI/dV plotted as a function of bias voltage V/
for a 30 nm diameter PPy NW array at various temperatures. Adapted
from Ref. [18].

CP NW/NT are often considered as disordered hopping systems in
the framework of the MIT (see section 2.5.1). In most cases, the high-
T range charge transport is thermally activated and results in ohmic
(I — V) relation. The T-dependence of the conductivity of CP NW /NT
is generally described by the VRH or the fluctuation-induced tunneling
FIT (see section 2.3.5) models [19]. Generally, with decreasing tem-
peratures, as the applied electric field increases, the deviation from the
Ohmic behavior becomes apparent. At T =~ 60 — 100 K a zero-bias
anomaly (ZBA) (i.e., the suppression in differential conductance around
the zero bias point) is usually observed and ascribed to the depletion of
the density of states.

In the low-T regime (T' < 60 K), several models such as the field
activated FIT (see section 2.3.5), the activation-free phonon-emission-
assisted model [158], the Zener tunneling [121, 159] have been proposed
to explain the observed (I — V') characteristics in CP NW systems. Nev-
ertheless, the data obtained for various CP NWs are not uniform and
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there is no generally accepted model of the dominant transport mech-
anism in CP NWs/NTs till now. Recently, it was suggested that the
inherent 1D nature of CP might be responsible of these specific low-T
transport properties [19, 35].

2.5.3 1-D Charge Transport in CP NWs

In this last section, we focus on recent experimental results indicating
that transport in CPs could be dominated in specific conditions (high
bias and low-T") by EEI due to their inherent 1D nature.

Most of the CP NWs can be seen as quasi-1D conductors because
they are composed of a high number of parallel carbon atom chains for
which transport is essentially one-dimensional. The hopping probability
is dependent on both electric field and temperature as they energetically
help localized electrons to hop across the barrier. Nevertheless, the
electric field increases the probability of hopping along the field (chain)
direction whereas the thermal energy is direction independent and is in
favour of interchain hopping. Thus 1D nature of CP is expected to be
enhanced in high electric field and in the low-T' regimes [13]. In 3D
systems, when EEI are important enough to be taken into account, a
crossover occurs between the Mott-VRH and the ES-VRH and can be
identified by a change in the exponent of the temperature dependence of
the conductivity. On the other hand, the EEI have a dramatic impact
on the electrical properties of quasi-1D systems. The presence of EEI
could have a significant effect on the charge transport in quasi-1D CP as
it can lead to the formation of phases different from the ordinary Fermi
liquid even in case of arbitrarily weak interaction [120]. In particular,
the short-range repulsion between electrons leads to the formation of
a Luttinger liquid (LL) [160] while the long-range Coulomb interaction
induces the formation of a Wigner crystal [161, 18].

One manifestation of LL behavior is in tunneling experiments, in
which charge carriers are injected from leads into the one-dimensional
conductor through tunneling barriers [162]. Tunneling near the Fermi
level is strongly suppressed and this results in a characteristic power law
dependence of the conductance G on T and on the applied voltage V'

{ GxT% (eV <« kpT) (2.27)

I < VB (eV > kpT)

Such power-law variations of G(T") and (V') were attributed to tun-
nel ing in a LL in different 1D systems such as SWNT (single-walled
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Figure 2.7: Power-law dependences of the conductance G(T') vs. T for
(a) different CP NWs/NTs in comparison with G(7") for SWNT (b) G(T')
vs. T for Cu-TCNQ organic NWs. (c-d) I/T**! vs. eV/kpT for PA
NWs and PPy NWs. (e) InR versus 7 /4 data of 70 nm diameter PPy
NW arrays plotted for low and high bias. The inset is a schematic of
the measurement setup. The red lines are linear fit to the data. The low
bias data give a better fit to 3D VRH behavior. (f) The power-law gives
better fit with o = 1.5 for high bias data. Adapted from Refs. [19, 20, 13].

nanotube) and MWNT (multi-walled nanotube) [163, 164, 165] molyb-
denum selenide NWs [166] or organic NWs [167, 20]. G(T) vs. T are
given in the Fig. 2.7.(a-b) for various NWs/NTs.

More precisely, the LL theory predicts the following universal equa-
tion for the measured current I at different temperatures

I =T %sinh(eV/kpT)|T(1 + B + ieV/mkpT)|? (2.28)
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where T' is the Gamma function, Iy is a constant [164, 166]. If the
above scaling relation is valid, it should be possible to collapse various
curves taken at different temperatures onto a single universal curve like
what was performed for SWNT and MWNT. Examples of such scaled
(I — V) curves are given in the Fig. 2.7.(c) for a PA fiber and (d) PPy
NW arrays at low temperatures. By plotting I/7°%! vs. eV/kgT, the
curves collapse into a single curve where alpha is the power-law exponent
estimated from the G(T") o< T* curve for the same sample.

Strikingly, the LL model was applied to CP thin-film FET [35] and
several classes of CP NWs and NTs in planar [120, 20] and in vertical
configurations [168]. Moreover, Rahman et al. described recently, a bias-
dependent crossover from VRH to power-law characteristics in PPy NW
arrays [13].

The Fig. 2.7.(a) gives the plot of InR versus 7~'/4 data of 70 nm
diameter PPy NW arrays measured at low applied bias (100 nA) and at
high bias (1 mA) [13]. The red lines are linear fit to the data. Clearly, the
low bias data fit to 3D VRH behavior over a wide range of temperature.
The same data are plotted on a log-log scale to show that a power law
gives a better fit (with @ = 1.5) for high bias data and in the low-T
range. To check the validity of the LL model, the dependence of I /71
versus eV /kpT were plotted. As shown in the panel (d) of the Fig. 2.7
for 30 nm diameter PPy NW array, the curves collapse (for T' < 100 K
) onto a single universal curve suggesting that the data are consistent
with the LL model.
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3.1 Overview

We saw in chapter 1 that among the different strategies for synthesizing
conjugated polymer (CP) nanowire (NW)-like structure, the template
method is an efficient technique for producing well rod-shaped NWs.
One interesting aspect of this method is that it permits the growth of
multi-segmented or multi-layered NWs simply by sequential deposition
of each layer [169, 64, 170]. Interestingly, this method can be applied
to produce hybrid nanowires (HNW) where CP segments are combined
with metallic segments [83, 84, 171, 172, 145, 16]. These HNWs permit
the study of the electrical properties of CP NW as metallic nanoprobes
are directly synthesized on every side of the CP NW. Also, this gives the
opportunity to study the electrical charge transport through metal/CP
interfaces at the nanoscale. Remarkably, HNWs could benefit from the
functionalities associated to each of its segment. For instance, the mag-
netic assembly of Au-PPy-Ni-Au HNW onto ferromagnetic electrodes
was recently demonstrated by using the magnetic field imposed by the
ferromagnetic electrodes to align the Ni segments and thus the entire
HNWs, parallel to the electrodes (see Fig. 3.1) [21]. The high conduc-
tivity of the gold segments provided a good electrical contact while the
PPy segment was used as a sensing element in a gas (/N Hs) sensor and
photodetector devices. This example demonstrated that HNWs offer an
appropriate way to characterize the electronic properties of conjugated
polymer NWs and are also promising functional materials for achieving
CPNW-based applications.

In this chapter are presented most of the results of the publica-
tions [145, 173, 174] which deal with the structural and electrical prop-
erties of metal(Au,Pt)-CP(PPy) HNW arrays. Unpublished and more
recent data set of electrical characterization of several classes of HNW
arrays have been added and will be discussed. For conciseness of the
manuscript and as a thesis is not just a collection of (I — V') curves,
a large number of data will not be shown. The first section of the
chapter briefly presents the HNW arrays, describing the electrochemi-
cal synthesis, the morphology and the microstructure of various HNW
classes, paying special attention to the metal-polymer interfaces. The
third section reviews the electrical measurements performed on HNW
arrays, including current-voltage characteristics and magnetotransport
at low temperatures.
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(a) (b)

Figure 3.1: Example single NW application benefiting from the advan-
tages of HNWs. (a) The assembly of HNWs is facilitated by aligning the
Ni segment onto the electrodes. (b) SEM picture of an aligned HNW.
Adapted from ref.[21].

3.2 Hybrid Nanowire Arrays

Here, we present the metal-CP HNW arrays that were studied and char-
acterized in this work. All the metal-CP HNW arrays were developed
and synthesized by Dr. Vincent Callegari under the supervision of Pr.
Sophie Demoustier (IMCN/BSMA).

Firstly, we present the electrochemical process for synthesizing such
HNW arrays without going into the details of the complex and interest-
ing electrochemical synthesis. The scope of this section will be more to
present the relevant parameters and synthesis conditions of the various
characterized samples. For more details about the synthesis of HNW ar-
rays, the reader is referred to the following reference [49]. For the ease of
the discussion, the synthesis process of a tri-segmented Metal-CP-Metal
NW will be taken as an example all through this section. More complex
HNWs were synthesized and characterized (see Fig. 3.3), but as their
preparation mainly mainly from the number of steps, their synthesis
will not be detailed here.

3.2.1 Synthesis of Tri-segmented N'Ws

A schematic view of a such tri-segmented Metal(Au)-CP(PPy)-Metal(Au)
HNW synthesized by an all-electrochemical method is given in the Fig.
3.2.(a). The synthesis is performed by three sequential electrodeposi-
tions performed within a PC template (see Fig. 1.8). The first step
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consists in the electrodeposition of the first metal segment. In the case
of a first Au segment, a cyanide free solution containing 0.1 M KCI,
0.1 M KyHPOy, and 0.03 M HAuCl4.3H20 (Acros) in deionized (DI)
water could be used [172]. The electrodeposition is achieved by the cyclic
voltammetry method (CV) which consists in cycling the potential from
0.7 to 0 V at a typical scan rate of 400 mV.s~!. Figure 3.2.(b) gives a
cyclic voltammogram recorded during the deposition of a first gold seg-
ment within a 100 nm pore diameter PC template. The typical growth
rate is about 5 nm.s~!. It is important to notice that the gold electrode-
position rate is highly dependent on the pore diameter and keeping the
other synthesis parameters constant, logically, the growth rate decreases
with increasing the pore diameter. Then the second segment, the CP
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Figure 3.2: Electrochemical process consisting in the sequential depo-
sition of metallic and conjugated polymer segments within the pores
of polycarbonate membranes. (a) Schematic view of a tri-segmented
Au-PPy-Au NW. The insets are magnified views of both polymer-metal
interfaces. (b-d) Typical cyclic voltammograms obtained for the synthe-
sis of each NW segment. (c) The 1% cycle (full curve) and 200" cycle
(dashed curve) are given for the PPy segment. (d) Cyclic voltammo-
grams acquired during the deposition of the upper gold segment before
(full curve) and after overflowing (dashed curve).
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block can be deposited into the pores by the electropolymerization of
the corresponding monomer. For instance, the synthesis of PPy onto
noble metal segments (Au, Pt) is realized via CV by sweeping the po-
tential from 0 to 0.85 V at a typical scan rate of 400 mV.s~! for 100 nm
diameter HN'Ws.

The electrolyte is an aqueous solution containing 0.1 M LiClO,4 and
the monomer (5 to 100 mM range). In some cases, 7 x 10~% M sodium
dodecyl sulfate were added and used as surfactant. Figure 3.2.(c) gives
the cyclic voltammograms corresponding to the deposition of the PPy
segment at the first (full curve) and 200" cycle (dashed curve). PE-
DOT segment were synthesized by the electropolymerization of EDOT
monomer from an aqueous solution containing 0.1 M LiClO4 and 14 mM
EDOT, by sweeping (CV) the potential between 0.2 V and 1.1 V at a
scan rate of 400 mVs~! [49]. In both PEDOT and PPy electrodeposi-
tion, the synthesis conditions were optimized for obtaining homogeneous
polymer segments with strong mechanical interfaces with metals [70].

Finally, the upper metallic segment was electrodeposited under simi-
lar conditions to those used for the first metal segment. As shown in the
Fig. 3.2.(d), a drastic change of the CV curve shape, accompanied by
a strong increase of the current, indicates that deposition overflows the
nanopores. This allows to detect easily the end of the synthesis. After
the synthesis of each NW segment, the sample was rinsed in DI water
for at least 30 minutes in order to remove the remaining plating solution
left inside the pores of the membrane. As it has been said, earlier, more
complex HNWs can be synthesized following the same fabrication route.
Most of the HNWs that were characterized in this work are listed in the
figure 3.3.

Because the low potential range used for the synthesis of the upper
metallic segment, a possible de-doping (reduction) of the CP segment
is expected to occur during the growth of the upper metallic segment.
It is worthy of note that an important dedoping of the CP segment
should be reflected in the electrical properties of the HNWs containing a
metal-onto-polymer interface. Indeed, an important reduction of the CP
segment results in a decrease of its work function which translates into
asymmetric (I — V) curves due to well-known Schottky effects. Nev-
ertheless, as it will be shown in the following sections, as-synthesized
HNWs always present Ohmic behaviour.

3.2.2 Structural Properties of HN'Ws

The characterization of the morphology and the microstructure of HNWs
is decisive for understanding their intrinsic electrical and mechanical
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Figure 3.3: Schematic view of the different structures of HNWs that
were characterized in a single NW and/or NW array configuration.

properties. While optical and SE microscopes were used mainly for lo-
cating HNWs on a substrate, TEM microscopy is generally preferred
for the description and characterization of their structural properties
as it offers very high resolution and combines imagery capabilities with
useful tools such as electron diffraction or elemental analysis based on
EDX or EEL spectroscopies. The TEM observation of HNWs requires
to free them by dissolving the PC template. This step is quite critical
as the dissolution is quite violent and may weaken the HNW interfaces.
A procedure was developed for the release of HNWs and their deposi-
tion on a substrate. It will be presented in the chapter 4, dealing with
single NWs characterization. When tri-segmented HNWs are dispersed
on a substrate and observed by optical or SE microscopes, it is readily
noticeable that a large proportion (around 50 %) of HNWs was broken.
Almost all breaks occur at one of the metal-polymer interfaces. This led
us to investigate the strength and the morphology of both PPy-metal
interfaces in our devices. When observing HNWs by TEM, the polymer
block appears more transparent than the metallic segments, due to its
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lower electronic density, thus, giving high contrast snapshots. Conse-
quently the metal and CP segments are unambiguously distinguishable
without any particular contrasting treatment which allows to observe
precisely the M-CP interfaces. The Fig. 3.4 gives typical TEM pictures
collected for various structures of HNWs represented in the Fig. 3.3.
Several informations follow from the TEM analysis:

e Each interface of the M-CP-M structure presents a distinctive
shape

e the electrochemical synthesis allows to produce HNWs with very
short PPy segments as small as 20 nm

e The PEDOT segments present a distinctive curved shape com-
pared to PPy segments

e The PPy/PEDOT heterojunction can be localized by the diameter
decrease

The bottom interface is relatively flat, indicating that the first metal
section growth is homogeneous under the given synthesis conditions.
On the other hand, for the upper interface, a conical metal meniscus
soars into the CP section, ensuring a strong mechanical link between
the polymer and the upper metal section. This results in a larger adhe-
sion surface compared to that of the bottom interface, explaining why
the metal-onto-polymer interface is mechanically more robust than the
polymer-onto-metal interface. The presence of this meniscus could be
explained by pore wall effects !, similar to those leading to the formation
of PPy nanotubes [172, 175]. The natural tendency of CP to grow along
the pore walls was thwarted by properly adjusting pyrrole electropoly-
merization rate [145]. The creation of the meniscus seems to occur as
soon as the electropolymerization is initiated and it was observed in all
investigated samples displaying various CP segment length. The gold
meniscus length L,, was measured by TEM for several upper interfaces
of 70 and 90 nm diameter tri-segmented HNWs (Au-PPy-Au) with dif-
ferent CP junction lengths. The results are reported in Table 3.1. The
corresponding adhesion surfaces are also given in Table 3.1. For both
NW sizes, Ly, and the adhesion surface increase with the length of PPy
junction. Nevertheless, L,, and the adhesion surface are smaller for
all the 70 nm diameter NWs compared to the 90 nm diameter NWs.

!The pore wall effects consist in the electrostatic interactions between the growing
polycation chains and the anionic sites along the membrane pore walls (see Fig. 1.8.
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Figure 3.4: TEM characterization of various HNWs presenting various
structures. The numbers indicate the synthesis order. (a,b) Typical
M-P-M HNWs (a) Au-PPy-Au HNW with its bottom (first grown) and
upper (second grown) interfaces. The size of the gold meniscus L,, is
indicated. (b) Au-PEDOT-Au HNW. The PEDOT is clearly identified
by its typical curvature.(c-d) M-P-M’ structures (¢) with a magnetic
segment (Ni) and displaying very short PPy in-wire junctions (d). (e-f)
TEM pictures of a multisegmented HNWs.

The adhesion surface roughly correlates with the percentage of unbro-
ken N'Ws dispersed onto devices and it is thus an important parameter
in assessing the mechanical robustness of the NWs.
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¢ (nm) 70 90
PPy length (nm) | 670 1680 3110 915 1440 3340
Ly (nm) 66 75 88 85 180 225
Ad. surface (nm?) | 9680 11000 12900 | 16400 33740 42600

Table 3.1: Length of the PPy segment for various tri-segmented Au-
PPy-Au HNWs with the corresponding gold meniscus length (L,,) and
the calculated adhesion surface of the upper interface.

3.2.3 Interface Modification

Several strategies were considered to improve the mechanical strength of
the interfaces of HNWs. Here, we discuss possible improvements taking,
again, the case of the simplest HNW structure as an example (structure
Au-PPy-Au shown in the figure 3.2). First, it is possible to optimize the
electrochemical parameters for the growth of the Au-onto-PPy interface
by systematically investigating the effects of the potential sweep rate and
the monomer concentration on its mechanical strength [145]. Concerning
the bottom PPy-onto-Au interface, as its morphology cannot be modified
just by playing on electrodeposition parameters, its mechanical strength
could be enhanced by increasing the adhesion between the two different
materials. Among the different possible strategies, we first investigated
the use of self-assembled alkylthiol monolayers (SAMs) onto gold [176].
We used 11-mercaptoundecanoic and 3-mercaptopropionic acids. The
SAM was inserted between the gold and the PPy segment to create an
electrostatic bond between the negatively charged carboxylate groups of
the chemisorbed monolayer and the positively charged growing polyca-
tion as shown in the Fig. 3.5.(a). The SAM was deposited by immersion
of the template containing a first grown metal segment, in a solution
containing the alkylthiol. Above the 11-mercaptoundecanoic acid SAM
no CP growth was observed. This is probably due to the presence of long
aliphatic chains that passivated the Au surface. The CP growth occurred
on top of the thinner chemisorbed SAM (3-mercaptopropionic acid) for
producing tri-segmented HNW arrays (Au-(SAM)-PPy-Au). Such ar-
rays were characterized by T-dependent electrical measurements. While
the electrical measurements (shown in the Fig. 3.10) exhibited clear ev-
idence of the presence of the SAM, no qualitative improvement of the
mechanical strength was confirmed upon this chemical modification of
the interface. Even if the amount of broken HNWs has not been reduced
by the assembly of SAM, this chemical modification of the first grown
interface is essential for the synthesis of HNWs containing a transition
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Figure 3.5: Schematic views of the modified metallic (Au, Ni) interfaces
using SAMs. In the case of Ni (b), the presence of the SAM improves the
electropolymerization process. (c) Typical chronoamperograms for the
electrodeposition of Co (Ni) NW segments. (d) Cyclic voltammograms
recorded during the deposition of PPy (PEDOT) segment on top of the
first grown Ni segment modified by a SAM. The inset displays a typical
110 nm diameter Ni-PEDOT-Au NW as seen by TEM.

metal segment as it is explained in the following section.

3.2.4 Transition Metals

The synthesis of a first grown segment made of transition metals such
as nickel (Ni) or cobalt (Co), can be carried out by changing the electro-
chemical bath and synthesis conditions. For instance, the electrodepo-
sition is performed by chronoamperommetry at —1.05 V from an elec-
trochemical bath containing Ni sulfate hexahydrate (NiS04.6H20) and
boric acid (H3BOs3) in the case of a first Ni segment. The length of the
transition metal segments are easily controlled by the electrodeposition
time. Typical growth rates for Ni and Co, within a 110 nm pore di-
ameter PC template are about 0.5 and 0.7 ym.min~!, respectively. A
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difficulty arises during the synthesis of tri-segmented HNWs containing
a transition metals segment. Indeed, the electropolymerization of the
CP segment on top of a Ni or Co segment is not straightforward to
achieve as the oxidation potentials of these metals are much lower than
the one of conjugated monomers [49]. Consequently, the dissolution of
the transition metal occurs before electropolymerization begins. Toward
preparing hybrid transition metal-CP NWs, it is therefore necessary to
find synthesis conditions that will strongly passivate the metal without
impeding electropolymerization. The chosen approach consisted in the
use of a SAM. The 3-(Pyrrol-1-yl) propanoic acid was chosen due to its
facile synthesis and because it contains two end-functional groups, a car-
boxylate group at one extremity and a pyrrole group at the other end,
that can specifically interact with the Ni substrate and the growing CP,
respectively (see Fig. 3.5.(b)). Prior to the electrodeposition of the CP,
the SAM was deposited by immersion of the PC template containing the
Ni segment in a 3-(Pyrrol-1-yl) propanoic acid solution for more than 18
hours. The CP segment (PPy or PEDOT) could be then synthesized by
CV using standard electrodeposition parameters. The electrical prop-
erties of thiol-modified HNW (Au-Thiol-PPy-Au) will be presented and
discussed in the section 3.3.2.

3.3 Electrical Transport Measurements

In this section, we present the electrical characterization of different
classes of HNWs. The electrical characterization was performed in ver-
tical configuration, that is, with multiple NWs contained within the
template. Measurements of single NWs freed from the template and
dispersed on a substrate, were also performed for comparison but will
be presented in the chapters 4 and 5 dealing with single nanowire inte-
gration. Let’s first briefly present the vertical contacting techniques.

3.3.1 Vertical Contacting Techniques

The simplest way to perform electrical measurements of CP NWs con-
sists in pressing into pellets (film) a bulk quantity of CP NWs. This
technique was widely used for characterizing CPNWs produced by either
template or template-free methods [177, 178, 43, 179, 144] and allowed
to demonstrate for the first time dimensionality effects on the properties
of CP NWs with a bulk characterization technique. More specifically,
template synthesized NWs can be characterized electrically by another
bulk characterization technique, which consist to let the NWs embedded
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in the template and to perform the measurements with electrodes de-
posited on each side of the template. This vertical configuration is quite
convenient and was frequently employed those last years for the electri-
cal and thermal characterization of NWs [180, 181, 182, 183, 173, 66] as
it is very fast and requires no complex processing of the sample to be
measured. Figure 3.6.(a) gives an optical micrograph of a PC template
mounted on a sample holder and electrically contacted to the sample
holder’s pins using silver paint and 25 um diameter gold wires 2 imme-
diately after the electrochemical synthesis. The NWs enclosed within
the template are mechanically supported by the PC membrane and are
protected from the effect of both oxygen and ambient humidity [184].

(a) @ (b) Section A A'
@ P B Au Wire
- / . T 1 Silver
> / C Ter ate\ Paint
fas < fA‘ | |
. AuWir Il

AuNWs
@® =40 nm
A p abt
@® =70 nm
|
= = ®
e e ©
(D:‘,‘)Onm |
10 100 300
T(K)

Figure 3.6: HNW arrays electrical characterization setup. (a) Optical
micrograph of multiple NWs contacted in vertical configuration within
the PC template. (b) Schematic view (for tri-segmented NWs) of the
section AA’ defined in the panel (a). (c) Electrical measurement con-
figuration: constant-current method and constant-voltage method (d)
Temperature dependence of the resistance R(T) of Au NW arrays for
various diameters.

2The sample holders are glass epoxy component mounting boards purchased from
Wearnes Cambion Ltd, Castelton, Hope Valley, Derbyshire, S33 8 WE, England.
The Ag paint and the gold wires were purchased from LABORIMPEX S.A., B-1190
Brussels.
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A huge number of experiments can be used for the characterization
of the electrical properties of organic materials [185]. The most impor-
tant techniques are the (I — V') spectroscopy, the (C-V) measurement,
the magnetoresistance measurement, the thermally stimulated current
(TSC), the time of flight (ToF) [186], the deep-level transient spec-
troscopy (DLTS) [187, 188, 189]. While, most of the previous tech-
niques have been successfully applied for characterizing bulk structure
CP, only a few of these techniques can be directly applied to characterize
nanoscale samples such as HNWs. In this work, mainly current-voltage
(I — V) spectroscopy as a function of the temperature 7" and the applied
voltage V' and magnetoresistance measurements have been used for the
characterization. The low-T electrical measurements were performed
using a HP-Agilent 3245A Universal Source and a Keithley 6517 elec-
trometer. The pseudo-four-probe configuration were carried out using
also a Keithley 2182 nanovoltmeter. The magnetotransport measure-
ments were performed in an Ogzford Instrument Kelvinoxr 300 dilution
refrigerator with a base temperature of Thy¢ ~ 30 mK and equipped
with a superconducting coil generating a magnetic field up to 17 T. The
data acquisition was performed using the Nanofreeze acquisition pro-
gram developed with Igor Pro software by Dr. Cédric Gustin [190]. In
the following sections are presented measurements performed on differ-
ent type of samples presenting different structures (M-CP-M, M-CP-
CP’-M, Ni-CP-M, ...) and geometries (segment lengths, diameter, pore
density, ...) . Nevertheless, not all the data will be shown and we will
present only most relevant samples. A list of the good HNW arrays with
their characteristics can be found in the appendix A.

3.3.2 Current-Voltage Characteristics

The current-voltage (I — V') spectroscopy is a powerful technique to gain
insight into various transport phenomena such as tunneling and rectifica-
tion. The obtained (I — V') characteristics were performed as a function
of the temperature varying from Room T (T = 290 K) down to very
low temperature (I = 0,05 K). Both constant-current and constant-
voltage methods can be used in a pseudo four-probe configuration for
the electrical characterization of samples as shown in the Fig. 3.6.(c).
While the four-probe technique was used for low resistivity samples®, the
two-probe configuration was used for highly resistive samples. Further-
more, the constant-voltage method was used for samples exhibiting a
resistance dependence on the applied voltage, which occurs at sufficient

3Such as the Au NWs shown in the panel (d) of the figure 3.6.
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low temperature for most of the samples. The accuracy of the measure-
ments was checked by measuring standard resistances of various values
up to tens of G2 and empty templates which present resistance higher
than 10'2 Q.

Typical current-voltage (I—V') characteristics are given in Fig. 3.7 for
different specimens 4. The left column in the Fig. 3.7 regroups the Ohmic
regime (I > Ty) while non-Ohmic (/—V') curves are listed in the right
column. In all samples, the (I —V') plots are symmetrical and are Ohmic
above a certain temperature Tyz. Below Ty, the (I—V') characteristics
deviate from the linearity increasingly when the temperature is lowered.
Approximatively, Tz, ~ 100 K for all the samples. At liquid *He
temperature, the (I — V') curves of samples with diameter ® > 50 nm,
are always highly non-linear, presenting a typical sinh-shape with a zero-
current plateau around the zero-bias point. Astonishingly, for smaller
diameter samples (& < 50 nm), the Ohmic regime extends to lower
temperature with only slightly non-linear (I — V') curves at liquid *He
temperature as exemplified in the Fig. 3.15. This suggests that a change
in the mechanism of charge transport may occur at small diameters. The
influence of the diameter on the transport properties of HNW arrays and
will be discussed in details in the section 3.4.

From the (I — V') characteristics, resistance values R(T") are obtained
from the (dI/dV)~! values at zero bias are shown in the Fig. 3.9 for
various samples. Despite the non-linearity, for most of the samples,
R(T) can still be measured for T < T around the zero-bias point
until the zero-current plateau appears. To check the consistency of the
measurements, the obtained values were compared to resistance values
calculated from the current-temperature (I — 7") dependence recorded
at fixed bias, with a typical cooling (heating rate) |AT| < 0.5 K/min.
An example of a such dependence (R—T'), taken with an applied bias of
10 mV is given in the Fig. 3.9.(d) for sample M50 — B. Generally, there
is a very good agreement between the two measurements for T 2 50 K
as for lower temperature, a zero-current plateau develops in the (I —
V') characteristics, precluding the determination of samples’ resistance
from the (dI/dV)~! values at zero bias. As shown in the Fig. 3.9, the
resistance monotonically increases with decreasing 7', indicating that the
CP segments (PPy, PEDOT) has a non-metallic behavior.

At high temperature, the Ohmic regime of transport in CP is usu-
ally attributed to thermally excited carriers. This mechanism yields an
exponential dependency on the temperature and is characterized by an
activation energy F, (see equation 2.6).

4The samples are listed with their characteristics in the table A.1 of the appendix.
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Figure 3.7: (I — V) characteristics of various multisegmented samples
with diameter ranging from 50 to 160 nm. Data in the Ohmic regime are
given in the right column whereas the nonlinear characteristics appearing
at low temperature are given in the left column.

Activation energies F, can be deduced from the slope of a linear fit of
In(R)(T)vs. T~1. From the data given in the Fig. 3.8, E, values ranging
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Figure 3.8: Typical Arrhenius plot obtained for tetra-segmented (a) and
tri-segmented (b) HNW arrays. Plots of In[R(T)] vs. T~L. for Ty <
T, the slope of a linear fit (dashed lines) is proportional to the activation
Energy (E,).

from 50 to 100 meV were obtained for Tx;, < T. The values are reported
in the table A.2 for all the samples. These values compare well with the
values previously reported for tri-segmented HNWs (Au-PPy-Au) [83].
On the other hand, the value (E, = 270 meV) reported recently by
Banger et al. [21] for tetra-segmented HNWs (Au-PPy-Ni-Au) is signif-
icantly higher than in our samples tetra- and penta-segmented HNWs,
probably because of a consequent barrier at the Ni/PPy junction.
However, the activated transport fit only the high temperature data
(T'" > Tnr) and cannot explain our low-7" data as well as the non-
linear characteristics appearing at higher excitation voltage and lower
temperature as the curves presented in the left column of Fig. 3.7.
Non-linear (I — V') characteristics can be encountered when charge
transport is dominated by carrier injection mechanisms through the in-
terfaces [103]. The injection of carriers from a metal to a disordered hop-
ping system is generally described by the T-dependent Schottky emission
(or thermionic emission) mechanism described in section 2.2. Schottky
plots consisting of In[I/T?] versus 1/T at various fixed V’s and In I
versus V'1/2 at different temperatures can be used to check if the conduc-
tion is electrode limited. For all HNW samples, when a Schottky barrier
height (SBH) can be extracted from a linear fit to Schottky plots, it is
always negligible compared to the energy brought by the electric field.
An example is given in the Fig. 3.10.(e), where a SBH of &5 = 36 meV
was extracted for sample M50-A. Furthermore, for all the samples, in I
does not follow a linear relationship with V/2. These results are not
surprising since it is expected that PPy forms Ohmic contacts with met-
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Figure 3.9: Temperature dependence of the resistance values R(T") ob-
tained from the (dI/dV)~! values at zero bias for different HNW ar-
rays with diameter ranging from 50 to 160 nm. (d) The red curve
represents R(7T) as obtained from the current-temperature (I — 7") de-
pendence recorded at fixed bias, with a typical cooling (heating rate)
|AT| < 0.5 K/min.

als with a high work function like Au and Pt [104]. Furthermore, for all
HNWs, tri, tetra or penta-segmented, Ohmic (I — V') characteristics are
observed at room temperature.

To assess the influence of the interfaces on the charge transport,

we modified the carrier injection at the metal-polymer interfaces by as-
sembling thiol monolayers on the metal electrodes as shown in the fig-
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ure 3.5.(a). In the presence of thiol monolayers adsorbed onto the metal-
lic segments, we expected the HNW arrays to have a different transport
signature. This interface modification is quite important regarding the
synthesis of HNWs containing transition metals such as Co or Ni ( see
section 3.2.1). As explained in the section 3.2.3, we have assembled a
monolayer of SH — (CH)y — COOH onto the first grown Au segments,
of two samples (see appendix A).

The measured (I — V') characteristics for sample M70-Thiol are given
for various 7' in the Fig. 3.10.(a-b). They are similar to those measured
for tri-segmented NWs with a typical transition from the Ohmic regime
to the non-linear regime but occurring at a slightly higher Ty ~ 150 K.
This variation of T, is accompanied by an important shift of the zero-
bias resistance by ~ 3 orders of magnitude. This resistance represents
the sum of PPy NW resistance and that of the molecular junction at the
bottom interface. The dominant transport mechanism in molecular junc-
tions is the coherent non-resonant tunneling [191]. Applying the same
analysis to the thiol modified sample M70-thiol, a SBH of &5 = 0.12 eV’
is extracted from the Schottky plot of the Fig. 3.10.(e). Furthermore,
the field-dependent Schottky plot for sample M70-thiol exhibits a clear
linearity when compared to a sample with the same characteristics but
without SAM (M70-A), confirming the presence of a Schottky barrier.
Both Schottky plots are given for comparison in the panels (c) and (d)
of the Fig. 3.10.

When large bias is applied at a metal-CP junction presenting a high
barrier height, the Fowler-Nordheim tunneling could be the dominating
mechanism. Thanks to the large applied bias, a current of carrier tun-
neling through the barrier is possible and its field dependence is given
by the equation 2.4, i.e. In(I/F?) o« F~'. However, since our data
do not follow a such dependence, this model is ruled out. Another im-
portant mechanism of charge transport often encountered in disordered
materials is the VRH model of Mott. We show in the following section
that the VRH of Mott [122] can be used for explaining the charge trans-
port in our samples. The 3D-Mott VRH model provides a complete
framework for the understanding of transport in Au-PPy-Au HNWs, in-
cluding nonlinear current-voltage characteristics and magnetotransport
at low temperatures.

3.3.3 Hopping Charge Transport in CPNW Arrays

The VRH mechanism is a general form of charge transport for insulators
and usually dominates over the thermally-activated transport at suffi-
ciently low T. The VRH model is presented in details in the chapter 2.



3.3. Electrical Transport Measurements

T < TNL

©) 130K

100 K
77K

M70
‘ thiol

V(V) 0.5

1.0

—A— 10mV
—8— 5S5mV
—a— 1mV

6 10
1000/7 (K ™)

14

<
NLT

200

(b)
100 -

1(pA)

-100

300K
190 K

150 K

-2

00 ‘
-0.25 -0.12 V(V) 0.12 025

-14

-16

Inl

-20

135 |

00

=22

24

Inl

-28

o

)
122

@

-30,
00 0

2

VW(V]/Z) 0.8 1.0

71

Figure 3.10: Charge transport properties of thiol-modified trisegmented
HNW array (M70-thiol). (a-b) Low-T" and High-T" (I —V) characteristics
of ® = 70 nm diameter sample M 70thiol (Au-Thiol-PPy-Au). (c-d) field
dependent Schottky plots consisting of InI versus V1/2 at various fixed
temperatures for a ® = 50 nm diameter (Au-PPy-Au) M50-A and M70-
thiol. (e) Schottky plots consisting of In[I/T?] versus 1/T at various
fixed V’s for the same samples.
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3.3.3.1 Current-Voltage Characteristics

The (I —V') curves presented in the Fig. 3.7 and their evolution with the
temperature, i.e. the Ohmic and the non-linear regime can be both ex-
plained by considering the Mott VRH mechanism for which the current
density follows the equation 2.13. Generally, at room 7', small voltage
are applied to the sample °. As a result linear (I — V') characteristics are
obtained from equation 2.13 as the sinh term can be linearized when
the following Ohmic condition is verified

v kgT

F="2
d < cRuy

(3.1)

where d is the length of the CP NW and Ry, is the hopping dis-
tance. It is easy to see that for the measurements in the high-T' range
(Tny, < T), this condition is clearly fulfilled®. On the other hand, when
temperature decreases, the inequation 3.1 is not verified anymore as
to conserve a constant current range, higher voltages are needed. The
result is a slight deviation from the linearity increasingly when the tem-
perature is lowered below Ty =~ 100 K. This effect in amplified as
the hopping distance increases with decreasing temperature as shown in
the equation 2.15 until a zero-current plateau appears in the (I — V)
characteristics. when T is further decreased, the electric field strength
is high enough to allow the electric field induced hopping to occur. This
regime of transport will be detailed in the section 3.3.3.4.

3.3.3.2 Resistance-Temperature Dependence

From the (I — V) characteristics, resistance values R(T) are obtained
from the (dI/dV)~! values at zero bias for Ty, < T around the zero-bias
point until the zero-current plateau appears. The resistance (shown in
the Fig. 3.9 for various samples) are divergent as the temperature is low-
ered demonstrating a clear insulating behavior. Within the framework
of the VRH mechanism, the resistance is expected to follow the relation
given in the equation 2.17. The best fits to our data were obtained with
d = 3. This suggests that the three-dimensional (3D) VRH is the ap-
propriate model of transport in our samples. The In[R(T)] versus T~ /4
plots are given in Fig. 3.11 for T' 2 50 K. From these plots we extract
the parameter Tjy. The values are listed in the Table A.2.

5Generally, only small voltages V are applied during measurements at high 7" for
preventing high current to burn the samples and/or the contacts.

SFor instance, one can assume typical RT values of CP segment length, hopping
distance and applied voltage: d =1 um, Rpop = 40 nm and V = 10 mV respectively.
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Figure 3.11: 3D-VRH plots for 160, 90, 70, 50, 40 and 30 nm tri-
segmented (Au,Pt)-PPy-Au samples. The solid lines are the 3D-VRH
fits to the data (see text).

The Mott temperature Tj is linked by the relation 2.16, to important
parameters characterizing the CP such as the localization length £, which
is linked to the amount of disorder of the CP and the density of states at
the Fermi energy N (FEr). It is not possible to determine both parameters
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only from the Ty value. In the following section, we show that both & and
N(EF) can be deduced from low-T magnetoresistance data (Fig. 3.12).

3.3.3.3 Magnetoresistance Measurements

In this section we present magnetoresistance (MR) measurements per-
formed at low-T on several HNW arrays presenting several tri-segmented
structures (M-CP-M, M-CP-M’ and Ni-CP-M) or penta-segmented M-
CP-M’-CP-M. (see Fig. 3.3). The MR measurements are performed with
B aligned along the NWs axis as depicted in the Fig. 3.6. The measure-
ment of multi-wire samples offer a higher level of current (less sensitive
to noise) compared to single NWs measurements [144].

The plots of In[R(B)/R(0)] with respect to B for sample M90-B
and M90Pt-A are given in Fig. 3.12 at T'= 11, 5, and 0.5 K. Generally,
the MR signal was measured close to the I = 0 plateau of the I — V
curves (see arrow in inset to Fig. 3.12.(a)). But as it will be shown in
the following section, the MR is bias dependent.

Several features are noteworthy in our data:

1. (i) the observed magnetoresistance is always positive,

2. (ii) it is symmetric in magnetic field: R(B,T) = R(—B,T),

- (
- (

3. (iii) it increases as T is lowered,
- (

4. (iv) and it displays a parabolic-like behavior at low B for all in-

vestigated temperatures.

These observations suggest that our MR data could be cast within the
wavefunction shrinkage model presented in the section 2.4.3. While both
positive and negative MR were observed in PANi NWs [144], here due
to the narrow 7' range such negative MR has not been observed. The
left inset to Fig. 3.12.(b) shows that, at high B, the magnetoresistance
follows the expected BY/3 dependence. The low-B data are displayed in
Fig. 3.12.(b) as In[R(B)/R(0)] versus B? at indicated temperatures. The
B? dependence is observed up to few Teslas. From the linear fits to these
data, we extract B.(T'), which is plotted as a function of 7'/ in the right
inset to Fig. 3.12.(b). The T dependence of B, given in the Eq. 2.24 is
particularly useful, as it allows us to determine the localization length:
£ =14 and 2.1 nm at T = 5 K for samples M90-B and M90Pt-A,
respectively. Using the above-mentioned values for £, we are able to
deduce for the density of states N(Er) ~ 10 eV~l.cm™3 for samples
M90-B and M90-Pt. The calculated values of N(EF), listed in Table A.2,
are two orders of magnitude lower than typical values found in highly
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doped PPy films [52, 192, 193, 194]. Nevertheless, this low density of
states corroborates with the low doping level (< 13 %) of tri-segmented
HNWs. As detailed in the section C.1, the low doping level of HNWs
originates by the unavoidable reduction of the CP segment during the
electroplating of the upper metal segment [145]. Recently, Hulea et
al. [195] reported on the correlation between the doping ratio and N (Er)
in PPy films. They showed that a decrease of the doping level from
16% to 6% corresponds to an increase of Ty of about four orders of
magnitude. Thus, the wide range of Ty observed for identical samples
(e.g. 160 nm diameter Au-PPy-Au samples) could be partly explain by
a slight variations of the doping level.

Interestingly, the magnitude of positive MR in HNW arrays depends
on the applied electric field. Indeed, as shown in the Fig. 3.13, we ob-
served a decrease of MR for increasing applied voltage. Such effect was
observed recently in PANi NWs networks by the Epstein’s group [196].
At Low-T', PANi NWs networks exhibit strong non-linearity which could
originates, as proposed by the authors, from a reduction of the hopping
activation energy and the hopping length induced by the increasing ap-
plied electric field, as given by the equation 2.19. As a result, when high
electric field is applied to the sample, the hopping length is reduced and
the shrinkage of electron wavefunction by magnetic field becomes less ef-
fective and MR decreases [196]. Nevertheless, the authors do not discuss
about the possibility that this effect could stem also from self-heating
effects of the samples. Indeed, even if the temperature as given by the
thermometer of the measurement system is constant (as observed dur-
ing the measurements), the sample temperature could be significantly
higher since the thermal conductance between the sample and the sen-
sor is extremely low (mainly because of the high separation between the
sample and mixing chamber thermometer).

Here, in the MR measurements the total dissipated power was kept
below 500 nW corresponding to an average power of 5 pW per NW.
Taking a typical value of the low-T" thermal conductivity for amorphous
polymers [197], this corresponds to the limit of the applied power for
which the sample heating estimated is still lower than 0.5 K. For com-
parison, in their work, power as high as 10 mW were applied to the
sample at T = 50 K.
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are indistinguishable. The arrow indicates the point of the (I — V)
curves where the MR measurements were recorded. (b) Variation of
In[R(B)/R(0)] as a function of B? in the low magnetic field range at
T = 11, 5, and 0.5 K for the sample M90Pt-A. The solid lines are fits
to the data. The left inset shows In[R(B)/R(0)] as a function of B/3
for samples M90-B and M90Pt-A at T'= 0.5 K. The lines are guides to
the eye. The right inset displays B.(T') as a function of TY4 for both
samples (see text). The solid lines are fits to the data.
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3.3.3.4 Electric-Field-Induced Hopping

To understand the non-Ohmic conduction at low T', we have analyzed
the electric field F' dependence of the current defining a parameter
B = eF¢/kpT which defines two different hopping transport regimes.
For 8 <« 1, transport is dominated by thermally assisted hopping, while
for B > 1, the electric field-induced hopping mainly contributes to the
transport. Within the electric field-induced hopping regime, the cur-
rent follows the equation 2.20, with Fy standing for the critical electric
field [128, 129, 130].

Assuming that the electric field-induced hopping regime is a 3D
mechanism, we plotted In I versus F~1/4 for different HNW samples
in the Fig. 3.14. To reach the § > 1 regime, data were taken down
to liquid helium temperatures and below. Clearly, a linear behavior is
observed at the lowest temperatures, which remains almost unchanged
upon further decrease of T'. At the first glance, this effect seems to stem
only from electron heating due to the high imposed electric field. Indeed,
the applied electric voltage V' could increase the electronic temperature
T.; above the measured temperature 7' (i.e. the mixing chamber tem-
perature). Practically, the temperature T,; acquired by the electron due
the applied external voltage V is determined by the balance between the
Joule heating and the cooling by the phonon bath [198]. For temper-
atures below 4 K, the total dissipated power was kept below 100 nW
corresponding to an average power of 1 pW per NW. Taking a typical
value of the low-T" thermal conductivity for amorphous polymers [197],
it can be shown that the sample heating is negligible (less than 10 % of
the base temperature) down to 7' = 0.5 K. The critical electric field Fj
could be extracted from a linear fit to the lowest T" data. The deduced
values for samples are included in Table A.2.

Remarkably, Fp is linked to the localization length £ as shown in the
equation 2.21. from Fpy values we can estimate the localization length
&(Fy,Ty) using the Mott temperature Ty. The deduced values are pre-
sented in Table A.2. These values can be compared to those obtained
from the magnetoresistance analysis for samples M90B and M90-Pt. A
reasonable agreement is found, which further substantiates our conclu-
sion that the transport mechanism in our samples is the 3D-VRH.
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3.4 Size-Dependent Transport Mechanisms

In the last twenty years, many studies were devoted to the charge trans-
port properties of CP films. It was shown that conjugated polymer films
can be tuned from metallic to insulator by adjusting doping level of the
CP or by the application of a magnetic field as well as applying high pres-
sure [52]. Since the seminal work of Martin et al. [199, 200, 67], several
authors observed an improvement of the molecular and supramolecular
structures of template synthesized CP films made of compacted CP NWs
compared to films prepared by conventional methods [201].

More recently, studies suggested that intrinsic properties of CP can
also be affected by electron-electron interactions [18, 35, 202] and quan-
tum effects such as a M-I transition [12]. Obviously, this kind of physics
is rather expected for systems such as 2D-electron gas, CNT or graphene
sheet made of defect free materials with highly controllable composition
and structure. Nonetheless, in the following, we present strong evidences
that suggest that tri-segmented (Au-PPy-Au) HNWs exhibit a disorder-
induced metal-insulator transition. Finally, we analyze and discuss the
low-T' data obtained for several class of HNWs, comparing with sev-
eral recent experimental works which taking into account the EEI and
suggest the possible formation of Luttinger liquids in CP systems.

3.4.1 Electrical Transport Near the Metal-Insulator Tran-
sition

In this section, we analyze the electrical transport data for tri-segmented
Au(Pt)-PPy-Au NWs of diameter down to 30 nm. We showed in the
previous sections that the three-dimensional Mott VRH model provides
a complete framework for the understanding of transport in Au-PPy-Au
HNWs, including nonlinear current-voltage characteristics and magne-
totransport at low temperatures. We saw that samples with diameters
ranging from 160 to 50 nm have resistances that follow the relation
In[R(T)] o (Ty/T)Y*. Strikingly, the (I — V) characteristics of the
¢ = 40 nm samples (given for two samples in the Fig. 3.15), are quite
different from those measured for other samples as they exhibit Ohmic
behavior until T" ~ 30 K while all samples with diameters above 40
nm present strong nonlinear (I — V') characteristics and a zero-current
plateau for T < 50 K. Furthermore, as shown in the Fig. 3.11, the
¢ = 40 nm samples exhibit very low Ty values’ listed in the table 3.2.
The Mott temperatures found for specimens M40-A, M40-B and M40-C
are at least three orders of magnitude smaller than for sample M50-A.

Tobtained from the slope of the linear fit of In[R(T)] versus 7~ '/%.
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Figure 3.15: Electrical data analysis for low diameter tri-segmented (Au-
PPy-Au) samples. (a-b) (I — V) characteristics for two ¢ = 40 nm
samples (M40-b and M40-C). c¢) Reduced activation energy W (T') for
samples M50-A, M40-A and M40-C. d) Log-log plot of the resistance
with temperature for samples M50-A, M40-A and M40-B. The resistance
follows a power-law temperature dependence for the 40 nm samples.
Solid curves are fit to the data. e) Evolution of the parameter Rp
versus the diameter (see text). f) The Mott temperature Ty plotted as a
function of the parameter Rp for samples presenting diameters ranging
from 30 to 160 nm.

The peculiarity of the ¢ = 40 nm specimens can be highlighted using
the empirical parameter Rr = R(77K)/R(290K) given as a function of
the diameter in the Fig. 3.15.(e). This parameter was frequently used
to characterize the extent of disorder in conjugated polymers such as
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PPy or PEDOT [52, 12]. The Rp parameters of M50-A and the 40 nm
diameter samples are listed® with other parameters in the table 3.2. The
parameter Rp is found to be four orders of magnitude smaller for the
M40-A, M40-B and M40-C specimens than for the ¢ > 70 nm samples,
while it is still two orders of magnitude smaller than for 50 nm diameter
samples. This suggests that the ¢ = 40 nm specimens exhibit a dramat-
ically lower disorder strength compared to ¢ > 50 nm samples. In the
panel (f) of the Fig. 3.15, we plotted the Mott temperature as a function
of the parameter Ry for all investigated samples. One can easily notice
that M40-A, M40-B and M40-C specimens are disparate from the group
of other samples.

By assuming typical values of DOS for lightly doped PPy [10'® —
102V ~tem ™3], and by taking into account the unavoidable variation
of the doping level from sample-to-sample, these data suggest a dramatic
change of the disorder strength in the 40 nm specimens. Similarly to
a recent study performed on PEDOT NWs [12] and studies focusing
on PANi [203], PPV [91] or PPy [52] films, the behavior of our 40 nm
samples can be understood in the framework of a disorder-induced metal-
insulator transition.

Indeed, in the critical regime of the disorder-induced metal-insulator
transition, the resistance follows a power-law temperature dependence
R(T) o< T77 with 0.3 < v < 1 [52]. The log-log plot of R(T) versus T'
is given in Fig. 3.15.(d) for samples M50-A, M40-A, M40-B and M40-C.
Remarkably, in the low-T" regime, the power-law fit is found to be much
better than the 3D Mott VRH fit for the 40 nm samples. It should
be noticed that the quality of the fits were estimated by comparing the
Chi-Square values. From these fits, the extracted parameters v are 4.73,
0.62, 0.43 and 0.27 for M50-A, M40-A, M40-B and M40-C, respectively.
The exponent 7 is expected to vary from 0.3 to 1 as the sample goes
through the transition from the metallic to the insulating side [52].

The existence of a finite conductivity extrapolated at 7' = 0 K, is
considered as defining the boundary of the M-I transition [52]. Strik-
ingly, from the extrapolation of the data given in the Fig. 3.15.(d), it
seems that the ¢ = 40 nm samples - especially M40-C, could exhibit
such finite conductivity at T' = 0 K. However, such a low-temperature
extrapolation is risky and can lead to erroneous identification of the
various regimes near the M-I transition [91].

To obtain quantitative insight into p(7T), it is preferable to use the
reduced activation energy W(T) = —d(Inp(T))/d(InT') [148] (see sec-
tion 2.5.1). The low-T' behavior of W (T') is useful to discriminate be-

8The Rr parameters are collected for all measured samples in the table A.2
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tween several regimes of the metal-insulator transition [52] as demon-
strated recently for single PEDOT NWs [12].

Despite the low number of points, the log-log plot of W (T') given
in the Fig. 3.15.(c) allows to identify clearly distinctive behavior for
¢ > 50 nm samples and ¢ = 40 nm diameter samples. While ¢ > 50 nm
samples exhibit W(T) > 2.5 with a negative temperature coefficient
(dW(T)/dT < 0) characteristic of the insulating regime, M40-A and
M40-B demonstrate roughly constant values of 0.5W (7)) < 0.9 at low
temperatures T' < 50 K which is characteristic of the critical regime of
the MIT. On the other hand, M40-C sample exhibits much lower value of
v < 0.3 with a small but positive temperature coefficient (dW (T')/dT >
0). This indicates that M40-C is just entering into the metallic side of
the MIT from the critical regime.

Recently, Cao et al. observed identical T-dependence W (T') and en-
hanced electrical conductivity, for single Au-PEDOT(ClO4)-Au HNWs [16].
These samples were located slightly on the metallic side of the M-I tran-
sition while Au-PEDOT (poly(4-styrenesulfonic acid))-Au exhibited in-
sulating behavior. Despite the differences existing between our sam-
ples and the specimens characterized by Cao et al.?, in either case, the
mechanisms that determine the electrical conductivity are related to
the microscopic structure of the CP segments. Cao et al. proposed
that the enhanced microstructure of PEDOT(ClO4) compared to PE-
DOT/PSS, originates from the synthetic conditions. Indeed, they no-
ticed that the perchlorate ion is much smaller (monomeric) and thus
should introduce less disorder in PEDOT than PSS, which is also be-
lieved to induce a much more important conformational disorder [16].
Also, they suggest that the use of two different solvents used for the
synthesis of the CP segments - that is acetonitrile for PEDOT/CIO4
whereas a mixture of (1:1 v:v) acetonitrile/water was used for PE-
DOT/PSS, could further strengthen the microstructural dissimilarities
between the PEDOT/CIO4 and PEDOT/PSS segments as acetonitrile
is known to minimize side reactions that terminate the CP chain prop-
agation [48, 16].

Unfortunately, for our samples, these explanations do not apply be-
cause the same counter ion (ClO4) as well as the same solvent (water)
were used for the synthesis of all the samples, even for the ¢ < 50 nm
samples. We propose that the molecular and supermolecular structures
of our samples could be enhanced by specific growth mechanisms asso-
ciated to the electrochemical synthesis within small diameters PC tem-

9Cao et al. characterized HNWs Au-PEDOT-Au with ¢ = 500 nm PEDOT CP
segments with /Cl04 and poly(4-styrenesulfonic acid)(PSS) counter ions.
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Samples | W4 K) T (K) Rrg
M50-A 4941 7.6x105 498

M40-A 0.86 580 1.8
M40-B 0.77 1608 1.5
M40-C 0.19 19 5.6

Table 3.2: Small diameter samples measured in this study, listed with
decreasing values of the reduced activation energy W (T") at liquid helium
temperature. The Mott temperature 7y and the empirical parameter
Rr = R(T7K)/R(290K) are also given. 'W(T=58 K) as R(T) is not
accessible at lower T

plate as reported for films made of compacted CP NT with diameter
smaller than 60 nm [204, 199, 178, 152] and more recently for PEDOT
NWs [12]. The basic idea is that the relative proportion of ordered and
amorphous polymer chain materials produced by the template method,
varies as a function of the pore’s diameter. Consequently, small diam-
eter CPNWs contain more ordered chains which translates into higher
localization length and R7T" conductivity.

Based on the experimental facts, we argue that our 40 nm diameter
Au-PPy-Au NWs are in the critical regime of a disorder-induced metal-
insulator transition. While M40-A and M40-B specimens lie at the limit
of this transition, on the insulating side, sample M40-C is in the metallic
side. Samples with higher diameters are clearly in the insulating side
(v > 1). The transition can be explained by a consequent decrease of the
disorder strength of the CP segment, in the 40 nm specimens due to the
specific growth mechanism involved in the template method, similarly
to the suggestion made for pure PEDOT NWs [12].

In a naive view of this mechanism, a metallic behavior is expected
for smaller diameter HNWs (¢ < 40 nm). Strikingly, the ¢ = 30 nm
sample (M30-A) presents the typical characteristics of samples located
far in the insulating regime (¢ > 50 nm). The T-dependence of R(T') of
sample M30-A follows the 3D-Mott VRH (see Fig. 3.11). The parameters
Rp =193 and Ty = 2.98 x 107 K are orders of magnitude higher than for
40 nm sample. This result is quite intriguing as intuitively, the growth
mechanism and the doping level of 30 nm diameter CP NWs should be
very close to what is found within 40 nm diameter samples, not to say
the same.

Unfortunately, because the electrochemical synthesis of HNWs within
PC templates with diameter below 40 nm is not straightforward, only a
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unique sample with ¢ = 30 nm was characterized.

The first reason that comes to mind to explain this behavior is related
to the main disadvantage of the vertical contacting technique, namely
the averaging of the diameter of the measured HNWs which could com-
bined to the possible error on the nominal diameter of the PC membrane.
However, the total uncertainty on the diameter required!'® would be ab-
normally high (higher than 67 % of the nominal diameter) to account
alone for such behavior.

As it will be shown in the two next chapters, this lack of precise struc-
tural information about the measured HNWs disappears by performing
single NW measurements.

In the following section, we present measurements of the conductance
of various HNW samples as a function of temperature and voltage that
could suggest a tunneling mechanism into a Luttinger liquid.

3.4.2 Electron-Electron Interactions in CPNWs

Low dimensional and 1-D structures are of great interest for investigating
transport mechanisms on the nanoscale, where the quantum confinement
effect, Coulomb charging energy, electron-electron interactions (EEI),
and disorder all play important roles [20]. Especially, EEI are strongly
affecting the transport in 1D systems by leading to phases different from
conventional Fermi liquid [120]. While the effects of dimensionality on
interacting electrons were predicted a long time ago [205, 206] it is only
recently that they were shown experimentally (see section 2.5.3).

Recently, it was shown by Long et al. that EEI could become sig-
nificant enough at low 7" to have an impact on the transport properties
of single CP NWs [73]. EEI induce a depletion of the density of states
at the Fermi energy resulting in the creation of a Coulomb gap at low
temperature visible in zero-bias anomaly of dI/dV plots. In this case,
the Efros-Shklovskii model replaces the Mott VRH and the observed re-
sistance follows the relation 2.18. However, such 1" dependence has not
been observed in our samples, most probably because the resistance in
our samples cannot be measured at low temperatures T' < 50 K. The
figure 3.16 gives typical dI/dV plots for a 160 nm diameter and a 40
nm diameter samples. Generally, such zero-bias anomaly in the dI/dV
and the associated non-linear (I — V') characteristics can be explained
by various models.

Indeed, up to now, several groups have studied the low T trans-
port in various CP NWs such as PPy, PANi or PA and have analyzed

1076 measure HNWs with a real diameter ¢ >50 nm whereas the nominal is $30
nm.
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Figure 3.16: dI/dV vs V for two HNW arrays at T = 100, 50, 30 and 4
K.

the obtained transport data in terms of specific models such as space
charge limited current (SCLC) [112, 207, 113], quasi-1D variable range
hopping [208, 124], fluctuation-induced tunneling [117, 17] or other
based on electron-electron interaction (EEI) such as Luttinger liquids
(LL) [18, 120], Wigner crystals (WC) [18, 168] or Coulomb block-
ade [209, 154].

The SCLC model (see section 2.3.3) is characterized by a current
density J following a power-law of the applied voltage J o< V?, (see
equation 2.7). Generally, in the case of a shallow-trap SCLC regime /3
equals 2 [112]. In the inset of the Fig. 3.17.(a), is given the exponent
5 as a function of temperature, for various samples. Obviously, at room
T, 8 = 1 stems from the Ohmic regime of transport while for decreasing
T, B increases exceeding the SCLC values for temperatures T' < 100 K
and reaches at liquid *He temperature values about 6. The SCLC is
thus ruled out. Our samples are quite far from an ideal 1-D wire even
though CP can be seen as 1-D conductors because they are composed
of a high number of intertwined 1-D carbon atoms chains. Despite the
unavoidable disorder, the optical and electronic properties of CP are
intrinsically anisotropic due to their electronic structure (delocalization
of m-electrons along their backbones) [71]. As a result, if the interchain
hopping can be neglected, one expects, for highly ordered CP, the charge
transport to be influenced by 1-D effects. In the following, we discuss
our low-T" data for HNW arrays (® > 50 nm) in terms of 1-D effects and
EEI in light of the recent work of Rodin and Fogler [210].

As we have seen in the section 2.5.3, the main feature suggesting
a LL is a power-law dependency of the tunneling density of states near
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Figure 3.17: Conductance vs T for various samples. The dashed lines
are guides for the eye. The inset gives the exponent 8 as a function of
the temperature for samples M50-A, MPP’90-A and M160-A.

FEr, which translates in the power-law dependencies for the conductance
and the current given in the equation 2.27. In our samples, power-law
dependencies of the conductance -calculated around the zero bias point,
were observed with 3 < a < 5 while power-law dependences of the
current are found at sufficiently low temperatures 7' < 200 K with
2 < 8 < 6 as shown in the Fig. 3.17.(a). Power-law fit are always
better at lower 7. Remarkably, the power-law of G(T') and I(V) was
found in many HNWs measured in the vertical configuration presenting
diameter ranging from 50 to 160 nm, but also in planar configuration
with single HNWs measured with the bottom-contact method (samples
S70-A S70-B and S90) (see chapter 5).

To further investigate the presence of a LL in our samples, we plot-
ted I/T'*® against eV /kgT, for samples M70-A, M160-A, M90OPt-A
and M160-C. Indeed, if the tunneling in a LL is the dominant charge
transport mechanism, the (I — V') characteristics should be given by the
general equation 2.28. The parameter o were found for each sample
from the fit of G(T'). As shown in the Fig. 3.18, for many samples,
the curves collapse pretty well in a single one, independently from the
diameter and also for a wide range of temperatures 30 K < T < 200 K.
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Strikingly, the sample M160-C with the same parameters than M160-A
do not verify the scaling relation.
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Figure 3.18: Collapse onto the universal curve I/T'*® vs eV /kgT for
samples M70-A, M90Pt-B, M160-A and M160-C. « is the exponent from
G(T) dependence. The sample M160-C exhibits clearly a deviation from
the LL theory.

These results might suggest that the LL state could describe the
electronic transport properties of HNW samples. Indeed, the power-
law variations G(T') and I(V') observed in in our samples follow the
equation 2.27 and the scaling relation described by the equation 2.28.
Interestingly, a recent work of Rahman et al., dealing with PPy NWs
embedded in PC template measure in the same vertical configuration
than our samples, showed the existence of a crossover from the 3D VRH
to a power law behavior for PPy NW arrays as a function of the applied
bias [13]. Nevertheless, such crossover was not observed in our samples.

The values of the exponents « and S found for our samples are similar
to values reported for PPy NW arrays by Rahman et al.. A strong T-
dependence of § was also observed. Apart from a few exceptions, the
values of 8 and a obtained for HNWs always exhibit 3 # a+ 1 !, while

1 The parameters o and 3 are listed in the table A.3.
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5 = a+1 is expected in the case of a single chain of LLs. Moreover, (5 is
less than o in many cases, which contradicts the previous relation for a
single chain of LLs. These discrepancies were found in other 1D-systems
(CNT, CP and inorganic NWs) [166] and may depend on the number
of channels, the impurity distribution or the presence of disorder and
the interactions between the CP chains which have an impact on the
properties of LL [163, 119]. In fact, if one considers only the values of 3
obtained at T'= 4 K, then in many cases § > «. While several authors
noticed a diameter dependence of 5 [166, 13], no convincing diameter
dependence was found for the exponents in our samples'?.

However, as mentioned recently [211], the LL theory requires clean
and pure one-dimensional systems to be applicable [164]. Thus, the
observation of such transport mechanism seems very surprising as each
CP segment is composed of many chains which are not all perfectly
parallel due to branching and high disorder which make our samples
neither ideal 1D conductors nor perfectly clean. The behaviour of our
samples should be explained by other means.

In a very recent paper [210], Rodin and Fogler emphasized that the
observation of apparent power-law behavior is not sufficient to conclude
about the presence of LL in disordered quasi-1D systems such as our
HNWs. Moreover, they demonstrated, based on a numerical study, that
the VRH conductance could deviate, in specific hopping configuration,
from the usual exponential formula (equ. 2.17), to exhibit the collapse
onto the universal curve of Eq. 2.28 and an apparent power-law behavior
(equ. 2.27) within narrow 7" and V intervals.

Indeed, for our samples, the collapse onto the universal curve was
obtained only for rather narrow 7" range (excepted for sample M90Pt-B
for which the collapse occurs until liquid helium 7') and exceptionally
until RT (sample M70-A). Similarly, in the work of Rahman et al., the
scaling to the master curve is observed mainly at low-7" (7' < 100 K).
The explanations brought by Rodin and Fogler allow to understand why
a few samples (like sample M160-C) do not verify the scaling relation
given by the equation 2.28, but also why the relation between the expo-
nents 8 = « expected for the LL model is not verified in our samples.

2Here, we do not consider the ® < 50 nm samples.
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3.5 Summary

In this chapter, we presented briefly the synthesis of well-shaped multi-
segmented hybrid nanowires by an all-electrochemical process. We de-
scribed the structural properties focusing especially on the interfaces of
the obtained metal-CP junctions. TEM Characterization of the polymer
junctions unambiguously demonstrates the absence of short-circuits and
reveals a strong structural difference between the bottom polymer-onto-
metal interface and the upper metal-onto-polymer interface. Then, the
electrical properties of several classes of hybrid nanowires were investi-
gated as a function of the temperature, and in presence of a magnetic
field. All samples present symmetrical and linear current-voltage char-
acteristics at room temperature. The T-dependence of the resistance
exhibited a typical insulating behavior for ¢ > 50 nm samples. We ana-
lyzed the low-T data in terms of three-dimensional field-activated hop-
ping mechanism. Our understanding of the non-Ohmic three-dimensional
hopping transport is consolidated by the low T" magnetoresistance data.
Consequently, the three-dimensional Mott variable range hopping model
provides a complete framework for the understanding the transport in
hybrid nanowires with diameter down to 50 nm. Remarkably, 40 nm di-
ameter samples exhibit a dramatically lower disorder strength together
with a power-law temperature dependence of the resistance, characteris-
tic of the critical regime of disorder-induced metal-insulator transitions.

Finally, we present low-1' data for several classes of HNWs and
discussed them in terms of electron-electron interactions and the one-
dimensional model of Luttinger liquids comparing our data with recent
works.
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4.1 Introduction

In the previous chapter, the electrical measurements were performed on
multiple nanowires-contained within the polycarbonate template. This
method for measuring nanowires (NWs) is quite convenient as it is very
fast and requires no complex processing of the sample to be measured.
Furthermore, the NWs enclosed within the template are mechanically
supported by the template and are protected from the effect of the oxy-
gen and the humidity present in the air. However, two main drawbacks
arise from this method. Firstly, the exact number of connected NWs is
not known even if a rough estimated can be deduced from the porosity of
the template and the surface of the electrical contact as follows: a typical
value of porosity and contact surface are respectively 10° pores/cm? and
1073 em?. The contact surface depends on the technique used. Here,
the electrical contacts were made by hand by depositing a silver paint
drop on top of the sample and because of that the contact dimensions
are always bigger than 100 x 100 um?. Assuming that all pores are filled,
the number of connected NWs is about Ny ~ 1 x 10% #. Among those
NWs and even when a calibration of the synthesis parameters is care-
fully performed, one expects a wide distribution of the polymer segment
length and of the quality of the interfaces.

Secondly, because we are dealing with multi-segmented NWs, the
length of each segment can differ quite significantly between different
NWs prepared with the same deposition parameters and within the same
PC membrane. Also, because the diameter can differ slightly (10 - 20%)
from one NW to the other, the intrinsic conductivity (calculated by using
the geometrical parameters) can vary greatly. These distributions result
in an averaging effect on the electrical measurements and contributes
in masking the intrinsic properties of single NWs. More complex tech-
niques were developed for the template electrochemical synthesis of NW,
which allows the synthesis and the measurement of a single NW (more
exactly, one to a few NWs are connected in parallel, depending on the
control of the electrochemical synthesis) [212]. As a result, the aver-
aging effect on the measured properties, is avoided. Nevertheless, for
non-homogeneous NWs such as HNWs, the geometrical and structural
characteristics (diameter and lengths of each layer/segment) cannot be
precisely measured.
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Thirdly, the available measurement techniques, which are the two-
contact geometry and the pseudo-four-probe configuration, cannot avoid
the contact resistance to be included in the measurements, in contrast to
the four-probe geometry available in the planar measurement of a single
NW.

Finally, as we have seen in the chapter 1, CP NWs exhibit a high ap-
plication potential. Generally, these applications require that the NWs
interact in some way with the environment or with any chemical, elec-
trical or physical agent, which is not straightforward for NWs contained
within a template. For all the above reasons, the use of NWs freed from
the template is the best choice for the characterization of their intrinsic
properties but also for applications oriented purposes.

Nonetheless, it is worthy of noting that the single NW configuration
does not take advantage of all the benefits and properties of NWs arrays
as it presumes to free the nanostructures from the template, destroying
the structural ordering of the NWs array and the possible magnetic
or optoelectronic properties that could be associated to it [213, 214,
215, 216]. Nevertheless, in this chapter, we will focus on the properties
of single NW and we will not discuss the properties originating from
arrayed HNWs.

Once the NWs are freed from the template, they must be connected
to the outside world to eventually become part of an electronic cir-
cuit [217]. This integration requires NWs to be precisely aligned and
positioned onto microfabricated contacts which is a quite challenging
task. Hopefully, various techniques were specifically developed for the
assembly of NWs onto electrodes and are based on the use of elec-
tric [218, 16, 219] or fluidic fields [22, 220]. The deposition and contact-
ing techniques of single NWs are crucial issues for the characterization
of the intrinsic properties of NWs as well as for the performance of NWs-
based devices. Therefore we devoted the first part of this chapter to the
contacting methods and the measurement techniques used for the char-
acterization of single template-synthesized NWs in planar configuration.
We review the the fabrication of single NW devices focusing on several
technological aspects of contacting techniques used in this work.

In the last section, we present the fabrication of a multipurpose plat-
forms, fabricated via Si micromachining techniques and state-of-the-art
nanoscale processing which offer a unique tool for studying single nanos-
tructures. These platforms are based on a thin (< 100 nm) Siz N4 mem-
brane, on top of which nanomaterials such as nanoparticles or nanowires
can be deposited, contacted and measured. Thanks to the excellent
electrical and mechanical properties of the membrane, these platforms
enable the correlation between structural properties (elemental compo-
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sition, crystalline orientation, surface geometry, ...) - as contemplated,
for instance, by transmission and scanning electron microscopies - and
electrical properties of nanoscale materials. Consequently, the electri-
cal measurements really gain in value and allow to get a better insight
of nanoscale materials. The characterization of HNWs performed with
these platforms are given in the section 5.4. These platforms can be
used with a multitude of contacting techniques such as the standard e-
beam lithography (EBL), dielectrophoretic trapping and electron-beam
induced deposition (EBID) (see section 4.2). Strikingly, despite the use-
ful information that could bring such tool, only a few publications pro-
posed membrane-based devices for studying properties of nanomaterials
such as CdS nanorods or CNT [221, 222, 223, 224, 225].

4.2 Deposition and Contacting Techniques

In the recent years, many studies were devoted to the structural and
electronic characterization of low dimensional materials. Among them,
nanowires (NWs) and nanotubes were intensely scrutinized because of
their potential use in various applications requiring miniaturization. Be-
sides the well-known CNT, many species of NWs-like nanomaterials can
be synthesized from inorganic and/or organic materials and offer an im-
pressive applicative potential from bio-environmental sensing and energy
harvesting to ultra-low power electronic devices and high density mem-
ories. Nevertheless, the use of single NW in real applications asks for
identifying their intrinsic behavior and requires to manipulate and con-
tact them properly. At the nanoscale, a simple resistance measurement
can revealed itself quite challenging.

Although it is possible to integrate NWs directly into some specific
device platforms during synthesis (see appendix B.3), it is more common
to make NW devices starting from a NW suspension [22]. Various meth-
ods were developed for positioning and aligning NWs on a substrate, us-
ing microfluidic [226], electrostatic interactions [214] or dielectrophoretic
methods [227, 16] or again methods based on optical trapping [228, 229].

The techniques used for contacting a single template-synthesized NW
in planar configuration can be divided in two approaches:

e the bottom-contact method. The NW is deposited on top of
the electrodes.

e the top-contact method. The electrodes are deposited on top
of the NW.
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In the present work, the main results were obtained using two dif-
ferent techniques for contacting NWs. The first one, the dropcast depo-
sition is a bottom-contact approach and consists in depositing NWs in
solution onto metallic electrodes predefined by lithography. The other
technique uses a standard electron-beam lithography for defining the
electrodes on top of the NWs similarly to what was performed in the
work of Vila, L. [230].

4.2.1 From Template to Solution

To obtain a planar single NW device, independently to the technique
used for contacting the NWs, it is needed to free the NWs from the
polycarbonate template. This step is performed by dissolving the poly-
carbonate template in dichloromethane (C HyCls). Doing this, without
any special care leads to a very few NWs in solution as often most of
the synthesized NWs stay sticked to the gold bottom electrodes. There-
fore, the removal of the gold back electrode is mandatory for freeing a
maximum of NWs. Often aqua regia solution is used for Au etching.
Here we preferred an iodine based solution for etching the gold layer as
it does not etch transition metals such as Co or N7 and because it is
characterized by a lower etching rate (1 wm/min at RT) compared to
aqua regia solution (10 pwm/min at RT). Gold and iodine form gold
iodide via the following equation:

2Au + Iy — 2Aul

The solubility of Aul is improved by adding KI to the solution ob-
tained in the mixing ratio Iy : KI: Ho0 DI =10 g : 2.5 g : 100 ml.

Furthermore, adhesive tape can be used to prevent the etching so-
lution to diffuse within the pores containing the upper Au segment of
the HNWs. Once the Au layer is etched, the template should be quickly
rinsed thoroughly in DI water, again to prevent the unintentional etch-
ing of the bottom Au segment of the HNWs and the template becomes
transparent as only the adhesion layer remains'. Also, it is preferable to
remove also this adhesion layer, otherwise it would form residues during
the deposition process. This can be easily etched in a specific solution.
Once, the template was rinsed and dried in a Ny flux, it is ready for
being dissolved in pure dichloromethane.

Assuming a circular synthesis area of 5 mm of diameter, the (maxi-
mum) number of NWs in solution is about Ny =~ 10% #. As the goal is

!Generally, a 5 — 10 nm thick adhesion layer is deposited on top of the PC mem-
brane before the Au electrode.
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to deposit single NWs homogeneously on a substrate, the density of the
solution has to be controlled by the amount of solvent and generally, for
all non segmented NWs (metallic NWs, CNT,etc...) a sonication step
is performed to homogenize the solution [230] but sonication has to be
avoided when the solution contains HNWs. Finally, the solution is only
stirred and slightly heated (7" ~ 45°C) to favor the dissolution reac-
tion. From a solution of 100 ml, a drop of 1 ul contains a maximum of
1000 NWs. Depending on the chosen approach for contacting NWs;, this
density can be further decreased. Among these NWs, the observation
of dispersions of tri-segmented 90 nm diameter Au-PPy-Au HNWs on
oxidized substrate has shown that around 50 % were missing one metal-
lic segment. This proportion of broken NWs depends of course on the
diameter of the deposited NWs due to the stronger polymer/metal adhe-
sion for higher diameter HNWs, but also on their length. It was noticed
that short Au-PPy-Au HNWs -that is typically 12 pum long and below,
are often in one piece. Also, PEDOT-based HNWs are much robust
with better mechanical Metal-CP interfaces as only less than 25 % of
the tri-segmented HNWs are broken when freed from the template [70].
This could stem from the optimized synthesis parameters and the strong
interaction between the Au segments and the sulfur atoms present in the
EDOT monomer.

4.2.2 Bottom-Contact Approach

Once the solution containing the NW is obtained, the simplest way to
make a contact to a single NW is to deposit directly a small quantity of
the solution containing the NWs on top of a substrate with predefined
electrodes. The procedure is exemplified in the Fig. 4.2.(a). Because
of their low weight ? the position of HNWs in a solution is dictated
mainly by the forces induced by the different flux occurring in the solvent
drop due to its evaporation and the interaction of the solvent with the
substrate. In the two following sections, we present the simplest dropcast
deposition method and the dielectrophoretic assembly.

The dropcast deposition is a passive method, which requires a high
concentration of NWs to increase the probability that a single NW falls
correctly onto more than one electrode. In order to further increase
this probability, a high surface density of electrodes is desired. As a
result, we designed 180 pum long electrodes with different spacing from
1 pm to 5 wm. The increase of the electrode density is limited by the
smallest dimensions (smaller than 150 x 150 um? is not reasonable) of
the pads required to contact the device to the measurement system.

2The weight of a typical 100 nm diameter, 15 pum long HNW is about 1 pg.
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Figure 4.1: Evaporation induced deposition and alignment of NWs at
the solvent-substrate contact line. (a) CCD image showing a typical
pattern of metallic NWs formed upon drying a 10-ul droplet of solution
in methylene chloride onto a hydrophilic glass slide. (b) Schematic il-
lustration of the deposition of NWs at the edge of a drying droplet on a
horizontal substrate. From reference [22].

While RT measurements can be performed with a probe system, low-T
measurements require the devices to be contacted to the sample holder
and the measurement system by hand using silver paint and gold wires.
The Fig. 4.2 gives a 3D view of a typical device designed for contacting
NWs by the dropcast method. Typically, 50 sets of four gold electrodes
with the corresponding pads are easily defined on a 6 x 8 mm? substrate.

The Fig. 4.1 gives CCD pictures of a deposition of NWs obtained
by the evaporation of the solvent. This is the simplest way to deposit
NWs onto a substrate. The global alignment of the NWs is induced by
the shape of the solvent-substrate contact line during the evaporation
of the solvent [214] and this process can be influenced by structuring
the substrate. For instance, trenches - obtained by dry etching of the
S104 layer could be advantageously used to trap HNWs. Unfortunately,
this dropcasting is not selective as it deposits onto the electrodes HNWs
but also the dirts present in the solvent. We will show below other
techniques that can be used to improve the deposition. Let’s first detail
the electric devices and their fabrication process.

A schematic diagram of the process given in the Fig. 4.2.(c) and
more details are given in the appendix C. Essentially, a 360 um thick, 3
inches Si highly doped wafers (Si <111>, 3-5 mOhm/sq ) are oxidized
in a dry atmosphere to obtain high quality and uniform SiOs layer (step
1). Gold or platinum pads and electrodes are defined by an optical or e-
beam lithography (steps 2 & 3) followed by the evaporation of a 100 nm
thick Au or Pt layer with a typical adhesion layer of 5 nm of Cr or Ti
(step 4). Then a lift-off is performed generally in acetone followed by
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Figure 4.2: (a) 3D view of an electrical device designed for contacting
NWs by the dropcast method. (b) CCD images of the electrodes area de-
signed for the dropcast deposition. (¢) Schematized fabrication process
of electrical devices.

rinsing the wafer in isopropanol and water. Wafers are diced to obtain
single devices with typical dimensions of 6 x 8 mm? (see Fig. 4.2.(a)).
Once a drop of solution is deposited onto the substrate, it has to
completely evaporate to allow the NWs to enter in contact with the
substrate (Si02). As the solvent evaporates, the volume of solvent de-
creases but with a constant number of NWs and impurities coming from
the dissolution of the membrane. Consequently, if nothing is done, var-
ious dirts such as broken NWs and PC residues are concentrated and
will be deposited together with NWs as shown in the Fig. 4.3.(g) and
(h). This situation has to be avoided as the dirts have a huge impact
on the measured electrical properties of deposited NWs. Even if a single
NW seems correctly deposited onto gold electrodes according to optical
inspection, only electrical measurements could reveal the quality of the
electrical contact obtained. For example, the two HNWs given in the
panel (c-d) presented highly nonlinear and non reproducible (I — V)



4.2. Deposition and Contacting Techniques 99

characteristics at RT while comparable HNWs given in the panel (a-b)
present Ohmic characteristics.

Short sonication can be used for cleaning the surface, when the den-
sity of NWs deposited in the region of interest (electrodes) is high. But
in the special case of HNWs, sonication is prohibited as it is the best
way to break them in pieces.

Figure 4.3: SEM pictures of HNWs contacted by the bottom-contact
approach. The scale bars are 2 um otherwise indicated.

Remarkably, the experience has shown that the deposition process
is greatly improved by changing the condition of the dropcast. Indeed,
when performed on a heated substrate above 40°C- the boiling point
of the solvent, the deposition of NWs onto the substrate occurs homo-
geneously while the PC and the other impurities stay dissolved in the
solvent drop which can be easily removed by a nitrogen flux. Then, pres-
ence of NWs is checked by optical inspection before rinsing thoroughly
with pure solvent. Thanks to this procedure, single isolated NWs are
obtained with very few impurities, dirts and PC. For comparison, pic-
tures of a hot dropcast and a normal dropcast are shown in the panel
(i) and (g) of the Fig. 4.3, respectively. With the hot dropcast, the
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deposited NWs are not glued together by PC residues and are homoge-
neously dispersed onto the substrate. This hot dropcast is essential for
the deposition of NWs onto membrane-based devices for which sonica-
tion is not allowed (see section 4.4) and was used also for the dispersion
of HNWs contacted by a top-contact approach.

Besides the random spatial distribution of deposited NWs onto the
substrate obtained by the dropcast method, the orientation or the align-
ment of the deposited NWs to electrodes is not always the good one.
Indeed, it is driven mainly by a shear force during solvent evapora-
tion [214] which are not easy to control. As a result, the probability
to deposit correctly a unique NW onto electrodes is further decreased.
Here, correctly means that the NW is contacted by at least two elec-
trodes at both extremities and exhibit linear (I — V') characteristics at
RT with low contact resistances. Interestingly, as it will be shown in the
section B.2, this probability can be enhanced by the use of an external
electric field to trap N'Ws directly onto the electrodes.

4.2.3 Top-Contact Approach

Because top-contact approaches allow to perform several cleaning steps,
they appear more interesting in the point of view of electrical charac-
terization of single HNWs despite the higher cost (time and resources)
associated to these techniques. The contacting procedure of the top-
contact approach can be summarized as follows. Prior to the electrodes
fabrication step, the dispersed HNWs are deposited onto a substrate by
the hot dropcast technique. Here, the substrates are identical to those
used within the bottom-contact approach but the central part of the de-
vice containing the electrodes is left empty. A CCD image of an empty
device is given in the Fig. 4.4.(a). The device is then thoroughly rinsed
with pure solvent in a home made soxhlet like system in which solvent
is evaporated from a heated bath and condensed to flow on top of the
device continuously. The panels (b-c) of the same figure gives two exam-
ples of 110 nm diameter HN'Ws as observed after the cleaning procedure.
Then electrodes are deposited on top of NWs. While many techniques
(shadow mask, optical lithography,...) can be used for the deposition of
the electrodes, only the EBL-based technique gave satisfactory results
and was used for the RT' measurement of single HNWs (see section 5.3).
Another top-contact technique was used in this work for contacting sin-
gle HNWs. This technique allows to deposit Pt electrodes directly on
top of the NW by the chemical decomposition of a gaseous precursor
similarly to a local chemical vapor deposition process. This technique is
briefly presented in the appendix B together with a few measurements
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obtained for single HNWs.

Once the HNWs are deposited onto a substrate by the hot dropcast
technique, the device is then thoroughly rinsed with pure solvent in a
home made soxhlet like system in which solvent is evaporated from a
heated bath and condensed to flow on top a the device continuously.
The device is then dried in a nitrogen flux. Careful observation with
an optical microscope determines the presence of entire HNWs. The
positions of the extremities of the HNW gold segments are measured
relatively to the electrodes and/or alignment marks, directly on an image
taken at high magnification such as the one given in Fig. 4.4.(b-c).

@ Mark 1 : (b)

@ h — ) —

Figure 4.4: CCD images of SNWs devices at different steps of the EBL
processing. The scale bar are 50 pm unless otherwise indicated.(a) view
on a device’s central part with 8 contacts and 3 alignment marks ready
for the dropcasting of HNWs.(b-c) Examples of high resolution CCD
images taken for the position measurements of HNWs.

These coordinates are used for drawing a set of electrodes adapted
for each HNW and fitting in the contacts pads shown in the Fig. 4.4.(a).
For high precision in the measurement of the position of the HN'Ws which
is required for the placement of a lateral gate for instance, SEM imaging
can be used. The drawback arises from the unavoidable e-beam exposure
of the NW to be contacted. It is thus preferable to observe cautiously
the sample as little as possible, preferentially at low magnification and
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using a very low beam current in order to limit as far as possible the
exposure of the NW. Once the NW spotting is performed, the EBL
resist is deposited on top of all the sample. PMMA is generally most
commonly used as a high resolution positive resist for direct write e-beam
as well as x-ray and deep UV microlithographic processes [231]. In this
work, high molecular weight PMMA (950 k), dissolved in chlorobenzene
(2 — 7 %) was spincoated at moderate rotating speed and acceleration,
typically & = 2000 rpm and & ~ 2000 rpm.s~' and baked in an oven
at T = 120 — 140 °C under nitrogen atmosphere for at least 30 min.
Depending on the electrodes thickness, width and spacing, the EBL
resist thickness should be adapted to allow an easy removal of the lift-
off procedure. In all cases, the resist thickness should be at least three
times higher than the metal thickness. The best results were obtained
with the use of a bilayer resist made with the followed spincoating of
layers of a copolymer PMMA-MAA @ 4.5 % and PMMA 950 k @ 4 %
(in chlorobenzene) with typical thickness of 150/600 nm spincoated at
2000 7pm /2000 rpm.s—t. This bilayer produces nice undercut profiles
helpful in the lift-off process. Examples of developed EBL are given in
the Fig. 4.4.(d-e).

Generally, the exposure is performed with a dose varying between
350 and 450 uC/cm?. The value could be adapted to the conditions,
equipment and developer used [231]. Prior to the EBL exposure, two
point and three point alignments are performed to ensure a good overlap
of the designed electrodes onto the predefined pads. The experience
has shown that marks reading procedure is mandatory to reach high
accuracy in the positioning of the electrodes, especially when several
contacts are deposited on a single HNW. In this work, an accelerating
voltage of 30 keV was used for all exposures. The effect of the e-beam
exposure is to break the long PMMA chains into several fragments which
are soluble and thus can be removed in a proper solvent. In this work,
PMMA was developed in a 3 : 1 mixture of isopropanol alcohol (IPA)
to methyl iso-butyl ketone (MIBK) for 90 s and then rinsed in pure IPA
for 60 s and dried with filtered nitrogen?.

Prior to the deposition of the Au electrodes, a short cleaning oxygen
plasma is performed to remove all PC and resist residues that could
remain on the NWs due to the previous processing steps. The plasma is
performed with a K1050X Plasma etcher/cleaner * an applied power of
20 Watts at a pressure of 2 mbar of 02 during 20 seconds. This ensures a
clean NW-to-electrode interface, removing all the residual PMMA which

3The detailed process is given in the appendix.
4Quorum Technologies Ltd. Charlswoods Road, East Grinstead, West Sussex,
RH19 2HL, United Kingdom
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translates into a good electrical contact. Of course, this step can be
questioned when contacting a single CP NW as conjugated polymers
could be sensitive to plasma exposure. Actually, the parameters of the
plasma (time, power) were optimized to etch only a few nm of PMMA?.
To really check the influence of this cleaning steps on the CP segments,
single HN'Ws should be measured before and after a 02 cleaning plasma.

4.3 Measurement Techniques

All the electrical measurements of NWs presented in this manuscript
(resistivity, current-voltage characteristics, magnetoresistance, transis-
tor transconductance, etc...) can be resumed to voltage and current
measurements performed simultaneously as a function of a parameter
such as the temperature or the magnetic field. The figure 4.5.(a) gives
a schematic view of a homogeneous sample contacted by several elec-
trical probes. These probes are characterized by several geometrical
and physical parameters (width d, thickness ¢, resistivity ppropes) and
define at the same time, the interface with the sample. The quality
of the resulting interface can vary widely depending on the technique
and the conditions used for defining the electrodes. A good electrical
characterization of the intrinsic properties of a sample requires clean
and controlled interfaces to inject properly electrical charges through
the metal/sample interfaces. Otherwise, the intrinsic electrical proper-
ties of the sample could be hidden by interface related mechanisms that
limit the charge transport. Contrary to the case of inorganic materials
where Ohmic contacts are obtained by a doping procedure consisting
often in a diffusion of dopant, organic materials are directly contacted
by metal electrodes [232]. We will see that the simple resistivity mea-
surement is not as trivial as it seems especially when the sample is not
homogeneous and presents nanoscale dimensions. Let’s briefly review
the measurement techniques.

4.3.1 Two-Probe Measurement

The so-called two-probe resistance measurement technique consists in
injecting a known current I through the sample between two leads,
and to measure the resulting voltage drop AVse using the same leads
(see Fig. 4.5.(b)). The sample resistivity psc can be easily deduced as-
suming the section (5) and the length (Lac) of the sample are known:
pac = AVoeS/ILac. The two-probe measurement technique was widely

SWhich is the typical thickness of potential PMMA residues on the NWs
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Figure 4.5: (a) Schematic view of a NW like sample contacted by four
electrical probes. (b) Equivalent circuit of a two-probe measurement.
The measured resistance includes the contact resistances R.. The in-
fluence of the interface mechanisms are included in the measurements.
(¢) Equivalent circuit of a four-probe measurements. d) Voltage drop
along the sample in the case of metallic and highly resistive probes (red
curve).

used and is still often performed but presents two main drawbacks. First,
the sample resistance is over-estimated as it includes a total contact re-
sistance 2 R that may not be always neglected. Especially, care should
be taken when measuring low resistive samples such as metallic NWs.
secondly, as the AV5¢ is measured at the same point where the current is
injected, in the case of a bad lead-sample interface, AVoc could contain
an important voltage drop due to charge injection issues which could
result in non-linear characteristics. This could happen for oxidized or
contaminated sample surface with PC residues or other materials present
in the solvent or because of a work function mismatch (see section 4.3.3).
Almost all the HNWs contacted by the bottom contact approach were
characterized by two-point measurements. The main reason is simply
that two good (Ohmic) electrical contacts to a single HNWs is statis-
tically much more probable and easy to obtained with the dropcast
method, than four.

4.3.2 Four-Probe Measurement

A solution to fix these problems is given by the four-probe technique.
As exemplified in the Fig. 4.5.(c), besides the current-injection leads (1
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and 4), two more leads (2 and 3) are used for measuring the voltage drop
AVye. In the case of a perfect voltmeter (with an infinite impedance),
no current flows in the leads 2 and 3. As a consequence, AVy¢ is exactly
equals to the voltage drop between the point 2 and 3 of the sample
and all the measured current I goes through the sample. The resulting
resistivity psc = AVyeS/IL4c is not affected by the charge injection
mechanisms occurring at the lead-sample interfaces.

Despite the apparent simplicity of the four-probe technique, a few
precautions should be taken for avoiding errors. Firstly, as shown in the
Fig. 4.5.(a), the presence of the voltage probes could influence the volt-
age drop along the sample (shown in the Fig. 4.5.(d)) when the probes
width d is comparable to distance L4c. In such a case, it becomes diffi-
cult to define precisely Lyc. This translates in an error in the estimated
resistivity psc. Furthermore, when the resistivity of the probes is com-
parable or higher than the resistivity of the sample, the voltage drop
occurring along their width induces an error in the measured voltage
AV, which can combine to other errors , the calculation of the resis-
tivity psc that can not be neglected. Obviously, all the samples are not
homogeneous in their length as the one depicted in the figure 4.5. Con-
sequently, it is preferable to put more than two voltage probes along
non-uniform samples to be able to track the resistivity change along
the sample. For uniform samples, this will give the possibility to check
the consistency of the measurements by performing several four-probe
measurements with various sample length Lyc.

4.3.3 Contact Resistance

The contact resistance R¢, of a device can be determined by subtracting
the four-point resistance Ry¢ from the two-point value from the inner
electrodes of the four-point contact. Generally R¢o includes the resis-
tance of the leads Rj.q.qs and an eventual interface resistance R¢;. The
specific contact resistivity is then defined as [233]

prc = RocAg, (4.1)

where Ao is the area of the contact which can be assumed to be half
of the total NW surface area lying under the metal lead [234]. Note-
worthy, the contact area on nanoscale samples are often 2 or 3 orders
of magnitude lower than for conventional devices, therefore, typical R¢o
values obtained in a single NW device could be hundred or thousand
times higher [233].

Many measurements of single HNWs presented in this thesis were
performed in a two-probe configuration. This implies that the measured
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resistances also include an unavoidable contact resistance R¢ in series
with the NW. Rc cannot be determined only from a single two-point
measurement, nevertheless, several two-point measurements of single Au
NWs, performed in both contacting approaches (top and bottom con-
tact) exhibited resistances lower than a few hundred ohms. This sug-
gests that a two-probe measurement of a single HNW performed by
contacting its metallic segments, should present negligible contact resis-
tances (Rc < 102 Q) Compared to the resistance of a single HNW
106 < RHNW < 108 Q.

When the interface is between a metal and a semiconductor, R¢ can
result from Schottky type contacts. In this case, the zero-voltage specific
contact resistivity can be written as follows

. k or (6(1)5)
Phc = geer “P\p o)

(4.2)

where, A* and ®g are the Richardson constant and the Schottky barrier
height (SBH), respectively. As it will be shown later for HNWs, the
contact resistance can often be modified by doping [235].

4.4 Micromachined Devices

4.4.1 Overview

In the recent years, many studies were devoted to the structural and
electronic characterization of low dimensional materials. Among them,
nanowires (NWs) and nanotubes were intensely scrutinized because of
their potential use in various applications requiring miniaturization. Be-
sides the well-known CNT, many species of NWs-like nanomaterials can
be synthesized from inorganic and/or organic materials and offer an im-
pressive applicative potential from bio-environmental sensing and energy
harvesting to ultra-low power electronic devices and high density mem-
ories. Nevertheless, the use of single NW in real applications asks for
identifying their intrinsic behavior and requires to manipulate and con-
tact them properly. At the nanoscale, a simple resistance measurement
can revealed itself quite challenging.

Moreover, as the intrinsic properties of materials depend on their
microstructures, their elemental composition and the nature of their
surfaces, the understanding of nanoscale materials should be improved
by combining the structural characterization with the electrical measu-
rements on the same sample. Hence, devices that enable the correlation
between structural properties - as contemplated, for instance, by trans-
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mission and scanning electron microscopies - and electrical properties of
single NWs are requested.

In the following section, we present the fabrication of a multipur-
pose platforms, fabricated via Si micromachining techniques and state-
of-the-art nanoscale processing which offer a unique tool for study-
ing single nanostructures. Despite the useful information that could
bring such tool, only a few publications proposed membrane-based de-
vices for studying properties of nanomaterials such as CdS nanorods or
CNT [221, 222, 223, 225]. Here, the platforms were used with a multi-
tude of contacting techniques such as the standard e-beam lithography
(EBL), dielectrophoretic trapping and electron-beam induced deposition
(EBID) (see section 4.2). The microdevices are plasma cleanable and
exhibit a very good chemical stability against various substances (acids,
bases, oxidizing agent,...) but also present an excellent thermal stability
up to very high temperature (7" > 800°C'). All the features of the mi-
crodevices stem from the very thin (30-80 nm) Si3 Ny membrane which is
transparent to electrons, thus making the device compatible with TEM
analysis including the high resolution imaging in bright/dark field mode,
the selected area electron diffraction (SAED), Electron energy loss spec-
troscopy (EELS) and energy dispersive X-ray (EDX) analysis [225]. This
analysis can be coupled to the topology of the samples observed by AFM
and correlated to T-dependent electrical measurements. Furthermore,
because of the good thermal properties of the Si3/Ns membrane, the See-
beck coefficient and the thermal conductivity measurements of a single
nanostructure are possible (see appendix C).

In the following section, we describe briefly the fabrication of membrane-
based devices.

4.4.2 Device Fabrication

We have used Si micromachining techniques for batch-producing devices
based on Si3/N4 membranes on top of which are deposited the NWs to
be analyzed. They are compatible with both bottom and top-contact
planar approaches for contacting single NWs (see section 4.2).

Figure 4.6 gives the schematic view of a single device at each step
of the fabrication process. The detailed fabrication process is given in
the appendix C. The relatively small dimensions (4800 x 4800 pm?) of
the final device are imposed for being compatible with various sample
holders (AFM, TEM). The fabrication process can be described as fol-
lows. Essentially, 200 pm-thick (100) Si wafers are oxidized to obtain
a high quality 20 nm thick Si0Os layer. Then a low pressure chemical
vapor deposition (LPCVD) SigN, layer is then deposited on both side
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Figure 4.6: Schematic view of each important steps of the fabrication
process of microdevices.
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of the wafers according to the following reaction of dichlorosilane and
ammonia

3SiHCly + 4N H3—Si3Ny + 9Ho + 3C15

with a typical thickness between 30 and 80 nm. This layer is crucial to
the microdevice as its intrinsic properties (the most important are its
electrical and mechanical properties) will determine mostly the proper-
ties of the final device’s membrane. Because of the LPCVD furnace lim-
itations, only stocheometric Si3 Ny was used. The deposition of stocheo-
metric nitride is performed at a average rate of 7 nm/min with a gas
flow ratio of 3 to 1 of ammonia and dichlorosilane respectively at a tem-
perature of 7'~ 800 °C' and a pressure of P ~370 mTorr. Nevertheless,
it is known that Si-rich Si3/Ny layer with far better mechanical proper-
ties can be obtained by modifying the deposition conditions. while the
stocheometric nitride present a tensile stress of 0.8 — 1.2 GPa [236], it
could be decreased until values as low as 100 MPa with gas flow ratio of
1 to 6 ammonia and dichlorosilane respectively.

Afterward, 24 Pt or Au pads, 100 nm thick, are defined by optical
lithography. Generally, the lift-off technique is avoid as it can lead to
irregularities of the contact edges when defined by optical lithography.
These irregularities can be problematic for the quality of the electrical
contact with thin samples like EBID Pt line [237]. Thus, another tech-
nique is used and consists in the wet etch of the metal layer (deposited
on the full wafer) covered by a thick resist mask defined by optical lithog-
raphy. Then, openings in the nitride layer on the back side of the wafer
are created by a double side alignment photolithography followed by
dry etching of the exposed areas in an SFg plasma. These two previous
steps can be interchanged, nevertheless, the mask for the first optical
lithography performed on the wafer should be carefully aligned against
the flat of the wafers.

Membranes are then released by an anisotropic etching of the Si all
through the wafer in Tetramethylammonium hydroxide (TMAH) solu-
tion 10% at T=90 °C at an average etch rate of 0.8 um/min. The
etch rate depends on the TMAH concentration, the doping level of the
silicium and is quite sensitive to contaminations of the solution [238].
Because the wafer thickness is given only within a £ 25 pm margin,
the total etch times often over exceeds four hours. Because the etching
time is important, care should be taken to do not etch unintentionally
other materials present on the device. TMAH etching present an ex-
cellent selectivity for noble metals such as Pt and Au while Siz/N4 and
Si0, are considered as etch stop layers exhibiting very low etch rates
(typically 3 nm/hour in a 10% at T=90 °C'). But even such low etch
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Figure 4.7: (a-b) Front and back view of a 3 inches wafer during the
fabrication process. (c) Single devices obtained after the TMAH etching.
(d) Mounted microdevice on the TEM sample holder.

rate should be taken into account for determining the final membrane
thickness, especially for very thin membranes.

The centering of the membrane is important for the compatibility
with the TEM sample holder shown in the Fig. 4.7.(d). Nevertheless,
the usual dicing process is prohibited for TMAH etched wafers because
of the fragility of the membranes. Auto-alignment of the membranes
is performed by defining long trenches on the back side of the wafer as
shown in the . The TMAH etching is often followed by the removal
of the 20 nm thick SiOs layer in a HF @2% solution. After the SiO-
etching, the devices are carefully and thoroughly rinsed in a DI water
and then dryed in nitrogen flux. Consequently, wafer can be easily cut
by hand after the TMAH etching to obtain the devices ready for the
deposition of NWs as shown in the panel (c).

The optical masks were designed with three types of devices char-
acterized by a different empty central area, each are associated with
3 different membranes dimensions 100 x 100 pum, 250 x 250 pwm and
500 x 500 pum.
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4.4.3 Nanowire Integration into Microdevices

The experience has shown that compared to others techniques, the EBL
top-contact approach gives better results, i.e. more NWs are contacted
with very low contact resistances. As a result, this technique is often
preferred for microdevice integration, furthermore it allows custom de-
sign of the electrodes for each addressed NW as shown in the Fig.4.8.
Also, because the top-contact approaches allow to perform several clean-
ing steps, they appear more interesting in the point of view of electrical
characterization of single HNWs despite their higher cost (time and re-
sources).

The deposition of NWs onto the microdevices is performed by the
hot dropcast technique which gives the better results concerning the
dispersion of the NWs (see section 4.2.3). The Fig. 4.8 schematically
presents the NWs integration process onto microdevices and gives several
CCD images of the integration of HNWs onto microdevices by EBL
process. After the dropcast, the device is then thoroughly rinsed with
pure solvent in a home made soxhlet like system in which solvent is
evaporated from a heated bath and condensed to flow on top a the
device continuously. Then, the relative position of both extremities of
each HNWs are noted down for designing the electrodes layout and the
PMMA resist is deposited onto the samples. Based on these information
the layout of the electrodes can be drawn in the Elphye layout editor
to fit to the Cr/Au pads design of the microdevice. Often a metal line
is added to the layout as, measured in a four-probe configuration, it
allows to estimate precisely the electrical conductivity of the deposited
electrodes (as shown in the panel d of the Fig. 4.8). Interestingly, after
calibration, this line can also be used as thermometer which benefits-
thanks to the SIN membrane, of an excellent thermal link to the HNWs.
Prior to the deposition of the Au electrodes, a short cleaning oxygen
plasma was performed to remove all PC and resist residues that could
remain on the NWs due to the previous processing steps. This ensures
a clean nanowire-to-electrode interface, which translates into a good
electrical contact.

Due to the specificity of the substrate®, the dose is slightly increased
compared to a standard EBL process to ensure a good developing of
the resist. The resist used is a bilayer made with a copolymer PMMA-
MAA @ 4.5% and PMMA 950 k @ 4% (in chlorobenzene) with typical
thickness of 150/600 nm spincoated at 2000 rpm /2000 rpm.s~!. In
order to avoid the shadow-like evaporation effect due to the presence of
NWs, the deposited Au leads must have a thickness of at least 100 nm

6A 100 nm thick Si3 N4 membrane is almost transparent for 30 keV electrons.
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to be continuous. Examples of NWs integration onto microdevices are
given in the Fig. 4.8.
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Figure 4.8: The top-contact approach is used for contacting NWs. (a)
The deposition is performed by the hot dropcast technique. (b) CCD
picture of a real device before rinsing. (c-d) After a thorough cleaning
in pure solvent, the positions of several candidate NWs are noted down
to perform the EBL. (e-f) View on schematized and real sample after
the lift-off procedure.

The panel (f) of the same figure gives a zoom of the highlighted region
in (d) where of a 110 nm diameter Au-PPy-Au HNWs is contacted and
observed after the PMMA developing and the lift-off procedure.
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4.4.4 Correlated Characterization

In the following sections, we present briefly the various analysis allowed
by the use of microdevices. The main idea is to combine the possibilities
given by powerful instruments that are TEM and AFM microscopes
and to correlated the obtained structural information to electrical or
thermal measurements performed on a single nanostructure (film, wire,
particle...). To exemplify the possibilities offered by the microdevices,
the results of the correlated characterization of Pt-C NWs are presented
in the section 4.4.4.5 whereas the results obtained for HNWs will be
detailed in the chapter 5.

TEM pictures and SAED patterns were obtained using a LEO 922
transmission electron microscope (Carl Zeiss SMT Inc.) operating at
200 KV while SEM imaging were performed using either a LEO 982
Field emission scanning electron microscope (FE-SEM, Carl Zeiss SMT
Inc.) or a Philips-FEI XI1.-30 SFEG microscope combined to a Raith
Elphy Plus hardware module, working at an accelerating voltage vary-
ing between 1 and 15 keV. The AFM imaging was performed with a
Nanoscope IV from Veeco microscope. The electrical measurements were
performed with an Agilent B1500 Semiconductor Parameter/Device An-
alyzer equipped with high current resolution ( 0.1 fA) Source Measure
Units and a Stiss-Microtech Probe Station.

4.4.4.1 Electronic Imaging

Transmission, scanning electron and atomic force microscopes (TEM,
SEM and AFM) together offer the most complete imaging tool available
for the characterization of materials and especially nanoscale samples.
Both electron microscopes can be equipped with X-ray spectrometers
which information about the elemental composition of observed samples
with a nanometer resolution. Compared to usual SEM, TEM imaging
benefit of a much higher imaging resolution and present other capa-
bilities such as electron spectrometry electron energy loss spectroscopy
(EELS). The main counterpart of these techniques is the exposure of
the sample to the high energy electron beam which damage (mainly by
amorphization) organic materials such as CP but also inorganic samples
such as thin Si NWs [239]. On the other hand, AFM offers the atomic
resolution and is much less harmful for the sample. Furthermore, the
AFM gives information on the third dimension of the sample which is
not or not well represented in the SEM/TEM observations. Microde-
vices are designed to be compatible with all these techniques and thus
deliver a large set of data that can be correlated to the electrical (and



114 SINGLE NANOWIRE INTEGRATION

thermal) measurements performed on the same sample.

* Membrane

Figure 4.9: SEM pictures of a samples contacted on top of the membrane
of microdevices. The membrane is 200 x 200 um wide. (a) View of a
typical microdevice. (b-¢) SEM pictures of two tetra-segmented HNWs
contacted on top of a membrane. (d) Single PEDOT NW contacted in
a FET configuration by EBID on top of a membrane. The scale bars
are 5 um otherwise indicated.

4.4.4.1.1 SEM Characterization The SEM characterization is easy
to perform and is very useful to check the presence of HNWs deposited on
a microdevice and offers several advantages compared to optical micro-
scopes. It allows to determine with much higher precision than optical
microscopes their length and to record the positions of both ends of
HNWs to be connected.

Nevertheless, the information given by SEM observation is limited
because of the size of typical HNWs. Indeed, the interesting features of
the microstructure of HNWs are below usual SEM resolution. Because
the microdevice membrane are excellent electrical insulators, charging
effects or sample drift further limits the actual resolution of the micro-
scope as exemplified in the panel (d) of the Fig. 4.9 which gives the SEM
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image taken after the EBID deposition of EBID Pt leads.

Similarly, to the SEM pictures of the tetra-segmented HNWs given in
the chapter 5 (see Fig. 5.5), The SEM micrographs shown in the panels
(b-c) of the Fig. 4.9 do no allow the identification of each segment of the
HNWs. Thanks to the development of the microdevices, TEM imaging
is accessible as shown in the following section.

4.4.4.1.2 TEM Characterization TEM imaging allows to obtain
structural information well beyond the resolution limit of a SEM. The
only requirements concerns the thickness of the sample which should be
thinner than 150 nm. Because of the possible amorphization of sensitive
samples, the TEM experiments are made as short as possible in order
to minimize the effects of beam damage. Generally, the focusing is per-
formed on an adjacent region of the sample, very close and the HRTEM
micrographs are then quickly recorded.

Obviously, higher resolution micrographs are obtained for decreas-
ing sample thickness and the membrane thickness should be as low as
possible for enhanced resolution. The structuring of the membrane by
making openings between electrodes which could be implemented only
with low-stress nitride would offer better quality imaging but unfortu-
nately the structuring of stocheometric nitride membrane fails due to its
very high tensile stress.

The example of a tetra-segmented HNWs imaging on a microdevice
is given in the Fig. 4.10. Only based on TEM observations, it is pos-
sible to discriminate both metal-CP junctions which turned out to be
impossible with SEM imaging. Indeed, the metal segment of the inset
IT exhibits a typical roughness of Pt NWs produced by chronoamper-
ometry [49]. Furthermore, the metal segment of the inset I exhibits the
typical morphology of a (second grown) metal-onto-polymer segment
with a pronounced meniscus whereas the inset II exhibits the typical
flat shape of the bottom polymer-onto-metal interface [145].

When a doubt still persists concerning the identification of the ob-
served nanomaterials, the local elemental composition can be given by
an energy dispersive X-ray (EDX) analysis performed locally. Comple-
mentary, to the information given by the imaging mode and the EDX
analysis, the diffraction and selected area diffraction mode can reveal
important and local informations concerning the structural properties
of the observed materials such as its crystal type, its symmetry and
orientation, the presence of defects.
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4.4.4.2 AFM Characterization

Atomic force microscope allows to map surface topography with nanome-
ter precision and thus offers, conjointly to the TEM and SEM anal-
ysis very complementary informations for observing and studying the
morphology of nanoscale samples. Here, we present an example in the
Fig. 4.11.(b) giving a topographic AFM image of the tetra-segmented
HNWs (sample A) shown in the Fig. 5.8. The AFM imaging was per-
formed with a Nanoscope I'V from Veeco microscope operated in tapping
mode with commercial Si cantilevers with a spring constant of 42 N/m
and resonance frequency close to 300 kH z.

While electron beam based microscopies could obviously damage
nanoscale CP materials deposited on microdevices, AFM offers the atomic
resolution and is harmless for samples. As already mentioned, AFM
gives information on the third dimension of the sample which is not or
not well represented in the SEM/TEM observations. Interestingly, AFM
could be used as a scanning gate microscope in which the conductive tip
is used as a movable gate to modify locally the electronic charge trans-
port within HNWs like what was performed for inorganic samples [240)].
Microdevices are compatible with this technique and thus could deliver
a large amount of original data that can be correlated to the electrical
(and thermal) measurements performed on the same sample.

Interestingly, the AFM can also be used to study the mechanical
properties such as the tensile elastic modulus of NWs like systems [241,
242]. Simple modifications of the microdevices would allow to correlate
the mechanical measurements to structural and electrical data sets.
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Figure 4.10: (a) BF TEM picture of the whole membrane of a microde-
vice containing HNWs circuitry at low-magnification. (b) Picture of
a tetra-segmented HNWs (Pt-PANi-PPy-Au) with the two insets giving
TEM pictures showing the different morphologies of each metal-CP junc-
tion. (c-d) Single tetra-segmented HNWs contacted by several probes
with identifiable PEDOT-PPy junction. (e) View of a NWFET based
on a PEDOT NW contacted by EBID Pt leads and a EBID SiO, gate
dielectric. (f) SiO, nanotree produced during the oxide deposition.
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Figure 4.11: (a) 3D schematic view of a membrane-based device. (b)
AFM image of a single tetra-segmented HNW (sample A) connected on
top of a microdevice. The scale bar is 5 pm. (c-d) Perspective views

of 2 x 2 um? AFM images of each metal-CP junction. (e) profile of the
electrodes along the HNW as shown in (b).
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4.4.4.3 Energy Dispersive X-ray

The X-ray spectrometry, associated to the electron microscopes gives
qualitative and quantitative elemental analysis capabilities covering al-
most the whole periodic table”, with a spatial resolution to the nanome-
ter scale and analytical sensitivity close to the single-atom level [243].
In this thesis, energy dispersive X-ray (EDX) was applied as one of the
principle characterization techniques. It allowed for instance, to deter-
mine the composition of each segment of the measured HNWs. EDX
experiments were carried out with the LEO 922 TEM equipped with an
INCA x-sight detector from Ozford Instruments.
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Figure 4.12: TEM pictures of a Au-PEDOT-PPy-Au (a) and Pt-PANi-
PPy-Au (b) HNWs deposited on top of a microdevice membrane and
connected with several electrodes. (c) Energy dispersive X-ray spectra
measured at different positions on the microdevices shown in (a) and
(b) (left and right column respectively).

"For elements with atomic number above Z = 2.
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The basic principle of EDX is the following [244]: X-rays are formed
from the interaction between the focused high-energy electron beam and
the sample atoms. Inner shell electrons of the sample atom are excited
and ejected from the shell. The atom subsequently relaxes to its ground
state by means of a transition of an electron from an outer shell to the
inner shell vacancy. This transition is accompanied by the emission of
a X-ray photon characteristic of the sample atom and the particular
transition which occurred. This allows the elements in the sample to be
identified through the analysis of the spectrum. Every spectrum contains
a continuum radiation contribution (Bremsstrahlung) [245] due to the
deceleration of the electrons from the beam in the sample and a Ti peak
stemming from the TEM sample holder used for the characterization.
Also, every spectrum taken on microdevices contains the silicium (Si)
and nitride (N) peaks because of the presence of the nitride membrane
underneath the samples.

The Fig.4.12 gives several spectra taken from the samples shown in
the TEM micrographs of the panels (a-b). Recently, we have successfully
demonstrated the formation of the PEDOT-PPy heterojunction within
Au nanowires, using high-resolution TEM and EDX analysis performed
on HNWs dispersed on a TEM grid [70].

Here, we reproduced the same EDX analysis of several HNWs con-
tacted on top the microdevices. In the Fig. 4.12.(c) are shown the
EDX spectra recorded on two different tetra-segmented HNWs: a Au-
PEDOT-PPy-Au HNW and a Au-PANi-PPy-Au one (see panel (a) and
(b) respectively) and whose measurements are presented in the sec-
tion 5.4.1. KEach spectrum corresponds to spots marked with roman
numerals in the panels a and b.

The EDX measurements showed several peaks present in every spec-
trum and that can be ascribed to of Si, N and Ti, in all samples. While
the N and Si peaks correspond to the nitride membrane, the Ti peaks
are induced by a contamination coming from the TEM sample holder.
These spectra reveal also the presence of sulfur atoms - characteristic
for PEDOT, only in the segment III while on the other hand, the seg-
ment [ and II exhibit the presence of Cl atoms - characteristic for PPy.
Therefore, two consecutive segments of PEDOT and PPy are present in
the sample and could be ascertained by EDX analysis. This is further
confirmed by the curved feature of the segment III which is typical of
PEDOT.

Nevertheless, it appears that the information given by the EDX spec-
tra is not always enough as exemplified by the case of the Pt-PANi-PPy-
Au HNW shown in the Fig. 4.12.(a). where both EDX measurements
exhibit the same spectrum as PPy and PANi do not differ in their el-
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emental composition as shown in the insets. Hopefully, the position of
each metal was identified by high magnification imaging of the metal-CP
junction as detailed in the section 4.4.4.1.

Element | Energy | Line | Intensity
- (keV) - (%)
6C 0.277 | Kag o 147
"N 0.2924 | Ko o 150
24 Cr 5.4141 | Koy 111
80 0.5249 | Ka 151
145 1.7400 | Koy 100
165 2.3078 | Kay 100
169 2.3066 | Koo 50
16 g 2.4640 | KpB; 50
171 2.6208 | Kas 100
171 2.6224 | Koy 100
22 Ty 4.5049 | Koo 50
22 T 4.5108 | Koy 100
8 Pt 2.0505 | Moy 100
8 Pt 9.4423 | Loy 100
™ Au 2.1229 | Moy 100
™ Au 9.7133 | Loy 100

Table 4.1: Energy position, in keV, and relative intensities of princi-
pal K-, L-, and M-shell lines for usual elements. An intensity of 100
is assigned to the strongest line in each shell for each element. From
reference [26].
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4.4.4.4 Selected Area Diffraction

The SAED patterns were obtained using a LEO 922 transmission elec-
tron microscope (Carl Zeiss SMT Inc.) operating at 200 £V and with a
constant camera length of 300 mm. The analysis of the diffraction pat-
terns was performed using the program ProcessDiffraction [246]. SAED
was performed with a 100 nm diameter circular selected area using the
5 um condenser aperture. Generally, before performing the SAED of the
sample, a SAED pattern through the membrane is performed to check
that no (poly)-crystalline impurities are present which could eventually
superimpose unwanted spots on the SAED patterns. A typical SAED
pattern of the SiN membrane is given in the Fig. 4.13 and clearly exhibits
the typical rings of amorphous materials. To demonstrate the possibili-
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Figure 4.13: (a) TEM micrograph of the contacted HNW. (b) SAED
patterns taken at various positions along the NW, membrane, and on
top of the electrodes, marked in the picture given in (a). (c¢) Diffraction
spectra obtained for the SAED pattern of the Au electrodes (IV).

ties of electron diffraction of the microdevice, we first briefly discuss the
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results obtained on EBID Pt deposited on a membrane of a microdevice
provided with several Au electrodes in a configuration that allows ther-
mopower measurements. A SEM picture of an EBID Pt NW deposited
on Au electrodes of a microdevice is given in the Fig. B.3.(a) A high
resolution bright field (BF) TEM micrograph is given in the panel (c).
The deposited materials is composed by dark granular regions of 5 nm
in diameter separated by brighter regions showing an amorphous like
pattern. As Pt is characterized by a higher electro-optical contrast than
a-C [247], this BF TEM picture suggests that the deposited materials is
composed by nanometer-sized Pt grains (typically 5 nm wide) embedded
in an amorphous carbon (a-C) matrix. To confirm the presence of plat-
inum, we performed a SAED of the deposited materials. The diffraction
pattern of the same region is given in the panel (d) of the Fig. B.3. The
SAED pattern demonstrates the existence of poly-crystalline Pt. In-
deed, the observed diffraction rings translate into interplanar d-spacings
of 0.21, 0.19, and 0.13 nm which are in good agreement with the litera-
ture [247] values for fcc bulk Pt (see table 4.2).

We performed the same SAED analysis on several microdevices with
HNWs contacted by an EBL process. The figure 4.13 presents the typical
results obtained for a tetra-segmented HNWs. Here, during the exposure
of the CP segment, the beam current should be kept as low as possi-
ble to prevent any modification of the CP. Indeed, polymers are often
very sensitive to TEM electron beam and could even become unstable
under high electron beam which could cause important Joule effect and
even amorphization. The SAED performed on both CP exhibits the
same amorphous circular pattern than empty membrane which is not
surprising for CP electrochemically synthesized. On the other hand, the
SAED pattern of the Cr/Au electrodes (point IV) exhibits nice rings
demonstrating a poly-crystalline form for the deposited electrodes. The
corresponding TEM image is given in the inset of the Fig. 4.13.(c) which
exhibits clearly the polycrystalline structure of the electrodes. Several
d-spacing values are obtained from the indexing of the SAED pattern.
From the comparison with the crystallography database [27], the ob-
tained d-spacing values (2.37, 2.06, 1.45, 1.24, 1.18) can be attributed
to the Au cubic closest packed and Cr Body centered cubic, structures.
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Element | Intensity (%) | d-spacing (nm) | (H K L)
Au 100.00 2.35 111
Au 47.94 2.039 200
Au 28.39 1.441 220
Au 31.32 1.229 311
Au 8.95 1.177 222
Pt 100.00 2.265 111
Pt 47.55 1.961 200
Pt 27.67 1.387 220
Pt 30.79 1.182 311
Pt 8.87 1.132 222
Cr 100.00 2.039 110
Cr 13.20 1.441 200
Cr 23.21 1.177 211

Table 4.2: D-spacing values obtained from X-rays powder diffraction
and their relative intensity for different substance [27].
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4.4.4.5 Application to EBID Pt Single NW

In this section, we present the correlated characterization of a sample
presented in the section B.1.2 of the appendix B.1.2. The Fig. 4.14.(b)
gives the RT (I — V') characteristics of the Pt NW shown in the SEM
micrograph of the panel (a). This EBID Pt was deposited on the mem-
brane of a microdevice, thus, enabling TEM imaging SAED and EDX
analysis of the measured Pt NW. As shown in the panel (c), the de-
posited materials contains darker regions with a typical diameter of 10
nm which could correspond to Pt nanoparticles. The presence of Pt
was further confirmed by EDX measurements given in the panel (e) of
the Fig. 4.14. EDX spectra were taken on the Pt NW (spot 1) and
on the membrane very close to it (spot 2), to identify the components
coming from the membrane and the sample holder. It can be seen that
several elements are common in both spectra (i.e. Si, N, C and Ti).
While the Si and N peaks can be attributed to the stocheometric ni-
tride membrane of the microdevice, the presence of Ti is a well known
contamination peak stemming from the TEM sample holder. On the
other hand, the M, and L, peaks at 2.05 and 9.44 keV present only
on the spot 1, can be ascribed to Pt (see Table 4.1). The presence of
carbon in both spot results from the decomposition of the precursor gas
(Me)sMeCpPt. While Pt is confined in approximately 60 nm (the width
of the deposited NW), the distribution of carbon is much wider and
should be mainly responsible of the halo that can be seen around the
deposited NW in the SEM and TEM micrographs given in the panels (a)
and (e) respectively. The SAED pattern shown in the panel (d) contains
several rings characteristic of polycrystalline materials overlayed on the
typical amorphous pattern of the nitride membrane. According to the
crystallography database [27], the d-spacing values obtained from the
indexing of the SAED pattern ® can be attributed to the face centered
cubic (fce) structure of Pt.

In the chapter B.1.2, we briefly discuss about the ageing effects on
the deposited Pt NWs. The four-probe measurement demonstrated no
degradation of the materials (even a slight improvement was noticed)
upon exposure to air whereas other works showed that the deposited
materials deteriorate quickly (even after a few hours) when samples are
exposed to air. It was suggested that the diffusion of Pt nanocrystals
could be responsible of the deterioration. Thus, after each electrical
measurement, TEM imaging was performed to check the eventual struc-
tural change.

8Using the ProcessDiffraction software.
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Figure 4.14: (b) (I — V) characteristics of a single Pt NW shown in (a).
The inset gives the dependence of the measured resistance as a function
of the NW length. (c¢) TEM micrograph of the same Pt NW where Pt
nanocrystals are visible. (d) SAED of the Pt NW. (e) EDX spectra
taken in spot mode at two different positions of the membrane.
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4.5 Summary

In this chapter, we presented the fabrication of a multipurpose plat-
forms, fabricated via Si micromachining techniques which offer a unique
tool for studying single nanostructures. While these membrane-based
microdevices were used for correlated studies of NWs, the extension to
other nanomaterials (organic, inorganic or hybrid films, nanoparticle)
is straightforward. Standard EBL based technique was mainly used to
interrogate single HNWs but microdevices are compatible with other
techniques such as dielectrophoretic trapping or electron-beam induced
deposition. We demonstrated the possibilities of the microdevices by
correlating the electrical measurements with high resolution TEM imag-
ing, selected area electron diffraction, and energy dispersive X-ray anal-
ysis on the same sample. We have seen that this analysis can be coupled
to the topology of the samples as observed by AFM. Furthermore, the
membranes-based devices were designed to allow also thermal measure-
ments and more specifically, thermopower measurements.

Several improvements of the platforms could be envisaged. Concern-
ing the microdevices, many new experiments can be envisaged and sev-
eral improvements of the devices are possible. The mechanical behavior
of the membrane could be improved by using low stress (Si-rich) nitride
available with the new LPCVD oven. The decrease of the mechanical
stress of the membrane would allow to structure it by removing the ni-
tride layer between electrodes. This will further increase the resolution
of TEM imaging allowing true HR-TEM. This would also suppresses
the unavoidable nitride membrane component in the SAED and EDX
signals.

The second possible improvements of microdevices, aims to build
improved NW-FET. Indeed, in order to improve the coupling between
the gate and the NW, the definition of gates on the back side of the
membrane of the microdevice, would allow a gate dielectric thickness
as small as 30 nm (the membrane thickness) which is much better than
what can be obtained by EBL processing.
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5.1 Overview

In this chapter are presented the electrical characterization of HNWs
performed in a single NW configuration. The first part of this chapter
focus on low-T transport properties of HNWs based on PPy and Au
segments. We show that the electrical transport properties observed on
single HNWs measured in planar configuration are consistent with the
measurements of HNW arrays presented in the chapter 3. Similarly to
the measurements of HNW arrays, apparent power-law behavior (APLB)
of the conductance and the current-voltage curves of single HNWs were
observed. These results are discussed and compared to HNW arrays
measurements and recent experimental works where APLB were re-
ported for CP systems [120, 18, 35, 210] and attributed to tunneling
in Luttinger liquids.

Then, the following section focuses on RT' tunable transport prop-
erties of HNWs. We present the detailed analysis of two main types of
HNWs the tri- and tetra-segmented HNWs which exhibit very distinc-
tive response upon chemical treatment. An interesting feature of the
tetra-segmented NWs compared to tri-segmented NWs is the switching
of their electrical characteristics in function of the probes configuration
and of the redox state of the two conjugated polymer blocks. A simple
model of two back-to-back Schottky diodes is proposed to explain their
distinctive behavior.

Finally, the last section deals with the correlation characterization
of HNWs performed using microdevices. The results obtained with mi-
crodevices further consolidate the proposed explanations of the behavior
of the tetra-segmented (Au-PEDOT-PPy-Au) HNWs presented in the
previous section.

5.2 Low-T Transport Properties of single HN'Ws

Here, we present T-dependent electrical measurements for three single
HNWSs based on Au and PPy segments: two tri-segmented HNWs S70A
and S70B with ¢= 70 nm and a 90 nm diameter penta-segmented HNW
S90. While S70A has a nominal PPy segment length of 1500 nm, the PPy
segment is reduced to 300 nm for samples S70B. Sample S90 present two
identical 1250 nm long PPy segments separated by a 300 nm Au island.
The HNWs were contacted by the dropcast method presented in the
section 4.2.2 and measured by a two contact technique. An example of T-
dependence of the two probe resistance ( measured with a fixed applied
bias of 5 mV') of an single Au NW contacted by the dropcast technique
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is given in the inset of the Fig. 5.1.(b). It exhibits a clearly metallic
behavior even after cycling T, suggesting that electrical contact are not
contaminated by any residues. The room-temperature total resistance
(including leads and contact resistance) measured for a 3 pm-long Au
NW with diameter of 70 nm is less than 300 €. Using a standard bulk
value of resistivity for Au, it can be deduced that the contact resistance
between the Au segment of the NW and the Au contact pads is less
than 200 €2, which is negligible compared to the resistance of one single
HNWs (=~ 10°% ).

(I — V) characteristics for each sample are given in the figure 5.1
for several temperatures. Generally, the level of the current measured
through single HNWs is roughly 3 orders of magnitude lower than the
current measured for HNW arrays. Nevertheless, the T-dependences of
the measured currents are essentially the same in both cases with an
ohmic (I — V) relation observed at RT whereas S-shaped curves are
recorded in the low-T regime. Like for the electrical characterization of
HNW arrays, resistance values R(T) are deduced from the (dI/dV)~!
values at zero bias and are shown in the inset of Fig. 5.1.(c) and are
clearly divergent as the temperature is lowered demonstrating a clear
insulating behavior. RT conductivities of 0.04, 0.05 S.cm~! and 0.5
mS.cm™! were recorded for samples S70-A, S70-B and S90 respectively.

5.2.1 3-D Hopping Charge Transport in HNWs

These data can be analyzed similarly to HNW arrays data within the
framework of the VRH mechanism. Indeed, if the VRH applies, the
resistance is expected to follow the relation given in the equation 2.17.
As for HNW arrays, The best fits to our data were obtained with d = 3.
The In[R(T)] versus T~ /4 plots are given for each HNWs in the panel d
of the Fig. 5.1. From these plots we extract the parameter Ty = 1.4x 108,
5.0x107 and 1.8x108 for samples S7T0A, S70B and S90 respectively. Re-
markably, these values (listed in the table A.2) are consistent with the
values reported for HNW arrays (see chapter 3).

To further confirm that the electrical transport properties of single
HNWs are consistent with the 3D-VRH model, we analyzed the non-
Ohmic 3D hopping transport observed at low-T. As for HNW arrays,
the parameter = eF¢{/kpT is used to define two different hopping
transport regimes. For all the samples, § > 1 is obtained at sufficient
low-T' (T < 100 K). The plot of in I versus F~'/* is given in the
upper inset of Fig. 5.1.(a) for several temperatures. Clearly, a linear
behavior is observed at the lowest temperatures, which remains almost
unchanged upon further decrease of T' showing that the electric field
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Figure 5.1: T-dependent data analysis for single HNWs made up of Au
and PPy segments. (I — V') characteristics of single HNWs measured by
the two probe technique, taken at various temperatures. (a-b) 70 nm
diameter tri-segmented HNWs (Au-PPy-Au). (b) shorter PPy segment
and (c) 90 nm diameter penta-segmented HNWs (Au-PPy-Au-PPy-Au).
(d) 3D-VRH plots for samples S7T0A, S70B and S90. The solid lines are
the 3D-VRH fits to the data (see text).

F dependence of the resistance of sample S70-A follows the 3D-electric
field-induced hopping regime (see chapter 2). The value of the critical
electric field Fy = 1.5 x 10'3 V/m found from the linear fit to the data is
consistent with the values obtained from the HNW array measurements.
This confirms once again that despite the unavoidable average effect in
the HNW arrays samples, the intrinsic behavior of PPy NWs can be
probed and the extracted parameters are the same as those deduced for
planar single NWs.

In the following section, we analyze the T-dependent data obtained
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for single HNWs within the same framework than for HNW arrays
(see section 3.4.2), taking into account the electron-electron interactions
(EEI) which could result in the possible formation of a Luttinger liquid
(LL).

5.2.2 1-D Charge Transport in Single HN'Ws

Low dimensional and 1-D structures are of great interest for investigat-
ing transport mechanisms on the nanoscale, where the quantum confine-
ment effect, Coulomb charging energy, EEI, and disorder all play impor-
tant roles [20]. Especially, EEI are strongly affecting the transport in
1D systems by leading to phases different from conventional Fermi lig-
uid [120]. While the effects of dimensionality on interacting electrons
were predicted for a long time [205, 206] it is only recently that they
were demonstrated experimentally in Molybdenum Selenide NWs [166]
and CNTs [164]. Over the past decade, an increasing number of authors
reported data suggesting LL effects in CP systems [120, 35, 13].

Here we present similar data for 70 nm diameter tri-segmented HN'Ws
(Au-PPy-Au) and 90 nm diameter penta-segmented (Au-PPy-Au-PPy-
Au) HNW as a function of temperature and voltage that agree with
predictions for tunneling into a LL. Then, we discuss briefly the data in
light of the recent work of Rodin and Fogler [210].

Generally, the suppression in differential conductance around the
zero-bias voltage - as shown in the Fig. 5.2.(a) for sample S70-A, is
caused by the depletion of the density of states at low energies. Recently,
several works have demonstrated that for different organic systems (eg.
CP films [35], single CPNWs [20] and CPNWs arrays [18]), this gap
could be induced by the formation of a LL which results from repulsive
short range EEI [73, 120].

According to a simple version of the LL theory, which takes into
account EEI in (quasi) 1-D system and describes spinless electrons scat-
tered by a single potential barrier [248], power-law dependencies of the
conductance G(T) & T and of the current I(V) o V? are expected at
low (eV < kpT) and high applied voltage (eV > kpT), respectively.
Figure 5.2.(c) gives G as a function of T on a double logarithmic scale
for samples S70-A, S70-B and S90. The measured data show approx-
imate power-law behavior, G =~ T'%, for the three samples. The field
dependence of the current for all samples are similar to the dependence
given in the panel (b) of the Fig. 5.2 for sample S70-A. The parameters
« and B are listed in the table A.3.

The (I — V) characteristics should follow the equation 2.28 for tun-
neling in a LL. As a result, (I — V') curves should collapse into a single
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Figure 5.2: (a) differential conductance and power-law current depen-
dence (b) for sample S70-A. (¢) Conductance vs T for Single NWs sam-
ples. The dashed lines are guides for the eye. The inset gives typical
(I —V) dependences given by the equations 2.28 and 2.20 for the LL and
the field-induced VRH models respectively. (d) (I — V) data plotted as
I/To vs eV/kpT for a 70 nm diameter single HNW (Au-PPy-Au).

curve if I/T°*! is plotted as a function of eV/kgT [119]. This plot
is shown in the panel (d) of the Fig. 5.2 for sample S70-A using the
parameters estimated by the power-law dependences. The curves col-
lapse pretty well into a single curves suggesting together with the power
law dependence that in the low-T range, the charge transport in sin-
gle HNWs correlates with the LL theory for quasi-1D system. It was
proposed by Aleshin et al. that CP can be seen as several LLs linked
with one another and that conduction is due to carriers tunneling along
LLs through barriers produced by impurities in the LLs and tunneling
between the LL chains [119].

While 8 = o+ 1 is expected in the case of a single chain of LLs, the



5.2. Low-T Transport Properties of single HNWs 135

values for CP NWs (our samples included) always exhibit 5 # a+1 [120].
Moreover, (3 is less than « in many cases, which contradicts the previous
relation between the exponents. These discrepancies were found also in
inorganic 1D-systems [166] and may depend on the impurity distribution
or the presence of disorder which have an impact on the properties of
LL [163] and the interactions between the CP chains [119].

We have seen in the previous section that the single NW Data are
consistent with the 3D-VRH. This could seems contradictory. It is wor-
thy of note that at low-T', in the high-field regime, the field dependences
of the current are very similar for both LL and 3D-VRH models. To ex-
emplify this, the field dependences of the current of the equations 2.28
and 2.20 for both models respectively and using usual parameters (S,
Fy, F) are given in the inset of the Fig. 5.2.(c). Clearly, within the
voltage range used in the experiments, both models result in the same
(I — V) dependence.

It is to my great relief that very recently, Rodin and Fogler empha-
sized in a very interesting paper [210], that in specific conditions and
within narrow 7T and V intervals, the VRH conductance could devi-
ates from the usual exponential formula G(0,T) o exp[(—Tp/T)"/4+1]
(equ. 2.17), to exhibit the collapse onto the universal curve of Eq. 2.28
and an apparent power-law behavior (equ. 2.27). More precisely, this
may be observed in hopping systems, in case of the hopping distance
is not much smaller than the length L of the CP segment. While the
CP length is not exactly known in HNW array measurements, in single
HNW measurements, the length of the CP segments are well known and
typical values are about 1.5 ym. Remarkably, from the equation 2.15,
and assuming a reasonable value £ =2 nm, the hopping distance (R;mp =
154 nm at T' = 4 K for sample S7T0A) is less than one order of magni-
tude smaller than L. Thus, it seems possible that hopping process in our
sample is dominated by hopping paths made up by a few hops.

To further clarify this point and to confirm the explanation of Rodin
et al., it should be possible to test the predict numerical values and re-
lations among -, 5 and § given by the proposed model. Furthermore,
in the the experimental point of view, thermoelectric power (Seebeck
coefficient) measurements performed on single HNWs could further dis-
criminate the charge transport mechanism, as the thermoelectric power
is a linear function of 7' in the framework of Luttinger liquid theory
whereas it varies as a power of T for the VRH mechanism [249, 122].

In the following section, we focus on several classes of HNWs based
on poly(3,4-ethylenedioxythiophene) (PEDOT) and PPy. We investi-
gate the RT electrical transport of tri-segmented (Au-PEDOT-Au) and
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tetra-segmented (Au-PEDOT-PPy-Au) HNWs synthesized by an all-
electrochemical template method [70] (see section 3.2), all with a nom-
inal diameter of 110 nm. Contrarily to the previous work, here, HNWs
were contacted using a top-contact approach based on an EBL system,
described in the section 4.2.3. This technique allows the deposition of
several contacts on the same HNW with low contact resistance. In the
following, we show that the tetra-segmented NWs present an interest-
ing feature compared to tri-segmented NWs as they switch to rectifying
behavior by exposure to oxidative solution FeCls.

5.3 Tunable Transport Properties of HN'Ws

In this second part of the chapter dealing with single HNWs, we present
the electrical characterization of tri-segmented and tetra-segmented HNWs
made of PEDOT and PPy and with an average diameter of 100 nm. The
measurements were performed in a two and/or in a four-probe configu-
ration at a constant R7T. In the first part of this section, we show how
the electrical properties of tri-segmented and tetra-segmented HNWs are
modified upon chemical treatment. Then, based on XPS measurements
and on correlated characterization of HNWs, a detailed explanation of
the chemical treatments was proposed and a simple model based on
Schottky diodes was developed to explain the observed difference in tri-
and tetra-segmented HNWs which reproduces quite well the rectifying
behaviors of tetra-segmented HNWs.

5.3.1 Electronic Behaviour of Tri-segmented HN'Ws

Here, we present the R-T' characterization of as-synthesized single tri-
segmented Au-PEDOT-Au NWs. We focus on the results obtained for
several samples (NW1, NW2, NW3, NW4 and NW7) with PEDOT seg-
ment lengths of 0.6, 1.2, 4.2, 3.7 and 4.1 um, respectively. The two-point
current-voltage (I — V') characteristics of the samples NW1, NW2 and
NW3 are given in Fig. 5.3.(a). All samples exhibit symmetrical and lin-
ear (I — V') characteristics, consistent with Ohmic contacts between the
PEDOT and the gold segments [16, 12].

Room-T conductivities of 4.3, 2.5, 450, and 11 mS.cm™! were de-
duced from the slopes of the two-probe! (I — V') curves for NW1, NW2,
NW3, NW4 and respectively. These values are much lower than typi-
cal values reported in the literature (up to 550 S/cm) for pure PEDOT

!Contacting the metallic segments.



5.3. Tunable Transport Properties of HNWs

500

250

I (pA)

=250+

500 (@)

PEDOT

NW1

15

10

FcClz treated

synthesized

3

0 1 2
| | PEDOT‘ Length (pm)

-20 0 20 40
V (mV)

137

Figure 5.3: (a) (I — V) characteristics of tri-segmented Au-PEDOT-
Au NWs measured in a two-point configuration. The upper inset is a
SEM picture of sample NW2. The scale bar is 1 um. (b) Four-point
(I — V) characteristics of NW3 measured before (blue curve) and after
(red curve) FeCls treatment. The upper inset gives a CCD view on
the HNW. The scale bar is 5 ym. The dashed curves is the two-probe
measurement of sample NW3 as-synthesized. The lower inset gives the
resistivity variation vs PEDOT length for sample NW4.
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NWs [12] or Au-PEDOT-Au HNWs (=~ 200 S/c¢m) [16]. The low con-
ductivity of our HN'Ws were confirmed with the measurement of several
samples. Strikingly, the two-probe conductivity of HNWs given in the
Fig. 5.4.(a), exhibits a rather large variability. This could be due to
the presence of high and variable contact resistances R¢ along the path
of the two-probe measurement. The existence of such high Ro would
also explain the low conductivity observed for as-synthesized samples.
To check the presence of such contact resistance, we therefore, mea-
sured several tri-segmented Au-PEDOT-Au HNWs in a four-point con-
figuration (see Fig. 5.4.(b)). This configuration eliminates the contact
resistance issues and actually gives the conductivity of the CP segment
defined by the two inner probes.

Interestingly, the observed conductivities given in the Fig. 5.4.(b),
are very similar to the values deduced from the two-probe measurements
and spread out over four orders of magnitude. This result suggests
that the low values and the variability of the conductivity observed for
HNWs are intrinsic to the CP segment of HNWs and not stemming from
contact resistance. This variability is probably due to the unavoidable
postsynthesis processing, including the number and the position of the
contacts.

As it will be shown later, the variability and the high values of resis-
tivities of HNWs could be explained by taking into account the presence
of substantial metal-CP interface resistances, included in the path oh
the two-probe measurements and not in the four-probe measurements.

While very low contact resistances are expected with outer probes
contacting Au segments, thanks to good electrical metal-metal® inter-
faces (see section 4.3.3), the situation is totally different when measuring
through the two inner probes with metal-PEDOT interfaces.

The two-probe measurements performed with the inner probes, often
exhibit non-linear (I — V') characteristics and include important contact
resistances R¢. Indeed, for inner probes, R can be estimated by com-
paring the two and four-probe measurements. For instance, the contact
resistance deduced for the inner probes of samples NW3 and NW72 rep-
resent 24 and 54 % of the four-probe resistance, respectively. These
values are quite high as they are comparable to the sample resistance.

Despite the high R¢ value for the two inner probes of sample NW3,
the two-probe (I — V') characteristic performed, with the outer probes
is linear (see the panel (b) of the Fig. 5.3), demonstrating that there are
no charge injection issues for this sample. From these results, one can

2(Au electrode)-(Au segment)
3For sample NW7, Rc is bias dependent as the (I — V) curves are non-linear as
shown in the Fig. 5.6.(a).
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Figure 5.4: Histogram of the observed conductivities of tri-segmented
HNWs (Au-PEDOT-Au) as measured in a two-probe (a) and four-probe
configuration (b).

conclude that

e a simple and efficient way to measure a single HNW is to contact
the outer metallic segments as they exhibit much lower contact
resistances.

e Compared to pure CP NWs, the HNWs structure with its two
metallic segments, offer an excellent configuration to perform a
two-probe electrical measurement of a CP NW.

We also probed the electrical conductivity in a four-probe config-
uration of the PEDOT segment of a Au-PEDOT-Au HNW at various
lengths. Contrarily to what is expected intuitively, the measured con-
ductivity is not constant along the PEDOT segments HNWs as we ob-
served an increase of the conductivity with the length of the PEDOT
segment, as shown in the lower inset of the Fig. 5.3.(b). This length de-
pendence of the conductivity was already reported for electrochemically
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template-synthesized PPy NWs [11]. Obviously, the conductivity of CP
can be strongly influenced by sample synthesis parameters, the template
removal or the EBL processing. This behavior partly explains the high
conductivities of long PEDOT blocks in tri-segmented HNWs but is not
enough to explain the large variability of the conductivity observed for
single HN'Ws.

Another source of variability of the measured resistance, could be
the resistance associated to the CP-metal junctions of the HNWs. This
resistance should play a key role in the two-point resistance (with outer
probes) of HNWs and its variability. Indeed, this junction resistance
which is stemming from the existence of a carrier-injection barrier, whose
height depends on the intrinsic parameters of the CP and the type of
metal. Interestingly, it was shown recently that the barrier height (the
work function of the CP), and thus the junction resistance between a
metal and a CP (see equation 4.2) can be decreased by up to three orders
of magnitude by modifying the doping level of the CP [235].

It is worthy to note that generally an increase of the doping level of a
CP, is accompanied by an increase of the work function of the CP [250].
Considering a high work function metal (e.g. Pt, Au), this directly
translates into a decrease of the resistance of the metal-CP junction.

To check the influence of the doping level on the properties of tri-
segmented HNWs, we performed a post-doping treatment of HNWs by
immersing the samples in a FeCls 0.5 M (oxidative) solution for 1 h.
As shown in Fig. 5.3.(b), we observe as expected, a conductivity in-
crease (G/Gp ~190%) of the polymer segment measured in a four-probe
configuration. We repeated the experiment and the same result were ob-
tained for several HNWs contacted in a four-probes configuration. This
increase of the four-probe conductivity upon oxidative treatment can
be easily understood as PEDOT is a typical p-type conjugated poly-
mer (CP) which are known to exhibit a conductivity increase (decrease)
upon oxidation (reduction). It is known that the interaction of CP such
as PEDOT or PPy with electron acceptors causes variations in both
the carrier density and mobility, leading to significant changes in the
conductivity [147, 47].

The effects of this post-doping treatment on the PEDOT proper-
ties will be discussed in details later. Let’s first present the results
obtained with on another class of HNWs: the tetra-segmented HNWs
Au-PEDOT-PPy-Au.
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5.3.2 Electronic Behaviour of Tetra-segmented HNWs

In this section, we present the electrical measurements of tetra-segmented
HNWs Au-PEDOT-PPy-Au containing a PEDOT-PPy junction. Strik-
ingly, as it will be developed below, the tetra-segmented HN'Ws present
specific features compared to tri-segmented NWs, provided by their abil-
ity to switch their electrical behavior in function of the redox state of
the two conjugated polymer blocks.

The synthesis of such HNWs was briefly presented in the section 3.2.
More details about the synthesis can be found in reference [70]. The
same top-contact approach using EBL was employed for contacting tetra-
segmented HNWs. The Fig. 5.5 presents the symmetrical and linear
(I — V) characteristics of two single tetra-segmented Au-PEDOT-PPy-
Au specimens (NW5 and NW6) measured in their as-synthesized state
(blue curve) and after a post-doping treatment (red curve). Notewor-
thy, the resistance observed for the tetra-segmented samples in their as-
synthesized state (blue curve) is much higher than that of tri-segmented
samples NW1, NW2, NW3 and NW4. Despite this increase of the resis-
tance, the (I — V') characteristics are linear.

Similarly to tri-segmented HNWs, we tried to increase their dop-
ing by performing the same chemical oxidative treatment. We thus
immersed single NW devices in a F'eCl3 0.5 M solution for 1 h. Surpris-
ingly, after this chemical treatment, tetra-segmented HNWs exhibited
a highly non-linear (I — V') characteristic, accompanied by an impor-
tant current increase which depends on the sign of the bias voltage V.
Roughly speaking, the gain in current is enhanced by a factor of two
at negative bias compared to positive bias. It is important to notice
that the electrical measurements were performed by varying the voltage
sweeping rate, the number of points to be sure that the observed asym-
metry is not a measurement artefact. Also the effect was confirmed on a
second independent sample for which the same protocol were used. The
same results were obtained and both are given in the Fig. 5.5.

In one hand, the increase in the current level can be explained by
a usual p-type doping of both PPy and PEDOT segments consecutively
to the oxidative treatment as confirmed above for PEDOT segment of
tri-segmented Au-PEDOT-Au NWs. Like PEDOT, PPy is well known
to exhibit an increase (decrease) of its conductivity after an oxidative
(reduction) treatment (for details see chapter 1). The chloride ions in-
serted during the chemical oxidative treatment effectively adjust the
low-dimensional carrier hopping network on the backbone of the poly-
mers inducing an enhanced charge transport [147].

On the other hand, this doping effect - which is usual for CP, does



142 CHARACTERIZATION OF SINGLE HYBRID NANOWIRES

100

Figure 5.5: (I — V) characteristics of a single tetra-segmented Au-
PEDOT-PPy-Au NW measured before post-treatment (blue curve) and
after post-treatment (red curve). The upper insert is a SEM picture of
a connected tetra-segmented NW. The scale bar is 10 um. The lower
insert shows a TEM micrograph of a typical PEDOT-PPy junction.

not explain the observed asymmetry. At the first glance, and because of
the specific feature of the tetra-segmented HNWs - the presence of the
PEDOT-PPy junction shown in the inset of the Fig. 5.5, and the huge
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modification of both CP after the chemical treatment shown by XPS
measurements (see section C.1), it is tempting to say that the asymmetry
of the (I — V) curves, reminiscent of the p-n junction?, stems from
the PEDOT /PPy junction. Indeed, one can imagine that the junction
defines an abrupt shift or variation of an intrinsic parameter of the CP
which could be responsible for the observed asymmetry. Nevertheless,
no convincing physical explanation was found to give credence to such
hypothesis.

After FeCls treatment, the effect is very different for tri- and tetra-
segmented HN'Ws. We have already seen that an increase of conductivity
was observed for several HNWs contacted in a four-probes configuration,
that is when measuring only a portion of the PEDOT segment. Strik-
ingly, the results are quite different when measuring the same HNW in
a two-probe configuration. Let’s first examine in details, the behavior
of tri-segmented HNWs (Au-PEDOT-Au).

5.3.3 Analysis of the Results Using a Back-to-back Schot-
tky Diodes Model

The Fig. 5.6 gives the (I — V') characteristics for tri-segmented HNWs
measured with two probes before (green curves) and after (red curves)
FeCls treatment. The observed (I — V') characteristic is linear for the
HNW in its as-synthesized state. Clearly, after the FeCls treatment, the
(I — V) characteristic become highly non-linear and the conductivity
around the zero-bias is decreased roughly by a factor of 10 (for V =
0.5 V). Nevertheless, compared to the tetra-segmented HNWs, the (I —
V') curves are still symmetric.

Remarkably, the panel (b) shows that when the two-probe measure-
ment is performed with the probes deposited directly on the PEDOT seg-
ment, slightly non-linear curves are obtained even in the as-synthesized
state. Even if a possible dedoping effect induced by the e-beam expo-
sure of the CP segment could be responsible of the observed non-linearity
with the inner-probe measurements, the most probable is that the thin
(3-5 nm) Ti adhesion layer® - which is a low work function metal (see ta-
ble 5.1), induces a small Schottky barrier at the electrodes-CP interface.
So, the comparison of the inner and the outer probes only demonstrates
the good quality of the as-synthesized electrical contacts between the
CP and the Au segments despite their nanoscale. For comparison, the
four-probe measurement of sample NW7 is also given.

40f course, both PEDOT and PPy are p-type CP.
5Normally this adhesion layer is not continuous when deposited in the range of a
few nm.
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Figure 5.6: (I — V) characteristics for two Au-PEDOT-Au samples mea-
sured in a two-probe configuration using the electrodes marked by white
circles, before (green curves) and after (red curves) FeCls treatment. (a)
The probes are deposited on the PEDOT segment and on the Au seg-
ments in (b). The scale bars in the insets are 10 um.

Strikingly, after the oxidative treatment, in most of the cases, the
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Element Au Pt Ti | PEDOT | PPy PANi
Owp (eV) | 5.1-5.6 | 5.1-5.8 | 4.3 | 5.0-5.6 | 5.0-5.2 | 3.5-5.5

Table 5.1: Typical values of @y for several materials of interest as
reported in the literature. Noteworthy, the exact values especially for
metals, vary depending on their surface cleanliness and crystal plane.

two-probe measurement exhibit a decrease of the conductivity around
the zero-bias point and the appearance of non-linearity or an increase
of existing non-linearities. Obviously, this behavior seems contradic-
tory with the previous four-probe measurements presented earlier (see
Fig. 5.3). Actually, we are not measuring the same things in a four-probe
configuration as the two-probe measurements include the two metal-CP
junctions present in every HNW.

Indeed, upon chemical (oxidative or reductive) treatment, charges
are transfered to the CP chains which consequently modify the Fermi
level by either a decrease or an increase in the doping level of the CP [251,
252]. As it was shown by XPS analysis (see section C.1), the FeCls
treatment, modifies the doping level but also replace the initial counter-
ion (C1Oy ) of PEDOT films by a smaller anion (CI7).

This shift of the Fermi level is reflected in the change of the work
function (®wr) of the CP [53, 253]. The doping (oxidation) of p-type
CP results in an increase of @y while the de-doping (reduction) induces
a decrease of this value [251].

This effect is well known and was used in various sensing devices of
analytes such as N Hs or Hy and high sensitivity as low as 10 ppm [251,
252]. Consequently, the chemical treatment performed here, results in
the modification of the @y of the CP segment which translates into
the formation of Schottky barriers. PEDOT and PPy are a p-type CP.
When @y r of a such p-type semiconductor is greater than that of the
metal contact, a Schottky barrier is formed. Conversely, when the work
function of the metal is greater than that of a p-type CP, an ohmic
contact is observed [253].

For all tri-segmented HNWs as those presented in the Fig. 5.6, the
symmetric (I — V) curves demonstrate that identical Schottky barriers
height (SBH) are induced at both metal/CP interfaces. Also, the ob-
served decrease of the conductance is an artefact as it is only due to the
higher resistance of contact at the metal/CP junctions resulting from
the induced Schottky barriers. As shown in the Fig. 5.3, the induced
Schottky barrier differs with the metal/CP interface configuration and
shape. Indeed, it seems that the induced SBH are much more important
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for the metal/CP interfaces that were exposed more intensively to the
oxidative solution, namely the electrochemically synthesized metal/CP
interfaces, as the decrease of the current is much more pronounced in
this case.

Consequently, it can be said that what is measured in a two-probe

configuration really depends on the metal/CP interfaces. We suggest
the existence of metal/CP Schottky barriers which can be tuned by
chemical treatment. In the next section, based on the observation of
tri-segmented HNWs, we develop a diode model to explain the behavior
of the tetra-segmented HNWs Au-PEDOT-PPy-Au.
In the following we show that the observed asymmetry in the tetra-
segmented HNWs Au-PEDOT-PPy-Au genuinely stems from the pres-
ence of both PEDOT and PPy segments, but not from their junc-
tion. Tri-segmented and tetra-segmented HNWs are schematically rep-
resented in the Fig. 5.7.(a-b) and corresponds to the common metal-
semiconductor-metal (MSM) structures often encountered in the two-
probe electrical measurements [254, 255, 218, 233]. Such NW-based
MSM structure presenting non-linear and asymmetric (I — V') charac-
teristics can be modeled as two back-to-back Schottky diodes [255, 218,
256]. The electrical models for the tri-segmented and tetra-segmented
HNWs are obtained by adding the intrinsic resistance of the CP segments
as shown in the panels (a-b) of the Fig. 5.7.

In their as-synthesized state, HNWs present always Ohmic contacts
at both metal-semiconductor interfaces and the charge transport is not
electrode-limited as demonstrated by the T-dependent measurements
(sections 5.2 and 3.3.2). As a result, the total resistance measured in a
two-probe configuration is the sum of the intrinsic resistance Rpp, or
Rpppor (see Fig. 5.7) of the CP segments and the equivalent resistances
of the diodes which are negligible ©.

When the two diodes present balanced SBH, the (I — V') curves are
symmetric, even after the chemical treatment. On the other hand, when
SBH are unbalanced, asymmetric characteristics are observed.

Thus, while the Au-PEDOT-Au HNWs contains two identical Schot-
tky diodes (Au/PEDOT), their (I — V') curves are always symmetric
and no rectification effect is expected. On the other hand, after the
oxidative treatment, the tetra-segmented HNWs contains two different
Schottky diodes (Au/PEDOT) and (Au/PPy) characterized by two dif-
ferent SBH ®pp, and ®pppor. A rectification effect in the (I — V)
curves is expected for SBH ratio ®pp,/®Pprpor # 1. Assuming

50r could be equivalent to a simple resistance placed in series and included in the
total contact resistance Rc.



5.3. Tunable Transport Properties of HNWs 147

W -—" 200 ; T 7
(/l;//Au (¢) FeCltreated [ Pppy | Prgpor = r)
|

C— =40 /

I I _.30 Iy

i----20 7/ )
r ! no barrier ,/
R ! 7

Au-PPy-PEDOT-Au

5 V. / ) .
Py B 2 i
3) Y L R
@ RPEDOT l, ' Au-PEDOT-Au
R ! 1
PPy J i
Au 2 pm L ‘ ‘ ‘

200
L -1.0 0.5 0.0 0.5 1.0

¥ (V)

Figure 5.7: (a-b) Schematic view of single tri- and tetra-segmented
HNWs with their equivalent circuits. (¢) (I — V') curves calculated for
two back-to-back Schottky diodes with various SBH ratio (red dashed
curves). The blue curves was calculated with Ohmic contacts at both
interfaces (i.e. zero SBH). The insets show the equivalent circuit of a
tetra-segmented (upper inset) and a tri-segmented HNW (lower inset)
after the FeCls treatment.

that current dependence for Schottky contact follows the thermionic
model [103, 100](equation 2.2), the data shown in the figure 5.5 is sim-
ply explained and the (I — V') curves are well reproduced by considering
the two back-to-back reverse-biased Schottky diodes presenting two dif-
ferent SBH. For understanding the effect of the SBH ratio, the Fig. 5.7
gives three (I — V) curves calculated with three different SBH ratio
®ppy/PpEpOT = 2,3, 4.

The previous proposed model based on two asymmetric Schottky
diodes even being simple, explains quite well the observed change in the
(I — V) characteristics. Nevertheless it does not explain why an increase
of the current is observed in tetra-segmented HNWs while a decrease
(even a suppression around the zero bias point) of the current level is
recorded for tri-segmented HNWs. Actually, it is possible that other rea-
sons such as the shape of each metal/CP interface, contribute to the ob-
served behaviors. Indeed, the geometry of the second grown (CP/metal)
interface differs with the CP (PPy or PEDOT). Furthermore, the redox
doping-dedoping process is accompanied by a consequent change in the



148 CHARACTERIZATION OF SINGLE HYBRID NANOWIRES

volume of the CP [257, 258]. For instance, PPy undergoes a mechan-
ical contraction when oxidized, whereas its volume increases when it
is reduced, depending on the mobile ion present in PPy [257]. This
mechanical response is different for PEDOT than PPy and should ob-
viously affects the interfaces of each metal-CP junction differently by
modifying the contact surface between the metal segments and the CPs.
Nevertheless, these modification are not easy to estimate and measure.

Another cause could be found, again in the different response of PPy
and PEDOT to the chemical treatment. Indeed, it was predicted that
at the nanoscale, the conventional description of the Schottky diodes
no longer holds. Smit et al. have shown that high tunneling current is
expected through nanoscale Schottky barrier. The level of the tunneling
current depends on the Schottky barrier thickness which decreases with
the doping level of the CP. For sufficiently small diode, the tunneling
current can even exceed the thermionic emission current [106]. So the
observed (I — V') asymmetry could be caused by an asymmetric tunnel-
ing component stemming from the difference in the barrier thicknesses
of the Au/PEDOT and Au/PPy junctions. This difference in the barri-
ers thicknesses could result from the distinct responses to the chemical
treatment of PPy and PEDOT, as demonstrated by the XPS analysis
(see section C.1). The interest of considering the tunneling current is
that it provides an explanation for the enhanced conduction in small
Schottky diodes without the necessity of assuming a modified Schottky
barrier height.

The back-to-back Schottky diodes model explains quite well the ob-
served (I — V') characteristics without the necessity of considering other
mechanisms. Nevertheless, in the Fig. 5.7 we have modeled the effect
of the chemical treatment by asymmetrical SBH, choosing the PPy/Au
junction with the higher SBH. Actually, the real orientation of the con-
tacted HN'Ws shown in the Fig. 5.5 cannot be determined by simple in-
spection (optical, SEM). To further understand the effect of the chem-
ical treatment on HNWs, we developed and present in the chapter 4,
microdevices that allows local and precise characterization of the mea-
sured HNWs by correlating the electrical measurements to several anal-
ysis such as EDX and SAED which allows to determine the localization
of each segments.
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5.4 Correlated Characterization of Hybrid Nano-
wires

We have seen in the previously that the tetra-segmented HNWs are
able to switch their electrical characteristics in function of the redox
state of the CP segments. In this section, we show that microdevices
offer a unique tool to investigate and correlate the structural and elec-
trical properties of such HNWs. The results obtained with microde-
vices corroborate the proposed explanations of the behavior of the tetra-
segmented (Au-PEDOT-PPy-Au) HNWs presented in the previous sec-
tion. Furthermore, 110 nm diameter tetra-segmented (Pt-PANi-PPy-
Au) HNWs were deposited on microdevices and contacted with the same
top contact approach based on the EBL technique. Strikingly, these
HNWs exhibited much stronger rectifying effects than Au-PEDOT-PPy-
Au. The results are discussed within the back-to-back Schottky diodes
model proposed in the previous section.

5.4.1 Electrical Properties of the Metal-CP Junctions of
Au-PEDOT-PPy-Au HNWs

Here, we consider two 110 nm diameter tetra-segmented HNWs (Au-
PEDOT-PPy-Au) of whom TEM micrographs are given in the Fig. 5.8.(a-
b) with the probes configuration. As it was already observed in the
section 5.3.2, tetra-segmented HNWs present much higher resistances
than tri-segmented HN'Ws. But as the previous measurements were per-
formed in a two-probe configuration they could include a possibly high
contact resistance contribution. The panels (c-d) of the Fig. 5.8 give
the RT' (I — V') characteristics of both samples. The presence of these
six probes allow to measure in a four-probe configuration, the electrical
charge transport in three different segments (BC,CD and DE) of each
HNW.

It is important to notice that in both cases, the TEM pictures
were oriented intentionally such as the segment BC corresponds to the
Au/PPy junction. To do so, each CP segment was identified by com-
paring both meniscus shapes as observed by TEM. EDX analysis was
carried out directly on each segment after the electrical measurement
to confirm the identification of both CP segments (see section 4.4.4.3).
Despite its apparent simplicity, the identification of both CP segments is
not trivial and becomes even impossible without the use of microdevices.
as for the case of the tetra-segmented HNWs presented in the previous
chapter (see Fig. 5.5) for which the observation of the meniscus is not
possible.



150 CHARACTERIZATION OF SINGLE HYBRID NANOWIRES

Membrane
(2) Membrane
Sample Sample
A B
D
2 pm 2 pm
| I
©

10

20

(d)
— AV,

AuNW
0 EF AV,

Zop
S

=30~

60 I I I
-5.0 25 00 25 5.0

é 0 ¥ (mV) -
= AV Empty
BC [ Microdevice
-5
I Si3N4~ 100nm
10 | | | 5 0 10 YW 20 30
-100 -50 0 50 100 250 500
V (mV) v (mV)

Figure 5.8: (a-b) TEM micrographs and (I—V") curves (c-d) of two tetra-
segmented HNWs Au-PEDOT-PPy-Au measured by the four-probe
technique. The curves are linear around zero bias. The inset in (c)
gives the (I — V') curve measured for a gold segment and demonstrates
the good electrical contact quality.

The Fig. 5.8 gives the (I — V') curves for typical tetra-segmented
HNWs, which exhibit linear behavior around the zero bias point while at
higher bias, the curves become slightly non-linear for segments BC and
DE. These segments contain the metal/CP junctions which are respon-
sible of the observed non-linearities. Noteworthy, the non-linear (I —V)
curves are not symmetric. Resistance values can be deduced for each
measured segment (CD, BC, BE and DE) from the slope of the (I — V)
curves and are listed in the table 5.2 for both samples A and B. Thus,
comparing to the values obtained for tri-segmented HNWs, these measu-
rements confirm the intrinsic higher resistance of Au-PEDOT-PPy-Au
samples of the chapter 5.3.2.

The RT (I —V') characteristic of the Au segment between the probes
(E-F) is shown in the inset of the Fig.5.8.(c). The calculated resistance
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Resistance [M(2] BC CD DE BE
Sample A 2.93 x 10° | 1.23 x 10* | 2.13 x 10* | 3.3 x 10°
R;/Rcp 23.71 1.00 1.72 26.7
Sample B 5.97 x 10* | 2.40 x 10* | 2.46 x 10* | 9.08 x 10*
R;/Rcp 2.49 1.00 1.025 3.79

Table 5.2: Four-probe resistances for each segment of tetra-segmented
HNWs (sample A and B).

which includes the leads resistance is Ryeqqs = 83 2. This low value
demonstrates the good electrical contact quality obtained by the EBL
technique. The 20 nm thick thermal oxide layer ensures a very good in-
sulating layer together with the 80 nm thick nitride membrane. Because
of the low level of the measured current (often below the nA range), the
noise level and the leakage current are always checked before measure-
ment. Generally, no measurable leakage currents are observed between
unconnected pads. The inset of the Fig. 5.8.(d) gives a typical leakage
current recorded by sweeping the applied voltage between two contigu-
ous leads of a microdevice.

It was proposed, recently [70] that this high resistance of Au-PEDOT-
PPy-Au samples, could be ascribed to the PEDOT-PPy junction, as
both PEDOT and PPy are known to form Ohmic contacts with gold.
Nevertheless, this assumption is not verified for the nanoscale metal/CP
contacts of HNWs because non-linear behavior and high resistances
are exhibited by the segments containing the Au-CP junctions (see ta-
ble 5.2). The Au/PPy junction exhibits a resistance roughly 14 times
higher than the PEDOT-Au junction resistance and 24 times higher than
the resistance of the CD segment. As the resistances ratios are not pro-
portional to the CP segments lengths, the high resistance of the segment
BC could be ascribed to the Au-PPy junction itself. Generally, such high
junction resistance are modeled within the framework of the thermionic-
emission theory where Schottky type contacts result in the following
zero-bias contact resistivity for both metal-CP junctions[100, 233]

kg

CP _
pe A*quwp(

q@CP)
kgT

where A*, kg, q and ®cp are the Richardson constant, the Boltzmann
constant, the electron charge and the effective Schottky barrier height
(SBH), respectively. Considering the model of two back-to-back reverse-
biased Schottky diodes presented in section 5.3.2, a junction resistances
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ratio of 14 could be attained with two SBH in a ratio of & 2.6. The ob-
served (I — V') curves are quite far from the ideal Schottky characteristic
as the reverse current is very high which is assumed to originate from
the low dimensions of the Schottky diode, which result in a tunneling
current (through the Schottky barrier) can even exceed the thermionic
emission current [106] as mentioned in the section 5.3.2.

These measurements demonstrate that even before any chemical
treatment, the metal/CP junctions are not equivalent. As suggested
in the section 5.3.2, the chemical treatment of HNWs enhances the ex-
isting difference between both junctions. Unfortunately, the electrical
measurement of the chemically modified HNWs shown in the Fig. 5.8
has not been performed because of the loss of the electrical contacts
before the measurements. Actually, The existence of such barriers and
the exact values of both SBH cannot be deduced from the above measu-
rements and should be determined by T-dependent measurements like
what was performed in the chapter 3 for HNW arrays.

5.4.2 Enhanced Rectifying Effects with Pt-PANi-PPy-Au
HNWs

As the theoretical values of SBH are determined by the CP bandgap £,
its electron affinity xsc and the metal work function ®j; (see chapter 2),
if one changes the materials composing the tetra-segmented HNWs, it
could be possible to observed a different rectifying effect. Thus, to fur-
ther confirm the presence and the influence of Schottky barriers on the
electrical properties of tetra-segmented HNWs, several tetra-segmented
HNWs presenting a MPP’M structure Pt-PANi-PPy-Au (see Fig. 3.3)
were contacted and the same protocol was used for integrating these
PANi-based HNWs into the microdevice (see section 4.4.3). While ox-
idative treatment could have been used, it was replaced by an acid treat-
ment (HC1 1 M for 30 min) as it is known to be an efficient way to dope
PANi [215].

The Fig. 5.9 gives typical (I — V') characteristics of 110 nm diameter
Pt-PANi-PPy-Au HNWs. As for PEDOT-based tetra-segmented HNWs,
an increase of the current is observed in a four-probe configuration but
here, the effect is stronger as shown in the Figure 5.9.(a). The four-
probe measurement demonstrates an increase of the conductivity of the
measured CP segment G/Gp ~ 440 %.

The Figure 5.9.(b), gives the (I — V) characteristic of a Pt-PANi-
PPy-Au HNW, taken in a two-probe configuration. A TEM micrograph
of the HNW is given in the inset of the Fig. 5.9.(b). The voltage is
applied to the source (labeled S in the inset) and the drain is grounded.
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Figure 5.9: (a) (I — V) characteristics for two Pt-PANi-PPy-Au single
HNWSs measured in a four-probe configuration before (blue curves) and

after HCI treatment (red curves) .

(b) The measurements performed in

a two-probe configuration exhibit highly asymmetric (I — V') character-
istics after the acid treatment.
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The two-probe measurements configuration includes the two metal-CP
Schottky diodes. In its as-synthesized state, the HNW of the panel (b)
exhibits a rectifying behavior with clear non-linear but symmetric (I—V)
curves indicating the existence of two identical Schottky barriers.

As expected, an important increase of current is observed after the
acid treatment. Indeed, considering an applied voltage |V| = 1 V, highly
asymmetric current gains G = I%°P¢? /T are obtained for negative G' ~ 20
and positive applied bias G ~ 600. Consequently, this translates, after
the HCI treatment into a rectifying ratio (RR = G = I"i’%e‘i) defined at
1V RR =~ 30.

The data confirm that tetra-segmented HNWs present an interesting
rectifying effect which is absent in the tri-segmented samples. Simi-
larly to the Au-PEDOT-PPy-Au HNWs, this effect originates from the
metal-CP junctions which exhibit important alterations of their Schot-
tky barrier height after the chemical treatment.

The rectifying effect is in agreement with the model proposed in the
section 5.3.2 based on two asymmetric Schottky diodes and can only be
measured in a two-probe configuration.

Higher rectifying effects (RR ~ 30) obtained with an acid treat-
ment of Pt-PANi-PPy-Au where for oxidative treatment of Au-PEDOT-
PPy-Au (RR =~ 2). This difference could be ascribed to the different
metal/CP junctions that are constituting the HNWs. Indeed, Whereas
Au/PEDOT and PPy/Au diodes seem to be more alike (presence of the
heterocycle), it seems logical that the Pt/PANi diodes do not exhibit the
same modification upon chemical treatment than the PPy/Au diodes.

Interestingly, similar result were obtained by Fowler et al. with PANi
NWs [253]. In their work, Fowler et al. have shown that the response
upon exposure to Hy of Pt-PANi-Pt structures is dramatically differ-
ent from the Au-PANi-Au structures and that this behaviour is stem-
ming from the formation of different Schottky barriers for Au/PANi
and Pt/PANi junctions. As recalled by Fowler et al. PANi which is a
p-type CP, makes ohmic contacts only with metals exhibiting greater
work functions ®; > ®cp , while metals with smaller work functions
result in Schottky barrier formation [253].

The same effect can be invoked to explain our observations for PPy
or PEDOT-based HNWs, however several experiments are required to
determine the critical parameters that leads to a such high RR values.
T-dependent measurements of several classes of tetra-segmented HNWs
would confirm the presence of the Schottky barriers and determine their
respective height after and before the chemical treatment.
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5.5 Summary

The first important conclusion of the work presented in this chapter
is that T-dependent data obtained with single HNWs corroborate with
HNW arrays data. As a result, the intrinsic behavior of PPy NWs can
be probed in the vertical configuration despite the averaging effect as
the extracted parameters are the same as those deduced for planar sin-
gle NWs. Several features characteristic of one-dimensional systems ob-
served for various HN'W arrays presented in the chapter 3 were confirmed
by single HNWs measurements. The ambiguity stemming from the data
interpretation can be resolved by considering large hopping length in CP
segments which results in the modification of the usual exponential laws
of the Mott variable range hopping into power-law dependences. Conse-
quently, the apparent power-law behavior of the conductance observed
for many samples in the low-T data corroborates with the Mott VRH
model which thus explains particularly well the T-dependent electrical
measurements, including nonlinear current-voltage characteristics and
magnetotransport at low temperatures.

Secondly, we presented the electrical properties at room tempera-
ture of individual multi-segmented NWs. While the tri-segmented NWs
exhibit symmetrical (I — V') characteristics, the tetra-segmented HNWs
switch to rectifying behavior by exposure to oxidative or acid solutions
(FeCls or HCI). This interesting feature of the tetra-segmented HNWs
compared to tri-segmented NWs is provided by their ability to switch
their electrical behavior in function of the work function of the two con-
jugated polymer blocks. The use of microdevices allowed to confirm the
existence of unbalanced contact resistances at both metal-CP interfaces
of tetra-segmented HNWs.

A simple model based on the existence of Schottky diodes within
HNWs allow to reproduce the rectifying behavior of the tetra-segmented
Au-PEDOT-PPy-Au HNWs and to explain the enhanced rectifying be-
havior observed for Pt-PANi-PPy-Au HNWs.






Conclusions and
Perspectives

La confiance est un élément majeur : sans elle, aucun
projet n’aboutit.

Eric, Tabarly

Hybrid metal-CP NWs are promising high-tech materials as they
combine the enhanced properties stemming from the NW family, to the
high applicative potential of conjugated polymers and thus are of di-
rect interest for developing novel multifunctional systems for convergent
micro-nano-biotechnology applications. Nevertheless, before dreaming
about wonderful HNWs-based applications, the promises of enhanced
performances should be thoroughly verified and evaluated by the precise
characterization of their intrinsic properties. This is what we try to do in
this thesis. We focused on the characterization of the electrical proper-
ties of several classes of hybrid nanowires made of Au,Pt,Ni,PPy, PEDOT
and PANI.

In the first step, electrical measurements were performed on multiple
NWs-contained within the polycarbonate template as this method for
measuring is very fast and requires no complex processing of the sample
to be measured. Thanks to this technique, it was possible to characterize
a large panel of hybrid nanowires presenting a wide range of parameters
(diameters, composition). In particular, we have shown that the 3D-
Mott VRH model provides a complete framework for the understanding
of transport in PPy based hybrid nanowires with diameter down to
50 nm. On the other hand, the 40 nm diameter samples, exhibit a
power-law temperature dependence of the resistance, characteristic of
the critical regime of disorder-induced metal-insulator transition.

However, we have seen that this bulk measurement technique presents
several drawbacks annoying for the characterization of nanomaterials
such as hybrid nanowires. Besides the limitation inherent to the pseudo
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four-probe configuration, an unknown number of hybrid nanowires are
measured in parallel and present a wide distribution of their characteris-
tics (diameter, segment length, interface resistance). Obviously, the use
of NWs freed from the template is the best choice for the characterization
of their intrinsic properties but also for applications oriented purposes.
Indeed, the use of CPs specific features for controlled switching of device
properties - at nanoscale - in the presence of external stimuli requires the
interaction of the CPs with its environment which is almost impossible
within the PC template.

We thus developed and adapted several techniques for contacting
single hybrid nanowires in a planar configuration. Interestingly, by per-
forming T-dependent electrical measurements of single tri-segmented hy-
brid nanowires and by comparing the obtained data in both vertical
and planar configurations, we have shown that the intrinsic behavior of
PPy nanowires are probed correctly in the vertical configuration despite
the averaging effect. Strikingly, several features characteristic of one-
dimensional systems observed for various hybrid nanowire arrays pre-
sented in the chapter 3 were confirmed by single hybrid nanowires mea-
surements. The ambiguity stemming from the data interpretation can
be resolved by considering large hopping length in CP segments which
results in the modification of the usual exponential laws of the Mott
variable range hopping into power-law dependences. Consequently, the
apparent power-law behavior of the conductance observed for many sam-
ples in the low-T" data corroborates again with the Mott variable range
hopping model which thus explains particularly well the T-dependent
electrical measurements, including nonlinear current-voltage character-
istics and magnetotransport at low temperatures.

The second achievement of this thesis, resides in the development of
microfabricated tool which allows correlated characterizations of nano-
materials. We demonstrated the possibilities of the microdevices by cor-
relating the electrical measurements with high resolution TEM imaging,
selected area electron diffraction, and energy dispersive X-ray analysis
performed on the same hybrid nanowire. We have seen that this analy-
sis can be coupled to the topology of the samples as observed by AFM.
Among the various techniques used for defining electrical contacts, the
top-contact approaches and especially the standard EBL based tech-
nique was mainly used to interrogate single hybrid nanowires as it is the
one that permits a detailed electrical characterization of single hybrid
nanowires by depositing multiple electrical probes on a single hybrid
nanowire (up to 7 probes). While these membrane-based microdevices
were used for correlated studies of hybrid nanowires but the extension
to other nanomaterials (organic, inorganic or hybrid films, nanoparti-
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cle) is straightforward. Among the several laboratories of UCL involved
actively in nanotechnology, such platform could offer an interesting tool
for the correlated characterization of a wide range of nanomaterials and
nanodevices.

Together with the development of such sophisticated techniques, the
synthesis techniques developed by Sophie Demoustier-Champagne and
Vincent Callegari allowed to produce a large family of hybrid nanowires
with various structures based on PPy, PEDOT, Au and Pt as principal
constituents. Recently, our combined efforts focused on the comparative
study of tri- and tetra-segmented hybrid nanowires presenting a CP-CP’
junction (PEDOT-PPy or PANi-PPy) which present interesting features
upon chemical treatment. While tri-segmented hybrid nanowires ex-
hibit always symmetrical (I — V') characteristics, tetra-segmented hybrid
nanowires switch to interesting rectifying characteristics by exposure to
oxidative and acid solutions. The interesting feature is provided by the
existence of two CP blocks which exhibit different responses upon chem-
ical (acid or oxidative) treatment. Based on the XPS measurements and
on correlated characterization of hybrid nanowires, a detailed explana-
tion of the chemical treatments was proposed and a simple model based
on Schottky diodes was developed to explain the observed difference in
tri- and tetra-segmented hybrid nanowires which reproduces quite well
the rectifying behaviors of tetra-segmented hybrid nanowires. Obviously,
while a few questions have been answered, many others are still opened
and plenty of complementary or new experiments could to be performed
to gain a better understanding of the properties of hybrid nanowires.

Concerning the microdevices, many new experiments can be envis-
aged and several improvements of the devices are possible. The mechan-
ical behavior of the membrane could be improved by using low stress
(Si-rich) nitride available with the new LPCVD oven. The decrease of
the mechanical stress of the membrane would allow to structure it by
removing the nitride layer between electrodes. This will further increase
the resolution of TEM imaging allowing true HR-TEM. This would also
suppresses the unavoidable nitride membrane component in the SAED
and EDX signals.

The second possible improvements of microdevices, aims to build im-
proved nanowire-FET. Indeed, in order to improve the coupling between
the gate and the nanowire, the definition of gates on the back side of the
membrane of the microdevice, would allow a gate dielectric thickness
as small as 30 nm (the membrane thickness) which is much better than
what can be obtained by EBL processing.

Finally, despite the fact that microdevices were used mainly for the
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characterization of metal-CP hybrid nanowires, its extension to other
classes of nanowires and nanomaterials is straightforward.



Appendix A

Nanowire Samples

Sample Structure o Lp(Lp/) Mes. type Ref.
- - (nm) | (um) - Ech.
Au NW Arrays
Au90 Au NWs 90 - IV, R(T,F) CV530
Au90 Au NWs 90 - IV, R(T,F)
Au70 Au NWs 70 - IV, R(T,F) | CV236
AuT0 Au NWs 70 - IV, R(T,F)
Au40 Au NWs 40 - IV, R(T,F) Ccv4r
Au40 Au NWs 40 - IV, R(T,F) CV190
Au40 Au NWs 40 - IV, R(T,F) CV191
Au40 Au NWs 40 - IV, R(T,F) CV192
Au40 Au NWs 40 - IV, R(T,F) CV193
Au30 Au NWs 30 - IV, R(T,F) CV194
Au30 Au NWs 30 - IV, R(T,F) CV195
Bi-segmented NW Arrays

B1 PPy-Au 90 2 IV, R(T,F)

B2 PPy-Au 90 2 IV, R(T,F)

B3 PPy-Au 90 2 IV, R(T,F)

B4 PPy-Au 90 2 IV, R(T,F)

B5 PPy-Au 90 2 IV, R(T,F)

Continued on next page
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Table A.1 — continued from previous page

Sample Structure ® Lp(Lps) Mes. type Ref.
E1 PPy-Au 70 2.5 IV, R(T,F)
E2 PPy-Au 70 2.5 IV, R(T,F)
Tri-segmented NWs - PPy or PEDOT
M160-A Au-PPy-Au 160 2 IV, R(T,F) 554
M160-B Au-PPy-Au 160 2 IV, R(T,F) 557
M160-C Au-PPy-Au 160 2 IV, R(T,F) 557b
M160-D Au-PPy-Au 160 2 IV, R(T,F) 581
M90-A Au-PPy-Au 90 2 IV, R(T,F), MR 269
M90-B Au-PPy-Au 90 2 IV, R(T,F), MR | 269b
S70-A Au-PPy-Au 70 1.5 (-) IV, R(T,F)
S70-B Au-PPy-Au 70 1.5 (-) IV, R(T,F)
M70-A Au-PPy-Au 70 1.5 IV, R(T,F)
M70-B Au-PPy-Au 70 1.5 IV, R(T,F)
M50-A Au-PPy-Au 50 1.5 IV, R(T,F) 480
M50-B Au-PPy-Au 50 1.5 IV, R(T,F) 560
M40-A Au-PPy-Au 40 1 IV, R(T,F) 075
M40-B Au-PPy-Au 40 1 IV, R(T,F) 078
M40-C Au-PPy-Au 40 1 IV, R(T,F) 139
M40-D Au-PPy-Au 40 1.5 IV, R(T,F) 140
M40-E Au-PPy-Au 40 1 IV, R(T,F) 156
M40-F Au-PPy-Au 40 1 IV, R(T,F) 157
M30-A Au-PPy-Au 30 1.5 IV, R(T,F) 603
S110-A Au-PPy-Au 1100 3 IV, R(T,F) 806
M70P’-A Au-PEDOT-Au 70 3 IV, R(T,F) 482
Tri-segmented N'Ws - Pt
M90Pt-A Pt-PPy-Au 90 2.5 IV, R(T,F), MR 250
M90Pt-B Pt-PPy-Au 90 2 IV, R(T,F) 231
M90Pt-C Pt-PPy-Au 90 2 IV, R(T,F) 288
M70Pt-A Pt-PPy-Au 70 2 IV, R(T,F) 307

Continued on next page
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Table A.1 — continued from previous page

Sample Structure ) Mes. type Ref.
M70Pt-B Pt-PPy-Au 70 IV, R(T,F) 308
Tri-segmented N'Ws - PPy and Thiols
M70Thiol-A Au-Thiol-PPy-Au 70 IV, R(T,F) 185
M90Thiol-A Au-Thiol-PPy-Au 90 IV, R(T,F) 211
Tri-segmented N'Ws - Nickel Segment
M110Ni | Ni-C7HgNO2-PPy-Au | 106 1V, R(T,F) 237
MO9ONi | Ni-CyHgNO2-PPy-Au 90 IV, R(T,F), MR 273
Tetra-segmented NWs - PPy and PEDOT
M90PP’A | Au-PEDOT-PPy-Au 90 IV, R(T,F) 472
M90PP’B | Au-PEDOT-PPy-Au | 90 IV, R(T,F) 472b
S110PP’Ai | Au-PEDOT-PPy-Au 110 IV, R(T,F) 807
S110PP’Bi | Pt-PANi-PPy-Au 110 IV, R(T,F) 808
Penta-segmented NWs - PPy
M70PMP-A | Au-PPy-Au-PPy-Au 70 v 179
S90PMP-A | Au-PPy-Au-PPy-Au 90 IV, R(T) 200
M90OPMP-A | Au-PPy-Pt-PPy-Au 90 IV, R(T,F), MR 254
M90PMP-B | Au-PPy-Pt-PPy-Au 90 IV, R(T,F), MR | 261
M90PMP-C | Au-PPy-Pt-PPy-Au 90 IV, R(T,F), MR | 276
M90PMP-D | Au-PPy-Pt-PPy-Au 90 1V, R(T,F) 278
M90PMP-E | Au-PPy-Pt-PPy-Au 90 IV, R(T,F), MR | 285a
M90OPMP-F | Au-PPy-Pt-PPy-Au 90 IV, R(T,F), MR | 285b

Table A.1: Characteristics of samples measured in a vertical
and planar configurations. The polymer length is estimated
by the number of scans performed during the synthesis.
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Label E, Ty N(EFp) F Rp
(meV) (K) (eV=lem™3) (10'%2 x V/m)
M160-A 91 4.9%107 - 1.2 3.78x10°
M160-B 58 2.4x108 - 1.5 6.21x10°
M160-C 97 4.6x106 - - 0.26x103
M160-D 57 9.7x107 - - 9.47x103
M90-A 130 2.1x108 8.9x10'7 18 6.17x10%
M90-B 92 5.6x107 1.1x10'8 15 4.82x10%
S70-A 121 1.4x10% - 1.5 1.04 x 10*
S70-B 92 5.0x107 3.9x1017 1.5 0.29 x 10*
S90-A 140 1.8x10% - 0.71 x 10*
M70-A 133 2.4x108 2.3x10'7 - 2.22 x 10*
MT70P’-A 1.3x106 - 2.1 -
M50-A 98 7.6 x 106 - 15 498
M50-B 48 4.19 x 108 - 15 64
M40-A 580 - - 1.8
M40-B 1608 - - 1.5
M40-C - 19 - - 5.6
M40-D - 1.3x10° - 2.1 10.2
M40-E - 2.1x107 - 2.4 00
M30-A 2.98x107 - - 193
M90Pt-A 52 6.2x107 2.6x1018 0.1 310
M90Pt-B 91 5.4x107 - 2500
M70Pt-A 49 9.59x 106 - 170
M70Pt-B 69 4.14x107 - 900
M70Thiol 135 4.1x108 - 3.9 x 10°
M90-PP’-A 59 1.4%x107 - 0.28 231
M90-PP’-B 55 1.5%107 - 1.64 254
M90-PMP-A 76 1.4x107 - 2.0 2.1 x 103
M90-PMP-B 73 1.5x107 - 3.1 7.7 %103

Table A.2: Data analysis for various HNW arrays. The Mott temper-
ature Ty and characteristic field Fjy were extracted from linear fits (see
text). The parameter N(EF) is estimated within the 3D VRH model.
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Label « I}
(T=T77TK)
M160-A 6.3 29-(T7TatT=4K)
M160-B 4.32 2.6
M160-C 4.1 3.3
M160-D 6.9 2.6

M90-A | 4.1 35 (at T =4 K)
M90-B | 44 35-(86atT =4K)
S70-A 73 24-(72atT =4K)
S70-B 5.7 1.3
S90A 7.5 3.5
M70-A | 9.6 28-(47atT=5K)
M50-A | 5.0 1.1-(59at7 =4K)
M50-B | 3.3 3.2
M40-A | 0.6 1.1 (at T =4 K)
M40-B | 0.4 1.3 (at T = 4 K)
M40-C | 0.27  1.15 (at T =4 K)
M40-D | 1.37 5.7 (at T =5 K)
M40-E | 472 6.9 (at T =5 K)
M30-A | 4.7 4.2
MOOPt-A | 3.9 21-(6.0atT =4K)
M9YOPt-B | 6.1 3.4-(59atT =4 K)
M90Pt-C 52 (at T =4 K)
M70Pt-A | 39 50 (at T =4 K)
M70Pt-B | 58 5.9 (at T =4 K)
M70Thiol | 4.9 2.5
M90-PP-A | 32 13- (5.6atT =4 K)
M90-PP-B | 4.7 1.6- (7.7at T =4 K)

Table A.3: Exponent o and 3 for various HNW samples. 3 values were
obtained from power law fits of the (I — V) curves for current levels
higher than the resolution of the measurement system, for T' = 77 K
otherwhise indicated.






Appendix B

Other Contacting
Techniques

In this chapter, we present two other techniques that were used to con-
tact single HN'Ws to electrodes.

B.1 The Electron Beam Induced Deposition Tech-
nique

In this section, we present a top-contact approach based on a direct-
write nanopatterning technique that allows the deposition of various
materials such as platinum (Pt), tungsten (W) or silicon dioxide Si0,
and the etching of materials present on the substrate [259, 260, 261].
The interesting feature of this technique stems from the high deposition
and etching resolutions which are related to the electron beam size [262].
When a gas flux is directed toward a substrate together with a focused
electron beam, the decomposition of adsorbed gas molecules takes place
mainly due to the SE. When a suitable gas containing a metal or
a semiconductor, the decomposition induced by the focused electron
beam results in the local deposition micro and nanostructures of the
materials [263]. This process is called electron beam induced deposition
(EBID). With a reactive gas such as fluorine, water vapor or chlorine,
selective etching of some materials is achieved [263]. This process is
called electron beam induced etching (EBIE).

The process for EBID contacting of HNWs can be described briefly
as follows. First, the gas injection system (GIS) can be started heating
the heater of the reservoir and capillary to obtain the ideal temperature
conditions for the deposition. After a two-point alignment, a SEM in-
spection is then performed to find a candidate for being contacted, a
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(2)

Focused o Nozzles
e-Beam e

Pads

PEDOT /PPy NW

Gate

2 um
I

Figure B.1: (a) 3D schematic view and (b) SEM picture of a typical
single NW device used for contacting HNWs by Pt contacts. (b) The five
GIS nozzles are in position to feed the MeCpPtMes precursor into the
SEM chamber. (c-f) SEM pictures of HNWs (PEDOT /PPy contacted
in a FET configuration.
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Precursor (Me)sMeCpPt Pt(PF3)4
Tension (kV) 3 5
Current (pA) 150 900

Step size (nm) 10-15 10-20
Dwell time (ms) 50-100 50-100
Loops (#) 1 1
Pressure (mbar) 1 — 40x10°° 1 — 40x10°°
Conductivity (uQ.cm™1) | 10° — 107 [259, 247, 264] | 250-2000 [262]
this work 4.0x10°-4.8 x 10°

Table B.1: Pt Deposition parameters obtained with the standard
precursor ((Me)sMeCpPt) and a new carbon-free platinum precursor
(Pt(PF3)a).

SEM image is taken of the exposure area and the layout can be directly
drawn in the previous picture. Prior to the exposure, an outgas pro-
cedure is run to obtain the optimal pressure conditions for the EBID
process.

In this work, the EBI technique was mainly used for the deposition of
metallic lines (Pt) for contacting single HNWs deposited on a substrate
and insulators St0O, for producing the gate dielectric of single NW Field
effect transistors (FET). Three examples of NWFET produced by the
EBID are given in the Fig. B.1.(d-f). All EBID depositions were carried
out at a working distance (WD) of 10 mm and the chamber base pressure
was kept below 5.0 x 1079 mbar before Pt fabrication. The Pt structures
were produced with the deposition parameters listed in the Table B.1
together with some resistivity values obtained in this work and from
various references.

EBID process seems very simple to use and allows the rapid fabrica-
tion of electrical contact to NWs and is a promising technique for many
applications in nanoresearch [264]. Nevertheless, despite all the superla-
tives that are generally used for describing the EBID techniques [262,
247, 265], the high resistivity of the deposited materials and the non-
negligible observed ageing effects show that the parameters and the con-
ditions need to be further optimized to suit the requirements of single
NW measurements as shown by the electrical measurements of single
HNWs.

Here we present a few results obtained with the electron beam in-
duced deposition (EBID) of platinum (Pt) carried out with the demon-
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stration E-line at Raith lab in Dortmund and at the IMT laboratory,
Romania. First we present a characterization of the deposited materi-
als prior to the electrical measurements of HNWs contacted with EBID
Pt. We performed EBID deposition on classical electrical devices and
also on membrane-based micro-electromechanical systems (MEMS). The
interest of such MEMS is that they are specially designed for the char-
acterization of nanomaterials as they allow to correlate the structural
informations given by several analysis and techniques such as AFM,
SEM, TEM to electrical measurements of the same deposited materials
(see section 4.4.4.5 of the Chapter 5).

In the following section, we briefly present the basic theoretical con-
siderations of the electron beam interactions with the substrate and the
sample as they are key features of the EBID technique.

B.1.1 Electron Beam Interactions

An electron beam impinging on a solid surface undergoes a series of
complex interactions with the electrons and the nuclei of the atoms of
the specimen which result in elastic or inelastic scattering, that is with or
without energy conservation, respectively. The inelastic scattering can
result in emission of X-rays (characteristic and Bremsstrahlung), light
and heat depending on the incident energy of the primary electrons
(PE) [23]. Depending, on the ratio of the sample thickness and the
electron mean free path \., a fraction of the primary electrons (PE) can
be transmitted through the specimen without interactions. As shown in
the figure B.2.(a), electron scattering occurs within a defined volume of
the specimen with a characteristic tear-drop shape and is accompanied
by the emission of a variety of electrons namely, the Auger electron
(AE), the secondary (SE), back-scattered (BSE) and low-loss electrons
(LLE). Generally, it is considered that all specimen-emitted electrons
with E < 50 eV are SE while electrons with E > 50 eV are BSE [23,
262].

While the Auger electrons and X-rays emissions are useful to inves-
tigate the elemental composition and the structure of the surface of a
given specimen (ie. Auger Electron Spectroscopy (AES), Electron Dis-
persion X-ray spectroscopy (EDX)) as it will be shown in the chapter 5.
The SE are used too for imaging and in electron beam lithography
(EBL) systems to modify a resist such as poly-(methyl methacrylate)
(PMMA). Interestingly, SE can also be used to deposit specific mate-
rials and etch selectively some materials with a high resolution. This
technique is shortly presented in the following section.
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Figure B.2: (a) Schematic view of the diffusion volume where several
electron varieties are emitted. (b) Typical energy spectrum of the emit-
ted electrons consisting of secondary electron (SE), backscattered elec-
trons (BSE), low loss electrons (LLE) and peaks of Auger electrons (AE).
Adapted from [23].

B.1.2 Pt EBID Characterization

Because, we want to use EBID Pt lines and NWs for contacting HN'Ws,
a primary and useful information is the electrical resistivity of the de-
posited materials. For its characterization, single Pt NWs and lines were
placed on several gold electrodes. We used 70-nm-thick gold electrical
contacts defined by EBL as the electrodes should not be too high and
present a clean profile of the edges' to avoid discontinuities of the de-
posited Pt line [237].

We have thus measured several EBID Pt NWs and lines, all deposited
with the parameters given in the table B.1. The lines are 13 to 130 um
long with a typical width of 60-80 nm and presenting a gaussian topo-
graphic profile as observed from AFM and TEM measurements [237].
The figure B.3.(b) gives the (I — V) characteristics taken as a func-
tion of the length for a 13 pum long Pt NWs. the resistivities measured
for different samples are in the range 4 x 10° — 4 x 10% pQ.cm. These
values were calculated from four-probe measurements and assuming an
equivalent rectangular section of 60x60 nm?. These values are compa-
rable to values found in the literature for optimized Pt deposition from
(Me)3sMeCpPt precursor [266, 264] (see Fig B.3.(e)).

In this work, one of the main applications of EBID Pt is related to
HNWs interconnections, it is therefore quite important to have an idea of
the influence of ageing effects on the electrical properties of Pt deposits.
Also, we checked the effect of FeCls on the electrical properties of EBID
Pt lines as FeCls will be used as an oxidizing agent in the treatment of

"Which is not always the case in electrodes defined by photolithography.
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HNWs (see section 5.3).
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Figure B.3: (b) (I — V) characteristics of a single Pt NW shown in (a).
The inset gives the dependence of the measured resistance as a function
of the NW length. (c) High resolution TEM micrograph of the same Pt
NW. (d) Resistance variations of two Pt lines as a function of ageing
parameters. (e) Comparison of resistivities values found for several Pt

EBID and various values from the literature.

In the Fig. B.3, we compare the relative resistance variations induced
on three samples by ageing in ambiant air as a function of time and age-
ing due to oxidative treatment and measured for long EBID Pt lines
deposited on four Au probes similar to the one shown in (c), and us-
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ing the two (square) and four-probe techniques (circle). Astonishingly,
the four-probe resistance of Pt line decreases (triangle) slightly (about
10 %) after the samples were kept in air for 1 month and increases slowly
(roughly 13 % after one year), whereas, generally, an increase of several
orders of magnitude of the four-probe resistance is expected? only after
a few days [265]. In principle, with such low platinum content, the elec-
trical conduction is based on a percolation network of platinum clusters
embedded in an amorphous carbon matrix. The ageing process of such
structures is often described as a physical modification of the percolation
network [267]. Nevertheless, the contact with the oxygen presents in the
air could also play an important role in the ageing mechanism [265].

It was proposed that the percolation network of Pt EBID samples
could be greatly modified by the migration of Pt particles which would
cause Pt cluster growth and thus a decrease of the average distance
between clusters, which decreases the conductivity [265]. Nevertheless,
it seems that in our (highly resistive) samples, such migration does not
occur. This probably because of the low volume of deposited material
and its low Pt content. As a result, the four-probe conductivity remains
unchanged even upon oxidative treatment. We will see in the chapter 5,
that the use of microdevices could improve the understanding of the
ageing and migration processes in EBID deposits.

B.1.3 Pt EBID for contacting HNWs

The Fig. B.4 gives the raw data obtained for several HNWs contacted
by EBID. The measurements are not very good as the samples exhibit
very high resistances and non-linear (I — V') curves, suggesting a prob-
able charges injection-limited transport due to high Pt/NWs interfaces
resistance. The small section of the Pt leads, (roughly 60 x60 nm?)
seems to be responsible of this situation. Pt leads were designed as lines
to keep the deposition time within reasonable range. For instance, the
time requested for defining the Pt leads for the example given in the
Fig. B.1.(c) is about 2 hours using the dwell time and the deposition
parameters of the table B.1. This time could have been shorter with
closer Au pads as in most of contacted HNWs, the length of deposited
Pt leads were more than hundreds of um long in total. With much
shorter leads, it would have been possible to design thicker and wider
Pt leads which would have provide better electrical interfaces just like

2Nevertheless, for the comparision, it is important to notice that our samples have
not been measured directly in the SEM chamber under vaccum conditions like in
reference [265]. They were synthesized in Germany and characterized in the Welcome
facilities, the following day. Thus being kept 24 hours in air.
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the ones obtained by FIB deposition [144]. Unfortunately, it can be con-
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Figure B.4: (I — V) characteristics of a two PEDOT-PPy contacted by
EBID Pt lines in different configurations. (a) Two HNWs are contacted
in series and in parallel (b). (c) a Single HNW contacted in a FET
configuration. (d) Two probe (I —V') curve of a single PEDOT segment.
SEM micrographs of the contacted NWs are shown in the background.

cluded that using the same conditions and parameters, Pt EBID is not
suited for contacting single NWs and more specifically CP NWs. The
conditions and deposition parameters should be optimized to produce
thicker Pt leads with higher conductivity within reasonnable deposition
times.

B.1.4 Effects of Electron-Beam on CP Materials

During a standard EBL process, the resist is chemically modified by the
exposure to the high energy e-beam and becomes soluble in the resist
developer. When exposed at high doses (Dose > 500 uC'/em?), the resist
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could be inversed becoming insoluble to the resist developer due to the
apparition of highly cross-linked chains.
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Figure B.5: a) (I — V') characteristics of the pristine and exposed PPy
NWs (@ 2 MeV 8.0 x 10'® e~ /em?) at RT. Top inset: a schematic
diagram of samples and electrodes for the (I — V') characteristics mea-
surement by using a two-probe contact method. Bottom inset: the mag-
nification of the (I — V') characteristic curve of the treated PPy NWs.
(b) A comparison of (a UV /visible absorption spectra. From ref. [24].

Obviously, e-beam irradiation of other organic materials such as CP
could have an impact on their intrinsic properties. Recently, it was ob-
served a dedoping effect and conformational changes on PPy NWs after
being exposed to high-energy e-beam irradiations [24]. In their work,
Hong et al. used 200 nm diameter PPy NWs synthesized through an
electrochemical polymerization method. The energy of the e-beam var-
ied from 300 keV to 2 MeV with a constant dose of D=12800 uC/cm?.
Hong et al. have shown that the intercyclic rings of the PPy NWs be-
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came distorted; the portion of the benzoid structure decreased, while
that of the quinoid structure increased and also, the electrical resistance
of the PPy NWs dramatically increased by 5 orders of magnitude when
exposed to 2 MeV beam (see Fig. B.5). Furthermore, it was shown
on PA that the effect of e-beam irradiation depends on the doping pro-
cess of the CP. More precisely, Yoshino et al. have observed that the
electrical conductivity shift of PA induced by exposure to an electron
beam, differs if the exposure is performed before or after I doping.
The authors explained these results by the role of Is molecules in the
initial stage of radiolysis and the suppression of the cross-linking [268].
More recently, it was shown that the effect of EB irradiation causes both
chain scission and cross-linking process in PANi, reducing structural pa-
rameters such as inter-chain separation, thermal stability and T, but
increasing crystallinity and solubility [269]. Generally, the effect of e-
beam irradiation at low dose on CP is often equivalent to doping while
at higher dose, cross-linking mainly occurs reducing the conjugation of
the CP and consequently the conductivity and the crystallinity of the
CP decrease. Comparing the very low e-beam exposure of a classical
EBL process to the previous works where very high energy beams were
required to notice an effect, it seems reasonable to conclude that very
little effect should result from the EBL processing of our HNWs.

B.2 Dielectrophoretic Assembly

The dielectrophoretic assembly method is a bottom-up assembly ap-
proach that relies on dielectrophoresis (DEP) effects. Basically, DEP
effects occur when a polarizable microparticle ® is immersed in a DC
electric field gradient [270]. Due to the interaction of the induced dipole
and the electric field gradient, a dielectrophoretic force is applied to the
particle bearing the dipole [228]. This force which can be either attrac-
tive or repulsive depends on the ac bias frequency and on the micropar-
ticle and the solvent properties [228]. Assuming the approximation to
the first dipole moment contribution, the dielectrophoretic force can be
expressed as follows [219],

Fppp X €50 VpR(Ky)V|E[? (B.1)

where €4, is the permittivity of the solvent, V), is the volume of the
HNW, R(K,) is the real-part of the Clausius-Mossotti factor and E is
the electric Field [270].

3which can be metallic, semiconducting or insulating.
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This DEP force can be used also to manipulate dielectric particles
that are suspended in liquid media. Especially, DEP was used ex-
tensively in biomedical applications [271, 272, 220], where cell micro-
organisms separation, manipulation, and characterization are essential.
Also DEP attracts strong interest, as it could be combined to the emerg-
ing field of lab-on-a-chip technology to provide high resolution, low cost,
and rapid analysis for a wide range of biological and chemical applica-
tions [272].

10 pm
I

Figure B.6: (a) 3D view of an electrical device during the NW assembly
assisted by an external electric field. The lower insets give SEM pictures
obtained by dropcasting (left) and dielectrophoretic assembly (right)
performed with an applied ac voltage of 5 V.5 at a frequency of 1 M H z.
(b-c) SEM pictures of HNWs contacted by the dielectrophoretic assem-
bly. (b) 500 nm diameter Au-PEDOT-Au HNWs from reference [16]. (c)
SEM picture taken after the assembly process of NWs onto optimized
electrodes for enhanced DEP assembly.

Interestingly, DEP can be used also to manipulate and to align metal-
lic and semiconducting NWs between electrodes [273, 226, 227, 274, 275,
228, 219]. Generally, electrodes are immersed in the NW suspension and
a composite ac-dc electric field is applied with a high frequency function
generator as shown in the Fig. B.6.(a). Once the solvent dried, the nano-
materials are deposited onto the electrodes. After the deposition step,
the chip is then rinsed in pure solvent and dried with a nitrogen flux.
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Generally, a sinusoidal voltage of 5 — 10 V.5 is applied through a high
resistance larger than R = 10 M2 between the two outer electrodes at
a frequency of 0.1 —5 M Hz. The resistance is used to limit the current
through the contacted NW as high current can lead to the destruction
of both deposited NW and the electrodes pair.

In this work, DEP assembly was firstly performed using the elec-
trodes designed for the dropcast deposition. An example of contacted
NW is given in the Fig. 4.3.(f) and in the right inset of Fig. B.6.(a).
When comparing the two insets of the Fig. B.6.(a), despite the obvious
alignment of the NWs perpendicular to the electrodes, the trapping of
NWs is a relatively slow process probably because of the small gradient
induced by the non ideal shape of these electrodes.

DEP seems very efficient for contacting HN'Ws with a different mor-
phology than our samples like the HNWs used in the work of Cao et
al. [16]. They used DEP assembly for aligning single 500 nm diame-
ter HN'Ws onto 4 leads in a four point measurement test bed shown in
Fig. B.6.(a). Such high diameter HNWs, exhibit mechanically stronger
metal-polymer interfaces than in our samples which have a typical diam-
eter of 90 nm. Furthermore, Cao et al. characterized HNWs with very
small Au segments compared to our samples (about ten times smaller).

From the equation B.1, it can be seen that the DEP assembly can
be enhanced by a short electrode distance, a high voltage applied, or
by a strong curvature of the electrodes. In order to increase the DEP
assembly efficiency, optimized electrodes were produced by EBL with
shorter electrodes spacing and radius of curvature of 600 nm. Such
optimized electrodes with a spacing of 3 ym are shown in the Fig. B.6.(c).

The result is straightforward as almost all DEP assembly led to elec-
trical contact to HNWs. Unfortunately, the experience has shown that
mainly metallic segments of HNWs are trapped between the electrodes.
The observation of dispersion has shown that around 50% of hybrid Au-
PPy-Au Nws were missing one metallic segments [145]. As a result, a
large number of metallic segments, typically 5 um long, are present on
the solution. Consequently, the probability to trap gold segments be-
tween electrodes with dielectrophoretic effects is very high as shown in
the Fig. B.6.(b) where metallic segments interconnect together to consti-
tute several bridges between electrodes. When the resistance is omitted,
large current flows through the system, resulting in the melting of the
metallic segment and the destruction of both electrodes as shown in the
lower inset of the Fig. B.6.(c).

The presence of a large amount of metallic segments coming from
broken HNWs impedes the characterization of a single HNW. Also, it
was observed that even when a single HNW was contacted by the DEP
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assembly, its electrical measurement could exhibit highly non-linear and
non-reproducible features which can be ascribed to high and variable
contact resistances. For these reasons, only a few single NWs devices
were produced by the DEP assembly and characterized as the DEP
assembly seems to be not suited for the assembly of multi-segmented
HNWs. On the other hand, the DEP assembly appears to be very effi-
cient when applied to other NWs which exhibit higher robustness and
do not break into several pieces in the solution. A few experiments were
performed on CuCo multilayered NWs produced by the Group of Pr. L.
Piraux, and the DEP assembly seems very promising to contact easily
single NW.

Independently from their efficiency, the DEP assembly as well as
all the bottom-contact methods present the same inconvenient that the
quality of the electrical interfaces between the deposited NW and the
electrode can not be controlled by any means. Indeed, once the NW
is deposited, it is not possible to clean these interfaces by rinsing in
pure solvent or by performing an oxygen plasma for instance. Because
a good control of the interfaces is essential to the electrical character-
ization of HNWs, the work was naturally oriented toward top contact
approaches. While photolithography could have been used for defining
the top electrodes like what was done for metallic NWs [276], e-beam
systems were preferred because of their powerful possibilities (resolution
and precision) and their high flexibility (layout design).

B.3 Microfabricated PMMA Template

The usual method used to define contacts to template-synhtesized NWs
is to remove the NWs from the template or the growth substrate and to
deposit them onto a substrate with predefined electrodes. The commn
technique consists to suspend the NWs in a liquid that is then applied to
the substrate. We have seen in the previous section that that contacts
to individual NW can be made using other techniques than the ones
presented in the chapter 4. Nevertheless, the best results have been
obtained using the electron beam lithography, metallization, and lift-off
procedure. However, for up-scaling, an approach that does not rely on
a random process step is required [81]. If NWs are grown epitaxially
on the substrate from defined seed locations, the wires can be left in
place and contacts can be post-processed to the top of the wires [217].
Here, we briefly present the characterization of PANi NWs synthesized
in a PMMA planar template which have been fabricated by EBL. The
chemical synhtesis of the PANi NWs has been performed by Yunus, S.
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and Atout, A. from the surface group directed by the Prof. Bertrand.

The fabrication of the devices can be resumed as follows. Essentially,
a 360 pm thick, 3 inches Si Highly doped wafers are oxidized in a dry
atmosphere to obtain high quality and uniform SiOs layer (step 1).
platinum pads and are defined by an optical followed by the evaporation
of a 100 nm thick Pt layer with a typical adhesion layer of 5 nm of Cr or
Ti. Then a lift-off is performed generally in acetone followed by rinsing
the wafer in isopropanol and water. Wafers are diced to obtain single
device with typical dimensions of 6 x 8 mm?. Then a thick PMMA
(MW) 900 000, 6% in chlorobenzene) layer (500 nm) is deposited onto
each single device and subsequently exposed to define direcly on the
central part of each device, trenches in the PMMA resist through the Pt
electrodes with typical lengths of 10 um and a width varying between
100 nm and 500 nm wide. Interestingly, the shape (width and length)
as well as the number of produced NWs can be easily modulated at
will prior to the synthesis which allows for example to modify the total
resistance between the leads (see Fig. B.8).

These devices are dipped for a given amount of time in an oxygen-
saturated solution of aniline (0.4 M) and H2S04 (0.4 M) at 15 °. These
devices are then thoroughly rinsed with ultrapure water and then doped
with HC1 (1M) during 12 h at room temperature. They are then dried
with nitrogen. For characterization purposes, the four contact device is
freed from its PMMA mask using toluene and ultrasonic agitation [61].

Figure B.7.(a) shows a schematic view of a PMMA template ready
for the synthesis. The panel (c) of the figure gives a scanning elec-
tron microscopy image of a completed device. As observed in the Fig.
B.7.(d), the morphology of the PANi NWs is not perfectly straight. The
obtained wire presents necks at the PANI junctions between the elec-
trodes. The experiments on PANI patterning through surface-tension
contrast strongly suggest that surface (Si02) pretreatments of the sub-
strate could be used to infer on the junction morphology. Electrical
bridging is then verified by performing a single current-voltage (I — V)
measurements. Typical (I — V') characteristics of a single polyaniline
NW are given in function of the temperature 7" in Fig. B.7.(d). At RT
the (I — V) curves are linear and symmetrical and show no rectification
effect. As T decreases the current decreases, indicating that polyaniline
has a non-metallic behavior found in other CP such as polypyrrole [145].

The measured resistance follows the relation given in the equation
2.17. The best fits to our data have been obtained with d = 3. This
suggests that the three-dimensional (3D) VRH is the appropriate model
of transport in our samples. The In[R(T)] versus T~/ plots are given
in the inset of the Fig. B.7 for T' 2 50 K. From these plots we extract
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Figure B.7: (a) Schematic view of device designed to realize the PANI
NW synthesis. (b) SEM view of a single PANI NW after the removal of
the PPMA trench. (c¢) The coresponding (I — V') characteristics taken
at RT demonstrate the existence of electrical contacts. d) MR signal
taken at T' = 4 K.
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N =100
W =400 nm

(b)

LTI

Figure B.8: CCD top view of device with exposed and developped
PMMA trenches ready for the synthesis of parallel PANI NWs with
a with of 400 nm. (a) 10 NWs are in parallel. The distance between
electrodes is 1 um. (b) 100 NWs are in parallel with an inter-electrodes
distance of 5 um.

the parameter Ty = 2.0 x 107 K.

Similarly, to what have been done with HNWs arrays, we performed
magentoresistance measurements on single PANi NWs. A typical re-
sult is given in the Fig. B.7.(d). The MR measurements are performed
with B aligned perpendicular with the NWs axis. The observed magne-
toresistance is consistent with the 3D-VRH model, for wich a positive
MR is expected and is explained by the the model of the wave-function
shrinkage model (see chapter 2). the MR signal observed at T' = 4 K is
relatively small compared to what has been observed for HNWs arrays.
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Supplementary Materials

C.1 X-ray Photoelectron Spectroscopy

Besides the structure of the metal-polymer interfaces, the PPy doping
ratio is another key parameter playing on the electrical transport prop-
erties of the hybrid nanowires. XPS is a particularly useful tool for
gathering information on the doping level of electroactive polymers. In
this section, are gathered the XPS measurements performed to charac-
terize HNWs.

C.1.1 Metal Electrodeposition on PPy

Here, we focus on XPS measurements to estimate the doping level of tri-
segmented HNWs (metal-CP-metal). Because the CP content of such
HNWs, and hence the XPS signal, is too low to obtain a reliable doping
ratio, most of the measurements were performed on CP films synthe-
sized under same conditions as for HNWs CP segments described in
the chapter 3. A typical N(1s) PS spectrum of a PPy film is shown
in Fig. C.1. Two components (green curves)- representing protonated
nitrogens-appear at binding energies higher than 400 eV, while two other
components, corresponding to aminelike (red curve) and iminelike (blue
curve) nonprotonated nitrogens, appear at 399.8 and 397.9 eV, respec-
tively. The doping level in the assynthesized PPy film, estimated by
the [N+]/[N] ratio, is close to 22%. Then, XPS measurements were
performed for one-component PPy nanowires electrosynthesized under
similar conditions Fig. C.1.(d). In this case, the N(1s) curve could be
simply fitted by only two components !. The first peak (green curves)

!Curve fitting has been done using a Gaussian-Lorentzian (85%-15%) linear com-
bination and a linear background.
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Samples IN*]/[N] | [S°*]/[S]
As-synthesized PEDOT - 35
FeCls-treated PEDOT - 32
As-synthesized PPy 23 -
FeCls-treated PPy 15 -

Table C.1: Doping levels determined by XPS for as-synthesized and
FeCls-treated PEDOT ([S°*]/[S] atomic ratio) and PPy ([N°*]/[N]

atomic ratio).

representing protonated nitrogens is centered at 401.9 eV and the sec-
ond one corresponding to nonprotonated nitrogens appears at 399.8 eV
The doping level for one-component PPy nanowires was estimated at
13% (one protonated nitrogen out of eight). As already reported for CP
NT [180, 14], the lower doping value for template-grown PPy nanos-
tructures compared to PPy films results from the electrosynthesis in
nanopores.

For tri-segmented metal-PPy-metal NWs, one expects a lower value
of the doping ratio (< 13%) due to the reduction of the PPy segment
during the electroplating of the upper metal segment. To flesh out the
scale of this reducing process, XPS has been used to estimate the dop-
ing in PPy films after application of a post-treatment reproducing the
conditions applied for the electrodeposition of the metal segment onto
the PPy segment.

Specifically, a potential of -0.2 V' was applied to PPy films for 10 or
30 min. As shown in Figs. C.1.(b) and C.1.(c), a progressive decrease
of the protonated nitrogen components (green curves) combined with a
marked increase of the nonprotonated iminelike nitrogen (blue curve)
is observed in the XPS data. This corresponds to a decrease of the
doping ratio from 22% to 17% and further to 14% after application of
reduction conditions for 10 and 30 min, respectively. Based on these
results, we can estimate that for trisegmented metal-PPy-metal NWs,
the doping ratio of PPy is only a few percent, in agreement with the
electrical behavior described in the chapters 3 and 5.

C.1.2 Chemical Treatment on CP films

The different synthesis and chemical post-treatment conditions used in
this study are gathered in Table C.1 and XPS spectra of the four samples
are presented in Fig. C.2.
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Figure C.1: (N(1s) XPS fitted spectrum of PPy films: (a) as synthesized,
(b) after application of a reduction potential of -0.2 V for 10 min, and
(c) after post-treatment at -0.2 V for 30 min. (d) N(1s) XPS fitted
spectrum of one-component PPy nanowires.

The core level S(2p) XPS spectra of the as-synthesized PEDOT-
ClOy film (Figure C.2.(a)) and FeCls-treated PEDOT (Figure Slc) can
be decomposed into two major doublets, at 162.7 and 163.7 eV and at
163.7 and 165.0 eV, that are attributed to the EDOT sulfur atom in
the neutral and partially oxidized state [S‘”], respectively. The third
high-binding energy doublet (> 165 eV') corresponds to the m — 7*
shake-up satellite structure. The doping level of the two samples can
be determined from the ratio of the positively charged sulfur atoms of
EDOT and the total sulfur contribution from PEDOT chains: [S?F]/[S]
ratios [14]. A doping level of 35% is found for the as-synthesized PE-
DOT and it slightly decreases to 32% after the FeCls post-treatment
(Table C.1).

The C1(2p) core-level spectra of as-synthesized and FeCls PEDOT
films (Figure C.2.(e)) show clear differences between both samples. In-
deed, upon FeCls treatment, the characteristic Cl(2p) peak of perchlo-
rate species in the region of 207 eV completely disappears, and two
doublets lying at around 196 and 200 eV appear. These binding energy
values correspond to the ionic (C17) and covalent (—C1) chlorine species,
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Samples -N= -NH- No+
397.8 eV | 399.9 eV | > 401 eV
As-synthesized PPy 3 e 23
FeCls-treated PPy 16.5 68.5 15

Table C.2: N(1s) component proportions (%) for as-synthesized and
FeCls-treated PPy films.

respectively [277]. Though the FeCls-treatment only slightly affects the
oxidation state of PEDOT, it has a strong impact on the nature of the
counter-ion, as all the C'lO, anions were replaced by chlorine species.

The N(1s) core-level spectrum of the as-synthesized PPy-Cl1O; film
(Figure C.2.(b)) is best resolved into four components whose positions
and assignments are in agreement with the literature data [278]. The
two peaks above 400 eV can be attributed to positively charged nitro-
gen species (—N H*—, abbreviated N°*), while the amine-like (— N H—)
and the imine-like (—N =) structures are located at binding energies of
399.9 and 397.8 eV, respectively. The doping level of the as-synthesized
PPy, estimated from the ratio of the positively charged nitrogen atoms
and the total nitrogen contribution from PPy chains, N°* /[N] ratio, is
equal to 23%. The treatment with FeCls (Figure C.2.(d)) results in a
strong increase of the imine-like nitrogen (from 3 to 16.5 %, Table C.2),
accompanied by a significant decrease of the N(1s) high binding energy
peaks (from 23 to 15%, Table C.2). Transformation of a part of —NH*—
to —N = groups may be the result of the nucleophilic attack of H2O
and Cl~ anions on the doped PPy [279, 280]. The CI(2p) core-level
spectra of PPy films (Figure C.2.(d)) show that upon FeCls treatment,
all the perchlorate species with a characteristic peak around 207 eV, are
replaced by chlorine species (mainly covalent chlorine), as indicated by
the appearance of a peak centered at 200 eV'. All these XPS data clearly
indicate that over-oxidation of PPy occurs during the FeCls treatment.
This oxidative degradation of PPy is, of course, affecting the electronic
properties and electrical conductivity of PPy.
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Figure C.2: (a) and (b) S2p and N1s XPS fitted spectra of as-synthesized
PEDOT and PPy films, respectively. (c) and (d) S2p and Nl1s XPS
fitted spectra of PEDOT and PPy films, respectively, after the FeCls
treatment. (e) and (f) C12p XPS spectra of as-synthesized FeCl3 treated
PEDOT and PPy films, respectively.
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C.2 Towards Thermal Characterization of Sin-
gle Nanowires

In the current economic and environmental contexts, many efforts are
directed towards developing energy-harvesting applications. In this re-
spect, thermoelectric phenomena, which involve the conversion between
thermal and electrical energy, are expected to play an increasingly im-
portant role in meeting the energy challenge of the future [281, 282].
Indeed, thermoelectricity materials have attracted increased attention
due to their prospective applications as power cogenerators, harvesting
the vast amount of waste heat produced by combustion-based power
generators [282]. Such materials utilize the Seebeck effect for power
generation and the Peltier effect for cooling [283, 284]. The thermoelec-
tricity and more precisely the associated thermoelectric effects (Seebeck,
Peltier and Thomson effects) are also interesting in the point of view of
more fundamental physic because these effects are linked to intrinsic?
properties of materials and thus could be used to probe the properties
of novel materials [286].

The Seebeck effect named after the German physicist Thomas Jo-
hann Seebeck (1770-1831), consists in the appearance of a voltage AV
in an open loop (see Fig. C.3) formed by two different materials when
a temperature difference (77 — T5) is imposed to the junctions. Con-
versely, the Peltier effect is the fact that when current flows through
a material a temperature gradient arises because the charged carriers
exchange thermal energy [182]. The Seebeck coefficient or thermopower
S of a materials can be defined as the thermoelectric voltage (TEV)
change rate with respect to temperature 7" at a given temperature

s="" (C.1)

Interestingly, this thermal/electric conversion is perform without
moving parts or toxic gases, which make them unique among power
generation and cooling methods. Presently, thermoelectrics find only
limited use because of their poor efficiency. This efficiency is ranked by
a dimensionless figure of merit, ZT, which is defined as

ZT = S%0T/k, (C.2)

where S is the thermopower or Seebeck coefficient, o is the electrical
conductivity, x is the thermal conductivity, and 7" is the temperature.

2For instance, the Seebeck coefficient can also be defined as the amount of entropy
per charge carrier [285].
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Figure C.3: Principle of the Seebeck effect. A voltage is created in the
presence of a temperature difference between two different materials A
and B. Adapted from reference [25].

Nowadays, commercially available thermoelectric devices have a ZT
values of only about 1. To be competitive compared with conventional
refrigerators and generators, one must develop materials with Z7T >
3 [181]. Obviously to maximize ZT, S and o should be as large as
possible while x must be small to reduce heat leakage and maintain
a temperature difference [287]. However, from the Weidmann-Franz
law, the ratio o/k is limited. Hopefully, low-dimensional materials and
especially NWs offer the possibility of enhanced thermoelectric figure of
merit compared with bulk materials [283].

While the definition of the Seebeck coefficient is relatively simple,
its measurement is not trivial. The main challenge of the Seebeck co-
efficient measurement is to apply a temperature gradient to the sample
an to measure it correctly which is not as simple as it seems. Indeed,
compared to electric measurements, thermal measurements require spe-
cial care. Therefore, in this work, microdevices adapted to the thermal
characterization of NW like samples have been designed, fabricated and
characterized. Furthermore, a vacuum chamber and a sample holder
were designed especially for these microdevices to allow the thermal mea-
surements to be performed under vacuum conditions (p ~ 10=¢ mbar)
as a function of the temperature (2- 300 K) and the magnetic field. In
the following section, we briefly review the fabrication of different types
of devices designed for the measurement of the Seebeck coefficient of
NW like samples. FEach device configuration presents advantages and
inconveniences that will be discussed briefly below.

C.2.1 Microdevices for Thermal Measurements

As show in the Fig. C.4, three types of devices were designed for the
Seebeck coefficient measurement of single nanowire like materials and
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batch fabricated using a wafer-stage microfabrication process. All the
devices are equipped with at least two electrodes used for measuring
the conductivity and the thermal voltage across the nanowire, and two
thermometers defined close to each electrode to measure the temperature
gradient. Often, two heaters are added to separate the temperature
measurement leads from the heating leads.

a)
— PECVD SiO,
. Thickness ~ 2000 nm
Sit+ Al Front etching (HF)
b) = = = 7 Thermal Si0,/ LPCVD iy,
' Thickness ~ 30/ 100 nm
Si 5 Front etching (TMAH)
©) +— Thermal SiO,/ LPCVD SiN,
L/ \_ Thickness ~ 30/ 100 nm
Si < Back etching (TMAH)

Figure C.4: Schematized view of the different types of devices fabricated
for the thermal characterization of single NW’like materials.

While the devices of type A, more robust are based on a thick oxide
layer Si0, deposited by plasma enhanced chemical vapor deposition
(PECVD) with an average thickness of 2 ym, the other devices are based
on nitride membranes which offer a better control over the heat fluxes.
A CCD image of a typical device of type A is given in the Fig. C.5.(a).
The advantages of these devices is their robustness and the possibility
to use the substrate as a back gate. Similar devices were used recently
for the characterization of SWCNT and single InSb NWs [288, 289, 290].

In principle, The NW integration can be performed by either of the
techniques presented in the section 4.2, nevertheless, the best approach
is the EBL technique which allow to define custom electrodes and gives
the lowest thermal resistance between the sample and the substrate.
Hochbaum et al. used a bottom-contact approach for the measurement
of Si NWs and they reduce the thermal contact resistance, by depositing
a Pt/C pads using the EBID or FIB techniques [291].

The types B and C are based on a LPCVD nitride membrane. In the
type B, the membrane is structured to obtain two islands on top of which
are defined separately a Pt/ti heater /thermometer and a set of electrodes
similarly to the devices of the references [292, 293, 291]. Each island is
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suspended and connected to the substrate by long (L > 200 pm) SiN/Pt
leads presenting high thermal resistance. As a result, the heat fluxes
are better controlled. This allows to perform the thermal conductivity
measurement of the sample [284]. A SEM micrograph of a device of
type B is given in the Fig. C.5.(b). These devices are very fragile which
is an important issue for the NW deposition. Indeed, because of the
mechanical properties of the stocheometric nitride, the deposition of
a single NW on top of electrodes is really challenging as most of the
time, the deposition breaks the SiN/Pt leads. The devices of type C
correspond to the microdevices described in the section 4.4.2 and will
be described later.

C.2.2 Thermopower Measurements

Generally, the thermopower ® or thermoelectric power (TEP) measure-
ment consists in applying a temperature gradient AT between two points
of the sample. This temperature gradient induces a thermoelectric volt-
age (TEV) AV in the sample which is measured using appropriate elec-
trodes. Finally, for small AT, the Seebeck coefficient is obtained as S =
AV/AT. Nevertheless, this value is not the absolute Seebeck coefficient
of the sample because of the contribution of the voltage probes which is
always included in the measured value.

Practically, for all the devices presented in the previous section, the
measurement of the Seebeck coefficient consists in passing a current
through a heater which locally heats the substrate (the SiOs layer or
the SigNs membrane), thus resulting in a temperature gradient along
the sample. This temperature increase (AT is estimated by the resis-
tance change of thin metal lines contacted in a four-probe configuration
and measured by the lock-in technique. Prior to the measurement, a
calibration of the heating and the sensing thermometers was performed
for each device and consists in recording the thermometer resistances as
a function of the temperature.

For the device of type A, the heat generated with a heater or directly
through one of the thermometers, initially propagates through the 2
pm thick Si02 layer, which has a relatively lower thermal conductivity
(~ 0.5 Wm~1K~1) [288]. This results in a temperature gradient across
the NW and the surface of the substrate to which it is thermally anchored
(see the inset of the Fig. C.5).(b). The heat dissipates quickly, once
it reaches the underlying silicon substrate, which has higher thermal
conductivity (=~ 100 Wm~tK~1).

3Thermopower is a misleading term since it is not related to the electric power
but express the voltage induced in response to a temperature difference.
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Figure C.5: CCD and SEM views of microdevices of type A (a) and B
(¢). (b-d) Temperature calibration as a function of the power for two
devices of type A and B. The insets give the T dependent calibration of
the resistance of each thermometer.

In the device of type B, thanks to the high thermal insulation of the
two islands, the power required to apply a temperature gradient is more
than 3 order of magnitude lower as shown in the inset of the Fig. C.5.(d).
Nevertheless, the extreme fragility of these devices impeded their use for
the characterization of single NWs as no device survived all the steps
required for measurements (i.e. NW deposition and device handling and
mounting on the measurement system).

The TEV measurements of 70 nm diameter Au and Co single NWs
performed using devices of type A, are shown in Fig. C.6.(c) and (d)
respectively. The two-probe (I — V) characteristics of the contacted
Co NW are given for T' = 77 and 300 K in the Fig. C.6.(c). The high
resistance Roc =~ 88002 value deduced from the slope dV/dI is stemming
mainly from the long voltage probes as each probe contributes roughly
for more than 4350 k€2 as estimated from the metal resistivity obtained
from the thermometer four-probe measurements. The good linearity
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SEM micrograph of a single Au NW deposited by the dielectrophoretic
method. (c-d) typical thermoelectric voltage response AV measured on
devices shown in the panel (b), as a function of heating power for a Au
(c) and a Co NW (d).

of the (I — V) curves demonstrates that the charge transport is not
dominated by charge injection at the electrodes/NW interfaces.

The thermometer calibration and the Seebeck measurements were
carried out at room temperature under high vacuum conditions obtained
with a diffusion pump system. The pressure is a crucial parameter that
should be kept as low as possible to minimize the convective heat trans-
fer. A pressure in the range of 2 — 4 x 1075 mbar was kept during all
the measurements.

Figure C.5 demonstrates, the linearity of the observed TEV with re-
spect to the applied power, indicating S is a constant in both cases. As
we already mentioned, the measured TEV is really that of the NW /voltage
probes couple since it contains a contribution from the thermoelectric
power of the metal electrodes. However, in our case, the contribution of
the electrodes is negligible as the Seebeck coefficient of Pt and Ti tend
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to cancel each other [287]. As expected, for a good measurement, the
TEV was proportional to the applied power and thus to the temperature
gradient. Also, the sign of the observed TEV changed when the temper-
ature gradient was reversed, as shown in the Fig. C.5.(c). Nevertheless,
the deduced values for the Seebeck coefficients are much lower than val-
ues reported in the literature for Au and Co (2 and 30 pV/K). This
discrepancy originates mainly from the difficulty of measuring precisely
the local temperature at the closest points of nanowire/metal contacts
especially with the devices of type A, where the thermometers and elec-
trodes are 10um apart. Consequently the effective temperature gradient
applied to the sample is much lower than AT which translates into a
lower S value. To fix this issue, Hochbaum et al. performed a numerical
simulation of the two dimensional heat conduction along the device NW,
to estimate the effective temperature gradient along the nanowire [291].

Finally, the development of devices for the thermal characterization
of single nanobjects led to devices of type C which combine the thermal
features advantages of devices of type A and B with the possibilities of
correlated characterization of the microdevices as detailed in this chap-
ter. The contacting technique chosen for these devices is the EBL based
top-contact approach as it allows for each sample a custom design of
the electrodes and thermometers sets. The Fig. C.7 gives CCD and
TEM micrographs of a typical sample (a single HNW (Au-PPy-Au))
ready for measurements. Because silicon nitride exhibit good thermal
properties in a wide range of temperature (e.g. x = 30 Wm~ 1K)
and thanks to the thickness of the membrane of the microdevice (typ-
ically 80 nm thick), the heat propagation allows a better temperature
profile [225] along the sample. At the same time, the EBL resolution
allows to decrease considerably the distance between the electrodes and
the thermometers (less than 1 pm), which results in a better evaluation
of the effective temperature gradient.
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Figure C.7: (a) Schematic view of a device of type C. (b) CCD image
HNW deposited on a microdevice and contacted with a set of electrodes
and thermometers. (c) CCD image of the membrane after metal de-
position. (d) TEM micrograph obtained after the measurements. (e-f)
Zoom on the Metal/CP junction of the HNW. the scale bars are 50 nm.






Appendix D

Process Sheets

The Table below provides the detailed process sheet used to fabricate the
single NWs devices. All of the fabrication steps, with the exception of
those marked with asterisk are performed in a clean-room environment

(implying the use of microelectronic grade chemicals and materials).

- rinser dryer

5 min rinse water

Step description Products/Sub-steps Parameters
Substrates Si 3-inch wafers <111>; 3-5
mOhm/sq

Standard cleaning - H3S04/H50, 15 min boiling
viv=2:5 5 min rinse water
- HySO4/H209 15 min boiling
viv=2:9 5 min rinse water
-HF 2% 15 sec

Thermal oxidation

900°C, Oq

post-annealing Ny

120 nm
dry quality oxide

197

Inspection Ellipsometry check thickness
Metalization 5 nm Cr deposition rates
80-120 nm Au ~1A/s
Photolithography - coating AZ6612 6600 rpm
thickness 1.1 pym
bake 1 min at 110°C
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- exposure i-line 200 - 350 m.J /cm?
mask CommonMask
- Development - AZ-MIF762 1 min

1 min rinse water
- rinser dryer
Inspection Optical microscope check quality
Au wet-etch -HNO3/HCI 1 -3 min
viv=1:3 visual etch stop
Aqua Regia detection
5 min rinse water
- Acetone 10 min boiling
remove photoresist
- H3S04/H50, remove T4
viv=2:5 5 - 10 sec
5 min rinse water
Inspection Optical microscope check quality
Dicing - Protective coating 3000 rpm
bake 1 min at 110°C
- Dicing chip size 6 x 10 mm
Cleaning Acetone 5 min boiling
1 min ultrasonic bath
Acetone 5 min boling
IPA rinse
Ny blown dry
Inspection Optical microscope check quality

Table D.1: Process sheet for the micro- and nano-fabrication
of single nanowire devices.

Step description

Products/Sub-steps

Parameters

Substrates

S 3-inch wafers

<100>; 20 Ohm/sq

Standard cleaning

- HySO04/H50

15 min boiling
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viv=2:5

- H3S04/H50,
viv=2:5

-HF 2%

- rinser dryer
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5 min rinse water
15 min boiling

5 min rinse water
15 sec

5 min rinse water

Thermal oxidation 900 °C, O9 30 nm
post-annealing No dry quality oxide
Tempress Si3Ny deposit rate | T = 800 ° C
8 nm/min
SiHy4 39% - 500 sccm
NH;3 68% 500 sccm
Inspection Ellipsometry check thickness
Photolithography - coating AZ6612 6600 rpm
alignment on flat thickness 1.1 pm
bake 1 min at 110°C
- exposure i-line 200 - 350 m.J /cm?
mask Sdev2009 Etching
- Development - AZ-MIF762 1 min

- rinser dryer

1 min rinse water

Inspection

Optical microscope

check quality

SiN, RIE etching

Electrotech 340

SF6 30 mTorr

30 nm/min

P=30W

50 nm/min

LCP/TCP =
069/022°
Vb ~ 140V Vaic =~ 200V
APC = 52.5°
Metalization 5nm Cr deposition rates
80 nm Au or Pt ~1A/s
Photolithography - coating AZ6612 6600 rpm




200 D. Process Sheets
thickness 1.1 pm
bake 1 min at 110°C
- exposure i-line 200 - 350 mJ/cm?
mask Sdev2009 Metal
- Development - AZ-MIF762 1 min
1 min rinse water
- rinser dryer
Inspection Optical microscope check quality
Au wet-etch -HNO3/HCI 1 - 3 min
viv=1:3 visual etch stop
Aqua Regia detection
5 min rinse water
- Acetone 10 min boiling
remove photoresist
- H3S04/H50, remove T4
viv=2:5 5 - 10 sec
5 min rinse water
Inspection Optical microscope check quality
Cleaning Acetone 5 min boiling
1 min ultrasonic bath
Acetone 5 min boling
IPA rinse
Ny blown dry
TMAH etching TMAH 10 % T=90°C
thickness 225 pm 4+ | ~ 0.8 pm/min

25 uym

Wafer cleaving

Cleaning H>0 DI 10 min boiling
(Single device) IPA rinse

Ny blown dry
Hot Dropcast Ny blown dry
Cleaning Dichloromethane 10 min boiling
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Ny blown dry
Resist spin coating Copo/PM M A 950K
4.5% /4% in | 2000/2000 rpm/s; 1
chlorobenzene min
thickness ~ 1 pm
EBL magnification:
%200 or 400
dose: 400 puC/cm?
Tyeam ~ 1 nA
Development - MIBK/IPA 1 min 30 sec
viv=1:3
-IPA 30 sec rinse
5 min rinse water
- Ny blown dry
Inspection Optical microscope check quality
Emitech - Oy ash 2 mbar; 20 W
5 sccm 457
Metalization 2 nm Cr deposition rates
120 nm Aw or Pt ~1A/s
PMMA striping - Acetone 5 min boiling
-IPA rinse
- N blown dry

Inspection

Optical microscope

check quality

Table D.2: Process sheet for the fabrication of membrane-

based micrdevices.
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UCL MaskSdev09 Metal

(a)

RERERRESFTEERREERRER

UCL MaskSdev09 Etching

(b)

PHOTRONGS UK LTD 08 FEBRUARY-2008

Figure D.1: Overview of the set of two optical lithography masks de-

signed for the fabrication of membrane-based devices. (a) definition of

the the metal layer and (b) the etching areas.
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