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Abstract

Semiconductor nanowires are an emerging class of nanostructures that represent
attractive building blocks for nanoscale electronic and photonic devices. To the
present, nanowires are synthesized on a small scale by experimentally demanding
gas phase deposition techniques. This thesis describes a simple and cost-efficient
solution-based synthesis towards high-quality nanowires of Group II-VI compound
semiconductors. The effects of various reaction parameters and of doping on the
wires’ structural, electrical and magnetic properties are investigated.

The first part of this thesis is dedicated to a novel variant of the solvothermal
synthesis of CdS nanowires employing a single-source precursor. The wires are
of single-crystalline quality and can be indexed to wurtzite-type bulk CdS with
the preferential growth direction along the <001> axis. As-grown nanowires have
a smooth surface, are up to 40 µm long and exhibit aspect ratios up to 1000. The
wires’ aspect ratio can be increased by choosing a low precursor concentration.
Time-dependent experiments reveal the wires to axially grow at a rate of ≈1µm/h

while lateral growth only occurs during the initial reaction phase. As shown by
photoluminescence spectroscopy the surface defect density can be significantly
lowered by raising the reaction temperature from 180 to 200 ◦C.

Electrically contacted CdS nanowires are highly resistive in the dark, but become
more conductive by 4 orders of magnitude upon illumination above the bandgap
energy (λ<505 nm). Field effect transistor devices (FET) built from individual CdS
nanowires show the formation of Schottky barriers and n-channel enhancement
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type behavior with poor on/off ratios of ≈15. Spatially resolved photocurrent
measurements on single nanowire FETs reveal a strongly localized photocurrent
response in the vicinity of the lower biased contact. A qualitative explanation for
this effect can be given by assuming a back-to-back arrangement of Schottky diodes
and by considering different majority and minority carrier mobilities, such that the
total photocurrent is limited by the minority carrier diffusion length.

The second part addresses the tailoring of the electrical and magnetic properties
of CdS nanowires by doping with indium and manganese, respectively. The addi-
tion of small amount of In(III) salts (<0.1 mol%) prior to solvothermal reaction yields
single-crystalline and high-aspect ratio nanowires, while for higher In amount the
wires’ aspect ratio drastically decreases. The conductivity of highly In-doped CdS
wires (0.01 mol% In) is increased by one order of magnitude compared to undoped
CdS wires, which can be directly attributed to the raised majority carrier concen-
tration of the doped wires. Similarly, single-crystalline wurtzite type Cd1-xMnxS
nanowires with x<0.15 can be grown by adding Mn(II) salts. Magnetic studies on
Cd1-xMnxS nanowires with x<0.15 show the antiferromagnetic Mn–Mn interactions
to be weaker than in the bulk material. The difference can be attributed to an
effective reduction of nearest neighbor Mn–Mn interactions on the wire surface,
which is caused by the wires’ high surface/volume ratio.

In the last part of this thesis, the hydrothermal growth of single-crystalline
wurtzite type ZnO nanowires and their use in FETs devices is demonstrated. Up
to 30 µm long nanowires can be directly grown from alkaline solution on a zinc
foil substrate when using the additional oxidant ammonium peroxosulfate. ZnO
nanowire FET devices display n-type behavior, a high conductivity and poor gate
switching characteristics with an on/off ratio ≈3. Post-growth annealing at 600
◦C in air leads to significantly improved on/off ratios of ≈106 and reduces the
conductivity by two orders of magnitude. The annealing effect can be explained by
a reduction of point defects, namely oxygen vacancies.

Keywords: Semiconductor, Nanowire, Solvothermal synthesis, Doping, Photo-
conductivity, Field Effect Transistor.
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Zusammenfassung

Halbleiter-Nanodrähte sind eine neue Klasse von Nanostrukturen und stellen at-
traktive Baugruppen für nanoskalierte elektronische und optische Schaltungen dar.
Heutzutage werden Nanodrähte hauptsächlich in kleinen Mengen auf Basis von
experimentell aufwändigen Abscheidungsverfahren aus der Gasphase hergestellt.
Die vorliegende Arbeit beschreibt eine unkomplizierte und kostengünstige Syn-
thesemethode zur Herstellung qualitativ hochwertiger Halbleiter-Nanodrähte,
welche auf der Herstellung in Lösung besteht. Die Effekte der verschiedenen
Reaktionsparameter und von gezielter Dotierung auf die strukturellen, elektrischen
und magnetischen Drahteigenschaften werden untersucht und diskutiert.

Der erste Teil dieser Arbeit beschäftigt sich mit einer neuartigen Variante der
solvothermalen Synthese von Cadmiumsulfid-Nanodrähten (CdS), in der ein metall-
organischer Precursor eingesetzt wird. Die gewachsenen Drähte sind einkristallin
und strukturell identisch mit hexagonalem CdS vom Wurtzit-Typ, wobei das Wach-
stum entlang der kristallographischen <001>-Achse erfolgt. Die Drähte besitzen
eine glatte Oberfläche, sind bis zu 40 µm lang und weisen ein Aspekt-Verhältnis
von bis 1000 auf. Ein großes Aspekt-Verhältnis kann durch eine möglichst geringe
Precursor-Startkonzentration erzielt werden. Es kann gezeigt werden, dass das
Längenwachstum der Drähte mit einer konstanten Rate von ≈1µm/h erfolgt, der
Drahtdurchmesser hingegen bereits im Anfangsstadium definiert wird und im
Verlauf der Reaktion unverändert bleibt. Eine deutliche durch Oberflächendefekte
verursachte Verringerung der Defektluminesszenz kann beobachtet werden, wenn
die Wachstumstemperatur von 180 auf 200 ◦C erhöht wird. Elektrisch kontak-
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tierte CdS Nanodrähte weisen eine sehr hohe Resisitivität im Dunkelzustand auf,
welche aber durch Lichtanregung oberhalb der Bandlückenenergie um bis zu vier
Größenordnungen sinkt. An einzelnen, kontaktierten Nanodrähten zeigt sich die
Bildung von Schottky-Barrieren an den Kontakten. Die Drähte verhalten sich wie
ein n-Kanal Feldeffekttransistor, zeigen aber einen schlechten Wirkungsgrad mit
einem on/off-Verhältnis von ≈15. Räumlich aufgelöste Photostrommessungen
an einzelnen Drähten zeigen einen deutlich ausgeprägten Photostrom, der streng
im Bereich der in Sperr-Richtung gepolten Elektrode lokalisiert ist. Dieser Effekt
kann durch die Annahme zweier in Reihe geschalteter Schottkydioden mit entge-
gengesetzten Sperr-Richtungen erklärt werden. Auf Grund der unterschiedlicher
Mobilitäten der Majoritäts- und Minoritätsladungsträger kann gezeigt werden,
daß der Gesamtphotostrom durch die Diffusionslänge der Minoritätsladungsträger
bestimmt wird.

Im zweiten Teil der Arbeit wird gezeigt, wie durch gezieltes Dotieren mit In-
dium oder Mangan die elektrischen bzw. magnetischen Eigenschaften der CdS
Drähte beeinflußt werden können. Die Zugabe kleiner Mengen von Indium(III)-
salzen (<0.1 mol%) führt zur Bildung von einkristallinen Nanodrähten mit ho-
hem Aspekt-Verhältnis, höhere In-Anteile führen zu einer Verschlechterung des
Aspekt-Verhältnisses. Durch die Dotierung mit Indium (0.01 mol%) steigt die
Leitfähigkeit der Nanodrähte um eine Größenordnung im Vergleich zu undotierten
Drähten, was direkt auf die Erhöhung der Ladungsträgerdichte zurückgeführt
werden kann. Einkristalline Cd1-xMnxS Nanodrähte können durch Zugabe von
Mangan(II)-Salzen (x<0.15) solvothermal gewachsen werden. Magnetische Messun-
gen an solchen Drähten zeigen für x<0.15 verringerte antiferromagnetische Mn-Mn
Wechselwirkungen als im Volumenkristall. Dieser Unterschied läßt sich mit dem
bei Nanodrähten sehr großen Oberflächen/Volumen-Verhältnis erklären, das eine
effektive Verringerung der Mangan-Konzentration auf der Drahtoberfläche und
somit der antiferromagnetischen Mn–Mn Wechselwirkungen bewirkt.

Der letzte Teil der Arbeit befasst sich mit dem hydrothermalen Wachstum ultra-
langer (≈ 30 µm), einkristalliner ZnO-Nanodrähte und deren elektrischen Eigen-
schaften. Mit Hilfe eines zusätzlichen Oxidationsmittels können ZnO-Drähte aus
alkalischer Lösung direkt auf Zn-Folie gewachsen werden. Feldeffekttransistoren
bestehend aus einzelnen ZnO-Drähten verhalten sich wie n-Kanal-Transistoren bei
einem schlechten Wirkungsgrad mit einem on/off-Verhältnis von ≈3. Während un-

IV



behandelte ZnO-Drähte hohe Leitfähigkeiten aufweisen, führt Annealing bei 600 ◦C
in Luft zu einer Verringerung der Leitfähigkeit um zwei Größenordnungen. Gleich-
zeitig verbessert sich das Gate-Schaltverhalten deutlich auf ein on/off-Verhältniss
von ≈ 106, was mit einer Reduzierung der Sauerstoff-Fehlstellen erklärt werden
kann.

Schlagworte: Halbleiter, Nanodraht, Solvothermale Synthese, Dotierung, Pho-
toleitfähigkeit, Feldeffekttransistor.
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1
INTRODUCTION

The starting point of what nowadays is called nanotechnology was marked in
1960 by a lecture of the physicist Richard Feynman entitled “There’s plenty of
room at the bottom” [1]. Feynman addresses the challenges of “writing things
small” and on how to process information on the scale of nanometers (10−9m). The
ultimate goal of this idea was to arrange “atoms one by one where we want them”
and to build more complex structures from the bottom-up using small building
blocks. Today these ideas may appear less challenging since using words like
“nanoscience” or “nanotechnology” have become common use in the media, but
in 1960 these were bold and revolutionary visions, marking the start of an entirely
new field of science. Interestingly, the words “nanoscience” or “nanotechnology”
never appeared throughout Feynman’s talk.

One definition for the term “nanotechnology” given by the National Nanotech-
nology Initiative [2] is the following:

Nanotechnology is the understanding and control of matter at dimen-
sions between approximately 1 and 100 nanometers, where unique
phenomena enable novel applications.

Since the award of the Nobel Prize in Chemistry for their discovery, buckminster-
fullerenes [3] are one of the emblems of nanotechnology, satisfying the dimensional
criterium of the above definition. Fullerenes fit into a distinct category of nanoscale
objects described as zero-dimensional (0-D) materials, which have been extensively
studied for the past decade. Another type of 0-D material are semiconductor
quantum dots [4].
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1 INTRODUCTION

More recently, the focus of scientific interest has shifted towards one-dimensional
(1-D) materials such as carbon nanotubes (CNT) [5]. CNTs are cylindrical carbon
macromolecules with a diameter on the nanoscale but of lengths up to millimeters.
Depending on their diameter and chirality they exhibit either metallic or semicon-
ducting behavior. Although recent advances allow for the selective fabrication of
metallic CNT, up to date, no reliable method exists to produce semiconducting
CNTs in large and pure amounts.

Another intriguing class of 1-D materials are semiconductor nanowires, which
are available in large amounts and high structural quality [6].

1.1 Semiconductor nanowires

Based on the idea of a bottom-up approach for the fabrication of more complex
structures, semiconductor nanowires appear as attractive building blocks. Their
diameter can be tuned by the proper choice of the right catalyst and the right
diameter [7]. The growth of nanowires composed of Group IV semiconductors as
well as III-VI and II-VI compound semiconductors have been reported [8]. In order
to target specific electronic [9], magnetic [10, 11] or optical [12] properties, they can
be grown of different elemental compositions or can be chemically doped. Con-
trolled doping is critical for most electronic transistor and logic circuit applications
[13, 14]. N-type and p-type silicon nanowires have been obtained by phosphorous
and boron doping [15]. An approach allowing for the control and confinement of
carriers in semiconductor heterostructures is bandgap engineering [16]. Bandgap
engineering requires the ability to grow heterostructures in the nanowires either
radially (core/shell) or axially [17, 18]. In summary, the properties of nanowires
can be tailored by tuning the following parameters:

• wire diameter

• elemental composition

• chemical doping

• implementation of heterostructures

The strong application potential of semiconductor nanowires is evident from their
unique properties that distinguishes them from bulk semiconductors. For example,
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1.1 Semiconductor nanowires

Figure 1.1 Power generation process of a piezoelectric ZnO nanowire, showing a coupling of
piezoelectric and semiconducting properties in this Schottky barrier governed transport process
(Picture taken from [22]).

the confinement of electrons and holes in two dimensions within 1-D nanowires
can be observed for semiconductor nanowires with a diameter on the order of the
Bohr exciton radius. The electronic bandgap of nanowires is found to increase
with decreasing diameter, rendering it possible to tune the emission wavelength
of nanowires by adjusting its diameter. Among group II–VI semiconductors, CdS
is a material for various optoelectronic applications in the visible range of the
electromagnetic spectrum. Some of these applications include nonlinear optical
devices, light emitting diodes (LED) and solar cells [19, 20, 21].

Another intriguing feature of nanowires is their high surface to volume ratio,
which makes them excellent candidates for the application as gas or biomolecule
sensors [23]. The high surface-to-volume ratios of thin nanowires endow them
with high sensitivity and short response time, albeit selectivity remains. Recently,
the need for renewable, sustainable and green energy has triggered considerable
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1 INTRODUCTION

interest in energy harvesting and power generation. Wang [22] and Lin et al. [24]
demonstrated ZnO and CdS-nanowire array-based piezoelectric nanogenerators to
convert mechanical energy to electricity by utilizing the coupling effect of the wires
semiconducting and piezoelectric properties (see Figure 1.1).

Common to all types of semiconductor nanowires, is that they are fabricated in
gas phase either via deposition methods [25, 26, 27] or via epitaxial growth [28, 29],
while both approaches are well-established they mainly suffer from being experi-
mentally demanding and costly. As an alternative method, solvothermal synthesis
offers some significant advantages, such as cost-effectiveness, size/shape control,
low-temperatures and less-complicated experimental setup techniques. Several
groups have reported the growth of CdS nanowires by solvothermal methods how-
ever, without thoroughly investigating the wires’ electrical properties [30, 31, 32].
The application of as-fabricated CdS nanowires in electrical devices requires the
knowledge of the interdependence between growth parameters and the resulting
electrical performance. Moreover, there exist only few reports on chemical doping,
which often leads to degradation of the CdS structures [33, 34].

This thesis aims at the solution-based synthesis of both, doped and undoped
single-crystalline, high aspect ratio CdS nanowires, which are to be integrated as
field effect transistor (FET) or photosensor. The role of the key growth factors
defining the wires’ shape as well as their compositional and structural properties
will be investigated. Emphasis will be put on the discussion of the wires’ optical
and electrical properties, gained from single wire level experiments. Moreover, the
feasibility of tuning the electrical and magnetic properties via chemical doping will
be probed.

1.2 Organization of this thesis

This thesis is organized as follows: The second chapter gives an overview of the
electrical properties of Group II-VI semiconductor nanowires, effects arising from
their quantum confinement and the working principle of nanowire based transis-
tors/photo detectors. Furthermore synthetic pathways towards their fabrication
and strategies for shape-control are elucidated. In the third chapter the experimen-
tal methods of nanowires synthesis and their analysis are presented. The fourth
chapter deals with various approaches towards CdS nanowires and describes their
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1.2 Organization of this thesis

compositional and electronical properties. Chapter five is devoted to the rational
tailoring of the electrical and magnetic properties of CdS nanowires by chemical
doping. Chapter six covers the hydrothermal synthesis of ZnO nanowires and
their electrical characterization. The thesis ends with a summary and concluding
remarks regarding the obtained results.
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2
GROUP II-VI SEMICONDUCTOR

NANOSTRUCTURES

2.1 General properties of CdS and ZnO

Both, Cadmium sulfide (CdS) and zinc oxide (ZnO) are prominent examples of
group II-VI compound semiconductors. Having direct bandgap energies of 2.4 eV
(CdS) and 3.4 eV (ZnO) they belong to the class of wide-bandgap semiconductors.
The bandgap of ZnO can further be tuned from 3–4 eV by mixing with magnesium
oxide or cadmium oxide, while the same effect can be achieved for CdS by addition
of CdSe (2.4 eV-1.7 eV). ZnO has a relatively large exciton binding energy of 60
meV, more than 2 times larger than the room-temperature thermal energy, which
results in bright luminescence emission from ZnO at room temperature.

Typically, CdS and ZnO synthesized by standard techniques have n-type character,
even in the absence of intentional doping. Native defects such as sulfur/oxygen
vacancies or cadmium/zinc interstitials are often assumed to be the origin [35].
Based on theoretical calculations, for ZnO it has alternatively been proposed that
unintentional substitutional hydrogen impurities are responsible [36]. N-type
doping in ZnO and CdS can be achieved by substituting Zn with group-III elements
Al, Ga, In or by substituting oxygen with group-VII elements chlorine or iodine
[37]. The fabrication of p-type doped ZnO remains difficult [38] up to date, while
Cu has been successfully used for p-type doping of CdS [39].

Cadmium sulfide exists, like zinc oxide, in three crystal forms: the hexagonal
wurtzite structure (Figure 2.1), which the most stable one at room temperature, the
cubic zinc blende structure, and the NaCl rock salt structure at high pressures [40].
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2 GROUP II-VI SEMICONDUCTOR NANOSTRUCTURES

Figure 2.1 Representation of the hexagonal wurtzite-type crystal lattice. The unit cell (black
box) has a four-atomic basis with the cations (grey) located at the positions (0,0,0) and (1/2,
1/2, 1/2), and the anions (yellow) located at the positions (0,0,3/8) and (1/2, 1/2, 7/8). Each atom
is tetrahedrally coordinated, which is indicated by two polyhedra. Each of two individual atom
types forms a sublattice which is hexagonally close packed.

The hexagonal structure has a point group 6 mm (Hermann-Mauguin notation) or
C6v (Schoenflies notation), and the space group is P63mc. The wurtzite structure
as well as the zinc blende structure lack inversion symmetry, therefore both poly-
morphs are piezoelectric, and the hexagonal is also pyroelectric. The bonding in
CdS and ZnO is largely ionic, which further explains the strong piezoelectricity of
the latter compound1.

2.2 Synthesis of 1-dimensional nanostructures

The basic concept behind the growth of 1-dimensional (1D) nanostructures such as
nanowires is the controlled and restricted crystal growth. Crystal growth means, the
evolution of a solid from vapor, liquid or solid phase resulting into nucleation and
subsequently resulting into the formation of a crystal. As soon as the concentration
of the elemental species or building blocks of a solid becomes sufficient, they
assemble to form a small cluster, which acts as nucleation center or seed. During
the synthesis of 1-D structures, growth of the seeds in two dimensions has to
be prevented. As a prerequisite for a successful growth of 1-D structures, the

1ZnO has a high piezoelectric tensor comparable to that of GaN and AlN [41]
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2.2 Synthesis of 1-dimensional nanostructures

Figure 2.2 The principle of CVD synthesis within a reactor tube: Thermal evaporation of reaction
precursors and (a) mass transport of reactants to the growth surface through a boundary layer by
diffusion. (b) Local supersaturation and heterogeneous nucleation on the surface. (c) Removal of
the gas-phase reaction byproducts from the growth surface.

building blocks have to be supplied at a controlled rate, resulting in a crystal
with homogenous composition and uniform morphology. Nanowires of group
II-VI semiconductors are most commonly grown either in the gas phase or in
solution. Gas phase reactions generally offer a good control of growth parameters
like temperature and pressure and, are hence the preferred method for producing
high-quality solid materials. On the other hand, for solution-based synthesis less
sophisticated equipment is needed. Moreover, latter methods are easier to scale
up, which might be important for the synthesis of bulk quantities. In the following
chapter, both approaches will be discussed in more detail.

2.2.1 Gas phase synthesis

Gas phase synthesis can be mainly divided into two categories, depending on
whether the deposition process involves chemical reactions or is a pure physical
transformation. An example for the latter method, a so-called physical vapor
deposition (PVD), is the high temperature vacuum evaporation of the precursor
compound and the subsequent sublimation on a substrate. The former method
typically comprises several chemical reaction steps in vapor phase and on the
surface, and therefore is called chemical vapor deposition (CVD). CVD is used to

9



2 GROUP II-VI SEMICONDUCTOR NANOSTRUCTURES

(a) (b)

Figure 2.3 (a) Schematic view of the nanowire growth according to the VLS mechanism
at temperature T: (1) Formation of a metal-semiconductor-alloy due to incorporation of the
semiconductor from the gas phase. (2) Further supply of the semiconductor components from
the gas phase leads to the supersaturation of the alloy droplet. (3) Growth of a nanowire from
the supersaturated alloy. According to this scheme the nanowire diameter is determined by the
size of the catalyst droplet. (b) Corresponding pseudo-binary phase diagram Au-CdS2.

grow highly uniform semiconductor thin films for industrial applications. In a
CVD process, a wafer substrate is exposed to one or more volatile precursors which
react and deposit on the substrate to yield the desired product. Volatile reaction
by-products are removed by the gas flow of an inert gas through the reaction
chamber (Figure 2.2). The CVD process is usually carried out at sub-atmospheric
pressure (LPCVD) or in high-vacuum (UHVCVD) to minimize unwanted gas-phase-
reactions and to improve film uniformity across the substrate. In 1955 Sears [42]
postulated that screw dislocations are the preferred attachment points for adatoms
during gas phase growth of single crystals, also called whiskers. Due to the absence
of axial screw dislocations in many investigated crystals, in 1964 Wagner and Elis
[43] postulated a vapor-liquid-solid mechanism (VLS). As a starting point, a metal
impurity (e.g. a gold particle) is heated on a substrate (e.g. silicon or glass) to the
growth temperature T (Figure 2.3, step 1). In a CVD process the semiconductor
components (e.g. cadmium and sulfur) are supplied through the gas phase (Figure
2.3, step 2) and lead to the formation of a metal-semiconductor alloy droplet3.
At the phase boundary the metal-semiconductor droplet is in thermodynamical

2For the ternary system Au-Cd-S no experimentally data exist.
3Alloying of the droplet and the underlying substrate may lead to unwanted impurities in the

as-grown nanowires [44].
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2.2 Synthesis of 1-dimensional nanostructures

equilibrium. Further supply of the semiconductor components from gas phase
causes a supersaturation within the droplet and subsequent crystallization and
axial growth of a nanowire. Typically, the remainder of the alloy droplet can be
found at the tip of VLS-grown nanowires (Figure 2.3, step 3).

The semiconductor or its components can be either supplied directly (PVD) or in
the form of precursor molecules, which decompose under reaction conditions. For
the case of compound semiconductors like ZnS and CdS, the reactive species can be
provided by means of a single-source precursor [26], which incorporates both the
metal and non-metal component. For the single-source precursor typically being a
metal-organic compound, this variant of CVD synthesis is named metal-organic
CVD (MOCVD).

The favored growth of nanowires rather than layered structures can be explained
by the presence of the liquid alloy droplet. It’s rough surface with an adhesion
coefficient equal 1 is an ideal anchoring point for adatoms. In contrast, for the
growth of a crystal lattice by forming 2-dimensional crystal seeds (enhanced by
the presence of crystal defects) a certain degree of supersaturation is necessary.
The diameter of the nanowire to be grown depends upon the properties of the
metal droplet. The nanoscale growth of wires requires the presence of nano-sized
droplet on the substrate. This is not possible in an equilibrium situation where the
minimum radius of a metal droplet rmin can be described by [45]

rmin =
2Vl
RT

σlv ln(s), (2.1)

where Vl is the molar volume of the droplet, σlv the liquid-vapor surface energy,
and s is the degree of supersaturation [46] of the vapor. Under typical experimental
conditions the size of the droplet, and hence of every crystal grown from it, is
limited to well above the nanometer level. Several techniques to generate smaller
droplets have been developed e.g. making use of monodisperse nanoparticles [47]
which are spread in low density on the substrate.

The choice of the right metal catalyst has to meet the following requirements:

1. The metal has to form a liquid solution with the crystalline material at the
growth temperature T.

2. The solid solubility of the catalyst metal has to be low both in the solid and
liquid phase of the substrate material.
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3. The catalyst should be inert to the reaction products.

4. The equilibrium vapor pressure of the catalyst over the liquid alloy should be
small, so that the droplet does not vaporize, shrink in volume and therefore
decreases the radius of the growing wire.

Commonly, transition metal particles such as Fe, Ni, and Co are used for CVD.
The mass transport of the semiconductor from the vapor phase via the liquid

alloy to the solid state is mainly determined by the chemical potential of each phase.
The chemical potential µ describes the change of the Gibbs free energy G with the
number of particles n

µ =

(
∂G
∂n

)
T,p

. (2.2)

A difference in the chemical potential of two systems in contact leads to a mass
transport from higher chemical potential towards lower potential. This results in
a lower overall free energy of the system. Therefore, in order to achieve a mass
transport from the vapor phase towards the nanowire , the chemical potential of
the gas phase has to be greater than the potential of the liquid alloy droplet, whose
potential in turn has to be greater than the potential of the solid wire. The chemical
potential of the gas phase with the partial pressure of the semiconductor(-precursor)
pSi, the semiconductor’s concentration c and the partial pressure at equilibrium peq

is given by [48]
∆µ0(c) = kBT ln

pSi

cpeq
. (2.3)

In addition, the chemical potential of the alloy droplet is influenced by its surface
curvature. A highly curved droplet surface has a higher chemical potential than
a droplet having a surface curvature of zero µ0. For a hemispherical droplet the
change of the chemical potential ∆µ can be written as [49]

∆µ = ∆µ0 −
2Ωσ

r
, (2.4)

where r is the droplet’s curvature radius, σ the specific surface energy, and Σ the
specific atomic volume. As can be seen from equation (2.4), the main driving force
during VLS growth, the degree of supersaturation (∆µ), decreases with decreasing
droplet diameter. This so-called "Gibbs-Thompson" effect has been utilized to
explain the low growth rate of small Si nanowires in comparison with thick wires
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[50]. Hence, for obtaining small diameter nanowires, one has to establish a high
grow rate by keeping the semiconductor(-precursor) partial pressure on a high
level. In the ideal case, the advantages of nanowire growth via VLS are:

• Reaction energy greatly lowered compared to non-catalyzed CVD growth.
• Size and position of the wires are determined by that of the metal catalysts.

Nanowire growth can also occur despite the absence of metal-catalyst particles.
The underlying concept, denoted as "vapor-solid" (VS) mechanism [51, 52, 21]
comprises a sequence of evaporation condensation processes on the molecular level.
The main driving force is the decrease in Gibbs free energy, which arises from
either recrystallization or decrease in supersaturation. Several mechanisms may be
responsible for the anisotropic growth such as different growth rates at different
facets in a crystal, presence of imperfections or defects in specific crystal directions
or preferential accumulations of impurities on specific facets [42]. Usually, VS
growth is carried out at higher temperatures than VLS and results in the formation
of ribbon-like structures such as nanobelts. A general indication of a VS type
growth process is the decrease of the diameter/width of the nanostructures towards
their growth end.

2.2.2 Solution-based synthesis

Solution-based chemical synthetic strategies provide simple and powerful routes to
nanostructures [53]. They have a broad scope, allowing the preparation of many
kinds of nanomaterials and usually have the advantages of greater capability and
flexibility compared to the dry state routes, in particular CVD methods. However,
in the absence of solid templates or catalysts, wet chemical procedures are far
more difficult to control. In order to prepare highly anisotropic nanostructures
such as nanowires or nanorods, a fundamental understanding of nucleation and
growth steps is crucial. In the following, several models explaining how shape is
determined and can be influenced on the molecular level are presented.

Classical nucleation theory

Nanocrystalline structures are formed during several nucleation and growth stages.
Nucleation of a new particle from a continuous phase can happen either hetero-
geneously or homogenously. Heterogenous nucleation can take place on foreign
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nuclei or dust particles, ions, or surfaces. In contrast, during homogenous nucle-
ation all those foreign objects are absent. Classical nucleation theory is based on
the idea of a vapor condensing to a liquid [54]. Typically, this treatment is extended
to crystallization processes from melts and solutions. The changes in free reaction
energy of homogenous nucleation can be considered as follows: The overall free
excess energy, ∆G, between a small solid particle of a solute and the solute in
solution is the sum of the excess surface free energy ∆Gs and the volume excess
free energy ∆Gv. ∆Gs is a positive quantity, which shows a parabolic dependence
on the particle size (r2) and describes the excess free energy between the surface of
the particle and the bulk of the particle. The volume excess free energy ∆Gv is the
excess free energy between a very large particle and the solute in solution. ∆Gv is a
negative quantity proportional to r3. For a supersaturated solution it thus follows

∆G = ∆Gs + ∆Gv = 4πr2γ + 4πr3∆Gv/3, (2.5)

where ∆Gv is the change of free energy per unit volume and γ is the interfacial
tension between the developing crystallite surface and the supersaturated solution.
As can be seen from equation (2.5), the free energy of formation, ∆G, passes
through a maximum (Figure 2.4). For a spherical cluster the maximum value for
∆G corresponding to the critical nucleus size, rc, can be obtained by setting

dG/dr = 8πrγ + 4πr2∆Gv = 0. (2.6)

Thus,
rc = −2γ/∆Gv, (2.7)

where ∆Gv is negative. From equation (2.5) and equation (2.7) we obtain

∆Gcrit = 16πγ3/3(∆Gv)
2 = 4πγ(rc)

2/3. (2.8)

As can be seen from equation (2.8), the properties of a newly created crystallite
strongly depend on size. The critical radius rc represents the minimum size of a
stable nucleus.

Particles smaller than rc will redissolve while larger particles will grow aiming
to achieve a reduction in free energy. Equation (2.8) explains the formation of
critical nuclei, which are necessary for the growth of nanoparticles and nanowires.
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Figure 2.4 Classical nucleation theory: Free-energy diagram for nucleation processes explaining
the existence of a critical nucleus size rc.

The energy fluctuations within the fluid due to the molecules’ statistical velocity
distribution determines the amount of energy (∆Gcrit) necessary to form critical
nuclei. In the supersaturated regions the energy level temporarily rises to a high
value, hence nucleation is favored. The rate of nucleation can be expressed in form
of an Arrhenius reaction rate constant

J = Ae−∆G/kT, (2.9)

where k is the Boltzman constant. The Gibbs-Thomson relation for a non-electrolyte
is given by

ln S = 2γν/kTr, (2.10)

where S is the ratio of solution concentration to that of equilibrium saturation
concentration at temperature T, and ν is the molar volume. With equation (2.7))
this leads to:

−∆Gv = 2γ/r = kT ln S/ν. (2.11)
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On this basis, equation (2.8) becomes:

∆Gcrit = 16πγ3ν2/3(kT ln S)2 (2.12)

and
J = Aexp[−16πγ3ν2/3k3T3(ln S)2] (2.13)

Equation (2.13) indicates that the rate of nucleation is governed by three variables:
temperature T, degree of supersaturation S, and interfacial tension γ. The above
equation is also valid for non-spherical particles when changing the term 16π/3 to
an appropriate value. When reagents are mixed, nucleation generally happens very
fast. Kinetic studies on nucleation therefore are very hard to study, whereas the
subsequent growth can be more readily examined. Nuclei exceeding the critical
nucleus size have a lower chemical potential than the precursors in solution, and
thus increase in size at the expense of the precursors. In agreement with equation
(2.10) it has been observed [55] that the solubility of crystals increases as their size
decreases. Due to the strong size-dependent solubility in the nanometer regime,
depletion of the precursors by the growth of nanocrystals will make the small
crystals more soluble. As a result, small nanocrystals shrink in size while the
bigger ones continue to grow, which leads to a broadened size distribution. This
“defocussing” effect of the size distribution is also known as Ostwald ripening
[56, 57]. While this effect can be beneficial for the growth of elongated structures
such as nanowires, it has to be avoided for the growth of monodisperse, colloidal
nanoparticles [58]. Nanoparticle synthesis strategies generally aim towards a
diffusion-controlled regime and an increase of the surface tension at the solvent-
particle interface. Nanowires can be regarded as highly anisotropic nanocrystals
and shapes are formed either due to the tendency to minimize the surface energy
or because of the kinetics of the growth.

Shape control

Several models beyond classical nucleation theory have been proposed, to take into
account the individual reaction conditions leading to shape control of solution-
grown nanostructures. In the kinetically controlled regime, the shape of the wires is
determined by the growth rate of the different crystal faces. In thermal equilibrium,
shape evolves from minimizing the surface energy [59]. In the latter case, the surface
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(a) (b)

Figure 2.5 A possible template mechanism for the growth of nanostructures in monosurfactant
system: (a) Nanoparticle with TOPO ligands. (b) Nanorod with HDA ligands.

can be determined by performing a Wulff construction. The Gibbs-Curie-Wulff
theorem is the most widely cited classical model for shape control of nanostructures
[60]. It’s based on the assumption that the crystal shape is determined by the
surface free energy of the crystallographic faces. The final shape is then defined
by the state where the total free energy has it’s minimum. The theory successfully
predicts morphologies of crystals, but being a purely thermodynamic theory it can
not account for kinetically trapped morphologies like structures obtained by rapid
quenching.

Shape control and growth of anisotropic semiconductor nanostructures has also
been discussed on the basis of the selective absorption model [61]. According to
this model a mixture of surfactants provides a selective absorption on different
crystallographic faces, thereby modifying the individual facet’s surface free energy,
which in turn leads to different growth rates along these planes. However, this
model can not explain the growth of nanorods in a monosurfactant system [62,
63]. In monosurfactant systems, it is possible that surfactant molecules form
templates within the particles can grow. The reduced steric hindrance between
the hydrocarbon chains of n-hexadecylamine (HDA), the packing density at the
surface of nanocrystal nuclei is greater than that of trioctylphospineoxide (TOPO)
coordinated nanocrystals. Consequently, the reduced crystallite’s surface curvature
leads to anisotropic growth of HDA-capped particles (Figure 2.5).
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The oriented-attachment model describes a process when small particles join
at specifically similar crystallographic faces [64]. It mainly involves the reduction
of surface tension through the elimination of surfaces via attachments that are
constrained in only two dimensions of the surface. This has been exploited for
the synthesis of CdTe nanowires starting from nanoparticles which spontaneously
self-assemble by removal of surfactants from their surface [65].

Nanodot CdTe prepared in aqueous solution has a cubic zinc blende structure [66,
67], and therefore, nanowire growth is accompanied by a phase transition towards
the hexagonal structure. The hexagonal lattice is intrinsically anisotropic and has
a unique (001) axis. During the controlled surfactant removal, the nanoparticles
reorganize their lattice to achieve a match between crystal symmetry and the
uniaxial nanowire geometry. The linear aggregates of nanoparticles resembling a
"pearl necklace" finally fuse into one crystal. The process is facilitated by the low
activation energy of the phase transition of CdTe.

An effective monomer model has been postulated [55], which acts as an extension
to the free energy criterion for controlling the crystal shape. The free surface
energy of different crystallographic faces is manipulated throughout the reaction
by sequential injections of the reactive species (i.e. Cd and Se precursors). Here, the
high availability of reactive monomers is the key requirement for anisotropic growth,
whereas the nature of the ligand is neglected as long as high monomer concentration
can be sustained after nucleation. The effective monomer model is the most widely
accepted theory for the shape control of semiconductor nanoparticles/nanorods so
far, in particular II-VI semiconductors.

Solid-liquid-solid (SLS) synthesis

A rather new method for the growth of II-VI nanowires is the Solid-liquid-solid
(SLS) method [68, 69], which tries to transfer the concept of VLS gas phase syn-
thesis to solution growth. The SLS approach uses low-melting-point nanocatalysts
[68, 70]and is based on well-established methods used to prepare semiconductor
nanocrystals [71]. Generally, the diameter of the nanowire correlates with the size
of the low-melting-point nanocatalysts, for example, Bi or Bi-capped Au particles.
Several recipes have therefore been developed to prepare ultrathin CdSe nanowires
with a fairly narrow diameter distribution.

18



2.2 Synthesis of 1-dimensional nanostructures

Template methods

The template method is probably most commonly used for the synthesis of
anisotropic structures. The nano-sized template serves as a scaffold within which a
different material can be generated in-situ. The final shape of the reaction product
has a morphology complementary to that of the template. Many different templates
have been designed and successfully used such as channels within porous materials,
mesoscale structures self-assembled from surfactants or block copolymers, macro-
molecules like DNS strains and rod-shaped viruses [72]. The template-directed
approach provides a simple procedure that allows for the duplication of the tem-
plates’ complex surface structure within a single step. ZnO and CdS nanowires
have been electro-deposited into channels of nanoporous aluminum oxide [73, 74].
CdSe nanowires have also been fabricated employing a polyvinyl-assisted synthesis
[75].

Molecular templates

For the synthesis of II-VI semiconductors nanorods using ethylenediamine (en) as
solvent a solvent coordinating molecular templating (SCMT) has been proposed
[76, 77]. In this approach, the ethylenediamine acts as template molecule, which is
incorporated into an inorganic framework first and then escapes from it to form
nanocrystallites of desired morphologies.

In addition, during CdS nanorod synthesis, the solvent en plays a important role
controlling nucleation and growth. The en molecule is believed to act as a bidentate
ligand in the sulfur containing solution to form stable Cd 2+ complexes, whose
stability decreases with increasing temperature. At temperatures above 120 ◦C,
sulfur is believed to coordinate to the above complex, thereby partially releasing
the volatile ligand.

It has been observed that the use of bidentate ligands such as en and 1,6-
diaminoethane is crucial for the growth of nanorods. In contrast, analogous
reactions for the synthesis of ZnS nanorods failed [78, 79]. Recently, a mechanism
involving layered structures of ME·1/2 en (M=Zn, Cd; E=S, Se) has been developed
[80]. In this model, en molecules act as organic interlayer spacers; their loss due
to crystal defects or from the edges of the layered structure leads to their collapse.
The newly formed purely inorganic slabs couple into the bulk phase of the cor-
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Figure 2.6 Schematic of the solvent coordinating molecular template (SCMT) mechanism:
Ethylenediamine (en) molecules act as interlayer spacers. (a) The loss of en spacers leads to the
agglomeration of the inorganic layers. (b) The layered intermediates become fragmented and (c)
form nanorod-like structures.

responding components. The plate-like intermediates crack into pieces and as a
result rodlike structures are formed (Figure 2.6).

CdS nanorods have also been grown in n-butylamine, indicating a monodentate
chelating mode of the ligand [81]. The close relation between anchoring atoms
of the ligands and the metal ions on the surface has been pointed out [82], since
the weak interaction between ligands have no significant effect on nucleation and
growth of nanoparticles.

Solvothermal/hydrothermal synthesis

The solvothermal/hydrothermal synthesis method involves a solvent that is held
under pressure and at a temperature above its critical point to increase solubility of
solid reactants and speed up reactions. One advantage of this approach is that most

20



2.2 Synthesis of 1-dimensional nanostructures

Figure 2.7 The hydrothermal process along an isotherm: At (I) only water and precursor materials
are present, the starting pressure is P1. Between (I) and (III) and the precursor dissolves as the
pressure increases (P2 > P1). Spontaneously nucleation occurs when point (III) is reached. The
subsequent crystal growth may only take place in the field of saturated solution.

materials can be made soluble in a solvent by heating and pressurizing it close to
its critical point. The process of dissolution and nucleation along an isotherm is
displayed in Figure 2.7. Usually, the morphologies can be controlled in an easy
manner by widely varying the starting parameters in the reaction system, such
as choices of solvents, capping reagents/surfactants, organometallic precursors,
control of reaction temperature, change of pH value, etc. [83].

The solvothermal method using non-water as solvent can effectively prevent
the products from being oxidized, which is especially critical in the synthesis
of a variety of non-oxides. The solvent properties such as polarity, ability to
donate or accept lone pair of electrons, softness, self-cohesiveness and viscosity
will strongly influence the solubility and transport behavior of the ions involved in
the heterogeneous liquid-solid reactions. The solvent polarity is generally used to
describe the overall solvation ability of a solvent, which influences the interactions
between the solvent and the solute molecules or ions [84]. Due to it’s versatility the
method is widely used to generate a variety of II-VI semiconductor nanoparticles
and nanorods [53]. A major drawback of the solvothermal method is it’s inherent
complexity, which largely hinders systematic studies of growth by the use of
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autoclaves. During the course of reaction the autoclave essentially represents a
black box system, for only a very limited number of parameters like temperature
and time can be influenced and observed throughout the reaction.

2.3 Electrical properties of semiconductor nanowires

The electronic transport behavior of 1D-nanostructures such as nanowires mainly
depends on the relative magnitude of three parameters: carrier mean free path lW ,
the de Broglie wavelength of electrons λe, and the wire diameter dW . Depending
on the wire diameter one has to distinguish between three different cases:

1. The wire diameter dW is much larger than the carrier mean free path lW
and the nanowires have transport properties similar to bulk materials, which
are independent of the wire diameter, since the scattering due to the wire
boundary is negligible compared to other scattering mechanisms.

2. When the wire diameter dW is comparable or smaller than the carrier mean
free path lW , but still much larger than the de Broglie wavelength of the
electrons λe, the transport in nanowires is in the classical finite size regime. The
band structure of the nanowire is still similar to that of the bulk while the
scattering events at the wire boundary (surface) alter its transport behavior.

3. For nanowires with diameters dW comparable to the electronic wavelength λe,
the electronic density of states is altered dramatically and quantum subbands
are formed due to the quantum confinement effect at the wire boundary. In this
regime, the transport properties are further influenced by the change in the
band structure.

Transport properties for nanowires in the classical finite size and quantum size
regimes, therefore, are highly diameter-dependent. For nanowires with lengths
much larger than the carrier mean free path, the electrons (or holes) undergo
numerous scattering events when they travel along the wire. In this case, the
transport is in the diffusive regime, and the conduction is dominated by carrier
scattering within the wires due to phonons (lattice vibrations), boundary scattering,
lattice and structural defects, and impurity atoms. Although it still remains unclear
how the size may influence the transport properties and device performance of
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semiconducting nanowires, many of the larger diameter semiconducting nanowires
(20-100 nm) are expected to be described by classical physics, since their quantiza-
tion energies are usually smaller than the thermal energy kBT [85]. By comparing
the quantization energy with the thermal energy, the critical wire diameter below
which quantum confinement effects become significant is estimated to be 1 nm for
silicon nanowires at room temperature, which is much smaller than the size of
most of the semiconducting nanowires that have been investigated so far.

2.3.1 Quantum confinement effects

A theoretical model based on effective masses of electrons and holes in bulk has
been proposed to explain for quantum confinement effects like the blue-shifted
absorption spectra that are observed in semiconductor nanostructures [86]. Accord-
ing to the Effective Mass Approximation theory, the energy gap between valence
band and conduction band EG is equal to the energy required to create a Wannier
exciton (electron–hole pair) in direct band-gap materials. The Bohr radius aB of an
exciton is given as

aB =
h̄2ε

e2

(
1

me
+

1
mh

)
(2.14)

where, me and mh are the electron and hole mass and ε is the dielectric constant
of the semiconductor. The Bohr radius of an exciton in a particular material helps
in estimating the size dependent region for semiconductor nanostructures. If
their dimension is comparable to the Bohr radius of an exciton, then they are
drastically influencing the spatially localized excitation spectrum. This is similar to
energy quantization like in the “particle-in-a-box” system, which results in discrete
excitation energy levels for the particle. The size dependent energy gap E′ for a
nanoparticle having a physical radius R is given as

E′ = EG + ∆E (2.15)

∆E =
h̄2π2

2R2

(
1

me
+

1
mh

)
− 1.8e2

ε2R
+ polarization (2.16)

where Eg is the bulk semiconductor band gap, ∆E is the size-induced shift in the
energy of the conduction band, R is the particle radius, and ε is dielectric constant.
The first term in equation (2.16) represents the particle-in-box localization energy.
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(a) (b)

Figure 2.8 (a) Schematic of a NW-FET. (b) Band diagram illustrating the principle for a n-
channel NW-FET. When a positive back gate voltage Vg is applied, the bands are lowered, which
leads to an accumulation of electrons in n-NWs and enhances the conductivity. Conversely, a
negative gate voltage will raise the bands and decrease the conductivity.

The polarization term is very small and can therefore be neglected [87]. It can
be easily seen that the bulk semiconductor band gap widens as the size of the
particle decreases to the nanoregime [88]. The Bohr exciton diameters for CdS and
ZnO are 5.8 nm and 3.6 nm [86, 89], and consequently, CdS nanostructures in the
size range of 1–6 nm show sizable quantum confinement effects [90]. When the
crystallite radius becomes comparable to or less than the Bohr exciton radius, there
is a considerable enhancement of the exciton binding energy [91].

2.3.2 Field-effect transistors

Electronic devices form the basic constituents of modern integrated circuits. Among
the many possibilities, the field effect transistor (FET) stands out as being the
modern workhorse of the semiconductor industry. Therefore, many efforts have
been focussed on the fabrication of nanowire based FETs (NW-FET). The basic FET
structure made from single semiconducting NWs is illustrated in Figure 2.8(a). The
FET is supported on an oxidized silicon substrate with the underlying conducting
silicon used as a global back gate electrode. The nanowire is connected to two
metal contacts, which correspond to source and drain electrodes. A change of the
gate voltage Vg produces a variation in the electrostatic potential of the NW, hence
changes the carrier concentration and conductance of the NW. Depending on the
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polarity and the magnitude of applied gate voltage, the wire forms a conducting
channel for electrons.

In a n-channel "depletion-mode" device, a negative gate-to-source voltage causes
a depletion region to expand in width, thereby narrowing the channel. If the
depletion region expands to completely close the channel, the resistance of the
channel becomes large, effectively turning the FET off. Likewise a positive gate
voltage increases the channel size and allows electrons to flow easily (Figure 2.8(b)),
the FET is switched on. An n-channel "enhancement-mode" device needs a positive
gate voltage in order to create a conductive channel, which does not exist naturally
within the transistor. The positive voltage attracts electrons within the body towards
the gate, forming a conductive channel.

Typically, current (I) vs. source–drain voltage (Vsd) and I vs. gate voltage (Vg)
is recorded for a NW-FET to characterize its electrical properties. An important
parameter of a FET device is the transconductance gm

gm =
dI

dVg

∣∣∣∣
Vsd

, (2.17)

which defines the control of the gate on the drain current. The transconductance
can be improved by using a higher-mobility material as well as a shorter channel
length. An improved transconductance means the gate has a greater control over
the channel.

Due to their high surface-to-volume ratio nanowires are very sensitive to their sur-
rounding environment. Absorption/desorption processes and chemical reactions
with surrounding molecules affect the electrical conductivity of the whole wire. In
analogy to a conventional FET, these environmental effects can effectively act as a
gate. Therefore, nanowire based FETs are ideally suited for sensing applications
such as gas sensors [92, 93] and biosensors [94].

2.3.3 Photoconductivity

A photoconductor is a light-sensitive resistor that can consist of a slab (or a
nanowire) semiconductor with ohmic contacts on both sides (Figure 2.9(a)). For
an intrinsic (undoped) semiconductor the intrinsic photoelectric effect is the domi-
nant mechanism that creates nonequilibrium carriers in the conduction band. In
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(a) (b)

Figure 2.9 (a) Basic arrangement for photoconductivity measurements, with V the applied
voltage, L the sample length and A the cross-sectional area. Id, n0 and p0 are the current and the
carrier densities in the dark, and Iph, ∆n, ∆p are the incremental values caused by the illumination.
(b) Schematic time development of the excess carrier concentration ∆n in response to a period of
illumination.

an extrinsic (doped) photoconductor, the excitation of shallow impurity levels is
involved. The wavelength cutoff for this simple case is given by

λc =
hc
Eg

(2.18)

where Eg is the bandgap energy, h is the Planck constant, and c is the speed of light.
The conductivity of non-illuminated intrinsic semiconductor device is

σ0 = n0µnq + p0µpq (2.19)

where n0, p0, µn, and µp are the equilibrium concentrations of free electrons and
holes and their mobilities, respectively, and q is the elementary charge. Under
illumination, nonequilibrium carriers are created at a concentration of

∆n = ∆p =
ηex ϕτ

AdetW
, (2.20)

where ηex is the external quantum efficiency, defined as the probability that a
photoelectron is produced when a photon is incident on the detector; ϕ the photon
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flux in photons per unit time; τ is the carrier lifetime; Adet and W are the detector’s
active area and thickness. The change in the conductivity can be written as

∆σ = σph = q(µn∆n + µp∆p) . (2.21)

Using equation (2.19) and equation (2.20), we can obtain the relative change in
conductivity of the illuminated photoconductor

dσ

σ
=

q(µn + µp)ηex ϕτ

σAdetW
. (2.22)

For an extrinsic semiconductor, the sum (µn + µp) has to be replaced with the
mobility of the available carrier. The experimental setup is illustrated in figure,
where L and A are the length and the cross-sectional area of the sample and the
photocurrent Iph corresponds to σph A,where F = V/L is the applied electrical
field. Generally, a fraction of the photogenerated carriers becomes trapped at
various defects such that not every part of ∆n and ∆p contributes equally to the
photoconductivity in equation (2.21). This trapping effect on the photoconductivity
is reflected in the use of values for the mobilities µn and µp that are lower than the
theoretical free-carrier mobility µ0.

In fact, for CdS the product µn∆n is considerably higher than µp∆p because
the electron mobility µn is higher than the hole mobility µp. The excess density
∆n can be written as the product Gτi ,where G is the rate of generation of free
electrons and holes per unit volume, and τi is the average lifetime of the excess
carrier. Introducing these quantities into equation (2.21) leads to the form

σph = qG(µnτn + µpτp) , (2.23)

which displays the mobility–lifetime products that are frequently used to character-
ize photoconductors. The relationship between the steady state values of ∆n and G
is illustrated in figure 2.9(b), where the increase and decay of ∆n upon illumination
and switching off is shown. The generation rate G is defined by

G = η(I0/hν)(1− R)[1− exp(−αd)]/d , (2.24)
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where η is the quantum efficiency of the generation process, I0 is the illumination
intensity (energy per unit time and unit area), hν is the photon energy, R is the
samples reflection coefficient, α is the optical absorption coefficient and d the sample
thickness. For a nanowire based photosensor, the sample thickness is small with
respect to the optical absorption depth of the material and hence αd� 1. Equation
(2.24) the can be simplified to

G ∼= η(I0/hν)(1− R)α . (2.25)

Assuming electrons to be the majority carrier, the generation rate G can be written
as τ−1

π = b(p0 + ∆p), where b is a recombination constant, and p0 and p are the
equilibrium and excess hole densities. It the follows

σph ∝ ∆n = Gτn = G/b(p0 + ∆p) = G/b(p0 + ∆n) . (2.26)

Equation (2.26) reveals a linear relationship σph ∝ G for ∆n � p0 (low excess
electron density), while high excitation levels with ∆n� p0 lead to σph ∝ G1/2. For
a given light source, variations in G correspond to variations in the light intensity,
and therefore σph ∝ Iγ

0 with 1/2 ≤ γ ≤ 1. The value γ itself depends on the light
intensity I0, but may also be influenced by recombination centers [95].

Metal-semiconductor photodiodes

When a semiconductor is brought into contact with a metal, this results in the
formation of a Schottky barrier. A Schottky barrier based photodiode can operate
in two different modes. The first mode is based on a band-to-band excitation within
the semiconductor and subsequent electron-hole generation (Figure 2.10(a)(1)). In
the second mode, the carriers are transferred from the metal into the semiconductor
across the Schottky barrier (Figure 2.10(a)(2)).

The energy band diagram for a Schottky diode is shown in Figure 2.10(a). The
metal work function ϕm usually differs from the semiconductor work function ϕs.
For a n-type semiconductor-metal contact a useful barrier for electrons exists when
ϕm � ϕs. The barrier height is given by

qϕbn = q(ϕm + χ) , (2.27)
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2.3 Electrical properties of semiconductor nanowires

(a) (b)

Figure 2.10 (a) Energy band diagram for a Schottky-barrier photodiode operated under reverse
bias Vr with (1) intrinsic photoelectron emission and (2) band-to band excitation. (b) The energy
band diagram of a MSM photodiode under a bias beyond flat-band.

where qχ is the semiconductor electron affinity. In the dark, the current-voltage (I-V)
characteristics of a metal-semiconductor (MS) photodiode shows an exponential
increase of I on V, for the forward bias and saturates at a constant value for reverse
bias

Jdark = JS[exp(qV/kT)− 1] , (2.28)

where the saturation current is

JS = ART2exp(−qϕbn/kT) , (2.29)

and AR is the Richardson constant, which is specific for each semiconductor. The
main contribution to the dark current arises from thermionic emission of the
majority carriers [96], but for nanowire-based photodiodes also tunneling effects
have to be considered [97]. The photocurrent from a Schottky-barrier photodiode is
given by

Ip = (1− RΣ)qϕηin , (2.30)

where RΣ accounts for both frontside reflection and absorption, ηin is the internal
quantum efficiency and ϕ is the incident photon flux (in quanta per second). For
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2 GROUP II-VI SEMICONDUCTOR NANOSTRUCTURES

the case of band-to-band excitation in a n-type semiconductor, the internal quantum
efficiency can be written as

ηin = 1− exp(−αω)

1 + αLp
, (2.31)

where α is the absorption coefficient, ω is the depletion width, and Lp is the hole
diffusion length. For intrinsic photoemission, the photocurrent generation depends
on the incident energy hν and the internal quantum efficiency is given by

ηin = CF
(hν− qϕbn)

2

hν
, (2.32)

where CF is the so-called Fowler emission coefficient [98]. A metal-semiconductor-
metal (MSM) photodiode can be described as two Schottky barriers connected
back-to-back with a nanowire. Applying a bias of any polarity to such a device
creates a forward biased and a reverse biased Schottky diode simultaneously. The
dark current from the MSM device has contributions both from electron and hole
current components [99], and the saturation current is given by the following
expression

Js = ARnT2exp(−qϕbn/kT) + ARpT2exp(−qϕbp/kT) , (2.33)

where ARn, ARp are the Richardson constants and ϕbn, ϕbp are the barrier heights
at the cathode side and the anode side, respectively (Figure 2.10(b)). Under illumi-
nation, the photocurrent first rises with bias and then becomes saturated, indicating
that complete depletion of the structure is reached. The saturation voltage corre-
sponds to flatband conditions, in which the electric field at the anode becomes
zero.
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EXPERIMENTAL

3.1 Synthesis

3.1.1 CVD synthesis

Standard silicon wafer substrates (7mm x 7mm, degenerately doped, 200 nm SiOx

layer) were cleaned by the RCA standard process [100]. The cleaned substrates
were dipped into an aqueous aminosilane solution (1ml/l) of APTES1 or DAS2 for 1
minute, rinsed with deionized water (DI, ρ = 18 MΩ · cm) and dry-blown with N2

gas. In a second step, the functionalized substrates were soaked into an aqueous
solution of monodisperse gold colloids3 for 1 minute, rinsed with DI water and
again dry-blown. Alternatively, silicon wafer substrates were coated with a 10 nm
Au film by thermal evaporation. The gold decorated wafers (Figure 3.2) were

1(3− Aminopropyl)− triethoxysilane, 99% (Sigma Aldrich)
2[3− (2− Aminoethylamino)propyl]trimethoxysilane, 97%, (Sigma Aldrich)
3commercially available for nominal particle sizes of 5, 10 and 20 nm (Sigma Aldrich)

Figure 3.1 (1) Functionalization of a OH-terminated SiOx-surface with aminosilanes and (2)
immobilization of gold particles (taken from [47]).

31



3 EXPERIMENTAL

(a) (b)

Figure 3.2 (a) AFM image of Au particles after deposition on a amino-silanized SiOx surface.
(b) Height profile of two arbitrarily chosen gold particles (nominal diameter: 5nm)

placed in the ceramic tube (Degussit, Al23) of a three-zone-furnace4 as depicted in
Figure 3.3. Both ends of the tube had cooled flanges and were connected to a cross
valve, which allowed for the connection to a vacuum pump or a gas supply, likewise.
A vacuum sensor and a motorized gas valve were utilized for pressure control.
The whole setup was connected to a computer, allowing to control the important
processing parameters like temperature, heating ramp, gas composition, gas flow,
pressure and direction of gas flow. Two mass flow controllers were used, calibrated
for flow rates between 10 sccm5 and 100 sccm. Within the furnace, temperatures of
up to 1150 ◦C could be achieved, with a maximum temperature difference of 250
◦C between two neighboring zones. At the beginning of a synthesis, the precursor
material was placed in the zone of the furnace, operated at the highest temperature
during the growth process. The substrates decorated with gold catalyst particles
were placed in the adjacent, cooler zone. The tube was purged with Argon gas and
subsequently evacuated several times, whereas the gas flow was always directed
from the substrates towards the precursor. Thereafter, the process parameters
(pressure, temperature and gas flow rate) were set. Upon reaching the desired
process parameters, the cross valve was switched, which caused a reversal of the

4in collaboration with Dr. D. Stichtenoth, University of Göttingen and Dr. N. Fu, University of
Siegen

5standard centimeter cube per minute (1 cm3 of gas per minute at 0 ◦C and at atmospheric
pressure)
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3.1 Synthesis

Figure 3.3 Schematic depiction of the experimental set-up used for the metal-organic CVD
approach based upon a single molecular precursor. Temperature, pressure and gas flow rate are
computer controlled.

gas flow direction. Therefore, the source material was evaporated and transported
towards the substrate wafers, where a VLS-type growth of nanostructures was
supposed to occur. The end of the growth process was initiated by the reversal of
the gas flow direction , a lowering of the temperature and an increase of pressure.

3.1.2 Synthesis in solution

Teflon beakers (homebuilt, 30 and 60 ml volume) were used as reaction vessels. In a
typical procedure, the solid reactants were added to the appropriate volume (max.
80% of beaker volume) of either water (hydrothermal process) or ethylenediamine
(solvothermal process) and the resulting mixture was stirred vigorously. Optionally,
metal foils (Cd or Zn, 0.25 and 1 mm thickness, 99.99%, Sigma Aldrich) or sili-
con/glass substrates were added to the pre-mixed solutions. The teflon beaker was
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3 EXPERIMENTAL

Figure 3.4 Equipment used for hydro/solvothermal reactions: Stainless steel autoclave with
corresponding teflon beaker.

tightly sealed and inserted into a home-built stainless steal autoclave. The reactions
were carried out in a lab oven (Heraeus UT 6P) at temperatures between 80 and
210 ◦C, with reaction times ranging between 2 hours and 4 days. At the end of the
reaction, autoclaves were cooled in the air-stream of a fume hood. For CdS, the
yellow precipitate was filtered and washed several times with DI water, a solution
of diluted hydrochloric acid (0.01 mol/l) and ethanol. The washed reaction products
then were dried in vacuum at 80 ◦C for 6 hours and finally stored in a desiccator.
In the case of ZnO, the workup procedure was carried out analogously, except for
the acid washing step, which was skipped.

3.2 Confocal laser microscopy

In contrast to a conventional optical microscope, a laser scanning confocal micro-
scope (LSCM) incorporates two main principles: first, point-by-point-wise illumina-
tion of the sample in order to minimize aberrant rays of scattered light from regions
outside the image plane of interest; and second, a pinhole aperture in the image
plane on the other side of the objective, to reject out-of-focus light.

Laser light (Figure 3.5, green rays) is directed by a dichroic mirror towards a pair
of mirrors (or an acousto-optic deflector) that scan the light in x and y direction.
The light then passes through the microscope objective and hits the sample. The
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3.2 Confocal laser microscopy

Figure 3.5 Principle of the laser scanning confocal microscope in use. The microscope can be
used for high-resolution imaging as well as for fluorescence and spectroscopic experiments.

reflected (Figure 3.5, red rays) light from the sample passes back through the
objective and is descanned by the same mirrors used to scan the sample. The light
then passes through the dichroic mirror through a pinhole placed in the conjugate
focal (hence the term confocal) plane of the sample; the pinhole thus rejects all
out-of-focus light arriving from the sample. The light that emerges from the pinhole
is finally measured by a detector such as a photomultiplier tube. At any particular
instant only one point of the sample is observed; a computer reconstructs the 2D
image plane one pixel at a time. In particular, the laser of a LSCM can be used
as an excitation source for fluorescence experiments. Instead of the reflected light,
the fluorescent light of a sample will be detected. This technique has become a
standard tool for the in-vivo observation of biological specimen, which are stained
with fluorescent dyes. A 3D reconstruction of these samples can be performed by
combining a series of such slices at different depths.
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3 EXPERIMENTAL

Figure 3.6 Schematic view of the confocal microscope setup. The microscope can be used as
imaging tool e.g. for locating single nanowires. In photoelectrical transport experiments it acts as
global/local illumination source.

For the setup in use (Leica TCS SP2), several illumination/excitation wavelengths
(Ar: 458, 476, 488, 514, 543 nm; He/Ne 633 nm) could be chosen from. In our
experiments the LSCM was used as an high-resolution imaging tool for locating
single nanowires as well as a illumination source for electrical phototransport
measurements (Figure 3.6). The lateral resolution limit is about 200 nm.

3.3 Atomic force microscopy

Commercially available atomic force microscopes (AFM, Digital Instruments, Nano-
scope III/IV series) were used to investigate semiconductor nanowires on the silicon
wafer substrate. After its invention by Binnig and Rohrer6 [101], it has become one
of the foremost tools for imaging and measuring matter on the nanoscale. In an
AFM a sharp probe tip is utilized to raster scan a surface (Figure 3.7), thereby
experiencing attractive and repulsive forces. The probe tip is located at the free end
of a cantilever that bends in response to the force between the tip and the sample.
The bending can be detected by measuring the deflection of a laser beam, which is
focused on the AFM cantilever.

A standard force-distance curve is depicted in Figure 3.8. AFM images can be
acquired by keeping the tip-surface distance constant (height mode) or by using

6Nobel Prize in Physics in 1986 for the development of the STM
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3.3 Atomic force microscopy

Figure 3.7 Block diagram of an AFM: The scanning piezo moves the sample in x- and y-direction,
whereas the tip is bent in z-direction

a feedback loop to keep the tip-surface force constant. While the first mode can
be suitable for atomically flat surfaces, a feedback control proved to give the most
reliable results for nanowires on a SiOx surface. For image acquisition there are
basically three feedback controlled scanning modes that have to be distinguished:

• In contact mode probe tip and surface stay in close contact. The tip experi-
ences a repulsive force from the surface (Figure 3.8, red part)
• Oscillating the tip at it’s resonance frequency (typically around 300 kHz) in

such a manner that it touches ("taps") the surface at maximum amplitude, is
called tapping mode7. Due to the minimized lateral forces between tip and
surface, this mode is preferred for "soft" biological samples as well as rather
mobile samples.
• In non-contact mode the tip is operated in the attractive regime of the force-

distant-curve (Figure 3.8, blue part). Under ambient conditions there is always
a thin water layer present on samples, which makes the realization of this
method rather difficult.

7sometimes also referred to as "intermittent contact mode"
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3 EXPERIMENTAL

Figure 3.8 The force-distance relationship between tip and surface can be described by the
potential V(r) ∝ c1

d12 · c2
d6

The AFM was routinely operated in "tapping mode", mainly for determining the
diameter of single nanowires from height measurements. Moreover, the AFM was
used for locating single wires deposited on a substrate.

3.4 Electron microscopy

Scanning electron microscopy

A scanning electron microscope (SEM) is a type of electron microscope that is
used to image a sample surface by raster-scanning it with a high-energy beam of
electrons. The electrons’ various interactions with the sample atoms generate signals
that contain information about the sample’s surface topography, composition and
other properties such as electrical conductivity.

In a typical SEM (Hitachi S-4800), electrons are extracted from a Schottky field-
emission-cathode made from zirconium oxide or tungsten. The electron beam, with
an energy ranging from 400V to 40 keV, is focused by two condenser lenses to a
spot about 0.4 nm to 5 nm in diameter. The beam passes through pairs of scanning
coils or pairs of deflector plates in the electron column, typically in the final lens,
which deflect the beam in the x and y axes so that it scans in a raster fashion over a
rectangular area of the sample surface (Figure 3.9(a)). Where the primary electron
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3.4 Electron microscopy

(a) (b)

Figure 3.9 Working principle of a scanning electron microscope (SEM): (a) Experimental setup
and (b) interaction of the electron beam with the sample.

beam hits the sample, the electrons lose energy by recurring random scattering
and absorption. These processes take place within a teardrop-shaped volume of
the sample known as interaction volume, extending from 100 nm to several µm
into the surface (Figure 3.9(b)). When the primary electron beam interacts with the
sample, the electrons lose energy by repeated random scattering and absorption
within a teardrop-shaped volume of the specimen known as the interaction volume
or excitation volume, which extends from less than 100 nm to around 5 nm into the
surface. The size of the interaction volume depends on several parameters like the
electron’s landing energy, the atomic number of the specimen and the specimen’s
density. The energy exchange between the electron beam and the sample results
in the reflection of high-energy electrons by elastic scattering (BSE), emission of
secondary electrons (SEI) by inelastic scattering and the emission of electromagnetic
radiation (EDX), each of which can be detected by specialized detectors.

Energy dispersive X-ray spectroscopy

Energy dispersive X-ray (EDX) spectroscopy is a method for spatially resolved x-ray
fluorescence analysis. Electron-beam induced excitation of the sample leads to the
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3 EXPERIMENTAL

(a) (b)

Figure 3.10 Locating single nanowires via AFM (a) and via confocal microscopy (b). The four
marker structures are commonly used as reference points for e-beam lithography.

emission of x-ray photons, whose energies are element specific. Therefore, EDX can
be used for qualitative and quantitative element analysis. The achievable spatial
resolution depends on the penetration depth of the incident electrons, hence the size
of the interaction volume. Furthermore, the analysis relies on "ideal" samples with a
polished surfaces. In typical samples with "rough" surface the spatial resolution of
EDX analysis is around 1 µm. EDX analysis can also been carried in a transmission
electron microscope (TEM). For geometrical reasons the interaction volume within
thin TEM samples is smaller, and the resolution is in the nanometer regime.

3.5 Electrical transport measurements

3.5.1 Sample preparation

Semiconductor nanowires were dispersed by ultrasonic agitation in ethanol (CdS)
or isopropanol (ZnO). The freshly cleaned SiOx substrates were immersed into
this solution for about 1 min. Single nanowires were located either by AFM
(Figure 3.10(a)) or by confocal microscopy (Figure 3.10(b)) relative to alignment
markers. A comparison of different techniques for locating individual nanowires
is given in Table 3.1. Source and drain contacts were then fabricated on top of the
nanowires by e-beam lithography using a standard double-layer (1st layer 3.5%
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3.5 Electrical transport measurements

Microscopy
Confocal Atomic force Electron

Spatial resolution low very high high
Scan speed very high low high
Scan area very large small large
Topographical information no yes limiteda

Radiation damage no no yesb

Table 3.1 Comparison of different techniques employed for locating single nanowires

aSample tilting and the field of depth effect provide limited information about the sample
topography.

bHigh-energy electron radiation may lead to the deposition of an amorphous carbon
film on the sample, which should generally avoided for subsequent transport measure-
ments.

200k; 2nd layer 1.5% 950k dissolved in chlorobenzene) polymethylmethacrylate
(PMMA) resist with a total thickness of 300 nm, an electron energy of 20 keV, and
an electron beam dose of 270 µC cm2. Electrodes were formed through thermal
evaporation of typically 0.3 nm Ti / 15 nm AuPd (60/40) or 40 nm Ti / 40 nm Au
(Al/Pt, In/Au) and subsequent lift-off in acetone for 2h at 55 ◦C.

3.5.2 Measurement setup

Electrical contact between the Au/Pd electrodes and the measurement was achieved
by gluing the sample into a chip carrier, where connections between the chip carrier
contacts and the gold electrodes are made with a bonding device using thin gold
wires. While this technique resulted in the most reliable contacts, a second "quick-
testing" procedure was employed: the use of two tungsten tips, which were attached
to micromanipulators (Süss MicroTec PT100), allowing for contacting of the bonding
pads. The setup for the electrical transport measurements consisted of two Keithley
2400 voltage sources, two Keithley 2000 voltmeters, a current-to-voltage converter
(I–V converter) and a control software (LabView). All measurement components
were wired with coaxial cables in order to minimize signal noise form external
electromagnetic interferences. One Keithley 2400 was used for supplying the voltage
between the nanowire contacts (source and drain), while the second one acted as
voltage supply for the gating electrode, thereby also monitoring the gate leakage
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3 EXPERIMENTAL

Figure 3.11 Schematic view of the electrical transport setup in use. All instruments are computer
controlled.

currents though the oxide layer (VGate,max = 40V). One Keithley 2000 measured
the source-drain voltage that the first Keithley 2400 applied to take into account for
the voltage drop along the connecting cables. A second Keithley 2000 voltmeter
recorded the amplified output voltage of the I–V-converter, which was fed with
the source-drain current. A schematic overview of the transport setup is shown in
Figure (3.11).

3.6 Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is a very sensitive tool for the investigation
of electronic states in the bandgap of semiconductors. A PL experiment involves
optical excitation of electrons from the valence band to the conduction band of
the semiconductor with photons of a higher energy than the bandgap energy Eg,
finally resulting in the creation of electron-hole pairs. After some time electrons and
holes recombine, thereby releasing energy in various form like phonons, photons
or Auger-electrons. Photons emitted from radiating recombination centers can be
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3.7 Low energy electron point source microscopy

detected by PL in concentrations as low as 1× 1013 cm−3. The crystal quality can be
indirectly accessed via the intensity of the PL emission. Crystals with a high defect
density also has a high number of non-radiative recombination centers, which
eventually leads to a lowered PL intensity. Most PL measurements are carried out
at low temperatures (77 K liquid nitrogen, 4 K liquid helium) in order to avoid the
ionization of color centers and broadening of peaks by phonon processes. The
optical setup can be combined with a x-y piezo stage, allowing for spatially resolved
measurements, where the resolution limiting factor is the spot size of the optical
excitation source. In addition, insight into relaxation processes can be obtained by
time-resolved PL experiments. A quick and easy determination of the bandgap
energy of the investigated sample is typically carried out at room temperature in
solution with benchtop equipment (Perkin Elmer LS50B).

3.7 Low energy electron point source microscopy

A Low Energy Electron Point Source (LEEPS) microscope consists of a high-vacuum
chamber in which an ultra sharp field emission tip is positioned very close to a
freestanding object such as a nanowire. The emitted electrons (energy ≈100 eV) are
scattered by this object and propagate freely to the detector. There is no need for
electron optics since the magnification is determined by the ratio of the source -
detector distance D (≈10 cm) to the source-object distance d (≈200 nm). Behind the
object plane the electron wave is a superposition of the unperturbed and scattered
wave. Typically the resulting detector image is an interference pattern, only for
small magnifications the interference fringes are invisible and the detector image
displays a shadow projection of the object.

For electrical transport measurements on single nanowires the LEEPS microscope
is combined with a manipulator tip acting as a movable electrode (Figure 3.12)[102,
103]. Typically, the manipulator tip consists of an electrochemically etched and
platinum coated tungsten wire. The nanowires are deposited from ethanolic
suspension onto a gold-coated holey carbon film (hole size 1.8 µm) residing on a
TEM grid, which acts as counter electrode.

The freestanding end of a nanowires can be contacted with the manipulator tip
and by applying a slowly oscillating AC current the voltage drop can be measured
with a lock-in amplifier. Several measurements at different wire positions are
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3 EXPERIMENTAL

Figure 3.12 Schematic view of the LEEPS microscope used for electrical transport measurements
in vacuum. Electrons are emitted from the field emitter tip (FE) and generate a shadow projection
(S) of the free-standing nanowire (N), which is contacted with a manipulator tip (M). The
magnification k is determined by the ratio of the source-detector distance (A) to the source-object
distance (B).

performed. These length dependent measurements of the resistance allow for the
determination of the total contact resistance as well as the specific resistance of
an individual nanowire, thereby effectively decoupling contact effects from the
intrinsic electronic properties of the wire.
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4
CADMIUMSULFIDE NANOWIRES

In this chapter several synthetical strategies towards the fabrication of high-quality
CdS nanowires will be demonstrated. The goal is the rational and predictable
synthesis of nanowires, which can be integrated into NW-FET devices at a later stage.
Therefore, the synthesized structures have to meet the following requirements:

• The wires should be single crystalline, hence free from imperfections like
point defects and stacking faults.
• The wire morphology and shape should be controllable by the choice of

reaction parameters. For the ease of electrical contacting, the wire length
should be at least several µm. The wires should possess a uniform diameter
between 20 nm and 100 nm.
• A uniform, stoichiometric elemental composition throughout the wire is

desirable.
• The wire surface should be smooth and free from organic residues and

amorphous layers.

Since semiconductor nanowires are typically quite rigid on the nanometer scale,
as opposed to nanotubes, they are therefore often referred to as nanorods. In
contrast to the term “nanowire”, in this work the term “nanorod” will be solely
used for elongated nanostructures with an aspect ration below ≈15.
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4 CADMIUMSULFIDE NANOWIRES

(a) (b)

Figure 4.1 SEM images of gas phase grown CdS nanostructures: (a) Nanoribbons grown by
thermal evaporation of CdS powder at 500 ◦C. (b) MOCVD nanowires grown at 360 ◦C.

4.1 Gas phase synthesis of CdS nanowires

4.1.1 Physical vapor deposition

For the nanowire growth, a quartz tube (outer diameter 40 mm, length 70 cm) was
mounted inside a 1-zone tube furnace. CdS powder (99.995%, Sigma-Aldrich) in
quartz boat was placed in the middle of the quartz tube, while a silicon substrate
(7 mmx7 mm) coated with a gold film of about 10 nm thickness was put 15 cm
downstream from the quartz boat. The tube was evacuated and flushed with
high-purity (99.99%) argon several times, and finally evacuated to a pressure of
10 mbar. The furnace was heated to 800 ◦C with a heating ramp of 20 ◦C min−1.
The temperature was maintained for 1 h at a constant argon gas flow of 100 sccm.
The deposition temperature at the substrate’s position had been determined to be
≈ 500 ◦C. At the reaction end, the furnace was cooled naturally to room temperature
with the pressure and Ar flow rate unchanged.

After the growth, a homogeneous yellow film was found on the substrate. Figure
4.1(a) is a SEM image showing the as-grown product. The substrate can be seen to be
highly covered with a wool-like product consisting of single nanobelts/nanoribbons.
The length of single ribbons was in the range of several tens of µm, while their
thickness ranged between 20 nm and 80 nm, and the width was between 300 nm
and 1.5µm. The product was structurally very homogenous, since the presence of
nanowires and nanoparticles could not be observed.
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4.1 Gas phase synthesis of CdS nanowires

The gold film is intended to break up upon heating and form gold clusters, acting
as catalyst for a VLS type growth. In fact, no Au catalyst particles were found at
the tips of the nanobelts, which might be explained by the limited resolution of the
used microscope1. In comparable studies the presence of gold particles has been
verified during the initial growth stage, while no particles could be found on the
finally grown nanoribbons [20]. CdS nanobelt growth also has been demonstrated
in absence of a metal catalyst [104, 105, 21], the growth mode has been explained
with the VS model. In general, nanobelt growth seems to occur at relatively high
temperatures between 800 ◦C and 1100 ◦C, although it was not clear from literature
if these values represent the actual deposition temperature on the substrate, which
might be significantly lower.

The formation of nanobelts/nanoribbons in presence of a metal catalyst has been
explained by assuming a simultaneous VLS and VS type process [106]. While
in the initial stage a VLS growth takes place, at a later stage and at high CdS
vapor concentration, the CdS precursors were not only absorbed at the Au droplet,
but rather below the droplet and at the side facets. As a result, the width of the
nanostructures increased and driven by the VS process CdS nanoribbons originated.

According to the above findings, nanowire growth should be favored at lower
temperatures and when the CdS vapor concentration is low. In addition, a greater
control over tailoring the properties of the Au catalyst particles like diameter
and surface distribution density is desirable. In order to account for all this, gas
phase experiments have been changed to a different approach as described in the
following chapter 4.1.2.

4.1.2 Chemical vapor deposition with a single-source precursor

The metal-organic single-source precursor Cadmium bis(diethyldithiocarbamate)
([Cd{S2CN(C2H5)2}2]2, Cd(DDTC)2, 98%, ABCR) (Figure 4.2) was used for a low-
temperature MOCVD synthesis of CdS nanowires. The precursor was placed in
the first zone of a 3-zone tube furnace (see 3.1.1), while several Si wafer substrates
decorated with Au nanoparticles (size 10 nm) were placed evenly spaced in the
downstream region. The precursor was evaporated at 160 ◦C, while a linear temper-
ature gradient between 300 ◦C and 500 ◦C was established in the remaining zones.

1Tescan Vega I, nominal resolution 5 nm at 30 kV
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4 CADMIUMSULFIDE NANOWIRES

(a) (b)

Figure 4.2 The single-source precursor Cd(DDTC)2: (a) Chemical formula and (b) representation
of molecular crystal structure.

The reaction was carried out for 1 h at a pressure of 10 mbar, while a constant gas
flow of 45 sccm argon and 5 sscm hydrogen was maintained. As can be seen from
Figure 4.3, substrates placed between 270 ◦C and 400 ◦C were visibly covered with a
yellow deposit, with the maximum coverage density being at a temperature around
270 ◦C and a gradual decreasing towards higher temperatures. For the substrate
placed at 250 ◦C and the ones placed between 400 ◦C and 500 ◦C no deposit could
be found with bare eye. SEM investigations showed the substrate at 250 ◦C (Figure
4.3, substrate no. 1) to be mostly covered with unreacted Au particles and a few ir-
regular shaped nanoparticles with sizes between 100 and 500 nm. A drastic change
of the particle density was observed for the samples placed in the temperature
region above 250 ◦C (Figure 4.3, substrate no. 2-5). The wafer substrates were
completely covered with a film consisting of irregular shaped nanoparticles, their
average diameter decreased from 400 nm to 100 nm with increasing temperature.
Single nanowires were obtained at temperatures higher than 350 ◦C (Figures 4.3,
substrate no. 6-9 and 4.1(b)).

The wires had diameters between 30 nm and 100 nm, and their length ranged
between 300 nm and 10 µm. A gradual decrease of the nanowire density was
apparent for substrates placed farther away from the precursor source. All wires
had uniform diameters along their whole length, but usually exhibited several
kinks. The wires were decorated with small nanoparticles (diameters below 10 nm),
causing their surface to be be very rough which strongly suggests a polycrystalline
structure. Imaging the wires with a backscattering detector (QBSD), revealed the
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4.1 Gas phase synthesis of CdS nanowires

Figure 4.3 SEM images of CdS nanostructures grown by a MOCVD process at different substrate
positions (scale bars 1µm).

presence of small gold particles at the tip of single nanowires (Figure 4.4), which
was a clear evidence for a VLS-type growth.

The above findings are in agreement with [107, 108, 109], where a similar single-
source precursor ([Cd(S2CN(C3H7)2)2]2, decomposition temperature 350 ◦C) was
used for the growth of CdS nanowires at 450 ◦C and for the formation of nanoparti-
cle films at 350 ◦C. As known from literature, the decomposition of the precursor
Cd(DDTC)2 starts around 230 ◦C and is nearly complete around 350 ◦C [110].
Therefore, the morphology of the reaction products is determined by the degree
of decomposition of the precursor, hence the amount of available Cd and S in the
vapor phase. In the temperature regime between 250 and 350 ◦C Cd(DDTC)2 is not
completely decomposed, thereby preventing the alloying step of the gold catalyst
with free Cd and S. For this reason, the nanoparticle film can be assumed to not
only consist of CdS particles, but also of unreacted and re-deposited Cd(DDTC)2.
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Figure 4.4 CVD grown nanowires imaged by SEM with a quadrant back scattering detector
(QBSD), which enables enhanced contrast imaging of Au particles. The bright spots visible at the
wire ends are gold catalyst particles, indicative of the vapor-liquid-solid (VLS) growth mechanism.

At higher temperature (T>350 ◦C) the precursor has decomposed almost com-
pletely and sufficient amounts of elemental Cd and S are available in gas phase to
react with the catalyst according to the VLS mechanism.

As a prerequisite for the VLS type growth, a Cd-S-Au alloy droplet has to be
formed in the initial step. Although no phase-diagram information are available
from literature, it might well be that the eutectic temperature for a Cd-S-Au alloy is
around 350 ◦C, below which no alloying can take place. In conclusion, for the given
precursor Cd(DDTC)2, a temperature of 350 ◦C represents the minimum limit for a
VLS type growth of nanowires.

It has been demonstrated [26] that CdS nanowire can also be synthesized from
Cd(DDTC)2 at high temperatures between 750 and 850 ◦C. In comparison, these
wires display a smooth surface and are straight-shaped, show exhibiting kinks and
are single crystalline.
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4.2 Solvothermal synthesis of CdS nanowires

In solution, CdS results is formed by reaction of the completely dissolved species
Cd 2+ and S 2 – . Once the concentration of the intermediate CdS(s) exceeds the
saturation concentration, precipitation of solid CdS occurs (Equation (4.1).

Cd 2+ + S 2− −⇀↽− CdS(s) −→ CdS ↓ (4.1)

Without taking special precautions, the precipitated CdS consists of nanocrystallites,
i.e. isotropic nanostructures are formed. It is noteworthy that the majority of all
successful solution-based nanowire syntheses were conducted in ethylenediamine
(en), witch acts as a bidentate ligand for Cd 2+ [111]. If en was replaced with
solvents such as water or glycol, CdS nanorods/nanowires were not observed in
the products [32].

Cd 2+ + S 2− +en−−⇀↽−− Cd(en) 2+
3 + S 2− ∆T−→ CdS + 3 (en) (4.2)

Cd(en) 2+
3 + S 2− −→ CdS(en)m

∆T−→ CdS(en)m−n + n(en) (4.3)

The interplay between the dissolved Cd 2+ and S 2 – ions and the solvent en can
be explained by Equation (4.2). The Cd 2+ ions can combine with en molecules
to form a more stable Cd(en) 2+

3 complex (log β = 5.45, where β is the stability
constant of the Cd(en) 2+

3 complex) [112]. With an increase in the temperature,
the Cd(en) 2+

3 ions react with S 2 – ions to form more unstable inorganic–organic
CdS(en)m complexes (Equation (4.3)) with 2 ≥ m ≥ 0 and n = 3−m. Finally, the
en molecules are eliminated from the unstable inorganic–organic complex, resulting
in the crystallization of CdS.

Since, by definition, the solvothermal reaction is performed at a temperature
beyond the boiling point of en (116 ◦C) in an autoclave, the process involves
the buildup of internal pressure. This means a great speed-up of the precipita-
tion/crystallization process, which can stretch over days for the reaction carried
out moderate temperature (40–60 ◦C) and at ambient pressure [113].
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4.2.1 Choice of precursors and solvent

In the solvothermal process, commercially available Cd sources such as Cd powder,
cadmium sulfate (CdSO4), cadmium chloride (CdCl2), cadmium nitrate (Cd(NO)3),
cadmium acetate (Cd(CO2CH3)2) and cadmium oxalate (CdC2O4) were used along
with sulfur sources such as sulfur powder (S8), sodium sulfide (Na2S) [114], thiourea
(NH2CSNH2), thiosemicarbazide (H2NCH2CH2NH2) and sodium diethyl dithio-
carbamate (NaS2CN(CH2CH3)2), whereas the sulfur sources were used in excess
(Cd:S ratio = 1:2) to avoid sulfur deficiency.

In previous experiments, the choice of the cadmium precursor did not have a sig-
nificant impact on the morphology of the reaction products. On the contrary, sulfur
precursors such as sulfur powder, thiourea and thiosemicarbazide were deliberately
chosen due to their ability, to decompose upon heating thereby releasing sulfur in a
very slow fashion [115, 116]. Moreover, thiosemicarbazide and thiourea molecules
can be attacked by the strongly nucleophilic nitrogen atoms of en, resulting in the
weakening of the C−−S double bonds. Thus, even at low temperatures the C−−S
bonds can be broken, yielding S atoms for further reactions. In addition to equation
(4.2), thiosemicarbazide itself can act a chelating ligand with cadmium ions by
bonding through the sulfur and hydrazinic nitrogen atoms.

The successful synthesis of anisotropic CdS nanostructures (nanorods/nanowires)
employing thiourea or thiosemicarbazide as sulfur precursor has been reported
[30, 117].

CdS nanowire growth has also been reported using the sulfur precursor
NaS2CN(CH2CH3)2 to occur in a mixed solvent of ethylenediamine and dode-
cane thiol (CH3(CH2)11SH) [31], where the thiol is thought to be coordinate at the
wire surface and further promote the anisotropic growth in analogy to Figure 2.5(b)
on page 17.

A comprehensive list of all reactions carried out and the resulting product
morphology is given in Figure 4.5. The reaction of CdCl2 with thiosemicarbazide
(Figure 4.5 (a)) yielded nanorods with ≈100 nm thickness and lengths below 200
nm (aspect ratio ≈2), which is in contrast to reports [30], where single-crystalline
nanowires, sometimes also denoted as nanowhiskers, of up to 12µm in length and
approximately 60 nm in width were obtained.

In a second reaction CdCl2 was reacted with elemental sulfur (S8) (Figure 4.5 (b))
yielding ≈450 nm long and ≈50 nm thick (aspect ratio ≈10) nanorods. Results
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Figure 4.5 Product morphologies of solvothermal reactions carried out using different cadmium
and sulfur precursors. All experiments were performed in en, except for c), where a mixture of en
and dodecanethiol (volume ratio 10:1) was used as solvent. For a) to d) the sulfur precursor were
used in excess (Cd/S ratio = 1:2). The typical amount of cadmium precursor used in reaction
was 1 mmol (per 50 ml solvent).

from [32], reporting the synthesis of single-crystalline wires of up to 10µm length
and 40 nm width, could not be confirmed. It should be noted that these findings
are in agreement with other studies [30] in which no nanowires could be grown
upon using elemental sulfur as precursor.

Thirdly, the precursor Cd(CO2CH2CH3)2 was reacted with NaS2CN(CH2CH3)2

(Figure 4.5 (c)) in a mixture of en and dodecane thiole (volume ratio en:thiole =
10:1) and nanorods ≈450 nm length and ≈50 nm width (aspect ratio ≈10) were
obtained. For the same reaction conditions, Xu et al. [31] reported the formation
of ultralong CdS nanowires of up to 40µm length and high aspect ratios of up to
1000.
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The failure to produce CdS nanowires for all three reactions described above
might be explained by the usage of reaction vessels with a rather small volume of
20 mL, while different groups reported the use of teflon beakers of up to 100 mL
volume. Using autoclaves with a bigger volume, hence with an increased filling
fraction, increases the internal pressure of the closed reaction chamber, which might
have helped the precursors to dissociate more easily. Another factor could be that
with the increase in the amount of solvents the precursors dissociate more easily
and react more steadily.

Due to their small length and rather large diameters, all three types of nanorods
were not suited for the goals of this project e.g. electrical contacting and subsequent
transport experiments.

4.2.2 Reaction of cadmium foil with thiourea

In a slightly modified solvothermal approach, solid cadmium foil was used as
cadmium precursor, where the reaction was supped to happen at the substrate’s
surface. When cadmium foil (1 cm x 1 cm, 1.5 mm thickness, 99.9998%, Sigma-
Aldrich) was reacted with 4 mmol thiourea in 20 mL en (Figure 4.5 (d)), after the
reaction the foil substrate was covered with a yellow film and a yellow precipitate
could also be collected from solution.

While the precipitate collected from solution consisted of long, interwoven CdS
nanowires of up to 10µm length and a typical diameter of 30 nm (aspect ratio
>300) (Figure 4.6(a)), arrays of hexagonal blocks consisting of uniformly oriented
nanowires were found on the foil surface (Figure 4.6(b)). The diameter of the
hexagonal blocks was up to 5µm, comprising several hundred single nanowires.
The as-grown nanowires had no kinks or bends, their diameters were uniform along
the entire wire length and their surface was smooth (Figure 4.6(e)). While ultrasonic
treatment lead to a debundling of the wool-like precipitate into single wire, the
hexagonal blocks remained unchanged. Tang et al. [118] also observed the formation
of blocks of vertically arranged CdS nanowires, when using thiosemicarbazide
instead of thiourea as sulfur precursor, and their potential as lasing cavities has
been discussed also [117].

2In collaboration with Dr. C. Zollfrank, University of Erlangen-Nürnberg.
3Diffraction patterns were simulated with the software package jemsSE (P. Stadelmann, CIME,

EPFL Lausanne).
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(a) (b)

(c) (d)

(e)

Figure 4.6 SEM images of CdS nanowires grown on Cd foil. (a) Bundled nanowires collected
from solution. (b) Hexagonal blocks consisting of single nanowires found on foil surface. (e) TEM
image of a CdS nanowire, showing the stacking of (002) crystal planes2. The value in brackets
indicates the theoretical interplanar spacing. (c) Diffraction pattern (SAED) of a single nanowire
and (d) corresponding simulated diffraction pattern3. Zone axis is (010).
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TEM studies on single wires and recording selected area electron diffraction
(SAED) patterns perpendicular to their long axis clearly showed distinct and bright
diffraction spots as indicative of single crystallinity (Figure 4.6(c)). Moreover, the
SAED pattern can be indexed for the [010] zone axis of hexagonal CdS, indicating
that the preferential growth occurs along the c-axis (Figures 4.6(c) and 4.6(d)).
The crystal lattice fringes are clearly observable and the lattice spacing of the
crystallographic planes is 0.335 nm (Figure 4.6(e)), corresponding to the (002) plane
lattice distance of hexagonal CdS, further suggesting the preferential growth to be
along the c-axis direction [32].

Further to this, energy dispersive X-ray (EDX) analysis of the wire ensembles
revealed an average elemental ratio of Cd/S = 1.3. The cadmium excess most
likely originates from the massive supply of cadmium ions from the foil. Since
only a tiny fraction of the Cd atoms at the surface participates in the reaction
it is intrinsically difficult to quantize the effective amount of dissolved Cd ions,
particulary in relation to the amount of available amount of sulfur. In order to
avoid possible future problems in electrical transport experiments arising from
a non-stoichiometric elemental composition, further experiments on this type of
wires were discontinued.

4.2.3 Reaction of the single-source precursor [Cd(DDTC)2]2

In an alternative synthetical approach, several groups reported the use of the
single-source precursor [Cd(DDTC)2]2 for the solution based growth of CdS nanos-
tructures. As an advantage over using two different precursor as cadmium and
sulfur source, the single-source precursors provides a constant Cd/S ratio of 1:4,
as defined by its molecular structure. More importantly, a constant sulfur excess
and the rather slow release of S 2 – ions for reactions carried out below 230 ◦C,
is guaranteed. Yan et al. [119] and Jun et al. [120] were first to report the use of
[Cd(DDTC)2]2 for the synthesis of ultrasmall nanorods and multi-armed nanorods,
respectively. The synthesis of CdS nanowires was reported by Qingqing et al.
[32], involving the in-situ formation of [Cd(DDTC)2]2 in a mixed solvent of en
and dodecanethiol. Although the wires are single-crystalline and have high-aspect
ratios, their use in (opto)electrical experiments is greatly hampered by the surface
contamination with thiol ligands, which are difficult to remove.
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(a)

(b)

Figure 4.7 SEM images of high-aspect ratio CdS nanowires grown from the single-source precursor
[Cd(DDTC)2]2. (a) The wire are grown straight and can be up to 40µm long. (b) At higher
magnification the side facets of the hexagonally shaped wires are visible.

In the following, the single-source precursor [Cd(DDTC)2]2 will be used for the
solvothermal growth of high-quality nanowires in absence of any further structure
directing ligands/agents.

Typically, the solvothermal reaction of 1 mmol of the single-source precursor
[Cd(DDTC)2]2 in 50 mL en for 24 h at 200 ◦C yielded CdS nanowires (Figure 4.5
(e)). As verified by SEM , the wires were up to 40µm long and ≈50 nm thick
(Figure 4.7), resulting in an aspect ratio of almost 1000. The wires were straight
shaped and had a uniform diameter along their whole length. Aggregations and
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Figure 4.8 XRD pattern of the as-grown CdS nanowires. All the diffraction peaks can be indexed
to pure hexagonal wurzite phase CdS (ICCD PDF-2 database, entry no. 00-075-1545).

bundles of as-grown wires were commonly observed, but de-bundling could easily
be achieved by short ultrasonic treatment (30 s in ethanol) without fracturing the
individual wires.

Structural and elemental characterization

The X-ray diffraction (XRD) pattern (CuKα radiation) of the product is shown in
Figure 4.8 and reveals the overall crystal structure of the nanowires. Miller indices
are indicated on each diffraction peak. It can be seen that the whole spectrum
can be indexed in peak positions to a hexagonal wurtzite-structured CdS. The
lattice constants of the crystalline phase are a = 4.13 Å, and c = 6.71 Å, which is
consistent with the standard values for bulk CdS (ICCD PDF-2 database, entry no.
00-075-1545).

Compared with the literature data, the diffraction peaks of (100) and (110) are
relatively strong, while the peak of (002) is weak, which can be explained as follows:
the CdS nanowires have a preferential growth direction along the c-axis, and they
mainly lie on the experimental plane in the XRD measurement process. This finding
can be further demonstrated below by HRTEM and SAED analysis. In addition,
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Figure 4.9 HRTEM image of a single CdS nanowire. The measured spacing of the crystallographic
[002] lattice planes is 0.67 nm (hexagonal CdS) indicating the growth direction is along the
<001> axis, the c-axis of the hexagonal unit cell. (Inset) Corresponding SAED pattern. The zone
axis is (010).

no diffraction peaks from CdO, Cd, S, or other impurities have been found in the
synthesized product.

A representative HRTEM image of a single nanowire is shown in Figure 4.9,
further demonstrating the single-crystalline quality and the absence of stacking
faults and dislocations. The corresponding SAED pattern can be indexed for the
[010] zone axis of hexagonal CdS, indicative of the preferential growth occurring
along c-axis of the wurtzite unit cell. Interestingly, the forbidden diffraction spot
corresponding to (001) appeared in the diffraction pattern, which was not observed
in all of the XRD patterns. This anomaly arises from the double diffraction of
the incident electron whose scattering is much heavier than that assumed in the
kinematical theory [121]. The forbidden diffraction spots which result from the
double-diffraction process can be obtained by translating the primary diffraction
pattern, without rotation, so that its origin coincides successively with all of the
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(a) (b)

Figure 4.10 TEM images of nanowires showing (a) an amorphous layer of organic residue (also
confirmed by EDX) and (b) a surface layer (≈3 nm thickness) of cubic phase cadmium oxide.

strong spots of the primary pattern. Additionally, the unit cell of the hexagonal-
phase CdS is a non-primitive unit cell providing the necessary condition for the
occurrence of the truly forbidden reflection. Therefore, the double-diffraction effect
leads to the occurrence of the forbidden reflections. As indicated by combined
TEM and EDX investigations, in rare cases the as-grown nanowires were covered
either with an amorphous carbon layer (Figure 4.10(a)) of up to 10 nm thickness
or a layer of cubic phase cadmium oxide up to 3 nm thickness. No amorphous
inorganic surface layers like amorphous CdS were observed. The organic residues
might arise from the accumulation of reaction by-products generated during the
decomposition of the metal-organic precursor. Secondly, remaining organic solvent
en on top of the wires could have contaminated the TEM vacuum chamber and
lead to an in-situ carbon deposition while scanning the area of interest with the
electron beam.

Since the solvothermal growth is performed under ambient conditions, the
presence of oxygen and the formation of cadmium oxide layers can not be excluded
easily. In general, the presence of both types of surface layers was unfavorable,
since they might hamper proper electrical contacting and transport measurements
by forming a conductive channel at the wires surface. Therefore, a post growth
protocol comprising a sequence of centrifugation and washing steps was performed
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on as-grown wires. The pristine wires were successively washed in the in ethanol,
water, diluted solution of hydrochloric acid (1 mmol/l), water and ethanol and
centrifuged after each washing step. In particular, the use of diluted hydrochloric
acid provided means to extract remaining amines such as en, and also had a surface
etching effect thereby removing the topmost surface layers from possibly formed
CdO.

Residues of the washing solution were effectively removed by a final vacuum
drying step (10 mbar) at 80 ◦C for at least 6 hours. In a control experiment (Figure
4.11), the absence of organic contamination of as-cleaned wires has been verified by
thermal gravimetric analysis (TGA). The TGA curve of cleaned nanowires in argon
atmosphere showed no apparent weight loss below 600 ◦C. Weight loss starts above
600 ◦C, arising from the decomposition and sublimation of CdS [122]. This result
indicates that there are no organic residues on the surface of the nanowires and
simultaneously shows that the wires are stable below 600 ◦C in argon. Nanowires,
which had been cleaned and annealed at 500 ◦C (1 h in argon), exhibited the same
thermal decomposition behavior, further stressing the absence of organic residues
and the effectiveness of the washing procedure mentioned before.

EDX measurements made on

Figure 4.11 TGA analysis of as-grown and annealed
nanowires.

an ensembles of nanowires in-
dicated that the wires are solely
composed of Cd and S. The
molecular ratio of Cd/S cal-
culated from the EDX quanti-
tative analysis data is 1.0-1.1,
and therefore close to that of a
bulk CdS. These findings were
further corroborated by atomic
emissions spectroscopy (AES)
analysis and X-ray photoelec-
tron spectroscopy (XPS), were

the Cd/S ratio was found to be 1.1 for both methods. While XPS is a surface
sensitive technique, AES resembles the elemental composition of the whole sample.
It can be therefore seen that the surface elemental composition is equal to the bulk.
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The room temperature Raman spectrum (excitation wavelength 633 nm) of the
CdS nanowires showed a characteristic Raman shift analogous to those of pure
crystalline CdS. The only Raman peak observed was located at 302 cm−1 and
could be be assigned to the E1 vibrational mode (first order longitudinal optic
(LO) phonon mode) of thehexagonal CdS [123]. As compared to previous values
obtained for CdS crystals [124], the Raman peak of the as-prepared CdS nanowires
is downshifted by about 6 cm−1, which might arise from the confinement of optical
phonons in the nanometer-sized samples. In a large crystal, only phonons near
the center of the Brillouin zone (q ≈0) contribute to the Raman spectrum because
of momentum conservation between phonons and incident light. On the other
hand, in a finite crystal such as a nanowire, the phonons can be confined in space
by crystal boundaries or defects. For nanowires the confinement is mainly due
to the nanoscale dimensions in the radial direction. This results in uncertainty in
the phonon momentum, and allows phonons with q 6= 0 to contribute to Raman
scattering, leading to a variation in the peak position and width of the Raman
signals [125].

The influence of reaction temperature and post-growth annealing

The normalized room-temperature PL spectra of nanowires grown at 180 and 200
◦C are shown in Figure 4.12. The spectra were recorded from single nanowires
and from ensembles of nanowires which were aggregated as bundles. For sin-
gle nanowires, the features of spectra taken along their main axis did not vary
significantly in terms of emission band location and intensity.

Typically, the spectra were dominated by a sharp emission band at 505 nm (2.45
eV), which can be attributed to the typical band-to-band transition of CdS since the
spectral position is very near the bandgap of bulk CdS at room temperature. In
addition, for all samples also a weak, but broad emission band around 630 nm (1.97
eV) was observed, which is commonly associated with structural defects, arising
from the excess of sulfur or core defects on the nanowire surfaces. Broad emission
bands in the red are often observed for CVD-grown CdS nanobelts, where the
deep-trap emission is related to impurities, native defects or surface states [105].
As can be seen, the defect band intensity of wires grown at 200 ◦C is considerably
smaller than for wires grown at 180 ◦C, suggesting a lower density of surface
defects for wires grown at increased temperature.
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Figure 4.12 Normalized PL intensities of single and bundled nanowires grown at 180 and 200
◦C, respectively. The excitation wavelength was 442 nm.

PL spectra recorded from single wires show a weakened defect emission intensity
compared to that of bundled wires. It might be concluded that the wires “stick-
iness” and bundling tendency is increased due to surface imperfections such as
excess sulfur atoms on the wire surface or an increased surface roughness [105].
Nevertheless, bundled nanowires grown at 200 ◦C show a less pronounced defect
luminescence than single nanowires grown at 180 ◦C, which indicates the overall
higher structural quality of the nanowires grown at 200 ◦C.

In consequence of this finding, CdS nanowires designated for electrical exper-
iments were preferentially synthesized in the high-temperature regime (200 ◦C)
according to the route shown in Figure 4.5(e).

In a control experiment, nanowires which were thermally annealed at 500 ◦C for
1 hour in an argon atmosphere, did not change their morphology, their composition
and their phase. Recording a typical PL spectrum, the intensity of the bandgap
and the defect emission band of the annealed wires displays a tenfold increase
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Figure 4.13 Room-temperature PL spectra of as-grown wires and annealed wires (1 h at 500 ◦C
in argon atmosphere).

compared to the as-grown species (Figure 4.13). The difference in bandgap emission
intensity for post-growth annealed wires and as-grown wires can be explained by
the reduction of defect-related in-gap states caused by surface crystallization effects
[122]. On the other hand, the simultaneously enhanced emission intensity around
630 nm indicates that the core defects such as sulfur vacancies can not be "healed"
by annealing. The absence of a pronounced emission peak around 700 nm further
demonstrates the absence of remaining amino or sulfur ligands [31].

The influence of reaction time on morphology

In order to elucidate the relation between the wires diameter and length, hence
the speed of axial growth and radial growth, the standard reaction (Figure 4.5(e))
has been performed in three reaction vessels under identical reaction conditions
for 6, 12 and 24 hours, respectively. The reaction products were investigated by
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Figure 4.14 The influence of the reaction on the length and diameter of nanowires. Reaction
temperature was 200 ◦C with a precursor concentration of 40 mmol/l.

SEM, for each reaction 50 specimen were selected and analyzed with respect to
their diameter and length. The results are displayed in Figure 4.14.

It can be clearly seen that the axial growth of the nanowires progresses linearly
during the first 12 hours, which can be described by the linear equation y = ax with
the slope a = 1.06 (R2 = 0.9999), hence the average length of a wire increases by
≈1µm per hour. After 12 hours the radial growth slows down due to the advancing
decomposition and conversion of the precursor.

The average wire diameter has been found to be ≈66 nm after 6 hours and does
not change at later reaction stages (within the accuracy of the measurement method).
This can be explained by means of classical nucleation theory, which postulates
the formation of crystal seeds exceeding the critical size and a subsequent Ostwald
ripening process. Therefore, the radial growth mainly occurs in the initial stage of
nucleation and predetermines the diameter of the formed wires (see also Chapter
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(a) 150 mmol/l (b) 40 mmol/l

Figure 4.15 SEM images of CdS nanowires grown from a high ((a)) and a low ((b)) initial
precursor concentration. Both reactions were performed at 200 ◦C for 48 hours.

2.2.2). As a result, the aspect ratio of as-grown wires increases almost linearly from
100 after 6 hours to 340 after 24 hours of reaction.

To conclude, the wire length can be easily varied by shortening/prologing the
reaction time, whereas the resulting wire diameter is mainly time-independent,
but determined by the reaction parameters at reaction start such as the precursor
concentration.

The effect of the precursor concentration on the morphology

In order to study the influence of the precursors start concentration on the product
morphology, a parallel synthesis has been performed at 200 ◦C for 48 hours, with
one autoclave loaded with Cd(DDTC)2 in standard concentration (2 mmol in 50 ml
en), while the precursor concentration in the second one was almost fourfold of the
former (3 mmol in 20 ml en). As can be seen seen from Figure 4.15, the variation of
precursor concentration leads to drastic change of the morphology of the products.

For a high precursor concentration (Figure 4.15(a)), apart from the presence of
a few micron-sized crystals, mostly short nanorods below 500 nm in length and
with diameters between 10 and 50 nm are formed. In general, the sample appears
to be very inhomogeneous, consisting of nanorods widely differing in size and
length. By contrast, the reference reaction (Figure 4.15(b)) with a low precursor
concentration yielded high-aspect ratio nanowires.
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The result can be explained in the light of how nanoparticle synthesis is carried
out. Nanoparticles synthesis is aiming towards a fast nucleation under kinetic
control, hence establishing a local high precursor concentration. In the diffusion-
controlled regime the buildup of small colloidal particles is favored. Establishing a
rather high Cd(DDTC)2 starting concentration, therefore leads to the formation of
many, small nanocrystals which finally grow in length. Another possible reason for
the preferential growth of nanorods instead of nanowires could be the difference of
internal pressure in 20 ml and 50 ml Teflon vessels in use. In the smaller beaker (20
ml) the pressure might have been not sufficiently high in order to facilitate an easy
dissolution of the highly concentrated precursor (see also Chapter 4.2.1 on page 52).

Ligand effects

Practically, for the successful solvothermal synthesis of anisotropic CdS nanostruc-
tures the en is the solvent of choice. Although the exact reaction mechanism is still
a matter of investigation, the strong complexing ability of the bidentate chelate
ligand en with Cd has been attributed to be the main reason for its outstanding role
in CdS nanowire synthesis. In particular, the slow dissociation of the stable, in-situ
formed Cd(en) complex (Equation (4.3)) allows for the formation of nanowires
in the thermodynamically controlled regime. Hence the above reasoning can be
described as follows: The more stable the Cd-ligand complex, the slower its disso-
ciation, the more favorable the anisotropic growth of 1D structures. As a logical
extension to the above guiding idea, the organic solvent diethylentriamine (dien)
(Figure 4.16) has been probed as a potentially more effective ligand for nanowire
synthesis. Due to it’s additional amino group, only two dien molecules are needed
to form the hexagonally coordinated complex Cd(dien)2 (log βen = 5.45, log βdien =
8.40) [112].

Cd(DDTC)2 was reacted at standard condi-

Figure 4.16 Chemical structure of di-
ethylenetriamine (dien)

tions (200 ◦C / 48 h) in en, a mixture of en
and dien (volume ratio 50:50) and in pure dien
(overall solvent volume 50 ml). The results are
summarized in Table 4.1.

In contrast to the reference reaction in pure en, the nanowires obtained in en/dien
were considerably shorter and slightly thinner, with their length not exceeding
10µm and their average diameter being 27 nm. A even more drastic change of
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morphology can be observed for the reaction pure in dien, where 200 nm long and
25 nm thick nanorods were obtained. The aspect ratios of the as-grown products
decreases from 900 over 300 to ≈10, for the reaction in en, en/dien and pure dien,
respectively. These results suggest that the aspect ratio of as-grown structures can
not be increased by simple means such as employing a stronger ligand. A possible
explanation for the above behavior might be the gradual increase of the solutions
boiling point from 116 ◦C in pure en to 206 ◦C in pure dien. Strictly speaking, in
the latter case the reaction can not be classified as being a solvothermal one since
the reaction temperature does not exceed the solvents boiling point. As a result, no
pressure in the autoclave could build up and no speed up of the reaction has taken
place, rendering small nanorods. For reactions in dien, a further increase of the
reaction temperature, which might yield nanowires is practically limited by the use
of teflon equipment with a melting point around 230 ◦C. Extending the reaction
time up to several days most probably would yield nanowires in dien also, but
would be also not very competitive compared to the standard reaction in pure en.

In conclusion, the reaction of Cd(DDTC)2 in pure en as demonstrated above
(Figure 4.5 (e)), constitutes the best synthetical pathway in solution towards high-
aspect ratio nanowires, so far. Due to the absence of further additives such as thiols
[32], the wires’ quality is comparably high as indicated by a significantly reduced
PL defect peak intensity. It has also been demonstrated that using thiourea as sulfur
precursor (Figure 4.5 (d)) outperforms the reaction of Cd foil and sulfur [126] in
terms of aspect ratio (up to 100 times bigger).

Solvent Length [µm] Diameter [nm] Morphology

en 10-40 45 (±5) wires
en/dien <10 37 (±4) wires
dien <0.2 ≈25 rods

Table 4.1 Product morphologies resulting from reaction of Cd(DDTC)2 in
different solvents. Reaction was carried out at 200 ◦C for 48 hours.
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4.3 Electrical transport studies on undoped CdS
nanowires

Electrical transport experiments were performed on single nanowires contacted in
a nano-FET geometry (see Figure 2.8(a) on page 24) under ambient conditions (in
air at room temperature). The wires under investigation were grown for 48 hours
at 200 ◦C according to the synthetic route depicted in Figure 4.5(e). Unless noted
otherwise, the term “dark” is used for transport measurement carried out under
weak background roomlight.

4.3.1 Dark conductivity and photocurrent under global
photoexcitation

Figure 4.17(a) shows an AFM image of a typical nano-FET device comprising an
individual nanowire (diameter 39 nm, gap 1.2 microns) contacted by two metal
electrodes (Ti 40 nm/ 40 nm Au). The corresponding source-drain current versus
voltage Ids −Vds is displayed in Figure 4.17(b) for the dark state and under global
illumination4 with laser light at 488 nm (≈30 W/cm2).

It can be seen that the wire is highly-resistive in the dark state, with the current
being below 10 pA at moderate bias. This is in agreement with the values for
bulk CdS, with a nearly intrinsic conductivity σi of 2.81× 10−2 Ω−1 cm−1, which
heavily depends on the impurity and defect content [127]. In addition, the I-V curve
exhibits asymmetric and non-linear characteristics, which indicates the formation
of Schottky barriers at the Ti-CdS interface of both electrodes5.

Under uniform illumination with light exceeding the CdS bandgap energy (λ<505
nm), the nanowire is ∼ 104 times more conductive than in the dark. The nearly
symmetric, non-linear curve shape is consistent with the formation of back-to-back
metal-semiconductor (MS) diodes (see Figure 2.10(b) on page 29). Photocurrent
saturation is observed for biases greater than ±2V, which typically occurs in MSM
photodiodes [129], because the carrier transit-time becomes less than the carrier
lifetime beyond a certain threshold voltage [130].

4The laser is strongly defocussed from the focal plane, making the spot size larger than the device)
5The Schottky barrier height of Ti contacted to intrinsic CdS is ≈0.7 eV [96, 128].
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(a)

(b)

Figure 4.17 (a) AFM images of a single CdS nanowire contacted with metal electrodes (40 nm Ti
/ 40 nm Au). The wire diameter is 39 nm, and the channel length is 1.2µm. (b) Corresponding
current-voltage characteristics (I-V) of the CdS nanowire shown in the dark state and upon global
illumination (excitation wavelength 488 nm, power density ∼ 30 W/cm2).

70



4.3 Electrical transport studies on undoped CdS nanowires

Figure 4.18 Transfer characteristics (Ids vs. Vgs) under constant bias Vds of +4 V for a nanowire
MSM device.

Gate dependence

Typical transfer curves (Ids vs. Vgs) show the nanowire devices to behave as n-
channel enhancement (normally OFF) FETs [96]. The threshold voltage is around +
10 V and the ON/OFF ratio is ∼ 15, which is inferior to nanobelt devices showing
ON/OFF ratios of ∼ 104 [131].

During the transfer characteristics measurements, for forward and reverse gate
voltage sweeps a slight in the threshold voltage can be observed. This so-called
hysteresis effect is commonly attributed to charge trapping from water molecules
around the wires, including SiO2 surface-bound water molecules on the SiOx

subtracts in close proximity to the wires [132].
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Figure 4.19 Photoswitching of a CdS nanowire photoconductor between low and high conductance
states when laser light (∼ 15 W/cm2, 488 nm) ) was turn on and off. A constant bias of 3 V is
applied.

Photoresponse behavior

Figure 4.19 shows the reversible switching of the nanowire device between low and
high conductance state when the laser light was turn on and off. It can be seen
that the response time of such device is quite fast, with a typical rise time of 1 s.
Nevertheless, the decay time can as long as 120 s. The underlying mechanism for
the photoconductive behavior might be understood by the presence of effects which
have been observed for polycrystalline CdS films [133]. As a common feature of
metal chalcogenide materials, the presence of oxygen on nanobelt surface is notable.
The oxygen molecules adsorb on the wire surface as negatively charged ions by
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capturing free electrons from the n-type CdS, thereby creating a depletion layer
with low conductivity:

O2 (gas) + e− −→ O−2 (adsorbed) (4.4)

Due to their small diameter, usually a few tens of nm, the nanowires are probably
almost depleted of carriers, which leads to a high resistance in the dark state. In the
illuminated state, not only electrons in the conduction band that increase the free
carrier density and consequently the wires conductivity will be generated, but also
an equal amount of holes that can recombine with adsorbed/chemisorbed oxygen
ions at the surface, thereby creating molecular oxygen again:

O−2 (adsorbed) + h+ −→ O2 (gas) (4.5)

Accordingly, the trapped electrons are released back into the conduction band and
additionally increase the conductivity of the nanowire. A similar photoresponse
behavior has been observed by Milam et al. [134] on CVD-grown CdS nanowires,
with decay times ranging between 10 s and 50 s, suggesting the decay time varies
innately from wire to wire. Therefore it’s reasonable to attribute the slow decay
response to the the re-adsorption of oxygen molecules to the wire surface according
to Equation (4.4). Electrical devices built from CdS nanobelts with their even greater
surface-to-volume ratio, have been shown to be very sensitive towards different
gases and moisture [131].

Wavelength dependence of photocurrent

The photocurrent response depends sensitively on the excitation wavelength. Figure
4.20(a) shows typical I-V curves obtained when a nanowire is exposed to light of six
different wavelengths (458, 476, 488, 514, 543, 633 nm) at a constant light intensity
of ∼ 17 W/cm2.

It can be seen that the sensitivity of the CdS device is rather low for a excitation
wavelength being longer than 514 nm. In order to clarify the origin of spectral
response, the optical absorption spectrum (UV/vis) of an CdS nanowires suspended
in ethanol is measured, as depicted in Figure 4.20(b) (black line). Interestingly, the
photoresponse spectrum is nearly coincident with the absorption spectrum. Due
to the unavailability of an suitable excitation laser source, the expected maximum
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(a)

(b)

Figure 4.20 (a) Excitation wavelength dependence of the photocurrent. The laser power density
was kept at ∼ 17 W/cm2. (b) Maximum photocurrent (at Vds = +4V) at discrete wavelength λ
correlated with the absorption spectrum of CdS.
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photoresponse at 505 nm can not be observed. Nevertheless, it can be seen from
above that the response spectrum is directly related to the energy band structure
of the CdS nanowire, and the photocurrent measurement directly reflects the joint
density of states (JDOS).

The non-zero, albeit very small photocurrent on the long wavelength side (λ»505
nm) is most likely due to the transition of carriers from defect states in the band
gap to the conduction band. Jie et al. [135] reported a drop of photosensitivity on
the shorter wavelength side (λ<505 nm), which they attributed to the enhanced
absorption of high-energy photons at or near the surface region of CdS nanoribbons.
They argued that electron-hole pairs generated near the surface region typically
have a lifetime shorter than those in the bulk and thus contribute less to the
photoconductance. For the CdS nanowires investigated in this work, no drop in
photosensitivity for λ<505 nm has been observed, which might be due to their
comparably small diameter since no clear distinction between bulk and surface
exists anymore.

Intensity dependence of photocurrent

The photoconductivity of CdS nanowires is dependent on light intensity as well,
as can be seen from Figure 4.21(a). I-V curves were recorded for varying light
intensities at the excitation wavelength of 488 nm. As displayed on the graph, an
increase of intensity of incident light causes an increase in photocurrent.

Plotting the maximum photocurrent over the normalized light intensity (Figure
4.21(b)) clearly shows a linear dependence between both quantities. According to
Equation (2.26) this finding suggests the creation of a low excess electron density,
hence the density of additionally created electrons ∆n is much smaller than the
equilibrium hole density p0. As the photocurrent depends on the photogeneration
rate G (which is proportional to the photon flux) as σph ∼ Gγ, a coefficient γ = 1 is
indicative of a monomolecular recombination type occurring through recombination
centers such as dangling bonds [136].

4.3.2 Local photoexcitation

Local photoexcitation experiemnts were performed as a logical extension to photo-
conductivity measurements under global illumination (see Chapter 4.3.1). Recently,
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(a)

(b)

Figure 4.21 (a) I-V curves of a CdS single nanowire under light irradiation of varying intensity
at 488 nm and constant bias of + 4 V. (b) Maximum photocurrent as a function of normalized
light intensity at 488 nm.
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Figure 4.22 I-V characteristics of a nanowire devices under local illumination near the source
electrode (black line) and near the drain electrode (red line). (Insets) Corresponding excitation
beam position.

the application of near-field scanning microscopy (NSOM) and confocal laser mi-
croscopy for local photocurrent mapping of carbon nanotube (CNT) and nanowire
devices has been demonstrated by Balasubramanian et al. [137] and Gu et al. [138],
respectively. Hereby, we will define local illumination as employing an excitation
spot whose size is less than the device size, which in our case was achieved by
using the diffraction limit spot of a focussed confocal laser microscope at 458 nm.

Figure 4.22 shows two Iph-V curves taken with a confocal microscope when
illuminating the area near each of the two contact electrodes, respectively. Unlike
the almost symmetric I-V characteristics observed for the global illumination case
(Figure 4.17(b)), the local I-V curves are asymmetric and large photocurrents arise
only in one bias direction. It becomes apparent that the current reaches its maximum
when the illumination occurs near the electrode corresponding to a reverse-biased
M-S diode.
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(a)

(b)

(c)

Figure 4.23 (a) AFM image of the nanowire device. Scanning photocurrent images for bias 1
V (b)(right side) and bias -1 V (c)(right side). On the left sides of (b) and (c): corresponding
reflection images.
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For spatially resolved photocurrent measurements (SPCM) the current was
recorded, as the excitation laser spot was raster-scanned across the nanowire
device (Figure 4.23(a)). The resulting photocurrent image provides a 2-D map of
current vs. beam position at a fixed bias voltage. Photocurrent images were taken
for a forward biased electrode 1 (source electrode) at +1 V (Figure 4.23(b)) and a
reverse biased electrode 1 at -1 V (Figure 4.23(c)). As can be seen from the bright
(Figure 4.23(b)) and dark lobes (Figure 4.23(c)) in the images, the photocurrent is
largest in the regions near the reversed-biased contacts that is, near the lower biased
electrode.

Considering the nanowire device as a MSM-structure consisting of two Schottky
diodes in back-to-back arrangement, the images can be interpreted as follows:
Illumination in the vicinity of the reverse-biased (negatively biased) electrode causes
the photogeneration of electrons and holes which are separated from each other by
the strong local electrical field near the M-S interface (Figure 4.24(b)). The steady-
state boundary condition for the photocurrent can be written as |Jn1| + |Jp1| =
|Jn2|+ |Jp2|, where |Jn| and |Jp| denotes the electron and hole current, respectively.
Gu et al. [138] proposed the hole current Jp2 to be balanced by the electron current
Jn1 that arises from the diffusion of photogenerated electrons across the wire
towards the forward-biased electrode 1. The electron current Jn2 and the hole
current Jp1 can be neglected, because of the large Schottky barrier at the reverse-
biased electrode 2 and the absence of hole injection at +1 V, respectively. In
conclusion, the maximum photocurrent near the reverse-biased electrode is limited
by the diffusion of photogenerated electrons towards electrode 1 leading to Jn1.

For the case of the forward (positively)-biased contact (Figure 4.24(a)), the pho-
togenerated electrons can be efficiently collected by electrode 1, which results in
current Jn1. In analogy to the reasons mentioned above, the hole current Jp1 and the
electron current Jn2 can be neglected. The current Jp2 stems from photogenerated
holes diffusing across the neutral region towards electrode 2, and one can expect
|Jn1| ≈ |Jp2|. However, a very low photocurrent is observed in the vicinity of the
forward-biased contact 1. For CdS holes (minority carriers) are known to have a
lower mobility (µp ∼ µn/10) than electrons (µn ∼340 cm2/V·s), and minority carriers
generally have a shorter lifetime than majority carriers, too. Therefore, hole diffu-
sion may become more lossy than electron diffusion, resulting in a comparably low
value for Jp2.
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(a) (b)

Figure 4.24 Schematic diagram exemplifying the photoresponse of of device upon local illumi-
nation. (a) Illumination near the forward-biased M-S electrode (1). (b) Illumination near the
revers-biased M-S electrode (2). Jn1,2 (Jp1,2) are the electron (hole) currents across the M-S
junction at electrode 1 and 2, respectively. The flow of electrons (holes) is indicated by arrows,
the major current components are emphasized.

In consequence, the strongest photocurrent lobe appears in the region near to the
reserve-biased electrode (Figure 4.23(b)). Moreover, due to the absence of a strong
electrical field, photogenerated carriers can recombine efficiently in the middle of
the nanowires, and hence no photocurrent is observed.

4.4 Electrical properties of Ar beam irradiated CdS
nanowires

The low conductivity of undoped CdS in the dark state, as well as the formation
of Schottky barriers at the M-S interface, have triggered the search for strategies
to overcome for these deficiencies. In the past efforts have been directed towards
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Figure 4.25 I-V curves of argon ion bombarded CdS nanowires in the dark and under global
illumination (458 nm, ∼ 3 W/cm2).

the fabrication of ohmic electrical contacts via argon ion bombardment [139, 140].
The underlying concept is to increase the surface conductivity by increasing the
contribution of surface states through an increase in their density [141], mainly by
creating additionyl sulfur vacancies. Simultaneously, the bombardment process may
aid the removal of any adsorbed impurities atoms. Gu et al. [142] demonstrated
the controlled fabrication of CdS nanowire devices with ohmic contacts.

Prior to metallization, the lithographically defined contact areas of deposited
CdS nanowires were subjected to argon ion bombardment (500 V/35 s) in a high-
vacuum chamber. After the bombardment, the samples were quickly transferred
to a second chamber, where the electrode metal was evaporated. In the dark as
well as under global illumination, as-fabricated devices showed symmetric, non-
linear I-V characteristics similar to standard devices behavior (Figure 4.17(b)). No
devices with ohmic I-V-curves could be observed. The failure to produce ohmically
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contacted devices might be attributed to the short inter-chamber transfer (∼20 s) in
air, during which surface oxidation could have occurred.

AFM investigation of single nanowires, which were ion bombarded as a whole,
showed an average decrease in diameter of 10% after ion bombardment. Compared
to standard devices (see Chapter 4.3.1) devices made of such wires displayed an
increased dark conductivity by up to 3 orders of magnitude at moderate bias (+3
V) (Fig. 4.25).
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The tailoring of the electric and magnetic properties of the intrinsic semiconductor
CdS by the addition of impurities, so called doping, will be described in the present
chapter. While the dark conductivity of CdS can be significantly enhanced by
doping with indium, the incorporation of manganese leads the formation of the
ternary compound Cd1-xMnxS, whose magnetic properties notably differ from
those of pristine, diamagnetic CdS.

5.1 Indium doped CdS nanowires

The effect of in-situ indium doping of bulk CdS during gas phase synthesis has
been described by Partain et al. [143], who observed a raise in the free carrier con-
centration by one order of magnitude, resulting in an increased dark conductivity.
Moreover, CVD-grown CdS nanoribbons were successfully doped with indium
[144, 145, 146] and enabled fabrication of FET devices with the best performance of
CdS nanobelt devices reported so far.

Combining the simplicity of the solution based methods with the effectiveness
of indium doping, has so far yielded only thin films of polycrystalline Cd1-xMnxS
[147], such that the challenge of synthesizing indium doped single-crystalline CdS
nanowires in this manner still remains.

In the present work, the standard synthesis (Figure 4.5 (e) on page 53) was slightly
modified by adding small amounts (0.001 mol%<x<2 mol%) of indium(III)chloride
(InCl3) to the reactant solution prior to heating. The reaction scheme can thus be
written as follows ((5.1)).
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[Cd{S2CN(C2H5)2}2]2
+ x InCl3−−−−−−−→

48 h @ 200 ◦C
Cd1−xInxS ↓

nanowires
(5.1)

5.1.1 The effect of In 3+ concentration on wire morphology

As can be seen from Figure 5.1, the morphology of the resulting product strongly
varies with the amount of added In impurities. For In amounts beyond 1 mol%
(x>0.01) only nanoparticles with diameters in the range between 20 and 100 nm can
be found as reaction product (Figure 5.1(a)). A reduced In content (x = 0.001) leads
to an inhomogeneous product consisting of nanoparticles and short nanowires
with lengths below 10 µm and diameters between 20 and 100 nm (Figure 5.1(b)).
A further reduction of the added In amount by a factor of 10 (x<0.001) results in
the formation of smoothly shaped, high-aspect ratio nanowires (length>10 µm,
diameter 20-80 nm), without the the formation of nanoparticles/nanorods (Figure
5.1(c)). It should be noted that due to the extremely low solubility product of
In2S3 (Ksp = 10−73 (mol/L)2) compared with that of CdS (Ksp = 10−28 (mol/L)2) [34],
the successful incorporation of indium into CdS by a solution-based reaction has
recently been disputed.

However, in the present case the formation of InS/In2S3 could not be confirmed,
since room-temperature PL spectra taken from as-produced nanowires were identi-
cal to spectra of pristine CdS nanowires (Figure 4.12). In the presence of In2S3 with
a bandgap Eg of 2.75 eV one would have expected a blue-shifted PL peak maximum
compared to pristine CdS, while for indium doped CdS a red-shift of 0.85% has
been reported [147].

5.1.2 Structural and elemental analysis

The amount x of In in Equation 5.1 is a nominal value, representing the content
of In added. Hence, the parameter x has to be regarded as an upper limit for the
amount of actually incorporated In.

Due to the low amount of added In impurities, for an in-depth elemental anal-
ysis only few experimental methods such as atomic emission spectroscopy (AES)
and time-of-flight secondary ion mass spectroscopy (TOF-SIMS) can be applied.
TOF-SIMS (ION-TOF GmbH, dual source column, oxygen sputter gun 1 keV, Ga
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(a) 2 mol% In

(b) 0.1 mol% In

(c) 0.001 mol% In

Figure 5.1 SEM images of as-obtained Cd1-xInxS nanostructures for different In doping levels
(Equation (5.1)).
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(a) 3 min (b) 10 min (c) 30 min

Figure 5.2 Optical images of deposited Cd1-xInxS nanowires at different stages of oxygen
sputtering (1 keV). The oxygen sputtered area has a size of 500 x 500 µm, with the central area
(50 x 50 µm) being analyzed by an Ga beam (15 keV).

analysis gun 15 keV) experiments [148] were performed to elucidate the elemental
composition of the obtained Cd1-xInxS nanowires, using samples with a nominal In
content x < 0.01mol%. Nanowires were drop-casted from ethanolic suspension on
a silicon wafer. After evaporation of the solvent a dense layer of randomly aligned
and interwoven nanowires was formed, whose thickness is estimated to be several
hundreds of nanometers (Figure 5.2). For analytical depth-profiling of the samples,
a gallium (Ga) gun was used in cyclic combination with a separate oxygen sputter
ion gun. The oxygen sputter gun acts as “etching” beam and is responsible for the
crater formation. At the same time, it increases the yield of positive ions (Cd 2+,
In 3+), thus further enhancing the detection sensitivity [149].

In order to determine the absolute In concentration x from the secondary ion
count rates, a relative sensitivity factor (RSF) is required according to Equation
(5.2). The RSF is a function of the impurity and the matrix secondary ion species
sampled. In principle, to calculate the RSF a reference sample of CdS nanowires,
with a given In implant dose and a known depth profile, would be required.

Indium concentration = RSF(atoms/cm3)×
113In (count rate)

112Cd (count rate)
(5.2)

In our case a reliable fabrication of samples of known In doping level is not feasi-
ble, and therefore the obtained data can only be interpreted on a semiquantitative
basis. For very low dopant concentrations (less than 0.01 mol%) the matrix effects
on the ion yield can be neglected, and hence the RSF can be considered to be a
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Figure 5.3 Semiquantitative elemental analysis by depth-profiling (TOF-SIMS) measurements on
thin layers of deposited nanowires. The intensities represent the total secondary ion count for the
sampled area.

constant [149]. However, due to the operational mode (depth-profiling) and the
sample morphology (randomly aligned wires), no information about the spatial
element distribution is accessible, and the data represent averages over the scanned
areas.

The presence of In within the nominally 0.01 mol% doped sample can be clearly
seen from Figure 5.3, in which the In count rate equals the S count rate. For the
lower doped sample (0.001 mol% In) the presence of In is better visible when
plotting

113In (count rate)
36S (count rate)

(Figure 5.4) against the number of sputter cycles. Assuming
a homogeneous elemental distribution of S throughout the sample and using the
curve of pristine CdS as reference, the ratio of the average relative count rates has
been determined to be 32.5 : 2.4 : 1 (0.01 mol% In : 0.001 mol% In : pristine). For the
nominally 0.001 mol% doped In sample the average count rate is ≈2 times larger
than the background signal of the pristine CdS wires, while for the nominally 0.01
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Figure 5.4 Semiquantitative analysis of TOF-SIMS data based on the ratio of the count rates
In (count rate)
S (count rate) . The curves represent averaged values of the corresponding raw data values in the
scatter plots.

mol% doped sample it is roughly 30 times larger. On this basis, the presence of
In in the lower doped sample has been convincingly proven. Moreover, based on
the above values it can be concluded that the relative concentration of the higher
doped sample is 13 times higher than in the lower doped sample. This finding is in
good agreement with the value 10, expected from the amount of added In.

HR-TEM images of individual Cd1-xInxS nanowires (Figure 5.5) show them to be
smoothly shaped and single crystalline, for both, the highly doped (0.01 mol% In)
and barely doped (0.001 mol% In) case. As for the pristine CdS wires (Figure 4.9),
selected area diffraction images of In doped wires exhibit distinct peaks, which can
be indexed according to a hexagonal CdS wurtzite lattice. The axial growth occurs
along the [001] axis, which corresponds to the c-axis of the wurtzite unit cell. From
the SAED image it can furthermore be discerned that the samples do not contain
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Figure 5.5 HRTEM image of a single Cd1-xInxS nanowire with x = 0.01 mol%. (Inset) Corre-
sponding SAED pattern. The zone axis is (010).

other phases such as cubic CdO or tetragonal In2S3, which may in principle have
been by-products.

To summarize, the solvothermal In doping method has been analyzed for different
impurity levels to determine the most effective dosage while retaining the wire-like
shape and single crystallinity of the resulting products.

5.1.3 Electrical properties

I-V curves of individual In doped CdS nanowires were measured in a LEEPS mi-
croscope (see also Chapter 3.7), and analyzed using the metal-semiconductor-metal
(MSM) model of Zhang et al. [97]. The MSM model allows for a quantitative analy-
sis of experimental I–V curves, yielding intrinsic parameters such as the doping
concentration, resistivity and carrier mobility of the semiconducting nanowire. A
typical device comprising a semiconductor nanowire between two metal electrodes
is considered as two Schottky barriers connected back to back, and a resistance
Rnw in series with the Schottky barriers (Figure 5.6). An applied bias voltage V is
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Figure 5.6 Schematic diagram of a nanowire based MSM structure and its equivalent circuit.

distributed over the two Schottky barriers and the undepleted part of the nanowire,
denoted by V1, V2 and Vnw, respectively (Equation (5.3))

V = V1 + V2 + Vnw. (5.3)

When analyzing the forward bias current through a semiconductor, the thermionic
emission model is commonly used for Schottky contacts. However, the current
of a reverse bias-biased Schottky contact is generally underestimated [150], as in
contrast to microelectronic devices, in nanoelectronic devices the current is often
on the order of a few nA or even pA. The analysis described here makes use of
a model based on the thermionic field emission theory formulated by Padovani
and Stratton [151] that accounts for tunneling effects in a reverse-biased junction,
which dominate the reverse-biased current and explain the nonlinear I-V curves
often observed for nanowire devices.

Jr(V1) is the current density passing through the reverse biased Schottky barrier,
and J f (V2) is that through the forward biased Schottky barrier. For moderate bias,
i.e. V larger than 3kT/q (75 mV at room temperature) [152], these current densities
are given by
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Jr(V1) =
A∗T
√

πE00

k

{
q(V1 − ξ) +

qφ1

cosh2(E00/kt)

}1/2

× exp
(
−qφ1

E0

)
exp

[
qV1

(
1

kT
− 1

E0

)] (5.4)

and

J f (V2) = A∗T2 exp
(
−qφ2

kT

)
× exp

(
qV2

nkT

) [
1− exp

(
−qV2

kT

)] (5.5)

with φ1 and φ2 being the effective height of the two Schottky barriers respectively,
the ideality factor n describing the deviation from the ideal behavior (n = 1) of a
rectifying Schottky diode, the distance between the Fermi level and the bottom of
the conduction band for n-type nanowires ξ, the temperature T, the Richardson
constant A∗ = 4πm∗qk2/h3, the effective mass of majority carriers m∗1, the electron
charge q and the Boltzmann constant k. The two important constants E0 and E00

are given by [152]

E0 = E00 coth
(

E00

kT

)
(5.6)

and

E00 =
h̄q
2

[
Nd

m∗εsε0

]1/2

(5.7)

where Nd is the electron concentration, εs is the relative permittivity of the
semiconducting nanowire 2 and ε0 is the vacuum permittivity.

Effects arising from insulating layers covering the nanowire surface are taken into
account by defining the two shunt resistances Rsh1 and Rsh2, which are associated
with the two Schottky barriers (see also Figure 5.6). For an ideal Schottky barrier
the shunt resistance Rsh = ∞.

1The reduced mass for electrons m∗ is 0.20 in bulk CdS.
2For bulk CdS εs is 8.28.
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The above relations contain in total six fitting parameters namely the effective
heights of the two Schottky barriers φ1 and φ2, E0, the nanowire resistance Rnw,
and the shunt resistances of the two Schottky barriers Rsh1 and Rsh2. When ana-
lyzing experimental I–V data, since the shunt resistance influences mainly the I–V
characteristic at low bias, the shunt resistance can be determined from the very low
bias region of the I–V curve, using

Rsh ≈
dV
dI

∣∣∣∣
low bias

. (5.8)

For large currents the increment of the voltage drop across the nanowire domi-
nates over that across the Schottky barriers and a linear region is expected in the
I–V curve at large bias [150, 97]. Thus the nanowire resistance can be determined
from this linear region via

Rnw ≈
dV
dI

∣∣∣∣
large bias

. (5.9)

Alternatively, the expected linear region in the ln (I)–V plot at intermediate bias
can be utilized to extract E0 from the following relation [150, 97]

q
(

1
kT
− 1

E0

)
≈ dV

d ln I

∣∣∣∣
intermediate bias

. (5.10)

After the determination of at least three of the four parameters Rsh1, Rsh2, R
and E0 using the above procedures, they are used as start parameters for a second
fine-fitting step during which the remaining parameters are retrieved. A Matlab
based GUI program (MathWorks Inc.) [153] was used for the multi-step fitting and
parameter retrieval process. The values for the wire resistance R, conductivity σ,
carrier mobility µ and the electron concentration Nd were derived from

σ =
l

ARnw
(5.11)

and
σ = qµNd (5.12)

where l is the distance between the two electrodes and A is the wire cross section3.

3The wires are assumed to have a circular cross section area.
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5.1 Indium doped CdS nanowires

(a)

(b)

Figure 5.7 (a) Experimental I–V data (open circles) of an In-doped CdS wire (0.001 mol% In
with diameter 73 nm, gap length 1610 nm), and corresponding fit (line) according to the MSM
model. (b) Log(I)/V plot of the data in (a). The blue lines were used to determine the slope of
the fitted curves in the high bias regime.
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5 DOPED CADMIUMSULFIDE NANOWIRES

Independent of the doping level, the measured I–V curves of single wires typically
showed non-ohmic, almost symmetric behavior (Figure 5.7(a)). Only in a few cases
ohmic I–V characteristics were observed for wires doped with 0.01 mol% In. In
the case of ohmic I–V curves only the conductivity σ can be directly extracted, as
no distinction between the low, medium and high bias regime can be made, and
hence the MSM model can not be applied. As can be seen from Figure 5.7, the
MSM-based fits agree very well with the experimental I–V behavior of a nanowire
based device. For each wire, at least three different I–V curves were recorded at
different contact positions along the wire.

Figure 5.8 Values for electrical conductivity σ, carrier mobility µ and electron concentration
Nd, as extracted from I–V curves of a single, 0.001 mol% In doped wire measured at different
positions.

Figure 5.8 summarizes the values for the conductivity σ , mobility µ and electron
concentration Nd for a 0.001 mol% In doped wire, as collected from four different
positions. The corresponding numerical values are presented in Table 5.1. The
almost symmetric I–V characteristic is reflected by the Schottky barrier heights
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5.1 Indium doped CdS nanowires

Parameter Value Standard error Relative error

φ1 [eV] 0.422702 0.003316 0.007846
φ2 [eV] 0.408371 0.002428 0.005946
E0 [mEV] 25.910258 0.004843 0.000187
E00 [meV] 1.946848 0.096580 0.049608
RNW [Ω] 5.175701× 108 1.116505× 108 0.215720
Rsh1 [Ω] >1015 – –
Rsh2 [Ω] >1015 – –
Nd [/cm3] 1.819439× 1016 1.805193× 1015 0.099217
σ [S/m] 3.285261× 10−1 7.086981× 10−2 0.215720
µ [cm2/V·s] 1.127119 2.676270× 10−1 0.237443

Table 5.1 Electrical parameters extracted for a In doped (0.001 mol%) CdS nanowire with a
diameter of 73 nm and an electrode distance of 1610 nm.

φ1 and φ2, both being close to each other around 0.4 eV. These values are signif-
icantly lower than one would expect for a CdS-Pt (1.1 eV) or a CdS-Au (0.78 eV)
interface4[96]. This difference indicates that even low In doping (0.001 mol%) leads
to a lowering of the Schottky barrier, thus significantly increasing the tunneling
current across the metal-semiconductor interface. The electron concentration has
been determined to be on the order of 2× 1016 /cm3, which is consistent with reports
for In doped CdS wires grown by CVD [145, 146]. The relative errors of the fitted
values for the Schottky barrier heights φ1 and φ2 are well below 1%, and the relative
errors for the closely connected parameter E00 and Nd are around 5% and 10%,
respectively, which further stresses the good agreement between the experimental
data and the MSM fit. The quite large values for the shunt resistances Rsh1 and
Rsh2 indicate that they may be safely neglected in our studies. The In doped wires
are ten times more resistive (σ = 3.3× 10−1 S/m) and display a significantly lower
carrier mobility (µ = 1.1 cm2/V·s) compared to the bulk material (σ = 2.8 S/m),
µ = 340 cm2/V·s) [127, 96]. Significantly reduced mobilities in CdS nanostructures
have been widely reported and can be explained by enhanced scattering and charge
trapping occurring near the wire surface [131, 154].

The comparison of In-doped CdS wires with different doping levels leads to the
following conclusions (Table 5.2):

4Within the LEEP microscope either gold or platinum manipulator tips were used.
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5 DOPED CADMIUMSULFIDE NANOWIRES

Parameter pristine CdS 0.001 mol% In 0.01 mol% In

φ [eV] 0.58 (±3× 10−4) 0.40 (±0.01) 0.34 (±0.03)
Nd [/cm3] 2.19 (±0.30)× 1016 3.63 (±1.33)× 1016 5.42 (±1.64)× 1017

σ [S/m] 0.03 (±0.01) 0.32 (±0.24) 0.76 (±0.27)
µ [cm2/Vs] 0.08 (±0.02) 0.61 (±0.44) 0.09 (±0.03)

Table 5.2 Summary of electrical parameters of CdS nanowires extracted by MSM model.

• The average Schottky barrier height φ drops from 0.58 eV for the undoped
wires to 0.40 eV and 0.34 eV for the lower (0.001 mol%) and the higher (0.01
mol%) In doped samples, respectively. This lowering of the Schottky barrier
is also supported by the observation of ohmic I–V behavior in some of the
highly In doped samples (0.01 mol%).
• The free carrier concentration Nd has been found to be significantly (≈25 times)

increased from 2.19× 1016 /cm3 for the undoped CdS wires to 5.42× 1017 /cm3

for the highly In doped (0.01 mol%) samples. This testifies the successful
incorporation of In into the CdS wires, where it acts as donor type impurity.
For the lower doped wires (0.001 mol%) the value for Nd is only ≈1.5 times
higher than for the undoped samples, but no clear conclusion can be drawn
due to the rather high error margin (relative error 36%).
• The conductivity σ of the highly doped samples (0.76 S/m) is ≈25 times

higher than for the pristine CdS wires (0.03 S/m), while the carrier mobility µ

basically remains constant (0.09 cm2/V·s). Therefore, the increased conductivity
reflects the increased carrier density. In the case of the low doped wires (0.001
mol%) σ is found to be ≈10 times higher (0.32 S/m) than for the pristine wires.
However, this value has to be treated with care since the carrier mobility µ

(0.61 cm2/V·s) is ≈8 times higher than for both, the undoped and the highly
doped samples, which appears quite unlikely. Also the large relative error of
72% has to be taken into account.

So far, only very few electrical transport studies have been reported for solvother-
mally grown CdS nanowires. Long et al. [113] reported the conductivity σ of CdS
nanocables to be 82 S/m, but also stated that the wires could be unintentionally
doped with gallium due to the focussed-ion-beam (FIB) exposure. Pan et al. [122],
who investigated individual solvothermally grown CdS nanowires, and found
them to be highly resistive, which prevented determining values for σ or µ. Thin
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films of nanocrystalline CdS deposited from chemical bath exhibited mobilities
of 1.46 cm2/V·s [155], which is two orders of magnitude greater than observed for
CdS wires investigated in this work. Zhang et al. [97] used the MSM model to
analyze undoped, CVD grown CdS wires; they obtained values of 192 S/m, 32
cm2/V·s and 3.7× 1017 /cm3, which compared to the present wires is roughly 200
times larger for the conductivity σ and 400 times larger for the mobility µ, while
the carrier concentration Nd similar to the present highly In doped CdS wires. As
their measurements were performed in a conventional SEM, it could be argued that
due to the electron bombardment the wires might have become contaminated with
a surfacial amorphous carbon film, leading to a high conductivity and mobility.

Further to this, undoped and indium doped CdS nanobelts (NB) were prepared
by CVD [131, 135]. The pristine NBs were reported to be highly resistive in the dark
(σ = 0.01 S/m), while the indium doped belts showed a higher conductivity by a
factor of 2700, and mobilities µ were determined to be in the range between 100 and
350 cm2/V·s for both cases. The carrier densities were 1× 1016 /cm3 and 3× 1017 /cm3

for undoped and doped belts, respectively. It follows that for the case of pristine
CdS these values are in good agreement with the present findings regarding the
conductivity and carrier concentration. Although the exact level of In doping is not
given, the calculated carrier concentration of In doped NBs is similar to the present
highly In doped wires. Remarkably, the reported mobilities for CVD grown NBs
are by 3 orders of magnitude greater than for solvothermally grown wires.

5.2 Manganese doped nanowires

The ternary compound Cd1-xMnxS is an example for a diluted magnetic semicon-
ductor (DMS), in which host cations are randomly substituted by magnetic ions
[156, 157]. The quest for novel DMS nanostructures has been mainly triggered by
the prediction of a Curie temperature (Tc) of 200 K for Cd1-xMnxS with x = 0.05
[158], which makes the material interesting for spintronic devices [159]. The syn-
thesis of Mn (x<0.2) doped CdS nanorods via hydrothermal reaction [160, 33, 161],
and of nanowires (x<0.3) via CVD [10, 162] has been reported. In this thesis, the
solvothermal standard synthesis (Equation (5.13)) was extended by the simple
addition of manganese(II)chloride (MnCl2), in order to explore a novel route to
Cd1-xMnxS nanowires.
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5 DOPED CADMIUMSULFIDE NANOWIRES

[Cd{S2CN(C2H5)2}2]2 + x MnCl2 −−−−−−−→48 h @ 180 ◦C
Cd1−xMnxS ↓

nanowires
(5.13)

5.2.1 Structural and elemental analysis

Figure 5.9 depicts SEM images of Cd1-xMnxS grown at different nominal Mn doping
levels of x = 0.05, 0.10 and 0.15. In good agreement with these values, the atomic
concentrations of Mn in these NWs, as determined by SEM-EDX, were 0.06, 0.11
and 0.16, respectively. The SEM images show the formation of smooth and straight
nanowires. The wires had uniform diameters in the range between 30 and 80 nm,
while their lengths ranged up to 15µm, which exceeds that of previously reported
hydrothermally grown CdMnS nanostructures [160, 33, 161] by a factor of 50. The
lengths/diameters were found to be independent of the amount of added Mn.
For the low (5 mol% Mn) and medium (10 mol% Mn) doped samples no phase
segregation nor the presence of particles could be observed, whereas for the highly
doped (15 mol% Mn) samples irregularly shaped nanoparticles in the diameter
range of 50-250 nm were occasionally found. In the latter case, greenish particles
became visible with bare eye during the washing and centrifugation steps. The
green color of the particles hints towards the formation of MnO [163]. In control
experiments (not shown here) for Mn contents >20 mol% a deteriorated crystal
quality and a drastic decrease of the aspect ratio, resulting in the formation of
nanorods/nanoparticles, has been observed.

The presence of Mn could be further corroborated by energy-filtered TEM
(EFTEM). Figure 5.10 displays a typical EFTEM image of a single Cd1-xMnxS
nanowire (x = 0.10) with the elements Cd, S and Mn being homogeneously dis-
tributed across the wire. However, it can not be excluded that the Mn is located at
the wire surface instead of being homogenously incorporated into the bulk CdS.
Cross-sectional EDX analysis by scanning TEM (STEM) could clarify this issue, but
has not been available.

For highly doped (15 mol%) Mn wires, sporadically particles, in Mn rich and
deficient of Cd and S could be observed by EFTEM (Figure 5.11).

TEM investigations showed the wires to be single-crystalline, and without an
amorphous coating, for all doping levels x = 0.05, 0.10 and 0.15. A representative
TEM image of a single Mn doped (15 mol%) is depicted in Figure 5.12. The Fourier
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5.2 Manganese doped nanowires

(a) 5 mol% Mn (b) 5 mol% Mn

(c) 10 mol% Mn (d) 10 mol% Mn

(e) 15 mol% Mn (f) 15 mol% Mn

Figure 5.9 SEM images of Cd1-xMnxS for different Mn doping levels (x=0.05, 0.10 and 0.15).
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5 DOPED CADMIUMSULFIDE NANOWIRES

(a) Bright field (b) Cadmium

(c) Sulfur (d) Manganese

Figure 5.10 Energy filtered TEM images of a Cd1-xMnxS nanowire (x=0.10) showing the spatial
distribution of the elements Cd, S and Mn.

transformation (FFT) pattern of the bright field image corresponds to wurtzite
structured CdS (see also Figure 4.9 in Chapter 4.2.3) and the preferential growth
was found to occur along the <001> direction (c-axis). From TEM images the lattice
constants were determined to be a = 4.1 Å, and c = 6.72 Å , which is in agreement
with the corresponding values for bulk Cd1-xMnxS [162]. A lattice contraction
caused by the incorporation of addition of Mn 2+ (rMn2+ = 80pm at tetrahedral sites)
into the CdS lattice (rCd2+ = 92pm at tetrahedral sites) [158], could not be detected
within the experimental accuracy. For the case of the Mn rich particles, no cell
constants could be directly derived from the bright field images. The corresponding
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(a) Bright field (b) Cadmium

(c) Manganese (d) Sulfur

Figure 5.11 Energy filtered TEM images of a Cd1-xMnxS nanowire (x = 0.15) and a Mn rich
particle/cluster.

SAED pattern indicated an cubic crystal symmetry, which further supports that the
particles are composed of manganese(II)oxide, rather than Mn3O4, as for the latter
a pattern with a tetragonal symmetry would be expected.

The Mn doped CdS nanowires were further characterized at the single-nanowire
level using PL measurements. The PL spectrum of individual Mn doped CdS
nanowires at room temperature (Figure 5.13) excited at 442 nm exhibits two distinct
features centered at 510 and 700 nm. The peak at 510 nm corresponds to the
band edge emission, which is broadened and red-shifted by 5 nm with respect to
the undoped CdS wires. A comparison of PL spectra recorded under the same
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5 DOPED CADMIUMSULFIDE NANOWIRES

Figure 5.12 TEM image of a Cd1-xMnxS nanowire with x = 0.15. The growth direction is along
the [001] axis. (Inset) Corresponding SAED-FFT pattern.

conditions from undoped and Mn doped CdS nanowires shows that the presence of
Mn dopant ions leads to a partial quenching of the CdS band edge emission, which
is consistent with energy transfer to Mn ions in the lattice [10]. The second feature
centered around 700 nm can be tentatively attributed to trap emission arising from
core defects on the nanowire surfaces [105]. For CVD grown Mn doped CdS wires
a peak maximum around 570 nm has been observed and assigned to the Mn2+

(4T1 → 6A1) d-d ligand-field transition. This feature indicates a homogeneous
incorporation of isolated Mn ions. Since for the present solvothermally grown
Cd1-xMnxS wires no such peak feature was observed and cross-sectional EDX
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5.2 Manganese doped nanowires

Figure 5.13 Room temperature photoluminescence spectrum of individual CdS wires with different
doping levels. The excitation wavelength was 442 nm.

analysis could not be performed, the exclusive surface incorporation of Mn can not
be excluded.

5.2.2 Magnetic properties

Magnetization experiments were performed in a superconductive quantum inter-
ference device (SQUID) at 4 K. The magnetization (M) versus magnetic field (H)
plot is shown in Figure 5.14 for CdS wires of two different doping levels. None of
the M-H curves exhibits hysteresis, indicating paramagnetic behavior, which is in
agreement with results reported for Cd1-xMnxS nanorods for x<0.2 [164], although
there have been also reports of room-temperature ferromagnetic behavior for (Mn,
Zn)Co-doped CdS nanowires [158]. In earlier experiments on bulk crystals of
Cd1-xMnxS, the magnetization data could be best described by a modified Brillouin
function, which takes the interaction between the Mn2+ ions into account [165].
Based on mean-field theory the magnetization M of diluted semiconductors is given
by (Equation (5.14)):
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(a) 5 mol% Mn (b) 10 mol% Mn

Figure 5.14 Experimental SQUID data (dots) of Cd1-xMnxS nanowires and fitted with a modified
Brillouin function (purple line).

M = xNsgµBSe f f BS
gµBSH
kBTe f f

, (5.14)

where Ns is the number of cations per gram, Bs is the modified Brillouin function,
H is the applied magnetic field, T is the temperature, kB is the Boltzmann constant,
µB is the Bohr magneton, gMn = 2 and S = 5

2 for Mn2+, Te f f = T + T0, and Se f f

and T0 are fitting parameters. The fitted data are shown in Figure 5.14 and the
fitting parameters are summarized in Table 5.3.

5 mol% Mn 10 mol% Mn

wires bulk wires bulk

T [K] 4.2 1.5 4.2 1.5
T0 [K] 1.298 0.77 1.63 1.83
xe f f 0.0396 0.025 0.07 0.047
Se f f 1.95 1.53 1.84 0.95

Table 5.3 Fittings parameters obtained from magnetization measurements for Cd1-xMnxS (x =
0.05 and 0.1) nanowires using a modified Brillouin function at T = 4 K. The corresponding bulk
values are taken from [166].

The two parameters, Se f f =
xe f f S

x and Te f f deduced from the modified Brillouin
function (Equation 5.14) take into account the effect of the antiferromagnetic clus-
tering. Se f f describes an effective mean spin of the Mn2+ ions and is always smaller
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Figure 5.15 Inverse susceptibility vs. temperature for Cd1-xMnxS nanowires with x = 0.05 and
0.10.

than S = 5
2 , which is due to antiferromagnetic Mn2+ interactions that reduce

magnetization and allow spin pair formation with a zero total magnetization. It
decreases with increasing Mn2+ content x since the probability of magnetic ions
occupying neighboring sites increases.

It can be seen from Figure 5.14 that the modified Brillouin function fits the
experimental data quite well and that the magnetization M increases with x. The
fitting parameter T0, which accounts for the reduced single-ion contribution due
to the antiferromagnetic Mn2+–Mn2+ coupling also increases with x. As a result,
the effective Mn concentration xe f f =

xSe f f
S increases with x, as the increase of x

dominates over the decrease of Se f f .

The corresponding values such of the effective spin Se f f and the effective con-
centration xe f f for bulk crystals are lower than for present Mn doped wires, which
indicates a less effective antiferromagnetic Mn–Mn interaction in the latter case.
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At high temperatures the magnetic susceptibility χ displays a Curie-Weiss law
behavior according to:

χ =
C(x)

T − θ(x)
, (5.15)

where C(x) is the Curie constant per mol and θ(x) the Curie-Weiss temperature.
The inverse susceptibility χ−1 of the Cd1-xMnxS wires is plotted in Figure 5.15 as a
function of temperature for different compositions x. Below ≈80 K, the magnetic
susceptibility deviates from the Curie-Weiss law in the form of a downturn. The θ

values, deduced from the plot in Figure 5.15, are -72 K and -39 K for x = 0.10 and
0.05, respectively. The intersection of the straight lines with the T axis below 0 K
further confirms the antiferromagnetic coupling between the Mn2+ spins.

In studies carried out on Cd1-xMnxS nanoparticles [167], Se f f was found to be
smaller than for the bulk. In addition, the interactions between spins were found to
increase for smaller particle sizes (θ = -409 K for 4 nm diameter particle). In the
present wires, the antiferromagnetic coupling is less pronounced than in the bulk,
as -90 K and -45 for bulk Cd1-xMnxS [160], for x = 0.1 and x = 0.05 , respectively. On
the other hand, Brieler et al. [168] found weakened antiferromagnetic coupling in
Cd1-xMnxS nanowires (θ ≈ -10 K, x = 0.10 and 0.05, diameters ≈3 nm) which they
attributed to the lateral dimensions of the wires being smaller than the magnetic
length scale of the antiferromagnetic ordering. In the mean-field approximation χ

is given by [169]

χ = xe f f
NAS(S + 1)g2µ2

B
3kB(T + θ(x))

(5.16)

Compared to the bulk, in nanostructures such as nanowires xe f f as well as θ(x)
are modified due to the increase of the surface-to-volume ratio. For example,
the number of nearest neighbors on the cation sublattice is reduced at the surface
leading to an increase of the effective concentration xe f f and a reduction of the Curie-
Weiss parameter θ(x). It can be seen from Equation (5.16) that the susceptibility χ

itself is affected by the reduced dimensionality through the magnetically effective
Mn concentration xe f f and the Curie-Weiss temperature θ(x). The combination of
both effects results in a stronger increase of χ with x compared to the bulk.
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This chapter addresses the solution-based synthesis of ZnO nanostructures. While
ZnO nanowires are commonly synthesized via the CVD approach [170], the hy-
drothermal method enables the straightforward variation of crucial reaction pa-
rameters such as the precursor type and its effective concentration [171]. Herein,
specifically two subtypes of hydrothermal reactions will be reported, the hydrolysis
of zinc nitrate and the reaction between zinc foil and sodium hydroxide, which
both yield high-quality ZnO nanowires.

6.1 Hydrolysis of zinc nitrate

The hydrolysis of zinc nitrate (Zn(NO3)2 · 6 H2O) in the presence of hexam-
ethylenetetramine (HMT) was first demonstrated by Vayssieres et al. [172][173] to
yield aligned ZnO microrods. In their experiments, it turned out to be crucial to use
substrates with a thin sputter-deposited layer of ZnO, which acted as a seed layer
for the subsequent nanowire growth. All hydrothermal reactions fail to produce
small-diameter ZnO nanowires with a narrow size distribution and large aspect
ratio. Only in the presence of a ZnO seed layer, or the use of surfactants or structure
directing agents [174, 175] successful attempts are reported.

In order to avoid the additional sputtering step, we tested the low-temperature
hydrolysis of zinc nitrate with HMT (Figure 6.2) at 95 ◦C for 24 hours (ratio
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Zn:HMT = 1:1) on silicon and on glass substrates. At low temperature, HMT slowly
decomposes to formaldehyde and ammonia

C6H12N4 + 6 H2O −→ 6 HCHO + 4 NH3, (6.1)

thereby generating hydroxide ions, which are important for the final reaction step;
i.e., the formation of zinc hydroxide and the precipitation of zinc oxide:

NH3 + H2O −⇀↽− NH+
4 + OH− (6.2)

Zn 2+ +2 OH−←−−−→ Zn(OH)2 ←→ ZnO
(s) + H2O (6.3)

The complete reaction sequence can be written as

C6H12N4 + 8 H2O + 2 Zn 2+ −→ 6 HCHO + 4 NH+
4 + 2 ZnO ↓ . (6.4)

The reaction was carried out for different precursor concentrations of zinc nitrate.
After the reaction the substrates were covered with a white precipitate. SEM images
of the products obtained on glass substrates are presented in Figure 6.1(a)-(c).

Irrespective of the zinc precursor concentration, the grown structures are corn-
shaped and their average diameters are well above 100 nm (Figures 6.1(a)-(c)),
thus being microrods by definition. The microrods’ average length increases from
≈1µm (40 mmol/l, Figure 6.1(a)) to ≈8µm (10 and 1 mmol/l, Figures 6.1(b)-(c)), with
a concomitant increase of the average diameter from ≈200 nm (40 mmol/l) to ≈600
nm (10 and 1mmol/l) (Table 6.1). Accordingly, the rods’ aspect ratio increases from 6
to 12 with decreasing precursor concentration. Control experiments revealed this
effect to be independent of the chosen substrate (glass plate/silicon wafer).

However, due to their rather large diameters the as-obtained ZnO microstructures
are particularly unsuitable for the integration into FET devices, since the conductive
channel formed by a rather thick microrod can not be effectively switched by
applying a backgate voltage (±40V). Further efforts were directed towards the
use of zinc foil as a substrate, which also allows for the generation of a surfacial
ZnO thin film layer. The zinc foil was oxidized either by thermal treatment (1
h/400 ◦C/oxygen flow) or by oxygen plasma treatment (30 min, 0.1 mbar, 400 W).
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6.1 Hydrolysis of zinc nitrate

(a) 40 mmol/l (b) 10 mmol/l

(c) 1 mmol/l (d) 1 mmol/l, pre-aged

Figure 6.1 SEM images of as-synthesized products from hydrolysis of zinc nitrate and HMT on
glass substrate.

Both types of pre-treated substrates were used in a standard reaction (1 mmol/l zinc
nitrate/24 h/95 ◦C), but for both cases the resulting products were identical to our
previous findings using bare glass plates/silicon wafers. The presence of a ZnO
film was confirmed by the presence of a white layer for both types of pre-treated
substrates (thermally oxidized and plasma-grown). Therefore, it can be concluded
that not the presence of a ZnO films itself, but rather the size and shape of ZnO
crystal seeds is crucial for the successful grow of small diameter nanowires.

As a consequence, a highly-diluted (1 mmol/l) zinc nitrate/HMT solution was pre-
reacted for 1.5 h at 85◦C in a beaker after which a faint white precipitate was found
on the bottom the beaker. The supernatant was pipetted into an autoclave containing
a glass substrate and further reacted for 24 h at 85◦C. No visible precipitation
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Concentration [mmol/L] Length [µm] Diameter [nm] Morphology

40 1 – 1.5 100 – 300 rodlike
10 4 – 7 500 – 800 rodlike
1 6 – 10 300 – 900 rodlike
1 (pre-aged) 0.5 – 3 30 – 50 nanowiresa

Table 6.1 Reaction conditions and properties of resulting products of the reaction
between Zinc nictrate with HMT.

ain extremely low quantities

occurred on the glass substrate, but SEM investigations (Figure 6.1(d)) revealed the
presence of nanowires on the substrates surface. The nanowires diameter ranged
between 30 and 50 nm, while their length was found to be between 500 nm and
3µm, thereby exhibiting an average aspect ratio of ≈30.

Working in the low concentration regime (1 mmol/l), and

Figure 6.2 Chemical
structure of HMT.

ensuing the in-situ formation of colloidal ZnO nanocrystal
seeds during the first reaction step therefore can be defined as
the key requirements for the growth of small diameter ZnO
nanowires. A drawback of the as-described reaction sequence
is the comparatively low yield of nanowires, since the effective
concentration of reactants is significantly reduced during the
first reaction step through the precipitation of microrods.

6.2 Reaction of zinc foil with sodium hydroxide

An extension to the synthetical approach described in Chapter 6.1 is the use of
elemental zinc foil as a substrate thereby simultaneously acting as zinc precursor
itself. Sodium hydroxide NaOH is used instead of the slowly decomposing HMT,
which directly establishes a sufficiently high OH – concentration. Consequently,
the reaction (Equation (6.3)) is mainly limited by the effective concentration of Zn 2+

released from the surface of the zinc foil rather than by the OH – concentration.

Reacting Zn foil with NaOH (0.5 mol/l) at 80 ◦C for 24 h lead to the formation of a
white-greyish film on top of the zinc foil, consisting of short nanowires with lengths
below 500 nm and diameters between 10 and 30 nm, as can be seen from SEM
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(a) 80 ◦C / 24h (b) 150 ◦C / 24h

(c) 150 ◦C / 91h

Figure 6.3 SEM images of as-synthesized products using Zn foil as precursor and 1 mol/l NaOH
for different reaction times and temperatures.

images in Figure 6.3(a). An increase of the reaction temperature to 150 ◦C while
the other parameters were kept unchanged lead to an increase in length (≈600 nm)
and diameter (≈40 nm) (see Figure 6.3(b)). Prolonged reaction for 91 h at 150 ◦C
yielded small diameter (50 nm) nanowires with lengths up to 2µm, but also single
domains with rodlike structures were observed on the foil surface (Figure with
6.3(c)).

The average aspect ratio of wires grown for 24 h at 80 and 150 ◦C was around
17, while it decreased to 13 for a prolonged reaction time of 91 h. The product
morphology/shape was neither influenced by the size of the used zinc foil substrate
(1x1 or 2x2 cm2) nor the substrate thickness (0.25 or 1 mm). Since commercially
available foils were used after a standardized cleaning procedure involving ultra-
sonic treatment in isopropanol and DI water, the foils surface was assumed to
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6 ZINC OXIDE NANOWIRES

exhibit a homogenous roughness and to be free from major inhomogeneities such
as scratches. The experimental results are summarized in Table 6.2.

In general, the growth of ZnO nanowires has been principally demonstrated
although the aspect ratios of the as-grown structures are generally low (<20). Our
results are comparable to those reported by Dev et al. [176], who used a mixture of
water and ethylenediamine as solvent. Nevertheless, the as-synthesized wires are
either to short (< 1µm) or too thick (>100 nm) for proper electrical contacting.

Additional use of ammonium peroxosulfate

As an extension of the aforementioned method, the additional use of ammonium
peroxosulfate (NH4)2S2O8 has been reported to lead to a significant increase of the
aspect ratio of as-grown structures [177]. The overall reaction can be written as

Zn + 4 NaOH + (NH4)2S2O8
∆−→ ZnO ↓ + 2 Na2SO4 + 2 NH3 ↑ + 3 H2O. (6.5)

Under given conditions ammonium peroxosulfate acts as a strong oxidant with
respect to the zinc foil substrate, thereby increasing the concentration of free Zn 2+

in-situ.
The reaction of Zn foil (1 mm thickness, 1 cm x 1 cm) with equal volumes of

1 mol/l NaOH and 0.2 mol/l (NH4)2S2O8 was carried in an autoclave at 150 ◦C for
48h. As verified by SEM images, ultralong nanowires are formed on top of the
substrate (Figures 6.4(a) and 6.4(b)). The average diameters of the as-grown wires
ranged between 20 and 70 nm while their length was up to 30µm, resulting in
aspect ratios of up to 1000. The wires were homogeneously aligned in domains

c(NaOH) [mol/L] T [◦C] Time [h] Length [nm] Diameter [nm] Morphology

0.5 80 24 200–500 10–30 wires
0.5 150 24 500–700 20–50 wires
0.5 150 91 500–2000 50–150 wires, rods

0.5a 150 18 10000–30000 20–70 wires
2 a 150 48 – 10–30 sheets

Table 6.2 Reaction parameters and properties of resulting products of the reaction between zinc
foil and NaOH.

aaddition of ammonium peroxosulfate (NH4)2S2O8, molar ratio NaOH : (NH4)2S2O8 = 5 : 1
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6.3 Electrical transport studies on ZnO nanowires

of several hundred µm2 in size. Also small entities of vertically grown , bundled
wires were found. A similar alignment has been reported for carbon nanotubes
which were forced to bend and bundle together under the surface tension effects
occurring during the the evaporating of water [178]. Moreover, the cross sectional
SEM view of a zinc foil substrate proved for the existence of a seed layer consisting
of ZnO particles of 3-5µm thickness, on top of which wires were grown (Figure 6.5).
With the seed-layer formation being crucial for a successful ZnO wire growth [170],
ZnO nanowires growth typically affords a 2-step process with the first step being
an elaborated seed-layer preparation. In the present case, the seed layer growth
occurs in-situ during the initial reaction phase, thus avoiding laborious seed layer
fabrication steps. Tang et al. [179] reported a one step synthesis on zinc foil based
on the use of hydrogen peroxide as oxidant in order to grow aligned rod-like ZnO
structures with low aspect ratio.

A fourfold increase of the effective NaOH (2 mol/l) and (NH4)2S2O8) (0.4 mol/l)
concentrations yielded interconnected and vertically aligned nanosheets (Figures
6.4(c) and 6.4(d)) of 10-30 nm thickness and several hundred nm2 in size (Figure 6.5).
This is in contrast to Wang et al. [170], who reported the formation of nanobelts
under comparable conditions.

HRTEM images and the corresponding SAED patterns (Figure 6.6) confirm that
the ZnO wires grown according to Equation (6.5) are single-crystalline. The distance
between the adjacent lattice planes is 0.53 nm, in good agreement with the c-axis
lattice constant of hexagonal ZnO (c = 0.5195 nm), the SAED pattern can be indexed
to wurtzite type ZnO. This finding suggests that the synthesized ZnO wires grow
along the [001] direction.

6.3 Electrical transport studies on ZnO nanowires

Electrical 2-point measurements using lithographically defined Al electrodes were
performed on individual nanowires, which were grown as described in Chapter
6.2. Typical devices fabricated from as-grown nanowires displayed very high
conductance (Figure 6.7(a)) but poor gate modulation (Figure 6.7(b)). The majority
of the devices had nonlinear, but almost symmetric I −Vds behavior, while a few
devices showed to be ohmic. With the given symmetry of the device structure,
asymmetric current in the ON state can be explained by dissimilar, possibly non-
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(a) 0.5 mol/l (b) 0.5 mol/l

(c) 2 mol/l (d) 2 mol/l

Figure 6.4 SEM images of ZnO nanowires and nanosheets grown by hydrothermal synthesis
according to Equation 6.5.

Ohmic contacts between the nanowires and the two top electrodes [180]. As for
the case of non-ohmically behaving devices, the electrical parameters could be
extracted from the I −Vds according to the MSM model (see also Chapter 5.1.3).

Typical current versus gate voltage I −Vgs sweeps at a constant drain-source bias
Vds = 100 mV show n-type conduction with the device nominally being in the ON
state (depletion mode device). Switching the gate voltage from +30 V (ON) to -30 V
(OFF) leads to a decrease in Ids by a factor of 3, which is inferior to the value 170
reported for hydrothermally grown ZnO nanorods [180]. Moreover, the “turnoff”
current was still in the range of µA, and hence the device not considered be fully
switched off.
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6.3 Electrical transport studies on ZnO nanowires

Figure 6.5 SEM side-view image of ZnO nanowires and nanorods grown on top of a 3µm thick
ZnO seed layer.

Figure 6.6 High resolution TEM image of a single ZnO nanowire. (Inset) Corresponding diffraction
pattern indexed to a hexagonal wurtzite lattice.
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(a)

(b)

Figure 6.7 (a) Ids − Vds and (b) Ids − Vgs (Vds = 100 mV) characteristics of pristine ZnO
nanowire based FET devices.
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(a)

(b)

Figure 6.8 (a) Ids − Vds and (b) Ids − Vgs (Vds = 100 mV) characteristics of annealed ZnO
nanowire based FET devices.
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Extracted values (Table 6.3) show the conductivity (σ = 4.8× 103 S/m) to be
2 orders of magnitude higher than for CVD grown nanowires, which results
from a ≈10 times raised mobility (µ = 4.3× 101 cm2/V·s) and a ≈10 times higher
carrier concentration (Nd = 6.8× 1018 /cm3). In the literature, n-type conductivity
has been generally attributed to point defects such as zinc interstitials [35] and
oxygen vacancies [181], which both act as shallow donors. Alternatively, the
high conductivity of hydrothermally grown wires might also be explained by
unintentional doping via the incorporation of reaction intermediates such as carbon
compounds.

Wires of the same batch were annealed for 15 min in air at 600 ◦C prior to the
contacting. Typical I −Vds and I −Vgs measurements are shown in Figure 6.8(a)
and Figure 6.8(b), respectively. The I −Vds curve displays a nearly ohmic behaviour
and a decrease of conductivity by more than 2 orders of magnitude (σ = 2.5× 101

S/m) as compared to the as-grown wires. The switch on voltage is about -3 V
and the ON/OFF current ratio is roughly 106, being comparable to values found
for carbothermally grown ZnO wires [181]. The overall carrier concentration is
decreased by over 2 orders of magnitude, while the mobility is increased by a
factor of 2 with respect to as-grown wires. Theses effects can be explained by the
reduction of point defects, namely zinc interstitials and oxygen vacancies, thereby
leading to an overall increased resistivity.

Yanga et al. [182] observed the same effects when annealing CVD-grown ZnO in
air/oxgen. The post-growth annealing of hydrothermally grown wires therefore
drastically improves their performance for usage within FET devices, making them
competitive to CVD grown wires [181, 97]. A summary of experimental values can
be found in Table 6.3.

Parameter as-grown annealed (600 ◦C) CVD grown [97]

Conductivity [S/m] 4.8×103 2.5×101 1.4×101

Electron concentration [/cm3] 6.8×1018 1.8×1016 4.0×1017

Mobility [cm2/V·s] 4.3×101 8.7×101 8.9

Table 6.3 Electrical parameters for hydrothermally grown ZnO nanowires before and after
annealing. Typical values of CVD grown ZnO wires are given for comparison [97].
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7
SUMMARY AND CONCLUSIONS

In this thesis, several synthesis strategies towards high aspect ratio, single-crystalline
CdS and ZnO nanowires have been investigated. Our studies aimed at elucidating
the structural and electrical properties of as-grown wires, particularly of wires
grown by the solvothermal approach. Another goal of this work was to achieve the
rational control of the wires’ shape and the tailoring of their electrical and magnetic
properties via doping.

In a first approach, physical vapor deposition experiments involving the evapora-
tion of CdS powder at 800 ◦C in the presence of a gold catalyst thin film, yielded
bulk quantities of smoothly shaped, ribbon-like CdS structures, with an average
thickness below 100 nm and their width and length being 1-2 µm and tens of µm,
respectively (see Chapter 4.1.1). The formation of these microbelts can be explained
on the basis of the well-known VLS mechanism and assuming the intermediary
formation of micrometer-sized gold droplets. Due to their dimensions in the mi-
crometer regime, the as-grown CdS belts were considered to be beyond the scope
of this work.

Alternatively, the single-source precursor Cd(DDTC)2 was employed in a CVD
at moderate temperatures (300–500 ◦C) using substrates, which were moderately
covered with small gold nanoparticles with a size below 20 nm (see Chapter 4.1.2).
In this manner, CdS nanowires with diameters 30-100 nm and lengths 0.3-10 µm
could be obtained. The wires exhibited many kinks and a rough surface. Major
drawbacks of this method include the low yield of nanowires and the products’
morphology being strongly dependent upon changes of temperature, gas flow and
substrate position, hampering the overall reproducibility.
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Solution based, solvothermal experiments have been performed in ethylenedi-
amine to explore the influence of relevant reaction parameters such as precursor
type, reactants’ concentration, temperature and time (see Chapter 4.2). Typically
when reacting cadmium sources like cadmiumchloride or cadmium acetate with
sulfur sources like elemental sulfur, thiosemicarbazide or sodium diethyldithiocar-
bamate, CdS nanorods with lengths below 1 µm and aspect ratios below 15 were
obtained.

High aspect ratio CdS nanowires of 30 nm diameter and up to 10 µm were
successfully grown, by directly reacting thiourea with a cadmium foil substrate (see
Chapter 4.2.2). The wires were regularly shaped and single crystalline, as revealed
by TEM. Nevertheless, their tendency to aggregate into bundles or blocks and the
non-stoichiometric elemental ratio of 1.3 (Cd:S) made them only little suited for
electrical transport measurements.

For the first time, the solvothermal reaction of the single-source precursor
[Cd(DDTC)2]2 has been demonstrated to yield ultra-long nanowires of up to 40 µm
length and an average diameter of 50 nm (see Chapter 4.2.3). These straight and
regularly shaped wires exhibited a uniform diameter. Surface contamination with
organic residues or oxide layers could be excluded by the application of thorough
post-growth washing steps. TEM and XRD measurements revealed the wires to
be of single-crystalline quality, with the lattice constants being in agreement with
bulk values of hexagonal wurtzite type CdS and a preferential growth along the
<001> axis. EDX measurements showed the wires’ elemental molecular ratio Cd/S
(1.0-1.1) to be nearly ideally stoichiometric. The wires overall high structural quality
has been further confirmed by room temperature PL spectroscopy, showing a strong
bandgap emission band around 505 nm (2.45 eV), close to the values for bulk CdS.
Additional emission bands were observed around 630 nm (1.97 eV) indicating the
presence of surface trap states commonly attributed to surface defects. Either by
increasing the reaction temperature from 180 to 200 ◦C or by post-growth annealing,
the wires’ defect density could be significantly reduced.

Time-dependent studies on the growth process revealed a linear relation between
aspect ratio and growth time of the CdS wires. The final wire diameter was found
to be determined during the initial growth phase (t<6 h) and remained constant
during the reaction, whereas axial growth occurred with an average rate of 1 µm per
hour. The product shape could be controlled by the precursor start concentration:
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While nanowire growth was facilitated by a low precursor concentration (40 mmol/l),
a high precursor concentration (150 mmol/l) lead to the formation of low-aspect ratio
nanorods.

The role of the solvents complexing ability on the product morphology has been
investigated by comparing ethylendiamine (en, 2 coordinating amino groups) to
diethylenetriamine (dien, 3 coordinating amino groups). The comparative study
showed the aspect ratio of nanowires to decrease from 900 over 300 to 10 when the
reaction was performed in en, a mixture of en-dien and in pure dien, respectively.
As a general conclusion, nanowire formation can not simply be predicted based on
the ligand-cations complex stability, but other factors such as the solvents boiling
point have to be considered, too.

Individually contacted CdS nanowires displayed a high dark resistivity, which
decreased by 4 orders of magnitude upon illumination above the bandgap energy
(λ<505 nm). The non-linear shape of Ids −Vds curves pointed toward the formation
of Schottky barriers at the two wire-metal contact interfaces. Transfer curves (Ids vs.
Vgs) showed the nanowire devices to behave as n-channel enhancement FETs with
poor ON/OFF ratios (10-20). Reversible photoswitching was observed with typical
rise time of a few seconds and a long decay time on the order of minutes. The
decay behavior was explained by the adsorption/desorption of oxygen on the wire
surface. Wavelength-dependent photocurrent measurements demonstrated a direct
correlation between the photoresponse spectrum and the UV/vis absorption spec-
trum. The maximum photocurrent vs. normalized light intensity plot displayed a
linear dependence, indicative of a monomolecular recombination process occurring
through recombination centers such as dangling bonds.

Spatially resolved photocurrent measurements on single nanowire FETs revealed
pronounced photocurrent responses in the vicinity of the reverse biased contact. By
assuming a back-to-back arrangement of Schottky diodes, the effect was qualita-
tively explained by considering different majority and minority carrier mobilities,
such that the total photocurrent is limited by the minority carrier diffusion length.

Although, the fabrication of ohmically contacted nanowire devices by argon ion
bombardment of the contact areas failed, it instead lead to a drastic increase of the
dark conductivity by 3 orders of magnitude when treating the wire as a whole. This
change was explained by the creation of additional surface states by the generation
of sulfur vacancies.
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7 SUMMARY AND CONCLUSIONS

Tailoring the electrical and magnetic properties of CdS nanowires was attempted
by the addition of In(III) and Mn(II) salts, respectively prior to the reaction. In
this way, for the first time indium doped CdS nanowires were obtained via a
solvothermal method. The incorporation of In could be verified by TOF-SIMS
measurements and TEM studies proved the wires to be of single crystalline quality
for In contents below 0.01 mol%, while retaining the shape of undoped CdS wires.
Electrical data gained from the wires were analyzed using a method proposed by
Zhang et al. [97], which allows for the direct extraction of parameters like mobility,
conductivity and carrier concentration from experimental Ids − Vds curves. The
electrical conductivity of In doped wires (0.01 mol%) was increased by more than 1
order of magnitude compared to pristine CdS nanowires, albeit remaining below
corresponding values for pristine CVD-grown wires.

Single crystalline nanowires of Cd1-xMnxS with 0.05<x<0.15 were successfully
synthesized, which exhibit the highest aspect ratio of solvothermally grown wires
so far. The Mn is homogenously incorporated into the wires, as revealed by EDX
and EFTEM investigations. Antiferromagnetic Mn–Mn interactions as studied by
SQUID measurements were found to be weaker than in the bulk material. This
difference was attributed to the wires’ comparatively high surface/volume ratio,
which leads to a reduced number of nearest neighbor Mn cations at the surface,
thus reducing the overall extent of Mn–Mn antiferromagnetic coupling.

The hydrothermal reaction of zinc foil in alkaline solution and in presence of the
oxidant ammonium peroxosulfate yielded ultralong (up to 30 µm), 20-70 nm thick
and single-crystalline nanowires of bulk wurtzite type ZnO. FET devices built from
as-grown ZnO wires exhibited n-type behavior, a high conductivity and poor gate
switching characteristics (ON/OFF ratio ≈3). Post-growth annealing at 600 ◦C in
air lead to significantly improved ON/OFF ratios to ≈106, but also reduced the
conductivity by two orders of magnitude. The annealing effect was attributed to
the reduction of the point defect density (oxygen vacancies).

This study has demonstrated that solvothermal synthesis is a simple, yet effective
method for the fabrication of single-crystalline nanowires with high aspect ratios.
Rational shape control based on the proper choice of reaction conditions as well as
tailoring of the electrical and materials doping has been successfully demonstrated.
While gas-phase grown structures of CdS and ZnO typically exhibit a superior
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electrical performance, this disadvantage may be outweighed in future by the
simplicity and cost-efficiency of solvothermal methods.

In order to gain a deeper insight into the (photo)carrier behavior by SPCM
measurements, further efforts should be directed towards the fabrication of Ohmic
CdS nanowire devices. Here, Group III metals such as gallium and indium might
offer an interesting alternative, since the successful doping with indium has already
been demonstrated. Further investigations on the dopant distribution within
indium and manganese doped CdS wires could be performed by SPCM [183] and
tomographic methods [184]. Owing to their highly anisotropic shape and their
availability in great quantities, CdS nanowires might be used for the fabrication
of polarization sensitive photodetectors [185]. Furthermore, the integration of
CdS wires into novel organic–inorganic hybrid solar cells [186] or their use for
photocatalysis [187, 188] offers intriguing prospects for future applications.
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