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GENERAL INTRODUCTION

During the last few decades, nanomaterials have been the subject of extensive interest
because of their potential use in a wide range of fields like, optoelectronics, catalysis, sensing
and photoelectronchimecal applications etc... The physical and chemical properties of
nanomaterials can differ significantly from their bulk counterpart because of their small size. In
general, nanomaterials comprised novel properties that are typically not observed in their
conventional, bulk counterparts. Nanomaterials have a much larger surface area to volume
ratio than their bulk counterparts, which is one of the bases of their novel physical and/or
chemical properties. Nanomaterials are classified into one-dimensional (1D), two-dimensional
(2D) and three dimensional (3D). At present, research on nanomaterials is intensified and is
expanding rapidly. In addition, metal oxide nanomaterials have drawn a particular attention
because of their excellent structural flexibility combined with other attractive properties. These
metal oxides nanostructures not only inherit the fascinating properties from their bulk such as
piezoelectricity, chemical sensing, and photodetection, but also possess unique properties
associated with their highly anisotropic geometry and size confinement [1]. The combinations
of the new and the conventional properties with the unique effects of nanostructures make the
investigation of novel metal oxide nanostructures a very important issue in research and
development both from fundamental and industrial standpoints. Among the various metal
oxides, zinc oxide (ZnO) possessed a considerable attention due to its unique properties and
applications. In particular, ZnO nanostructures (NSs) are of intense interest since they can be
grown by a variety of methods with different morphologies. Among the different growth
methods, the hydrothermal method is a low temperature, simple, inexpensive and
environment friendly method. These are all factors which further contribute to the resurgent
attention in ZnO.  Specifically, one-dimensional ZnO nanorods (NRs) amongst other
nanostructures are attractive components for manufacturing nanoscale electronics and
photonic devices as well as their biomedical applications because of their interesting chemical
and physical properties [2, 3]. Also ZnO NRs can easily be grown on a variety of substrates like
metal surface, semiconductors, glass, plastic and disposable paper substrates etc. [4-7].
Furthermore, direct wide band gap ~ 3.37 eV and relatively large excitonic binding energy ~ 60

meV of ZnO along with many radiative deep level defects, makes ZnO attractive for its emission



tendency in blue/ultraviolet and full color lighting [8, 9]. To utilize theses properties of ZnO
which is a wide band gap, in several applications, another narrow band gap material such as
Lead sulfide (PbS) and Cadmium sulfide (CdS) which are p and n-type respectively, can be a
better choice to use with ZnO NRs to fabricate a flexible device that utilizes the properties of
both materials for large area lighting and display application [10, 11] and photoelectrochimecal
cells. On the other hand, natural abundance of copper (1) oxide (CuO or Cu,0) as well as its low
production cost, good electrochemical and catalytic properties makes the copper oxide to be
one of the best materials for various applications. CuO also has a variety of nanostructures and
can be grown using low temperature aqueous chemical method. It is one of the most important

catalysts and is widely used in environmental catalyst.

Objective and outline of this thesis

The objective of this thesis is to synthesize metal oxide semiconductor nanostructures
and utilize them for photoelectronchemical applications. For the ease of gathering all presented
work, the thesis is divided into parts:

i) Synthesis of ZnO nanorods and the quantum dots of CdS, PbS, CuO-Cu,0 and Ag.
The morphology, crystal structure and crystallinity of the nanostructures were monitored by
using scanning electron microscope (SEM), transmission electron microscope (TEM), x-ray
diffraction (XRD) and optical properties (Raman, UV-vis and  Chatodoluminescence (CL)
spectroscopy).

ii) Fabrication of p-n heterostructure of ZnO NRs/CdS or PbS or Cu,0-CuO on flexible

substrates (ITO or FTO).

ZnO nanorods semiconductor have already shown higher surface area, tubular structure with
higher charge carriers generation and transfer efficiency. In order to improve the performance
for photoelectrochemical applications of ZnO nanorods synthesized by the hydrothermal
method, modifications with another semiconductor, narrow bandgap of CdS, PbS and Cu,O-
CuO nanoparticles, which may expand the light absorption range to the visible region, were
deposited on ZnO nanorods arrays by exchange ion method to forme core-shell p-n
heterojunction.

iii) Photoelectrochimecal application



outline

The outline of this thesis is as follow: the general introduction contains fundamental
information of semiconductor nanomaterial and some basic properties of ZnO, CuO, CdS and
PbS studied in the this work. Chapter 2 provides background information on
photoelectrochimecal process. The synthesis of ZnO, CdS, PbS, CuO and their composite
nanostructures together with characterization is the subject of chapter 3 and 4. Their
characterization results, using different techniques, and their applications were demonstrated

in the chapter 5 and finally the conclusion of whole work and possible future prospects.



Chapter 1: Generality

1. Introduction

In this chapter, we will introduce background information and general concepts in
nanomaterials. A few questions will be answered through the literature review. Some basic
properties of ZnO nanorods, PbS, Cds, Cu,O and Ag nanoparticles were presented. In the end of

this chapter, we will introduce the potential application of nanomaterials.
2. Nanotechnology

The concept of —nanotechnology® was first introduced in a famous talk given by Richard
Feynman in 1959: —There's Plenty of Room at the Bottom—. In his talk, Dr. Feynman pointed
out how scaling issues would affect many physical properties [12]. In the 1980s, Nano-based
concepts had become more and more popular since there were some important nano-
characterization instrumentation developments, which made it easier to study nanoscale
materials. Since research on nanoscale materials became easier, nanotechnology has been
expanding into several fields.

The properties, such as electronic, optical, and chemical characteristics of nanoscale

materials are distinct from those of bulk materials [13].
3. Nanomaterials

Nanomaterials typically refer to the materials which have at least one dimension in
nanometer scale (~ 0.1-100 nm). Because of their nanoscale, nanomaterials have relatively
large surface area which might result in different properties from bulks. However, conductivity

of nanomaterials sometimes can also be increased by doping with different elements [14].



4. Semiconductor nanomaterials
When the size of semiconductor materials reduces to nanoscale, their physical and
chemical properties change dramatically, resulting in unique properties due to their large
surface area or quantum size effect.
4.1 Electronic properties
One of the defining features of a semiconductor is the energy gap separating the
conduction and the valence energy bands. The color of light emitted by the semiconductor

material is determined by the width of the gap.

A. Band Gap Tuning and Quantum Confinement

+ Density of states

It is important here to introduce the concept of the density of states (DOS) as it helps to
highlight the effect of quantum confinement on the electronic properties of a low dimensional
system. The density of states of a particular system describes the density of available energy
states per unit energy [15, 16]. The electron density of states, g(E), for a three dimensional (3D)

system of volume L3 is directly proportion to the square root of the energy, i.e.:

g(E) = $ (Zhﬂz)s/z\/ﬁ ..................................................................................................... (1.1)

so the electron can occupy a continuum of energy levels. Reducing the dimensionality of the
system to 2D, e.g. for a quantum well where an electron is confined in one direction and free to
move in the other two spatial dimensions, the DOS exhibits a step-like dependence. Each step
in the DOS is described by:




These equal height staircases correspond to the quantized electronic states in the direction of
confinement. In 1D systems, where electron is only free to move along one direction, for
example in nano-wires, the density of states resembles an array of spikes, each representing a

quantized electronic state in the direction of confinement, i.e.

g(E) = % o et et e et et e (1.3)

For a OD system, such as quantum dots, where the electron is confined in the three
spatial dimensions, the DOS is described by &-functions. The electron confinement produces a
series of discrete energy levels, which explain the atomic-like behavior of quantum dots and

their unique optical and electrical properties.
+ Exciton

In semiconductors, an electron-hole pair created by the absorption of a photon is known
as an exciton. The energy required for the exciton creation is slightly lower than the material
band gap energy due to the Coulomb interaction between the electron and hole. Eventually the
exciton vanishes through electron-hole recombination. In a direct band gap semiconductor, a
photon with energy higher than Eg is needed in order to create a free electron and a free hole.
On the other hand, the phonon energy is subtracted from the energy threshold in an indirect
band gap semiconductor where a phonon contribution is needed to fulfill the transition [15,

17]. The electron and hole in an exciton are held together by an attractive Coulomb interaction.

B. Quantum Confinement in Quantum Dots

The atomic-like behavior of QDs arise from the discrete energy levels that emerge
from the electron confinement in the three spatial dimensions. Also, the confinement induces a
shift of the optical absorption towards higher energies.

Confinement effects can be probed by optical experiments, e.g. by photoluminescence
or absorption in single QDs or ensembles of QDs. Valuable information about the basic physics

of a QD can be also extracted by modeling the system as a semiconductor sphere surrounded



by a matrix. Figure 1.1 sketches a single spherical QD, its capping matrix and the energy levels

diagram [18].

Matrix ap Matrix
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CB Energy
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Figure 1.1 A schematic of a single colloidal QD with its surrounding matrix (capping ligands). The
diagram on the right represents the potential well for each of the three spatial dimensions, and the

guantized energy levels of electrons and holes in a QD.

4.2 Luminescence Properties

Luminescent properties i.e. emission color, quantum yield, luminescent lifetime and
stability must be strictly controlled to realize a wide range of potential applications of the
semiconductor nanocrystals.

The role of surface in determining the luminescence quantum yields of semiconductors
is fundamental and has long been recognized and ascribed to the higher concentration of
defects at the surface e.g. unsaturated bonds, ion vacancies, disorder due to adsorbed
impurities, or uncommon oxidation states, which gives rise to high density mid-gap states
acting as electron and hole states. The surface properties are expected to have large influence
on the optical properties of the semiconductor nanocrystals because of the high surface to
volume ratio. When a nanocrystal size is reduced such that the particle is essentially all the
surface, the curvature of the surface is so high that virtually all the surface atoms have slightly
different coordination or effective oxidation state [19-22].

In the case of nanorods, there are two additional factors that might further reduce
the luminescence band edge states when compared to spherical nanocrystals. In nanorods, the
surface-ta-volume ratio is higher than in spheres and this increases the occurrence of surface

trap states. In larger dots the increased delocalization of carriers reduces the overlap of the



electron and hole wave functions, lowering the probability of radiative combination. The
delocalization of carriers should be particularly higher in nanorods, where they are free to
move throughout the length of the rod thereby leading to reduced luminescence in nanorods.

4.3. General applications of semiconductor nanocrystal

a. Biological Applications

In order for the nanoparticles to function as biological labels or tags, the particles have to
interact with the biological targets, which can be done through the attachment of a molecular
coat or layer which acts as a bioinorganic interface. Antibodies, biopolymers or monolayers of

small molecules that make nanoparticles compatible are examples of biological coatings.

b. Enerqgy Storage

The fundamental pathways for enhancing the conversion efficiency can be accessed
through photovoltaic cells composed of nanocrystal arrays, through the dispersion of
nanoparticles in organic semiconductor polymer matrices or through nanocrystal sensitized

TiO, and ZnO solar cells also known as Gratzel cells [23-25].

c. Fuel Cells

Nanotechnology offers different possibilities to increase the conversion efficiencies of

fuel cells, in particular, within the ranges of catalysts, membranes and hydrogen storage, which

in many cases is critical for the employment of fuel cell technology in space.

d. Computing

Techniques such as soft lithography and bottom-up approaches to forming nanoscale
components by self-assembly could produce cheap and effective microscale circuits. Molecular

electronics, with molecular switches and circuits only a few atoms wide, offers the possibility of



using molecular components in electronic devices, greatly reducing their size, although there

are many practical issues to be addressed before this technique can be fully developed.

e. Lubricants

In mechanical systems much of the energy is required to overcome friction between
surfaces. The use of nanoscale lubricants and high-precision surface engineering on a
nanometer scale should substantially reduce the energy requirements. Reduction of the

material content of products is a key issue for sustainability.

f. The design of lighter stronger materials

The design of lighter, stronger materials can also lead to savings in energy and raw
materials, especially in the transport sector. Nanotechnology contributes to material design by

altering the types of materials that can be produced.

g. Visual Displays

Visual displays can be made more efficient by using carbon nanotubes and band-gap
engineering using nanostructured materials that optimize the emission spectrum of Light

Emitting Diodes.

f. Plastic and Colloids

Nanoparticles are also used in colloids, which in turn are being used in sunscreens, printer
ink, and paints. Zinc and titanium oxide sunscreens, for instance, use nanoparticles that are so

small they do not scatter light, leaving the end product clear instead of white.

5. One Dimensional Nanostructures

In 1991, a Japanese researcher, Sumio lijima, discovered nanotubes at NEC, which

brought more attention to the one dimensional nanostructures due to their distinct properties



from bulks or three-dimensional (3D) materials [26]. These one dimensional nanostructures
have diameters range from one nanometer to hundreds of nanometer. Nanorods and
nanowires are all considered as one dimensional nanostructures, but nanorods generally have

much smaller aspect ratio than nanorods.

5.1 Core-Shell Structure

Recently, core-shell nanorods have brought much attention because of the possibility to
tune the properties of core nanocrystal with addition of the shell. By choosing appropriate core
and shell materials, the emission wavelength can be tuned in a larger range than both of

materials alone [27].

6. Materials and properties

ZnO is a wide bandgap material possessing many interesting properties and probably the
richest family of nanostructures. Moreover, CusO, CdS, PbS are a narrow bandgap materials
and has been studied extensively. In this part we aim to narrate some properties of ZnO and
Cu,O, CdS, PbS in a comprehensive manner, as well as discuss the Ag quantum dots features

which are used in this work.

6.1. Zinc Oxide

Zinc oxide (Zn0O) is a metal oxide semiconductor with wurtzite structure under ambient
condition. The wurtzite structure has hexagonal unit cell as shown in figure 1.2. In this crystal
structure, two interpenetrating hexagonal-close-pack (hcp) sublattices are alternatively stacks
along the c-axis. One sublattice consists of four Zn atoms and the other sublattice consists of
four Oxygen O atoms in one unit cell; every atom of one kind is surrounded by four atoms of

the other kind and forms a tetrahedron structure [28].
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Figure 1.2. The hexagonal wurtzite structure of ZnO [reproduced from wikipedia].

ZnO commonly consists of polar (0001) and non-polar (10-10), (11-20) surfaces. The
surface energy of the polar surface is higher than the non-polar surfaces and therefore the
preferential growth direction of ZnO nanorods (NR) is along the <0001>. Figure 1.3 shows the

schematic diagram of a ZnO NR growing along the <0001> direction or along the c-axis.

{01
et

siveciran

Figure 1.3 Schematic diagram of ZnO NR showing the growth direction.

The enormous interest of using ZnO in optoelectronic devices is due to its excellent
optical properties. The direct wide band gap of ZnO ~ 3.4 eV is suitable for short wavelength
optoelectronic applications, while the high exciton binding energy ~ 60 meV allows efficient
excitonic emission at room temperature [29]. Moreover ZnO, in addition to the ultraviolet (UV)
emission, emits covering the whole visible region i.e. containing green, yellow and red emission
peaks [30-32]. The emission in the visible region is associated with deep level defects. Generally
oxygen vacancies (V,), zinc vacancies (Vzn), zinc interstitials (Zn;), and the incorporation of
hydroxyl (OH) groups in the crystal lattice during the growth of ZnO are most common sources

11



of the defects related emission [33-35]. ZnO naturally exhibits n-type semiconductor polarity
due to native defects such as oxygen vacancies and zinc interstitials. P-type doping of ZnO is still
a challenging problem that is hindering the possibility of a p-n homojunction ZnO devices.
Furthermore, the remarkable properties of ZnO like being bio-safe, bio-compatible, having
high-electron transfer rates and enhanced analytical performance are suitable for intra/extra-
cellular sensing applications [36-37]. Some basic physical parameters of ZnO at the room

temperature are presented in the table 1.1.

Table 1.1 Some basic properties of wurtzite ZnO.

6.2 Copper (II) Oxide

Copper (1) oxide (CuO) is another metal oxide semiconductor having narrow bandgap ~
1.2 eV in bulk. CuO has monoclinic crystal structure as shown in figure 1.4, and belongs to the
space group 2/m. The copper atom is coordinated by four oxygen atom in a square planer

configuration [38]. It is intrinsically p-type semiconductor. CuO draw much attention since the

12



starting growth material is inexpensive and easy to get, and the methods to prepare these

materials are of low cost [39].

N _@g .~
Figure 1.4 The monoclinic crystal structure of CuO [reproduced from wikipedia].

CuO nanostructures (NSs) have stimulated intensive research due to their high surface
area to volume ratio. CuO NSs are a good candidate for sensing owing to its exceptional
electrochemical activity and the possibility of promoting electron transfer at low potentials
[40]. Due to the photoconductive and photochemical properties, CuO NSs are also promising
materials for the fabrication of solar cells [41,42]. CuO based materials are well known with
regard to their high temperature superconductivity and the relatively huge magneto-resistance
[43-45]. Additionally, this compound is well-known for its excellent performance as a sensing
material for hazardous gas detection and as negative electrode in lithium ions batteries [38-40].
CuO is very important from the standpoint of the catalytic usage and the morphology affects
the properties of a catalyst in general [46]. It is therefore significant to synthesize novel sizes
and shapes of the CuO NSs and to further improve its application as a catalyst. Some of the
physical features of CuO are summarized in table 1.2.

Table 1.2 Some basic properties of CuO at room temperature.

Property Value Reference
Melting paint TEES 2

i o O - S| T |
Refractive index 14 u

Hole mohility 110 s 7
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6.3 Lead and Cadmium Sulfide

Properties of bulk lead sulphide (PbS)

Lead(ll) sulfide (also spelled sulphide) is an inorganic compound with the formula PbS. It finds
limited use in electronic devices. PbS, also known as galena, is the principal ore, and most
important compound of lead.

Addition of hydrogen sulfide or sulfide salts to a solution of lead ions gives a poorly soluble

black product consisting of PbS:

Pb?* + H,S - PbS + 2 H*

The equilibrium constant for this reaction is 3x10° M.[47] This reaction, which entails a
dramatic color change from colourless or white to black, was once used in qualitative inorganic
analysis. The presence of hydrogen sulfide or sulfide ions is still routinely tested using “lead

acetate paper.” Table 1.3 summarizes key properties of bulk PbS.

Table 1.3 Electronic properties of bulk PbS.

E, (Energy zap) 0.286 eV at 4.2K
0.420 eV at 300K
- 20,52 meV /K for T = 100 — 400 K
Ey, (bulk exciton binding energy) | 3.968 meV (calculated)
i (electron effective mass) 0080 ma
mi; (hole effective mass) 0075 my
.. (exciton Bohr radins| 2() mm
=-(0[dielectric constant) 169
£l ) 17

Pb™ and S~ ions occupy the lattice sites in the rock-salt crystal structure alternatively
[13]. Each Pb atom is surrounded by 6 atoms of S, which are arranged at the corners of the
surrounding octahedron and vice versa. The PbS lattice is shown in Figure 1.12a. The Bravais
lattice has a fcc Brillouin zone with a Pb ion at (0 0 0) and a S ion at (1/2, 1/2, 1/2). Figure 2.2a
shows the first Brillouin zone. The highly symmetrical points of the lattice are denoted in the
graph aswhite circles. r is the centre of the Brillouin zone, while L is the centre of an hexagonal

face. Dashed and solid lines represent the main directions and vectors in K space.
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Figure 1.5 Rock salt crystal structure.

Like the related materials PbSe and PbTe, PbS is a semiconductor.[48] In fact, lead sulfide
was one of the earliest materials to be used as a semiconductor.[49] Lead sulfide crystallizes in
the sodium chloride motif, unlike many other IV-VI semiconductors.

Since PbS is the main ore of lead, much effort has focused on its conversion. A major
process involves smelting of PbS followed by reduction of the resulting oxide. ldealized

equations for these two steps are:[50]

2PbS+302->2Pb0 +2S0;
PbO+C - Pb+CO

The sulfur dioxide is converted to sulfuric acid.
Application
PbS was once used as a black pigment, but current applications exploit its semiconductor
properties, which have long been recognized.[51] PbS is one of the oldest and most common

detection element materials in various infrared detectors. As an infrared detector, PbS

functions as a photon detector, responding directly to the photons of radiation, as opposed to

15



thermal detectors, which respond to a change in detector element temperature caused by the
radiation.

A PbS element can be used to measure radiation in either of two ways: by measuring the
tiny photocurrent the photons cause when they hit the PbS material, or by measuring the
change in the material's electrical resistance that the photons cause. Measuring the resistance
change is the more commonly used method.

At room temperature, PbS is sensitive to radiation at wavelengths between approximately
1 and 2.5 um. This range corresponds to the shorter wavelengths in the infra-red portion of
the spectrum, the so-called short-wavelength infrared (SWIR). Only very hot objects emit
radiation in these wavelengths.

Cooling the PbS elements, for example using liquid nitrogen or a Peltier element system,
shifts its sensitivity range to between approximately 2 and 4 um. Objects that emit radiation in
these wavelengths still have to be quite hot—several hundred degreesCelsius—but not as hot
as those detectable by uncooled sensors. Other compounds used for this purpose
include indium antimonide(InSb) and mercury-cadmium telluride (HgCdTe), which have
somewhat better properties for detecting the longer IR wavelengths. The high dielectric
constant of PbS leads to relatively slow detectors (compared to silicon, germanium, InSb, or

HgCdTe).

Properties of bulk cadmium sulphide (CdS)

Cadmium sulfide is the inorganic compound with the formula CdS. Cadmium sulfide is a
yellow solid [88]. It occurs in nature with two different crystal structures as the rare minerals
greenockite and hawleyite, but is more prevalent as an impurity substituent in the similarly
structured zinc ores sphalerite and wurtzite, which are the major economic sources of
cadmium. As a compound that is easy to isolate and purify, it is the principal source of cadmium

for all commercial applications [52].
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Properties

Molecular formula CdS - Cadmium sulfide
Molar mass 144.48 g mol ™! gl 2225
Appearance Yellow-orange to brown solid. ; : :
Density 4826 g-"cm3, solid.

1,750 *C (3,180 °F; 2.020 K) 10

Melting point
elting poin MPa

. . 980 °C (1,800 °F; 1,250 K)
Boiling point

Solubility in water  insolubletd

soluble 1 acid
Solubility very slightly soluble in

ammonium hyvdroxide
Refractive index (MD) 2520

Structure
Crystal structure Hexagonal, Cubic

Figure 1.6 Some basic properties of CdS at room temperature.

Production

Cadmium sulfide can be prepared by the precipitation from soluble cadmium (l1) salts
with sulfide ion and this has been used in the past for gravimetric analysis and qualitative
inorganic analysis [53]. The preparative route and the subsequent treatment of the product,
affects the polymorphic form that is produced (i.e., cubic vs hexagonal). It has been asserted
that chemical precipitation methods result in the cubic zinc-blende form [54].

Pigment production usually involves the precipitation of CdS, the washing of the
precipitate to remove soluble cadmium salts followed by calcination (roasting) to convert it to
the hexagonal form followed by milling to produce a powder [55]. When cadmium sulfide
selenides are required the CdSe is co-precipitated with CdS and the cadmium sulfoselenide is

created during the calcination step [55].
Routes to thin films of CdS
Thin films of CdS are components in some photoresistors and solar cells. In the chemical
bath deposition method, thin films of CdS have been prepared using thiourea as the source of

sulfide anions and an ammonium buffer solution to control pH: [56]

Cd?* + H,0 + (NH,),CS + 2 NH3 = CdS + (NH2)2CO + 2 NH,"
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Cadmium sulfide can be produced using metalorganic vapour phase epitaxy and MOCVD
techniques [56]. This process requires volatile cadmium and sulfur precursors. A common
example is the reaction of dimethylcadmium with diethyl sulfide: [57]

Other methods include
Sol gel techniques [58].
Sputtering [59].
Electrochemical deposition [60].
Spraying with precursor cadmium salt, sulfur compound and dopant [61].

Screen printing using a slurry containing dispersed CdS [62].

Reactions

Cadmium sulfide is soluble in (actually degraded by) acids and this conversion has been

investigated as a method of extracting the pigment from waste polymers e.g. HDPE pipes: [63]
CdS + 2 HCl - CdCl, + HaS

When sulfide solutions containing dispersed CdS particles are irradiated with light hydrogen gas

is generated: [64]

H,S = H, + S AHf = +9.4 kcal/mol

The proposed mechanism involves the electron/hole pairs created when incident light is
absorbed by the cadmium sulfide [65] followed by these reacting with water and sulfide: [64]

Production of an electron hole pair

CdS+hv->e +hole’

Reaction of electron

2e +2H,0 > H, + 20H"

Reaction of hole

2hole* +$° > S

Structure and physical properties

Cadmium sulfide has, like zinc sulfide, two crystal forms; the more stable hexagonal
wurtzite structure (found in the mineral Greenockite) and the cubic zinc blende structure
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(found in the mineral Hawleyite). In both of these forms the cadmium and sulfur atoms are four
coordinate [102]. There is also a high pressure form with the NaCl rock salt structure [66].
Cadmium sulfide is a direct band gap semiconductor (gap 2.42 eV [65]). The magnitude of its
band gap means that it appears coloured [52].
As well as this obvious property others properties result:
the conductivity increases when irradiated with light [88] (leading to uses as a
photoresistor)
When combined with a p-type semiconductor it forms the core component of a
photovoltaic (solar) cell and a CdS/CusS solar cell was one of the first efficient cells to be
reported (1954) [67], [68].
When doped with for example Cu* (“activator") and AI** ("coactivator") CdS luminesces
under electron beam excitation (cathodoluminescence) and is used as phosphor [69].
Both polymorphs are piezoelectric and the hexagonal is also pyroelectric [71].
Electroluminescence [72].

CdS crystal can act as a solid state laser [73], [74].

@ Applications
CdS is predominantly used as a pigment. About 2000 tons are produced annually [75].

CdS and cadmium selenide are used in manufacturing of photoresistors (light dependent
resistors) sensitive to visible and near infrared light.
In thin-film form, CdS can be combined with other layers for use in certain types of solar cells
[76]. CdS was also one of the first semiconductor materials to be used for thin-film transistors
(TFTs) [77]. However interest in compound semiconductors for TFTs largely waned after the
emergence of amorphous silicon technology in the late 1970s. Thin films of Cadmium Sulfide
can be piezoelectric and have been used as transducers which can operate at frequencies in the
GHz region.

Pigment

CdS is known as cadmium yellow [52] (CI pigment yellow 37 [78]). By adding varying
amounts of selenium as selenide, it is possible to obtain a range of colors, for example Cl
pigment orange 20 and Cl pigment red 108 [78].
Synthetic cadmium pigments based on cadmium sulfide are valued for their good thermal

stability, light and weather fastness, chemical resistance and high opacity [55], but with
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problems of biocompatibility when used as colors in tattoos [79]. The general commercial
availability of cadmium sulfide from the 1840s led to its adoption by artists, notably Van Gogh,
Monet (in his London series and other works) and Matisse (Bathers by a river 1916-1919) [80].
The presence of cadmium in paints has been used to detect forgeries in paintings alleged to

have been produced prior to the 19th century [81]. CdS is used as pigment in plastics [81].
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Chapter 2:

The Photoelectrochemical cells

1. The Photoelectrochemical Cell

The main component of the PEC cell is the semiconductor, which converts incident
photons to electron-hole pairs. These electrons and holes are spatially separated from each
other due to the presence of an electric field inside the semiconductor. The photogenerated
electrons are swept toward the conducting back contact, and are transported to the metal
counter-electrode via an external wire. At the metal, the electrons reduce water to form

hydrogen gas.
2. Semiconducting Photoelectrode Materials

Some of the key requirements for a semiconductor photoelectrode are efficient
absorption of visible light and good charge transport. It is not easy to determine these
parameters from an experiment on a particular material.

The bonding in metal oxide semiconductors is very different in nature. Since oxygen has a
much higher electronegativity than any metal, the valence electrons are either fully or partially
transferred from the oxygen to the metal ion. The bonding character of metal oxides is

therefore highly polar or even ionic.
3. Charge Carriers and Doping
Semiconductors for practical applications are often doped, mainly with the aim to improve

the conductivity. In metal oxide photoelectrodes, shallow donors and acceptors are almost

always necessary because of the low intrinsic charge carrier mobilities. The conductivity of the
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material is given by o = nepe + Peptn, SO iNcreasing n or p will compensate for a small value of pe
Oor M.

The extra valence electron introduced by the donor atom is loosely bound to the donor
nucleus, and can be excited to the conduction band where it then contributes to the
conductivity. Conversely, holes in acceptor-type dopants can be excited to the valence band.
Since a hole is equivalent to a missing electron, one can also picture this as an electron being

excited from the valence band into the energy level of the acceptor species.

4. Defect Chemistry

Semiconducting photoelectrodes are almost always doped to improve their properties. In
most cases, the aim is to enhance the n- or p-type conductivity. Certain dopants may enhance
the optical absorption of wide bandgap semiconductors [1], increase the minority carrier
diffusion length [2, 3], or enhance the catalytic activity at the surface of the semiconductor [4].
Other dopants adversely affect the properties, for example, by introducing midgap bulk or
surface states that act as recombination centers [5, 6]. In addition to foreign cation and anion

dopants, native point defects are also usually present in the material.

5. Space Charges and Band Bending

In most semiconductor textbooks, the formation of a space charge is explained by a

semiconductor being brought into contact with a metal or another semiconductor [7]. When
both materials have different Fermi levels (i.e., electrochemical potentials), charge is
transferred between them until an equilibrium is established.
In metal oxide semiconductors, a built-in electric field can even be formed at the surface
without making contact with another solid. When a metal oxide is exposed to air, water
molecules from the air can dissociatively adsorb at its surface, resulting in -OH surface
termination. Since the symmetry of the bulk lattice is broken at the surface, these -OH groups
form electronic surface states within the bandgap of the semiconductor.

The energy levels of these surface states are below the conduction band minimum, and
free electrons from the bulk will occupy these levels. The ionized donors from which the free

electrons originated will of course stay behind in the bulk, where they form a positive space
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charge. An electric field now forms and the charge transfer from bulk to surface will continue
until the potential barrier becomes too large for bulk electrons to cross. At this point, a dynamic
equilibrium establishes at which no net electron transport takes place. The Fermi level at the

surface is then located somewhere halfway the DOS of the surface state.
5.1 Potential Distribution in the Depletion Layer

The potential distribution and width of space charge depend on the amount of charges
transferred to the surface and the density of shallow donors in the material.
The actual values of the dopant density and the depletion layer width can be determined

by impedance measurements.
6. The Semiconductor-Liquid Junction

When a semiconductor is immersed in an aqueous solution, H" and OH" ions in the
solution will continuously adsorb and desorb from the surface. A dynamic equilibrium will be

established, which can be described by the following protonation and deprotonation reactions:

k,
MO St VIO g FL, o
M — OH + HJ, 2> M — OHj

The equilibrium of these reactions depends on the pH of the solution and the Bronsted
acidity of the surface. Depending on these conditions, the net total charge adsorbed at the
surface will be positive, zero, or negative. The pH at which the net adsorbed charge is zero is

called the point of zero charge (PZC) of the semiconductor.
6.1. The Semiconductor/Electrolyte Interface

The charges at the surface consists of electrons (or holes) trapped in surface states. The
counter charges are provided by ionized donors or acceptors in the solid, plus an accumulation

of oppositely charged ions in the solution. Due to the large dipole moment of water, all ions in
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the solution are surrounded by a solvation cloud of water molecules. This cloud prevents them
from approaching the surface closer than a few Angstroms. The region between the specifically

adsorbed ions and the closest ions in the solution is called the Helmholtz layer.
6.2. Applying a Bias Potential

The operation of a PEC cell can be influenced by applying an external bias potential to the
semiconductor. When the bias is applied with respect to a reference electrode, the potential
difference will be distributed over the space charge layer and the Helmholtz layer. These layers

act as two capacitances in series [8]:

S (2.3)
I: (7] { SC ':-, H
Applying a positive bias to an n-type semiconductor results in an increase of the depletion
layer. For a p-type semiconductor, a negative bias is required to increase the depletion layer.
The ability to change the band bending in a semiconductor electrode is immensely useful in the

characterization of these materials.
6.3. The Flat Band Potential

The position of the band edges with respect to the redox potentials in the electrolyte is
conveniently expressed by the so-called “flatband potential”, frs. As the word suggests, this is
the potential that needs to be applied to the semiconductor to reduce the band bending to
zero. It is important to realize that the flatband potential denotes the position of the Fermi
level of the semiconductor with respect to the potential of the reference electrode. This means
that fr is slightly below the conduction band edges, and that it accurately reflects the

thermodynamic ability of an n-type semiconductor to reduce water to hydrogen.
6.4. Surface and Interface States

[llumination of a semiconductor can lead to a change in the flatband potential, even at

constant pH. This can be explained by the presence of surface states that trap photogenerated
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minority carriers [10]. The change in charge density at the interface (more specifically: the inner
Helmholtz plane) results in a change in the Helmholtz potential and, therefore, the flatband
potential. This is usually referred to as “unpinning of the band edges.”

The presence of surface states can also affect the band bending in the dark. If a high
density of partially filled mono-energetic surface states is present, the Fermi level will be
located somewhere halfway the surface state DOS. Any change in pH or applied potential will
then be accommodated by a change in the occupation of this state and a concomitant change

in the potential across the Helmholtz layer.

7. The Photoelectrochemical Cell under Operating Conditions

We now explore how the system behaves under illumination.

7.1. The Quasi-Fermi Level

Figure 2.20 shows the energy diagram of a PEC cell in the dark and under illumination. In

this example, the H,0/0, redox couple is assumed to be the most

H;JIHI
——
E- 123 eV
I': ————————
H,0/0,
Ev Dk = it ‘
Samicancuciar Elacirobyis Metal Samicanductar Elscirohyie W edal

Figure 2.1 Band diagram for a PEC cell based on an n-type semiconducting photoanode that is
electrically connected to a metal counter electrode; in equilibrium in the dark (left) and unde
illumination (right). Illumination raises the Fermi level and decreases the band bending. Near the
semiconductor/electrolyte interface, the Fermi level splits into quasi-Fermi levels for the electrons and
holes

active species and therefore dominates the electrochemical potential of the solution in the
dark. The Fermi levels of the semiconductor and metal, which are electrically connected, adjust
to a value close to Eox. Upon illumination, electron-hole pairs are created and the Fermi level

increases with AVpneto, the internal photovoltage. Since the system is no longer in equilibrium,
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particularly in the SCR where the electrons and holes are generated, the use of a single Fermi
level is no longer appropriate. Instead, the concept of quasi-Fermi levels is more useful. The
quasi-Fermi levels are a direct measure of the concentration of electrons and holes at a certain

point x in the semiconductor, and are defined as:

n=np+An=Nce |F

(&g,

p=potAp=~Nye

Here, no and po are the equilibrium carrier concentrations in the dark, and An and Ap are the
additional carriers created by illumination. For an n-type semiconductor, n = no+ An = ng and p=
Po+ Ap = Ap so that Eg, remains horizontal whereas Egp departs from the bulk Fermi level in

the active region. The quasi-Fermi level is often interpreted as a thermodynamic driving force.
7.2. Photocurrent-Voltage Characteristics

One of the most often used models of semiconductor photocurrent-voltage
characteristics was reported by Gartner [9], who derived the following expression for the

photocurrent in a semiconductor under reverse bias:

A - 1..;,(1 _%} .................................................................................................. (2.6)
Here, @ is the incident light flux, a is the absorption coefficient (assuming monochromatic

illumination), W is the depletion layer width, L, is the hole diffusion length, and jo is the

saturation current density. The model assumes that there is no recombination in the SCR and at

the interface.

Gartner’'s model was improved by Reichman [9], who used more appropriate boundary

conditions for his derivation of the total valence band photocurrent in an n-type

semiconductor:

)l.l.l = _||:|I Ex [‘l—"t—l—'f

o P
l + 5 Expl)

26



Here, J9 is the hole transfer rate at the interface, and jo is the saturation current density, i.e.,
the hole current in the valence band at x = W when ® = 0. & is the over-potential, which is
defined as the difference between the applied potential and the open-circuit potential under
illumination. Reichman’s model includes the possibility of recombination in the SCR, which he
showed could become important when the photovoltage becomes large enough for the bands

to flatten.
7.3. Reaction Mechanisms

One of the main bottlenecks for water splitting is the oxidation half-reaction, which is a
complicated process involving four separate electron transfer steps. Little is known about the

exact molecular reaction mechanism of water oxidation on metal oxide surfaces.

7.4. Photocorrosion

Photocorrosion occurs when the photogenerated holes do not oxidize water, but the

semiconductor itself. The general form of this anodic decomposition reaction can be written as

e T O O (2.8)

2
MO, 4+ —ht e > M 420,
; >

A well-known oxide that suffers from severe photocorrosion in aqueous environments is ZnO.

For p-type oxides, cathodic photoreduction can lead to the formation of metal deposits:

electrolviz

= M+ VH20. e (2.9)

M,0, + 2w~ + 29H!
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Figure. 2.2 Position of decomposition potentials of selected semiconductors. Reprinted from [70]
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In an alkaline environment, the reaction can be written as

 elevtsolyie
I."-Iu,(}. = 1_'|';'_ + 'l}lj”' -n__i .'l.?'r'!|\| =

4

[A2] (3HN OL 3AILY13H) ADHINT

This has been observed for, e.g., Cu,0. Alternatively, protons can enter the metal oxide

lattice when free electrons are available at or near the surface, a process known as

intercalation.

8. Nanostructured Electrodes

The most obvious advantage of nanostructured morphology is:

The increase in specific surface area. The concomitant increase in the number of surface

sites

semiconductor/electrolyte interface.

greatly

enhances

the

overall

charge

transfer

kinetics

The shorter diffusion path lengths for the photogenerated charge carriers.

This is illustrated by the nanowire array photoelectrode shown in Fig. 2.3 (left).
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Figure 2.3 Nanowire array photoanode (left), and an array based on highly conducting nanowires
coated with a thin photoanode film (right)

The occurrence of quantum size effects. As first described by Brus in the early 1980s,
spatial confinement of charge carriers to a volume that is less than their De Broglie

wavelength results in a widening of the bandgap [11].

It should be noted that quantum size effects are difficult to induce in most metal oxides.
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Chapter 3: Synthesis and
Characterization

1.Introduction

The preparation procedure of the ZnO, CuyO, CdS, PbS and Ag nanostructures are
described in this chapter. The sol-gel, dip-coating, polyol and hydrothermal methods were
chosen for the growth of ZnO NRs and their composite nanostructures. After the growth,
diverse characterization techniques were used to probe the morphology and structural aspects
of the as grown nanomaterials. The techniques used during this work are: scanning electron
microscope (SEM), transmission electron microscope (TEM), x-ray diffraction analysis (XRD),

Raman spectroscopy, UV-vis, Chatodoluminescence (CL) .
|.Elaboration Techniques
2. Hydrothermal/Solvothermal Synthesis

A hydrothermal/solvothermal process can be defined as “a chemical reaction in a closed
system in the presence of a solvent (aqueous and non aqueous solution) at a temperature
higher than the boiling point of such a solvent”. [1-3] As a result, a hydrothermal/solvothermal
process involves high pressures. The selected temperature (sub- or supercritical domains) is
determined by the required reactions for obtaining the target-material. Because
hydrothermal/solvothermal synthesis utilizes water/solvent under elevated pressures and
temperatures to increase the solubility of a solid and to speed up reactions between solids, it
provides another commonly used methodology for generating nanostructures.
Hydrothermal/solvothermal reactions have been used in Materials Chemistry or Materials
Science for developing soft processing in advanced inorganic materials. [4-6] Moreover, the
interest of hydrothermal/solvothermal reactions in a large domain of applications (material
synthesis, crystal growth, thin films deposition...) has promoted the development of new
processes involving original technologies such as hydrothermal-electrochemical methods, [7-

10] microwave-hydrothermal method [11-16].
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3. Spin-Coating process

Spin Coating is a method to produce thin organic films that are uniform over large areas

(@ =2 30 cm). There are four different stages of the process:
@ Deposition of the coating fluid onto the wafer or a flat substrate

@ The substrate is accelerated up to its final, desired, rotation speed

@ The substrate is spinning at a constant rate and fluid viscous forces dominate the fluid

thinning behavior

The substrate is spinning at a constant rate and solvent evaporation dominates the coating

thinning behavior. After evaporation of the whole solvent, a solid film is generated.

Dispense \\1' Photoresist
£ - Substrate
'%‘___ Chuck
Skin
Seaae ‘% Liquid resist
? ™ Liquid resist

Ramp up spun out from

e ? wv beneath skin

RSP spead % % .-; % .% -— Evaporation of solvent

Figure 3.1 Scheme of the Spin Coating process.
@ Dip coating

In dip coating, the substrate is normally withdrawn vertically from the liquid bath at a

speed Uo. The moving substrate entrains the liquid in a fluid mechanical boundary layer that
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splits in two above the liquid bath surface, the outer layer returning to the bath [17]. Since the
solvent is evaporating and draining, the fluid film terminates at a well-defined drying line.
When the receding drying line velocity equals U,, the process is steady state with respect
to the liquid bath surface. A non-constant evaporation rate in the vicinity of the drying line (due
to geometrical factors affecting the diffusion of solvent vapor from the liquid surface) results in

a parabolic thickness profile [18]:

where h(x) is the film thickness as a function of position x below the drying line.

@ Sol-gel film formation

Deposition of the inorganic film occurs as the entrained inorganic precursors (polymers
or particles) are rapidly concentrated on the substrate surface by gravitational draining and
evaporation often accompanied by continued condensation reactions. The increasing
concentration forces the precursors into close proximity, causing reactive species to aggregate
and gel, while repulsive particles appear to assemble into liquid- or crystal-like structures
depending on the withdrawal rate. For reactive precursors a competition is established
between solvent evaporation which compacts the structure and continuing condensation
reactions which stiffen the structure, increasing its resistance to compaction. Unlike
conventional bulk gel formation, the drying stage overlaps the aggregation-gelation stages,
establishing only a brief time span (several seconds) for condensation reactions to occur. A
common result is rather compliant structures that are collapsed at the final stage of drying by

the capillary pressure P created by the liquid-vapor menisci as they recede into the film interior:

P o 2 WL COS( )T e e e s e e (3.2

where @ is the wetting angle and r is the hydraulic radius of the pore at the moment the
meniscus recedes into the gel interior. Because r may be very small (less than 1.0 nm) [19], P
may exceed 60 MPa even for liquids with low surface tensions such as ethanol. The draining

and evaporation which accompany dipping cause the thickness h and volume fraction ® of
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solids of the depositing film to change continuously with distance above the liquid bath surface.
Above the stagnation point where all fluid elements are moving upward, steady state

conditions require that the solids mass in any horizontal slice must be constant:

R)D(X) = CONSTANT ..o e e e s s e e e ettt (3.3)

so O varies inversely with h in the thinning film. Since for a planar substrate there is a parabolic

thickness profile [33] (h(x) ~ x""%), g~ should vary as 1/h ~ x */? [18].

[I. Characterization Techniques

After the preparation of the samples, different characterization techniques were used to
investigate their structure and optical properties. Scanning electron microscope (SEM) and
Transmission electron microscope (TEM) was used to get the morphology of the samples. An
atomic force microscope (AFM) was utilized to detect the morphology of pretreated substrates.
The detailed information about the structure of the samples can be obtained from XRD
measurement. The optical properties were investigated by Chatodoluminescence (CL), Raman

and UV-vis spectroscopy. In this section, we will briefly introduce all the techniques.

4. Scanning Electron Microscopy

The scanning electron microscope (SEM) is a type of electron microscope that images the
sample surface by scanning it with a high-energy beam of electrons in a raster scan pattern. The
electrons interact with the atoms to make the sample producing signals that contain
information about the sample's surface topography, composition and other properties such as
electrical conductivity. The types of signals produced by an SEM include secondary electrons,
back scattered electrons (BSE), characteristic x-rays, light (cathodoluminescence), specimen
current and transmitted electrons. These types of signal all require specialized detectors for

their detection that are not usually all present on a single machine.
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Figure 3.2 Schematic image of SEM

The schematic image of SEM is illustrated in figure 3.2 in order to show how it works.
The SEM uses electrons instead of light to form an image. A beam of electrons is produced at
the top of the microscope by heating of a metallic filament. The electron beam follows a
vertical path through the column of the microscope. It makes its way through electromagnetic
lenses which focus and direct the beam down towards the sample. Once it hits the sample,
other electrons such as backscattered or secondary are ejected from the sample. Detectors
collect the secondary or backscattered electrons, and convert them to a signal that is sent to a
viewing screen similar to the one in an ordinary television, producing an image. The SEM gives
information on the morphology of the surface of the sample, which implies that is possible to
determine if any growth has taken place.
The SEM images allow us to examine the diameter, length, shape and density of the ZnO

nanostructures.
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5. X-ray diffraction

X-rays are electromagnetic radiation of wavelength about 1 A (10™° m), which is about
the same size as an atom. When X-rays interact with a crystalline substance (phase), one gets a
diffraction pattern. About 95% of all solid materials can be described as crystalline. Each
crystalline solid has its unique characteristic X-ray diffraction (XRD) pattern which may be used

as a "fingerprint" for its identification.

0
*—o0—0—&

Figure 3.3. Reflection of X-rays from two planes of atoms in a solid.

A crystal lattice is a regular three-dimensional distribution (cubic, rhombic, etc.) of
atoms in space. These are arranged so that they form a series of parallel planes separated from
one another by a distance d, which varies according to the nature of the material. For any
crystal, planes exist in a number of different orientation spacing. When a monochromatic X-ray
beam with wavelength lambda is projected onto a crystalline material at an angle theta,
diffraction occurs only when the distance traveled by the rays reflected from successive planes

differs by a complete number n of wavelengths, which leads to famous Bragg's Law:

nA = 2dsin(0)

where n is an integer 1,2,3.....(usually equal 1), A is wavelength in angstroms (1.54 A for
copper), d is interatomic spacing in angstroms, and 6 is the diffraction angle in degrees. Where
a mixture of different phases is present, the resultant diffractogram is formed by addition of
the individual patterns. Based on the principle of X-ray diffraction, a wealth of structural,

physical and chemical information about the material investigated can be obtained.

35



6. Atomic force microscope

The atomic force microscope (AFM) is a very high-resolution type of scanning probe
microscope, with demonstrated resolution of fractions of a nanometer, more than 1000 times
better than the optical diffraction limit.

The AFM consists of a microscale cantilever with a sharp tip (probe) at its end that is used
to scan the specimen surface. The cantilever is typically silicon or silicon nitride with a tip radius
of curvature on the order of nanometers.

The AFM works by scanning a fine ceramic or semiconductor tip over a surface much the
same way as a phonograph needle scans a record. When the tip is brought into proximity of a
sample surface, Vander Waals forces between the tip and the sample lead to a deflection of the
cantilever. The magnitude of the deflection is captured by a laser that reflects at an oblique
angle from the very end of the cantilever. A plot of the laser deflection versus tip position on
the sample surface provides the resolution of the hills and valleys that constitute the
topography of the surface. The AFM can work with the tip touching the sample (contact mode),

or the tip can tap across the surface (tapping mode) much like the cane of a blind person.
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Figure 3.4 Block Diagram of Atomic Force
Microscope

7. Transmission Electron Microscopy

In TEM, a focused electron beam is incident on a thin (less than 200 nm) sample. The

signal in TEM is obtained from both undeflected and deflected electrons that penetrate the



sample thickness. A series of magnetic lenses at and below the sample position are responsible
for delivering the signal to a detector, usually a fluorescent screen, a film plate, or a video
camera. Accompanying this signal transmission is a magnification of the spatial information in
the signal by as little as 50 times to as much as a factor of 106. This remarkable magnification
range is facilitated by the small wavelength of the incident electrons, and is the key to the
unique capabilities associated with TEM analysis.

TEM offers two methods of specimen observation, diffraction mode and image mode. In
diffraction mode, an electron diffraction pattern is obtained on the fluorescent screen,
originating from the sample area illuminated by the electron beam. The diffraction pattern is
entirely equivalent to an X-ray diffraction pattern: a single crystal will produce a spot pattern on
the screen, a poly-crystal will produce a powder or ring pattern (assuming the illuminated area
includes a sufficient quantity of crystallites) and a glassy or amorphous material will produce a

series of diffuse halos.
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Figure 3.5 Schematic electron ray path for TEM equipped for additional x-ray and electron loss

spectroscopy.

8. Raman Spectroscopy

Raman scattering is a powerful light scattering technique used to diagnose the internal

structure of molecules and crystals. In a light scattering experiment, light of a known frequency
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and polarization is scattered from a sample. The scattered light is then analyzed for frequency
and polarization. Raman scattered light is frequency shifted with respect to the excitation
frequency, but the magnitude of the shift is independent of the excitation frequency. This

"Raman shift" is therefore an intrinsic property of the sample.
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Figure 3.6 Schematic images of Raman spectroscopy

Raman spectroscopy usually consists of three parts: Laser, spectrometer and charge-
coupled device array (CCD) detector. The spectrometer itself is a commercial "triple-grating”
system. Physically, it is separated into two stages, i.e. monochromator and spectrograph, which
are shown schematically in figure 3.6. The laser beam from the laser is filtered for
monochromatic and directed by a system of mirrors to a focusing/collecting lens. The beam is
focused onto the sample; the scattered light which passes back through the same lens is then
passed through a second lens into the monochromator of the spectrometer. Finally the light is
refocused and sent out to the spectrograph of the spectrometer to focus the filtered light on
the final grating. The dispersed light is now analyzed as a function of position, which
corresponds to wavelength. The signal as a function of position is read by the system detector.
In the present case the detector is a multichannel charge-coupled device array (CCD) in which

the different positions (wavelengths) are read simultaneously. The wavelength/intensity
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information is then read to a computer and converted in software to frequency/intensity. This

is the Raman spectrum which appears as the raw data.

9. UV/VIS Spectroscopy

UV/Vis spectroscopy is routinely used in the quantitative determination of solutions of
transition metal ions and highly conjugated organic compounds.

The Beer-Lambert law states that the absorbance of a solution is directly proportional
to the solution’s concentration. Thus UV/VIS spectroscopy can be used to determine the
concentration of a solution. It is necessary to know how quickly the absorbance changes with
concentration. This can be taken from references (tables of molar extinction coefficients), or
more accurately, determined from a calibration curve. A UV/Vis spectrophotometer may be
used as a detector. The presence of an analyte gives a response which can be assumed to be
proportional to the concentration. For accurate results, the instrument’s response to the
analyte in the unknown should be compared with the response to a standard; this is very
similar to the use of calibration curves. The response (e.g., peak height) for a particular
concentration is known as the response factor. The method is most often used in a
quantitative way to determine concentrations of an absorbing species in solution, using the
Beer-Lambert law:

A =-logo(l/lg) = .c.L

Where A is the measured absorbance, Iy is the intensity of the incident light at a given
wavelength, 1 is the transmitted intensity, L the path length through the sample, and c the
concentration of the absorbing species. For each species and wavelength, € is a constant known
as the molar absorptivity or extinction coefficient. This constant is a fundamental molecular
property in a given solvent, at a particular temperature and pressure, and has units of 1 / M x

cm or often AU/ M x cm.

10. Cathodoluminescence Spectroscopy (CL)

Most natural materials give off colored light (emit photons) in the visible spectrum when

they interact with an energetic electron beam. The process is known as “cathodoluminescence”

39



(CL). The fundamental emission process involves an electronic transition from an excited state
(Ee) to a lower energy level or ground state (Eg). The causes of cathodoluminescence (CL) or
the emission of photons by minerals are generally grouped into two types: intrinsic and
extrinsic. The intrinsic CL center is native to host materials and involves band-to-band
recombination of electron and hole pairs. Intrinsic CL emission may also associate with lattice
defects (anion vacancies) within the minerals. This type of CL is also said to be a “defect” CL
center. The most common CL center in the minerals is extrinsic, and it is attributed to the
presence of trace amounts of impurities, transition metal and rare earth ions. This type of
origin is referred to as an “impurity” CL center. Natural minerals and synthetic materials are

not pure but always contain optically active dopant ions.
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Chapter 4: Experimental

1.Introduction

As mentioned in previous section, there are many ways to synthesize 1D nanostructure. At
the first section of this chapter, three main synthesis methods will be introduced, including sol-
gel dip-coating, hydrothermal and polyol process’ to prepare ZnO nanorods and colloidal
solution of PbS, CdS, CuO and Ag nanoparticles. Second part is the formation of heterojunction
of core-shell structure of ZnO/PbS and ZnO/CdS using ion exchange technic for

photoelectrochimecal application.

2. Synthesis of ZnO nanorods

2.1 Substrate pre-treatment

The pre-treatment conditions of the substrate for the growth process, such as the pre-
cleaning, concentration of the seed colloid, spin coating times, and annealing treatment
of the substrate were the most important steps and have their respective influence on the

morphology and quality of the ZnO nanostructures.

2.1.1 Substrate pre-cleaning

Prior to growth we immerse the substrate in ethanol and acetone in an ultrasonic
bath each for 10 min and subsequently washing them with ultra pure water and then

flushing them with air.

2.1.2 Seed layer for ZnO nanostructures

One of the advantages of the hydrothermal method is the use of a seed layer prior
to the growth in the form of nanoparticles or thin films. This provides the nucleation sites
for the growth of ZnO nanorods. Different solvents and precursors are being used for the
preparation of the seed solution. We have chosen two different seed solutions in our work for
making the seed layers. First, we prepared the seed solution by dissolving 5 mM of zinc
acetate dihydrate (Zn(CH3COO)2 2H20) in pure ethanol solution. The use of this seed is
preferred for hard substrate like ITO, FTO and glass because these substrates with spin

coated seed layer need annealing at 340°C for 10 minto decompose Zn(CH3COO),. 2H,0
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into ZnO nanoparticles. Afterwards, we use sol-gel method, by dissolving 5 mM of
Zn(CH3CO00),. 2H,0 together with diethanolamine (DEA) in pure isopropanol solution under
temperature of 70 °C for 1h, and using dip-coating process to depose this film. In this case
annealing at T= 540 °C for 1h is required for formation of ZnO nanoparticles. In order to
achieve ZnO nanostructures growth, we first spun coat (four times) the ZnO nucleation
layer, at a speed of 3000 rpm for 30 seconds. During the growth, the ZnO
nanostructures preferentially nucleate from the top of the nanoparticles grains. Tuning
the spin speed enables the control of the density of nanoparticles on the substrate. In
simple words, controlling the seed layer thickness or surface coverage can provide a good

control of the alignment for the growth and density of the nanostructures.

2.2 Zn0O hydrothermal growth

There are several high and low temperatures ZnO nanostructures growth methods
and both have some advantages and disadvantages. Comparatively hydrothermal methods
are attractive, it attained much interest in the scientific community when Vayssieres et al
[1]. successfully demonstrated the growth of ZnO microstructures on a glass substrate. It
does not require sophisticated equipment; it is low cost, environment friendly, and thus
suitable for scale-up. Different morphologies of the nanostructures can be readily obtained by
tuning the hydrothermal conditions. In addition, the hydrothermal growth occurs at very
low temperature and therefore holds great promise for nanostructures synthesis on a variety
of substrates. The hydrothermal method has been demonstrated as a powerful and
versatile method for synthesizing metal oxide nanostructures and so has been reported
in the fabrication of electronic and sensing devices. The functioning of these devices is
critically linked to the morphology of the nanostructures and hence requires tuning of
the growth parameters for the optimal performance. In this work, we have synthesized
ZnO nanorods, nanotubes, flower-like, and ZnO/CuO corals shape structures by this
method. The schematic diagram of the hydrothermal growth procedure is shown in Figure 4.

1.
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Figure 4.1 lllustration of the hydrothermal growth method.

2.2.1 Synthesis of ZnO nanorods

As long as the ZnO nanorods are concerned, the fabrication was carried out on
different substrate such as glass, ITO and FTO. Before finalizing the optimal conditions for
ZnO nanorods growth on different substrates we have faced the problem of poor
reproducibility, along with difficulty to control the size and the morphology. After
systematic investigation, we used the following optimized conditions.

The growth solution used in this method contained 10 mM of zinc nitrate
hexahydrate (Zn(NO3)2. 6H20) and 10 mM of Hexamethylenetetramine (HMT, CgH12Na.
While keeping their volume ratio at 1:1, We took the pre-seeded substrate and immersed it
into an autoclave containing the nutrient solution. These were then kept for several hours in
an ordinary laboratory oven at a temperature of 90 °C for 6 h. After the growth process, the

samples were cleaned with ultra pure water several times, anddried in air.

.2.2 Synthesis of ZnO core-shell and flowers-like

Dramatic change in the ZnO nanorods structure could occur by heating the obtained ZnO
nanorods (with one step preparation) at 350 °C (10 min), adding seed NPs and subsequently
applying hydrothermal growth with a diaminopropane (DAP) aqueous solution at low

temperature of 90 °C during 6h.
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3. Synthese of Lead Sulfide (PbS) and Cadmium Sulfide (CdS) nanoparticles

The aqueous PbS and CdS nanoparticles was prepared according to the two methods
in PVA and PEG 200. For chemical synthesis of PbS or CdS quantum nanoparticules in polyvinyl
alcohol (PVA), we followed the method published elsewhere [2-4].

Typically, a 5 wt% PVA solution was prepared in double distilled water, by stirring it in
magnetic stirrer with the rate ~200 rpm at a constant temperature of 70°C until a transparent
solution is formed. To this solution 0.01 M PbCl, or CdCl; solution was added in the volume
ratio 2:1 followed by stirring at the same rate and the same temperature for three hours. To
this solution, 0.01 M H,S solution was added drop wise, until the whole solution turns dark
brown for PbS nanoparticles and yellow color for CdS nanoparticles.

The second method: a sample of 0.1M of Lead acatate was dissolved in 60 ml of PEG 200 with
0.1M of sulfur powder. The final solution was irradiated with a microwave oven for several

minutes. The color was dark brown.

4. Synthesis of silver (Ag) nanoparticles

Many chemical reduction methods have been used to synthesize silver nanoparticles
from silver salts [5]. The reactions described here use silver nitrate as the starting material.
Chemical reduction methods that have been used to synthesize silver nanoparicles from silver
nitrate vary in the choice of reducing agent, the relative quantities and concentrations of
reagents, temperature, mixing rate, and duration of reaction. The diameters of the resulting
particles depend upon the conditions. An excess of reductor agent is needed both to reduce
the ionic silver and to stabilize the silver nanoparticles that form.

In the present work, PVP (36,000 g/mole) (or glycose) and ethanol, DEG or PEG 600 is
poured into a 100 mL pyrex flask. The solution is mixed by a magnetic stirrer until PVP (or
glycose) is dissolved. Silver nitrate was added to the solution and stirring continues until the
silver nitrate was dissolved. All solutions are made by dissolving 1.0 g of PVP (or glycose) and
0.1g of silver nitrate in 40 mL of EtOH, DEG or PEG 600. All this solution was irradiated by
microwave oven untill the solution color change from transparant to brown if we used PVP and

clear yellow when using glycose.
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5. Synthesis of Cu,0O nanostructures

The protocol for Cu,0 nanoparticles preparation has been previously described in [6]. In a
typical procedure, 0.03 g of Cu(OAc)2-H20 was added into an 80 mL round-bottomed flask, and
then 36 mL of DEG and 4 ml of ultra pure water was added into the same flask. The reactants
dissolved in the previous aqueous solution, after we irradiated in microwave oven for 3 min.

The final product was yellow solution.

6. Synthesis of heterostructures

6.1. Synthesis of ZnO/CuQ film

The ZnO NRs/CuO composite were fabricated by a simple hydrothermal method. The CuO
nanoparticles were grown on the ZnO NR substrates by immersing them in a closed autoclave
containing 0.05 mol/I ZnCl,, 0.1 mM CuCl, and a proper quantity of ammonia (25 wt%). The pH
value of the solution was adjusted by ammonia addition and kept at 10. The solution was slowly
heated up to 95 °C, then the temperature was kept constant for 8 h. Subsequently, the as-
prepared substrates were washed repeatedly with ultra pure water and dried at 100 °C for 1 h
to remove any residual reactants. Finally, the substrates were annealed at 300 °C for 1 h to

obtain a uniform dark-brown layer.

6.2. Synthesis of ZnO/Cu,0 film

Upon successfully fabricating homogeneous ZnO NRs and Cu&Cu,0 NPs colloidal, thin film
of ITO/ZnO NRs/Cu,0 were fabricated in this study. Cu&Cu20 NPs in DEG were spin-coated on
as-prepared ZnO NRs and annealed at 200 °C for 30 minutes. This step was repeated to produce

Cu,0 film with varied thicknesses.

6.3. Synthesis of ZnO/PbS core-shell nanorods

To prepare ZnO/PbS CS NRs, the ITO glass substrates with highly-ordered ZnO NRs arrays

on them were transferred into a glass bottle containing 0.2 M of Na,S.9H,0 to form in a first
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step ZnS on ZnO. The bottle was heated at 50 °C for 3 h. The final products on the substrates
were washed repeatedly and then dried at 60 °C before being used for the next step reaction.
To complete the final preparation, the metal cation exchange process of ZnS to PbS was
initiated by transferring the as-prepared highly-ordered ZnO/ZnS NRs arrays into a 50 mM
aqueous lead acetate solution for several minutes. The color of the film changed from white to
brown color for the ZnO/PbS CS NRs. A ZnO/PbS CS NRs heterostructure was synthesized

using a two-step solution reaction.

6.4.Synthesis of ZnO/CdS nanorods core shell

To prepare ZnO/CdS CS NRs, the ITO glass substrates with ZnO NRs arrays on them were
transferred into a glass bottle containing 0.2 M of Na,S.9H,0. The bottle was heated at 50 °C
for 3 h. The final products on the substrates were washed repeatedly and then dried at 60 °C
before being used for the next step reaction. To complete the final preparation, the metal
cation exchange process of ZnS to CdS was initiated by transferring the as-prepared ZnO/ZnS
NRs arrays into a 50 mM aqueous cadmium acetate solution for one hour. The color of the film

changed from white for bare ZnO NRs to yellow color for the ZnO/CdS CS NRs.
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Chapter 5: Results and Discussion

1.Introduction

This chapter describes the basic experimental setups and techniques used to study the

systems under investigation in this thesis. The measurements were performed at IMEM
Laboratory (Parma, Italy) and the University of Constantine 1.

2. Characterization of ZnO nanorods

The morphology and crystallographic structure of the as-grown ZnO seed layer

nanograin was also analyzed by high resolution atomic force microscopy (AFM), as shown in
figure (5.1).
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Figure 5.1 (a) AFM image of the ZnO seed layer and (b) the height profile (left) along the line.

By taking AFM image, the real structure of the ZnO surface can be probed as illustrated
in Fig 5.1. It is obvious from Fig.5.1.(a) that the deposited seed layers are crystalline and consist

of grains with an average size between 50 nm to 150 nm and the ultrathin nanorods were
possibly grown by oriented coalescence of ZnO quantum dots.
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Figure 5.2. Top-view of (a) SEM and (b) AFM images of ZnO nanorods grown on ITO substrates with one

step hydrothermal reaction
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Figure 5.3 Top-view of (a)-SEM and (b)-AFM images of ZnO nanorods grown on ITO substrates with a

second hydrothermal reaction.

The oriented attachment of preformed quasi-spherical ZnO nanoparticles should be a
major reaction path during the formation of single crystalline ZnO NRs [1] as shown in Fig 5.1
(a). As can be seen from Fig 5.2, which shows the plane view of the ZnO NRs arrays grown on
ZnO/ITO seeded substrates, when the reaction time was fixed at 6h, the ZnO NRs grew in a
direction almost perpendicular to the surface of the substrate. Most of the nanorods exhibited
hexagonal rod shape, implying good qualities of these ZnO crystals that grew along the [0002]
direction. These nanorods also grew in a very high density with an average diameter of about

100 nm for one setup reaction and about 500 nm for a second hydrothermal reaction as shown



in Fig. 5.2(a). Apparently, prior seeding of the surface by ZnO layer leads to nucleation sites on
which ZnO NRs arrays can grow in a highly aligned fashion and has significant influence on the
morphology of ZnO NRs [2].

The possible mechanism of nanorods morphology elongated along one direction (c-
axis) and shaped with a hexagonal cross-section can be explained from the wurtzite crystal
structure of ZnO, which have a partial ionic nature. The (002) plan in ZnO is polar and hence
have the highest surface energy among the low index planes. As a result, the highest
growth rate is along the [0001] direction, and well oriented nanorods are easily formed
in the c-axis orientation.

Fig. 5.4 presents the XRD pattern of ZnO nanorod. The peak at 34.42° indicates the (0 0 2)
plane reflections from hexagonal ZnO. The single orientation and narrow full width at half
maximum (FWHM) of (0 0 2) peak indicate an excellent crystalline structure of ZnO film, and

that all nanorod arrays are preferentially grown along (0 0 2) orientation of ZnO film.
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Figure 5.4 XRD pattern of ZnO nanorods.

Chatodoluminescence (CL) is a valuable technique for studying the optical emission
properties of semiconductor and insulating materials at a very good spatial resolution. Change
in CL spectra can lead to information about the formation of defect states or the change in
defect populations. CL microscopy allows locations of defects or features to be mapped with
resolution that can approach tens of nanometers, and is an indispensable tool for the study of
light emission from materials and the factors that improve or degrade it in the semiconductor

and optoelectronic industries
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Figure 5.5 The room-temperature CL spectra of lateral surface and face of ZnO nanorods.

Fig 5.5 presents the room-temperature CL spectra of the lateral surface and face of ZnO
nanorods. These spectra are consisted of an UV emission peak (3.2 eV) and a broad defect-
related emission band in the visible light region ranging from green to red (and centered at 2.2
eV). The UV emission, also called as near band edge emission, is generated by the free-exciton
recombination while the green emission, also known as deep level emission, appeared because
of the impurities and structural defects in the deposited structures. The green emission is
because of the recombination of electrons in single occupied oxygen vacancies in ZnO while the
UV emission is because of the recombination of a photogenerated hole with an electron
occupying the oxygen vacancies. It has been reported that the crystal quality of deposited ZnO
is important factor for the high UV emission and hence betterment in the crystal quality (less
structural defects and impurities such as oxygen vacancies and zinc interstitials) may enhance
the intensity of UV emission [3]. Compared to the top surface, an intense defect emission from
the lateral surface of ZnO nanorods is observed. This may be due to adsorption of hydroxyls to

the polar lateral surface of the nanorods.

Therefore, heating followed by a second seed step and hydrothermal process can lead to

more complex ZnO nanorods structuring as shown in Figure 5.6.



Figure 5.6 SEM images of ZnO (a) flower-like and (b) core-shell grown on ZnO seeded substrate, (b) is

an enlarged local part of (a).

Zinc acetate was dissolved in ethanol and drop casted on a pre-prepared ZnO nanorod
substrate to form uniform seeds. After each coating, the samples were annealed at 340 °C for 5
min. Through the seed pre-coating process on the ZnO nanorods, crystalline nanoparticles with
a diameter of 10-20 nm were formed on the backbone nanorods. After the second growth step,
shells of secondary ZnO emanated from the seeds, as shown in Fig. 5.7 (a-b), were formed. As
can be seen, the nanorods shown in Fig. 5.7 (a) reveals a nanorod core surrounded by a shell.
Thus the nanorods have a core—shell structure. The backbone of nanorods have diameter in the
range of 150-200 nm, whereas the shell has diameter ranging from 10 to 20 nm. According to
the present results, the core shell ZnO nanorods can be fabricated by the infiltration of
moderate concentrated Zn(OAc), solution into interstitial voids between backbone ZnO
nanorods in a second step of growth. However, the shells were not produced on the surface of
each ZnO backbone. The lack of uniformity of shells can be interpreted as the results of rough
dip-coating processes that cause non-uniform infiltration and finally lead to randomly disturbed
seed layers upon the backbone ZnO nanorods. These conditions would mostly occur when using
more concentrated Zn(OAc); solution and also when the substrates were heated during dip-
coating. The fast crystallization would lead the aggregation of ZnO seed layers and

consequently blocked the infiltration of subsequent aqueous solutions [4].
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Figure 5.7 SEM images of ZnO core-shell (a) and (b).

Cathodoluminescence (CL) spectra of the ZnO nanorods, after hydrothermal second step
growth, were recorded as shown in Fig. 5.8. The excitonic CL band of ZnO nanorods grown in
the second step becomes more intense compared to the defect related emission. In addition
the defect related band is red-shifted, demonstrating the presence of an additional intra-gap

state, not found in the pure rod spectrum.

Figure 5.8 The room-temperature CL spectra of pure and core-shell ZnO NRs.

Wourtzite ZnO belongs to C6v4 (P63mc) space group, with two formula units per primitive
cell. At the point of the Brillouin zone, group theory predicts the existence of the following
phonon modes: I =2A;+2 By+ 2E; +2E,. Among these modes, there are acoustic modes with e

=A;+E; and optical modes with loe: = A1+2 B1+E1+2 E;. The B1 modes are silent modes. For the



long-range electrostatic forces, both A1 and E1 modes are polar and are split into transverse
(TO) and longitudinal optical (LO) phonons, all being Raman and infrared active. The A1 phonon
vibration is polarized parallel to the C-axis; the E1 phonon is polarized perpendicular to the C-
axis. The two E2 modes (E2(high), E2(low)) are nonpolar modes and are Raman active only.
Every mode corresponds to a band in the Raman spectrum. Figure 5.9. illustrates the room
temperature Raman spectrum of ZnO nanorods. All the modes of ZnO can be seen from this
figure. The intensity of these bands depends on the scattering cross section of these modes.
For the polar modes, the scattering cross section of TO modes only depends on the
deformation potential, but that of the LO modes depends, in addition, on the linear
optoelectric effect. The linear optoelectric effect is attributed to polar phonon-induced

macroscopic electric field coupled with excited electrons [7].

4.0
— \ —2Zn0O nanorods\
©
=
x )
)
2
2
5 2.4 1
£

1.6

200 400 600 800
Wave number (cm™)

Figure 5.9 Raman spectra of ZnO nanorods.

In the ZnO NRs spectrum, the peak at 436 cm™ corresponds to E2(high), which is shifted
by 3 cm™ compared to bulk. The peak at 582 cm™ is positioned between A1(LO) and E1(LO),
which is in a good agreement with the theoretical calculations of Fonoberov and Balandin [8, 9,

10]. The broad peak at about 330 cm™ is attributed to the second-order Raman processes.
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3. Characterization of Lead Sulfide (PbS) and Cadmium Sulfide (CdS) nanoparticles

Structural identification of PbS and CdS films was carried out with X-ray diffraction in the
range of angle 26 between 10 to 100 . The XRD patterns in Fig.5.10 show that the products
obtained are the cubic phase for PbS nanoparticles and hexagonal symmetry for CdS
nanoparticles. The observed broad hump in XRD pattern is due to amorphous glass substrate.
The peaks are corresponding to hkl values of (111), (200), (220), (311) and (222), which match
well with literature patterns (JCPDF card No. 6-0261 and 5-0592) as shown in Fig 5.10 (a) and
most typical diffraction peaks of hexagonal CdS, such asthe (100), (002), (110),(103), and
(1 1 2) peaks can be found in this pattern, which indicates there is no preferred

grainorientation in the thin film as demonstrated in Fig 5.10 (b).
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Figure 5.10 XRD patern of (a) PbS and (b) CdS nanoprticles

The Raman mesurment was employed to investigate the composition and purity of the

prepared PbS and CdS nanoparticles as shown in Fig. 5.11.
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Figure 5.11 Raman spectra of CdS and PbS nanoparticles

The Raman spectrum of PbS nanoprticles is shown in Fig. 5.11 (PbS). The sharp strong
peak located at 140 cm-' originates from the combination of longitudinal and transverse
acoustic [LA(L)+TA(L)] modes of PbS [10]. And the other two peaks at 190 cm-1 and 270 cm™
due to Longitudinal Optical (LO) phonon of PbS layers [11].

From figure 5.11 (CdS) it is seen that the first order Longitudinal Optical (LO) Raman lineis
not only broadened, but also it shows an asymmetric broadening towards the low frequency
side. The 1 LO phonon frequency for a single crystal of CdS was reported as 300 cm™ [12].
while the value obtained in the present study is around 300 cm™. This frequency shift of the 1
LO Raman peak in CdS nanoparticles has been studied before and is mainly ascribed to the
grain size effect [13].

The TEM observation for PEG 200 capped PbS nanoparticles is shown in Fig.5.12 (a). The
resolution of this image was taken at the scale of 10 nm. From the micrograph, it is seen that
the size distribution of the nanoparticles are quite uniform. It clearly shows that these particles
are unaggregated in the solution. The average size of the PbS nanoparticles, observed from

TEM are in the range of 5-10 nm respectively.
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Figure 5.12 (a) TEM image and (b) electron diffraction pattern of the PbS nanoparticles in PEG 200

The electron diffraction pattern as shown in figure 5.12 (b) was used for the determination
of the crystalline structure of the nanoparticles and therefore for their classification. In this
pattern, the bright spots are due to the electron diffraction from the PbS crystalline planes. It
can be concluded that the nanoparticles embedded in PEG 200 observed in the TEM image are
PbS crystalline nanoparticles with a cubic structure.

UV visible spectrum has been widely used to characterize the semiconductor
nanoparticles. As the particle size decrease, absorption wavelength (Amax) will be shifted to
shorter wavelength, since the band gap increases for the nano sized particles [14]. This is the
guantum confinement effect of the semiconductor nanoparticles. The absorption coefficient of
the bulk PbS is 3020 nm and for the CdS is 540 nm. UV-vis pectrum of both PVA capped PbS
and CdS nanoparticles is shown in Fig. 5.13. In this spectrum, A is observed at 550 nm for PbS
and 450 nm for CdS nanparticles. This indicates that the absorption shift towards the shorter
wavelength (significant blue shift), because of the particle size reduction and the result of the
quantum dimensional effect (strong quantum confinement) [15]. This result is in agreement
with previously reported data for colloidal PbS prepared in the presence of PVA where position
of absorption bands were found to be 2.08, 3.22 and 4.26 eV [16]. It shows that the optical
band gap of these materials was highly enhanced. This reveals that, when the size of the

particles is reduced to very low size, the energy states separation is too high (i.e, energy gap).
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Figure 5.13 Absorption spectrum of PbS and CdS prepared with H,S.

It was found in the preparation of CdS and PbS using PEG 200 or PVA, that the conditions
would influence the formation of this nanoparticles. The reaction was carried out in different
precuseur and time. On one hand, the reaction could not fully proceed with low power and
short reaction time. On the other hand, due to the insolubility of reactants in PEG 200,
excessive high power could lead to the agglomeration of the reactants, therefore, pure final
products could hardly be obtained. Change the precursors lead to change the morphology and

size of the final products. The probable reaction mechanism could be described as follows:

PEG or PVA as reducing agent
Pb*, Cd* Cd, Pb

HaS—> HS + H*
HS > H'+8*

,. PEG or PVA
(Cd, Pb )+ S¥*————,CdS or PbS

In the first step, CdCl, and PbCl, were reduced to metal Cd and Pb as the intermediate of the
whole reaction. The process is known as the preparation process and temperature is a
dominant factor in affecting the reactivity. In the second step, metal particles were directly
combined with S from HS, leading to the formation of the final product. Then, uniform CdS and

PbS nanosized particles could be formed.
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4. Characterization of silver (Ag) nanoparticles

Many chemical reduction methods have been used to synthesize silver nanoparticles
from silver salts [17]. The reactions described here use silver nitrate as the starting material.
Chemical reduction methods that have been used to synthesize silver nanoparicles from silver
nitrate vary in the choice of reducing agent, the relative quantities and concentrations of
reagents, temperature, mixing rate, and duration of reaction. The diameters of the resulting
particles depend upon the conditions. An excess of reductor agent is needed both to reduce

the ionic silver and to stabilize the silver nanoparticles that form.

(a) (b) © @

Figure 5.14 Colloidal silver in various stages of aggregation, (a) clear yellow sol, (b) dark yellow, (c)

violet, and (d) Grayish, as aggregation proceeds

Reaction conditions, including stirring time and relative quantities of reagents, must be
carefully controlled to obtain stable yellow and brownish colloidal silver. If stirring is continued
once all of the silver nitrate has been added, aggregation begins as the yellow sol first turns
darker yellow, then violet and eventually grayish , after which the colloid breaks down and
particles settle out. Similar aggregation may also occur if the reaction is interrupted before all
of the silver salt has been added.

Silver nanoparticles were examined using UV-vis, Raman spectroscopy and TEM
microscopy. The distinctive colors of colloidal silver are due to a phenomenon known as
plasmon absorbance. Incident light creates oscillations in conduction electrons on the surface
of the nanoparticles and electromagnetic radiation is absorbed. The spectrum of the colloidal
silver from the synthesis above is shown in Figure 5.15. The plasmon resonance produces a
peak near 400 nm for PVP, DEG and PEG 600, with PWHM of 50 to 70 nm and about 280 nm



for the Glycose. The wavelength of the plasmon absorption maximum in a given solvent can be

used to indicate particle size.
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Figure 5.15 UV-VIS absorption spectrum of colloidal Ag, using different precursor.

The produced silver nanoparticles were examined using transmission electron
microscopy (TEM). A sample of silver nanoparticles from a freshly synthesized sol was prepared

by drying a small drop on a carbon-coated 200-mesh copper grid.



Table 4.1 Particle size and spectral features of silver nanoparticles

Particle size (nm) | Amax (nm) PWHM
DEG 5-12 408 68
PEG(600) | 8-12 405.5 47.5
Glycose 5 278 13
PVP 5-10 432 43

The TEM images of one region of the samples is shown in Figure 5.16. These images
show that the silver nanoparticles are spherical with sizes of 5 to 12 nm. In general, as the
particles become larger the absorption maximum shifts to longer wavelengths and the peaks
broaden. The peak width at half the absorption maximum (PWHM), silver nanoparticle size,

and plasmon maxima, are listed in table 4.1

Figure 5.16 TEM images of Ag nanoparticles synthesized by polyol method using silver nitrate with: (a)

Di-ethylene glycol, (b) Ethanol + PVP, (c) Glucose, (d) poly-ethylene glycol (600)



5. Characterization of Cu,O nanostructures

The transmission electron micrographs (TEM) display the pictorial view of size, shape and the

surface morphology of the nanoparticles.

Figure 5.17 TEM image of Cu20 nanoparticles, synthesized by polyol method

The TEM image of the obtained Cu,O shows well dispersed roughly spherical particles,
the mean sizes of this particles are about 5 to 10 nm for the surfactants of DEG as shows in Fig.

5.17. The X - ray Diffraction (XRD) patterns of the samples are shown in Fig. 5.18.

Figure 5.18 XRD pattern of: (a)- ZnO NRs thin film, (b)- Cu&Cu,0 nanoparticles deposited on glass
substrate after precipitation.



The diffraction peaks correspond to the reflection of both cubic phase of Cu,O and Cu
metal. The positions of the peaks are in good agreement with literature values. Moreover, The
peaks at 26 values of 29.5°, 36.4°, 42.3°, 61.6°, 73.8° and 77.6°, within experimental error,
correspond to (110), (111), (200), (220), (311), (222) lattice planes of standard crystalline Cu,O
and Cu, respectively. In order to investigate the optical properties of Cu & Cu,O NPs in
comparison with bulk crystalline films, the absorbance was measured as a function of

wavelength in the range of 200-600 nm as shown in Fig. 5.19.
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Figure 5.19 Absorption spectra of Cu20 & Cu disperssed in DEG.

It can be seen from this figure that intensive absorptions are present in the visible range
of about 400 to 550 nm. The UV-Vis absorption spectra showed that the absorption peaks of
analysed Cu,O particles are at 470 nm relative blue-shift to the band gap of bulk Cu,0 (~ 2
eV). The peaks positions can be related with the mean diameter of particles, smaller diameter
meaning lower wavelength. The results showed the effect of quantum confinement (quantum
size effect, QSE). The QSE in direct-gap semiconductors nanocrystals is well understood; such a
shift of the optical absorption edge to higher energies with decreasing size, can explain the UV-
Vis blue-shift effect. At first, the precursor solution was green in color, a typical feature of
copper acetate, afterwards, two peaks appeared at 470 nm, corresponding to the formation of
the yellow Cu,0O and at 570 nm belong to some intermediate states corresponding to a

mixture of Cu metal and Cu,O.

6. Characterization of heterostructures
ZnO photoactive requires ultraviolet radiation (UV light source energy exceeding the
band gap of ZnO which is 3.2 eV). Therefore, only 3-4% of the solar spectrum that reaches
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Earth can be utilized. Effective utilization of visible light for Photoelectrochemical
operations would suggest that a larger fraction of energy from the sun could be used.
Hence, much research attention has been toward the development of renewable energy
that are activated by the absorption of visible light. Sensitizer like PbS, CdS, CuO-Cu,0O and
noble metal such as silver with certain modifications of the reaction medium shows a significant
photoactivity under the visible spectrum of light [18]. Hence further researches were
carried out to modify the ZnO photosensitivity by extending their photoactive response
under the visible spectrum of light. Recently several methods used by researchers to
improve the charge separation for extending the photoactive response to the visible light is by
coupling a narrow band gap semiconductor with a higher bandgap material [19]. By this
approach, charge injection from the narrowband gap semiconductor to the conduction
band of higher bandgap material occurs. This can lead to efficient and longer charge
separation by minimizing the electron-hole recombination. The noble metal functions as a
sink for photo generated electrons and maximises the efficiency of photoelectrochemecal

reactions.

6.1. Characterization of ZnO/CuO film

The ZnO NRs/CuO composite were fabricated by a simple hydrothermal method. The CuO
nanoparticles were grown on the ZnO NR substrates by immersing them in a closed autoclave
containing 0.05 mol/I ZnCl,, 0.1 mM CuCl, and a proper quantity of ammonia (25 wt%). The pH
value of the solution was adjusted by ammonia addition and kept at 10. The solution was slowly
heated up to 95 °C, then the temperature was kept constant for 8 h. Subsequently, the as-
prepared substrates were washed repeatedly with ultra pure water and dried at 100 °C for 1 h
to remove any residual reactants. Finally, the substrates were annealed at 300 °C for 1 h to

obtain a uniform dark-brown layer (Fig. 5.20) [20].
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Figure 5.20 Optical photograph images showing CuO, and nanohybrid ZnO/CuO structures grown by the
hydrothermal method.

The ZnO NRs and ZnO/CuO bilayer films before and after annaeling at T = 300 °C were
characterized by XRD analysis to assess the crystallinity of the films. In general, the XRD analysis
reveals information about the crystallographic structure of the thin films. Figure 5.20 shows
the XRD pattern of the ZnO NRs film which is in good agreement with the diffraction
pattern of the standard wurtzite structured ZnO (zincite syn, JCPDS file no. 36-1451). This
shows that the ZnO NRs film has wurtzite structure and the sharp diffraction peaks suggests

that the ZnO NRs film has good crystallinity.

Figure 5.21 XRD spectra of pure ZnONRs and CuO/ ZnONRs heterostructure before and after anneling at
300 °C



In the case of ZnO NRs/CuO film, XRD studies showed that before and after the CuO
capping, the wurtzite structure of ZnO did not change. No other composite phase was found,
probably, because of very low amount of CuCl, precursor.

The addition of CuO to the pure ZnO nanorods film changes its region of absorbance from
the UV to the visible (at about 530 nm) for the ZnO NRs/CuO film. Figure 5.22 shows that the
ZnO film has an absorption edge at 370 nm, this absorbance corresponds to a bandgap
of 3.3 eV. This value is in good agreement with which was formerly reported for wurtzite
structured transparent ZnO film. Absorption spectra of the CuO/ZnO NRs films shows UV
absorption of ZnO NRs and absorption edge at 530 nm it corresponds to a bandgap of 2.2
eV, which is in good accordance with literature that reports 2.2 eV as the band gap of CuO

films.

ZnO/CuO before annealing at 300°C
ZnO/CuO after annealing at 300°C

Pure ZnO NRs

Abs%

400 500 600 700 800
Wave length (nm)

Figure 5.22 Absoption spectrum of pure ZnO NRs and CuO/ZnONRs before and after annealing at 300 °C

The annealing process at 300 °C for 1 h reduces this absorbance (Fig. 4.24). At this
temperature we observe considerable degradation of the absorbance in the UV region which
may be explained by a possible inter-diffusion between ZnO and CuO. The decoration of ZNRs

with CuO nanoparticles is observed clearly in Fig. 5.23.
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Figure 5.23 Top-view of (a) SEM image of ZnO-CuO film grown on ITO substrate.
(b) AFM images of composite ZnO—-CuO film grown on ITO substrates,

affected by tip astigmatism due to the columnar shape of the rods.

The SEM columnar image indicates that the composite film is assembled by many grain-like

structures made on nanorods. The size of the grains can reach 20 nm.
The CuO coated ZnO nanorods present interesting and different optical properties before

and after annealing at 300 °C as shown in Fig. 5.24 and Fig. 5.25.

—— CuQ coated

Figure5.24 The room-temperature CL spectra of the pure ZnO NRs (red) and after CuO coating (blue)

When excited with electron beam, both of the near-band-edge emission and the defect

emission are quenched after CuO capping of the pristine ZnO nanorods, as shown in the Fig.



5.23. The band-edge emission of CuO coated ZnO centered around 3.2 eV disappears
completely indicating either a strong interaction between CuO precursor by-products and ZnO
or a high coverage of ZnO surface with these by-products.

After annealing at 300 °C for 1h, the composite CuO-ZnO presents a different CL behavior,
where the defect related emission completely disappears, while the excitonic emission

reappears, as shown in Fig. 5.25.
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Figure 5.25 The room-temperature CL spectra of the composite CuO-ZnO NRs at room temperature and

after annealing

Figure 5.25 shows the room temperature Raman spectra of the CuO/ZnO NRs
heterostructures. As we know, the Raman spectra of the pure ZnO nanorods arrays exhibited
four peaks at 202, 330, 436 and 574 cm™. Among these peaks, the three peaks at 436 and 576
cm™ are assigned to E; High and A; Low modes, respectively, while the peaks at 202, 330 and
574 cm™ emerged due to the multiphonon processes. The three peaks were assigned to 2E2L,
[E2L - E2H] and [E2L + B1H] modes, respectively. Compared to pure ZnO nanorods, the Raman
spectrum of the CuO/ZnONRs heterostructure shows two additional peaks at 286 and 627 cm™.
These two peaks correspond to the Alg and B2g modes of crystalline CuO due to the vibrations
of the oxygen atoms. However, compared to the literature [21], a red shift of the Raman peaks
is observed. This may be due to the introduction of the stress during the growth process of the
composite nanostructures. The coexistence of the CuO and ZnO Raman modes in the Raman
spectra further confirms that the structure is a composite nanostructure, consistent with the
XRD and TEM results.
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Figure 5.26 Raman spectra of ZnO nanorods coated CuO

The ZnO/CuO/Ag film were obtained by adding a simple Ag film using spin-coating of Ag

colloidal solution prepared with ethanol and PVP precursors on as-prepared CuO/ZnO film.
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Figure 5.27 Absorption spectra of ZnO nanorods and ZnONRs/CuO/Ag film.

This film is highly absorbing in visible region between 400 to 500 nm as shown in Figure
5.27, due to the surface plasmon resonance of the Ag nanoparticles. The band at about 370

nm has been associated with the absorption of ZnO NRs.
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6.2. Characterization of ZnO/Cu,0 film

The surface morphology of this film was determined by scanning electron microscopy
(SEM). Fig 5.28 shows the SEM image of the ZnO NRs/Cu,0 composite. The growth of the film

of Cu,0 was observed to be a globe-like structure overgrown on the nanorods of ZnO.

Map data 4
MAG: 2758 x HV: 20.0 kW WD:12.3 mm

Figure 5.28 SEM image of ZnO NRs/Cu,O composite film.

To check the chemical composition of the as-grown ZnO NRs/Cu,0 composite film, an
energy dispersive X-ray (EDX) microanalysis was performed on the film. Fig. 5.29 shows a
typical EDX spectrum of ZnO NRs/Cu,0 grown on seeded-ITO substrate. Three main peaks have
been clearly observed from the spectrum, which are related to zinc, oxygen and Cu. The
analysis confirms the presence of Zn, O and Cu in the composite film with Zn = 60%, O = 11.5%

and Cu = 1.24% as investigated above.
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Figure 5.29 EDX spectrum of ZnO NRs/Cu,0 composite, indicating the presence of Zn, O and Cu.

The oxidation of Cu NPs [22] is interesting to study because Cu possesses multiple
oxidation states and usually forms the stable oxides for example Cu,0O. Solid NPs were obtained
after altering the oxidation process. To induce further oxidation, Cu&Cu,0 NPs were deposited
on aZnO NRs and annealed at 200 °C.

The lattice dynamics of a crystal are reflected in its phonon dispersion relation. To
further investigate the optical properties of ZnO NRs/Cu,0 composite, Raman spectroscopy was
carried out and the spectra was shown in Fig 5.30. The ZnO zone-center optical mode
frequencies lie between 100 cm™ (12.5 meV) and 600 cm™ (75 meV). Obviously, in the highest
frequency range (550 cm™ to 600 cm™), a group of 3 modes occurs. These are the closely
spaced E1(LO), A1(LO), and B1(high). Similarly, the triple group E2(high), E1(TO), and A1(TO)
appear between 370 cm™ and 440 cm™. The peaks at about 218, and 621 cm™ are attributed
to the Ag, Bg (1), and Bg (2) modes of Cu,0 due to the vibrations of oxygen atoms [23]. Finally,
the single eigen frequencies 100 cm™ and 250 cm™ belong to the E2(low) and the B1(low)

mode, respectively [24].



Figure 5.30 Raman spectrum of ZnO NRs/Cu,O with a green (532 nm) laser as excitation source.

6.3. Characterization of ZnO/PbS core shell nanorods

During the initial stage, the bare ZnO NRs arrays were grown vertically on the ITO glass

substrate with a hydrothermal growth process, their diameters are about 70-100 nm, as

shown in Fig. 5.31.

Figure 5.31 Top view SEM image of ZnO NRs arrays synthesized by the classical hydrothermal

method.



Morphological changes are shown in Fig. 5.32 with different magnification after secondary

growth process of PbS on ZnO NRs using ion exchange process.

Figure 5.32 (a) SEM image of ZnO NRs with a diameter of about 70-100 nm after PbS coating.
(b) The inset shows the magnified SEM image of the NRs.

It seems from Fig 5.32 (b) that PbS nanoparticles are deposited on the top and lateral
of the ZnO NWs. In order to confirm the chemical composition of the obtained products, we

have employed the EDX and XRD spectroscopy to analyze the synthesized film.
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Figure 5.33 EDX (left) and XRD (right) spectrum of ZnO/PbS core shell nanorods.

The EDX results shown in Fig. 5.33 (left), indicate that the obtained ZnO/PbS CS NRs are
mainly composed of Zn with 54.2%, O with 17.5%, Pb with 22% and S with 6.17% elements.
The crystal structure of the prepared PbS sensitized ZnO NRs was confirmed by X-ray

diffraction. It can be observed from Fig. 5.33 (right) that a typical wurtzite structure for ZnO was



formed. In comparison with standard powder diffraction pattern (PDF#65-3411), the very
strong (0 0 2) peak reveals that c-axis is the fastest growth direction and the film presents rod
structure, which agrees well with the SEM results. A small signal centered at 25.8° and a strong
one at 31.2° corresponding to 111 and 200 reflections, are observed. The pattern was
compared to the galena diffraction pattern (JCPDS File No.5-0592) which revealed that the PbS
nanoparticles with cubic phase was formed in our structure. It has been reported that the PbS
are typically in the cubic phase when prepared at about 450 C [25], but in this work, we
fabricated the cubic phase PbS at room temperature [26, 27]. TEM technique has become an
important characterization technique due to its high lateral spatial resolution and its capability
to provide both image and diffraction information from a single sample. Therefore, TEM and
high resolution transmission electron microscope (HRTEM) were used to further analyze the

structure of the as grown ZnO/PbS CS.
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Figure 5.34 TEM characterization of ZnO/PbS core shell structure nanorods prepared by exchange ion
process. (a) Bright field TEM image. (b) The high angle annular dark field HAADF-STEM image. (c) The
line profile taken along the rectangle in red from (a). (d) The HRTEM image of ZnO nanorod core and PbS
shell. (e) The Fourier Transform (FT) of selected-area of the core shell structured nanorods. (f) Map of the
intensity obtained with the spatial frequencies circled in the FT with the same color.

By taking a conventional bright field TEM image of ZnO/PbS NRs CS as reported in Fig.
5.34 (a), one can obsererve that the dimensions and the appearance are very typical, with low
aspect ratio. The image suggests that the rods are completely covered by a “shell” of a different
material. The image from Fig. 5.34 (b) contains exactly the same rods but is taken with HAADF-
STEM technique. This image shows that the rods are extremely rough. The line profile as shown

in Fig. 5.34 (c), taken along the rectangle in red allows estimating the rod diameter and the shell



thickness, that are respectively around 75 and 12 nm. The inspection of the rod crystal
structure by means of High resolution TEM analysis shows that the ZnO is single crystal while
the shell layer is composed by PbS nanoparticles. In the HRTEM image of Fig. 5.34 (d), the red
dashed line approximately indicates the separation line between the PbS shell and the ZnO rod.
The Fourier Transform (FT), reproduces all the spatial frequencies, corresponding to the direct
lattice periodicities present in the HRTEM image as shown in Fig. 5.34 (e). This technique
allows identifying the ZnO NR as single crystal in the 01-11 projection. The presence of many
reflections along a ring of radius 0.29 nm, corresponding to the most intense 200 reflection of
PbS, tells us that the shell is composed by quantum dots randomly oriented. An average
particle size of 4-5 nm can be estimated. In the frame of the Digital Micrograph software, it is
possible, by selecting one reflection at a time in the FT and making the inverse FT procedure, to
localize the particles that contributed to that reflection. By summing up the different images,
the original HRTEM image can be reconstructed in false colors. An example of such
reconstruction is shown in Fig.5.34 (f), where three regions that correspond to the reflections
chosen in the FT are identified. The circle that selects the reflection in the FT has the same color

of the identified region in the reconstruction.

Figure 5.35 Elemental mapping images of Zn, S, Pb, and ZnO/PbS CS NR.

The distribution of the atomic species has been performed by the x-ray microanalysis, in
the energy dispersion mode, by the x-ray mapping as shown in the Fig. 5.35. It is apparent that
the S and Pb signals come from a larger region than the Zn signal. This is clear from the image
where all the signals are superimposed. Further information about the surface defects of the
ZnO NWs and ZnO/PbS CS NRs structure was obtained from the CL analysis as demonstrated
in Fig. 5.36.
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Figure 5.36 The CL spectra of: (a) Bare ZnO NRs and (b) ZnO/PbS CS NRs structure.

The ZnO NRs exhibit near band edge (NBE) UV emission at around 380 nm and a very
low visible emission band in the green—yellow region as shown in Fig. 5.36 (a) indicating that
our as-grown NWs have very good crystalline quality. This result is a in good agreement with
the XRD investigation. The UV band edge emission and green emission of ZnO nanocrystals
have been reported by various researchers [28], and the color of emissions corresponds to
various intrinsic or extrinsic ZnO defects and varies from one synthesis process to another. The
observed NBE emission is due to free excitonic recombination, while green emission arises from
the oxygen vacancy (Vo) states present on the surface [29]. The growth of a small PbS shell
around these nanorodes greatly influence their emission properties. Compared with the bare
ZnO NRs, the surface modification with PbS shell leads to the quenching of the UV emission
with a very low visible emission intensity around 2.1 eV. In comparison with conventional ZnO
bulk structures, the nanorods can provide much more effective surface area for adsorption.
Here, the surface adsorption property of ZnO NRs [30] could be modified by the diffusion of
sulfide (S?) ions. This process might lead to adsorption of S, particularly at special sites like
edges and kinks or the oxygen ions may desorb. In all these processes, characteristic activation
energies have to be overcome using temperature in the order of 50 C. According to the
experimental results described above, we propose that the possible formation mechanism of
ZnO/PDbS core shell nanorods rely on the ion exchange method. At the beginning of sulfidation
reaction of ZnO nanorods in Na,$ solution, $* released from the decomposition of Na,S reacts

with the Zn*" which slowly dissolved from the surface of ZnO nanorods [31] to produce ZnS



nanoparticles around the ZnO rods, because the solubility product constant (Ksp) of ZnO
(6.8x10™") [32] is much larger than those of ZnS (3x10%°) and PbS (10®). This implies that the
arrays of ZnO nanorods can be used as sacrificial templates to synthesize more stable ZnS by
anion exchange and further convert into PbS by cation exchange. In the second step, the
Zn0O/ZnS nanorods followed with partial conversion of ZnS to PbS through ion replacement of
Zn** by Pb®* in the ZnS shell.

The optical properties of nanocrystallites depend on their size and shape. Fig.5.37 shows the

absorption spectra of ZnO NRs and ZnO/PbS NRs CS.
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Figure 5.37 The absorption spectra of ZnO nanorods s and ZnO/PbS nanorods core shell.

In this figure ZnO NRs absorb in the UV range at about 370 nm. The absorption
wavelength for the ZnO/PbS CS NRs system was significantly red shifted from the one of ZnO
NRs due to the addition of the PbS shell. The absence of a clear absorption peak in the
spectrum can be due to the broad distribution of PbS QD sizes and strong scattering of the
incident light by the non-uniform surface of the nanocrystal film. The absorption for the visible
region is also increased a lot, ascribing to the narrow bandgap of PbS QDs [33]. This structure

provides a material with good optical properties of the PbS QDs in the visible range.
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Figure 5.38 Room-temperature Raman spectra of ZnO/PbS core shell nanowire arrays.

Raman spectroscopy can provide valuable structural information of semiconductor
nanostructures [34]. From the Raman spectroscopy results shown in Fig. 5.38, it can be clearly
observed that there are three peaks located at 140 cm™, 437 cm™, and 581 cm™. The sharp,
strong and dominant peak centered at 437 cm™ is the nonpolar optical phonon E2(high) mode
of ZnO, which is a typical Raman active branch of wurtzite ZnO, and 581 cm™ correspond to the
ZnO multiplephonon (MP) scattering process and E1 [longitudinal-optical (LO)] mode [35-36].
The sharp strong peak located at 140 cm™ originates from the combination of longitudinal and

transverse acoustic [LA(L)+TA(L)] modes of PbS [37].

6.4. Characterization of ZnO/CdS nanorods core shell

The ZnO surface can be considered as a catalyst for cadmium sulfide nucleation
(heterogeneous nucleation). This is energetically preferred to the homogeneous one and can
occur near equilibrium saturation conditions while homogeneous nucleation requires a
supersaturated solution, and growth can occur close to the saturation concentration. In the
case of heterogeneous nucleation, subcritical nuclei or even individual ions can adsorb onto the
substrate because of both vander Waals and electrostatic interactions. It is known that CdS
nucleation/growth mainly takes place through two different mechanisms: ion-by-ion (exchange
ion) and hydroxide cluster. In the ion-by-ion mechanism, controlling the dissociation rate of
sulfur precursors is crucial to promote heterogeneous nucleation instead of the homogeneous

one. A rapid release of $* ions would invariably lead to CdS bulk precipitation (Kps = 10%).



Figure 5.39 Top view of (a) bare ZnO nanorods, (b) after growth of conformal layer of nanocrystalline
CdS. (c) ahigh magnification image of a ZnO nanorods coated with CdS nanoparticles

As described above, the ZnO/CdS core/shell nanorod arrays were fabricated by a facile
two-step synthesis consisting of electrochemical growth of ZnO nanorod arrays followed by ion
exchange method for depositing CdS nanocrystal shell layer. The morphology of the deposits
was imaged by SEM. Figure 5.39 shows a SEM micrograph of ZnO nanorod arrays
electrochemically grown onto an FTO substrate. The majority of the nanorods are vertically
oriented to the substrate plane, and almost all of them show hexagonal faceted and smooth
surfaces. The mean nanorod diameter was in the range 100-120 nm. The single crystallinity of
the ZnO nanorods is evident from their faceted crystal habit and from XRD results (see below).
Figure 5.39 (b-c) shows similar ZnO nanorod arrays after the CdS layer has been grown by the
ion exchange technique. The ZnO nanorods in panel (b) do not retained their hexagonal
geometry, but the roughened texture of the nanoscale CdS coating on these nanorods is also
clearly visible. Moreover, the enlarged SEM image presented in figure 5.39 (c) revealed again,
but in detail, that the surface of the nanorods became rough and grainy compared to the very
smooth surface without the deposition of CdS (Fig. 5.39 (a)), and the diameters of the nanorod
tips increased. So, these results suggest, that CdS nanocrystals could be successfully deposited
onto the surface of the ZnO nanorods along their entire length, i.e. in a conformal way, to
eventually form a ZnO/CdS core-shell structure. More structural details and the chemical
composition of the ZnO/CdS nanorods were further examined by XRD and EDX, respectively as

shown in Fig. 5.40.
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Figure 5.40 (a) XRD pattern and of ZnO/CdS core shell nanorods .

Figure 5.40 (a) shows a typical glancing-angle x-ray diffraction (GAXRD) pattern of a
ZnO/CdS core/shell nanorod array sample. The x-ray diffraction peaks can be indexed to the
hexagonal wurtzite ZnO structure (JCPDS file no. 05-0664 [38]) and cubic CdS structure (JCPDS
file no. 01-089-0440 [39]). It can be appreciated that the obtained ZnO/CdS nanorod arrays
share the structural characters of both ZnO and CdS because no other diffraction peaks were
detected. Seven diffraction peaks corresponding to the (100), (002), (101), (102) and (103)
planes of the ZnO hexagonal wurtzite structure, can be clearly identified in figure 5.40 (a). The
large (0002) ZnO peak height again confirms that ZnO nanorods are highly crystalline with a
hexagonal structure. On the other hand, only one diffraction peak, corresponding to the (002)
plane of the cubic CdS phase, can be appreciated. This peak is small, suggesting that the
thickness of the deposited CdS crystallites on the surface of the ZnO nanorods is very small. The
EDX spectroscopy result shown in Fig. 5.40 (b) indicates that the obtained ZnO/CdS CS NRs are
mainly composed of 73.8 % Zn, 23.3% O, 1.8% Cd and 1.1% S.

For more evaluation of ZnO/CdS core shell nanorods, optical properties, UV-vis, CL and Raman
spectroscopy was used. As observed from Fig. 5.41 (b), the ZnO nanorods have a broad
absorption in the UV region at 300-400 nm. The absorption intensity of the ZnO/CdS core—shell
nanorod array increases after CdS nanoparticle deposition and its absorption is red-shifted to
the range of 450-500 nm in the visible region. In order to determine the nature of transition
and band gap of core-shell material, we have used the catodoluminescence (CL) spectroscopy

and the results are given in the Fig. 5.41 (a).
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Figure 5.41 (a) CL of ZnO/CdS and (b) absorption spectra of bare ZnO and ZnO/CdS core shell

nanorods

The CL spectra of ZnO/CdS nanorods core shell composite (Fig. 4.43 (a)) shows a common
behavior with a UV peak centered at 380 nm (3.26 eV) caused by interband transition and a
wide emission band, which covers almost the visible range, centered at 571 nm, corresponding
to the green region. This strong and broad green emission peaked around 571 nm ( 2.1 eV) and
a shoulder peak centered at 600 nm (600 nm), can be attributed to the defect states related
emission band and the near band emission of CdS, respectively. These results could indicate
that luminescence properties of the semiconductors are very sensitive to their structures and
strongly dependent on the surface state and structural defects. According to the structural
characteristics of the ZnO/CdS composites, the emission band shift in the CL spectrum could be

attributed to the interaction between the two semiconductors of ZnO and CdS.

Figure 5.42 Raman spectrum of ZnO/CdS core shell nanorods deposited on ITO substrate.



The Raman spectrum of ZnO/CdS core shell nanorods deposited on ITO substrate was
investigated as shown in figure 5.42 where the peak at 301 cm" corresponds to 1LO of CdS
[40] and that at 438 cm™ corresponds to E2 (LO) mode of ZnO [41].

7. Photoelectrochemical Cells

Next we assessed the photovoltaic performance of the ZnO/CdS, ZnO/PbS, ZnO/Cu,0-
CuO, core/shell nanorod arrays in a PEC system. In a PEC system, an appropriate redox couple
in the electrolyte solution is used as the electron or hole acceptor in place of a metal or
semiconductor contact [42, 43]. There are several advantages to use a liquid rather than a solid
electrical contact to form a junction with the semiconductor when studying its photovoltaic
behavior and to determine its optoelectronic parameters [42]. Among these advantages are the
following: the ease by which the contact can be made and removed, and the complete contact
made by the liquid, also making it suitable for rough and (as in the present case)
nanostructured surfaces [42]. The PEC performance of ZnO/CdS, ZnO/PbS, ZnO/Cu,0-CuO
core/shell nanorod arrays was evaluated by recording the current as a function of applied
potential in dark conditions and under simulated solar illumination in a 0.5 M K,SO, aqueous
solution in a typical three-electrode electrochemical cell, in which  ZnO/CdS, ZnO/PbS,
Zn0O/Cu,0-CuO core/shell nanorod arrays, Pt foil and SCE were used as the working electrode,

counter electrode and reference electrode, respectively.
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Figure 5.43 Current-voltage ( I-V) characteristics of ZnO/CdS and ZnO/PbS core/shell nanorod array
samples measured in a 0.5 M K,SO,4 aqueous solution, in dark conditions and under simulated solar light

illumination. Scan rate is 50 mV s™, Xenon light source power about 100 mW cm™.
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Figure 5.44 Current-voltage ( I-V) (cyclic voltametric) characteristics of ZnO/CuO and ZnO/Cu20
measured in a 0.5 M K,SO, aqueous solution, in dark conditions and under simulated solar light
illumination. Scan rate is 50 mV s™, Xenon light power source about 100 mW cm™.

Since the band gap of PbS, CdS, Cu,0 and CuO is relatively low (= 0.41 eV [43], 2.2 eV
[44], 2eV [45] and 1.5 eV [46], respectivly) , it is essential to study photoelectrochemical
properties of PbS, CdS, Cu,0 and CuO by coupling to a wide band gap semiconductor material
(i.e. ZnO nanorods). ZnO is a wide band gap semiconductor material and absorb only a very
small fraction of the visible light, therefore, the electrodes made from this material alone show
a negligible photocurrent under visible light. The ZnO nanorods electrode consisted of
nanosized crystallites which provided a high surface area to facilitate attachment of PbS, CdS,
Cu20 and CuO nanoparticles and absorb visible light. The band gap of the sensitizer (PbS, CdS
Cu0 and CuO nanoparticles) increases due to size quantization effect. The repositioning of
the conduction band of PbS, CdS, Cu,0 and CuO negative to that of ZnO is a direct result of
quantum confinement. Under these conditions the charge injection takes place from the
conduction band of sensitizer (PbS, CdS, Cu,0 and CuO) into that of ZnO nanorods. Once the
photogenerated charges are injected, they transport through the metal oxide electrode and are
subsequently collected at the FTO substrate.

The photocurrent of the electrode as measured under AM1.5 simulated light is: 4 mA,
0.17 mA, 0.1 mA and 0.2 mA for ZnO/PbS, ZnO/CdS, ZnO/CuO and ZnO/Cu,O respectively
which indicates that charge generation in the high band gap metal oxide phase under visible
light is very low and significantly higher photocurrent density under the same illumination,
suggesting the enhanced light absorption and charge injection after surface attachment of
qguantum dots on metal oxide surface.

In these kinds of heterojunctions, an n-type ZnO layer acts both as a host that chemically

binds to the p-type Cu,0 which could help in efficient electron— hole separation. The number of
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sensitizer nanoparticles loaded onto the n-type ZnO layer increases the sensitivity in the visible
region. The prepared heterojunctions show improved photocurrent with respect to the

litterateur results.

Conclusion

Zinc oxide nanorods have been synthesized by a simple chemical route using hexamine as a
shape inducing reagent. CdS, PbS, CuO and Cu,O nanoparticles were prepared using polyol
method. The fabricated structures show a strong absorption in the UV-visible region and
further analysis on the optical properties of the synthesized nanostructure confirms that it can

be used as optoelectronic and nano-photonic devices.
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General Conclusion

The materials investigated here in this thesis are CdS, PbS, CuO-Cu,0 and ZnO, which are
the earth-abundant materials. A variety of ZnO nanorods and nanoparticles of CdS, PbS, CuO-
Cu20 nanostructures were prepared by a simple and low cost hydrothermal and polyol method.
The structural, morphological, optical and photoelectronchemical properties of the as
deposited nanostructures were investigated in detail. The effect of different hydrothermal
conditions, especially the pH of the growth solution, growth temperature, growth time, and the
precursor concentration, on the morphology and structural properties of ZnO nanorods were
studied. The optimization of the growth conditions, realizing the size controllable growth and
revealing the growth mechanism, has been presented for ZnO nanorods. This method preserves
some main advantages that it is low temperature and does not require any harsh fabrication
process on the target substrates which enable the use of nonconventional substrates such as
plastic, polymer, fabric and paper. Low cost production is the main advantage for any product
to compete in the market and ZnO nanorods being solution processable provides much
potential to become the choice for cheap devices. In addition, devices with ZnO nanorods like
heterostructure of ZnO nanorods/CdS, PbS, CuO-Cu,0O exhibit better performance due to a
better interfacial contact, having fewer defects and improved absorption feature. Therefore,
we have studied ZnO nanorods-based heterojuction photoelectrochemical property in this
work. Based on the experimental results and discussions elaborated in the chapter 4, a few

conclusions can be drawn for this thesis work:

U Large scale of ZnO nanorods, nanoparticles of CdS, PbS Cu,O and CuO have been
successfully synthesized using hydrothermal and polyol method and using innovative
combination between the chemical route (hydrothermal) and exchange ions to prepare

core shell p-n heterostructure.

U The effect of pre-annealing condition of ZnO seed layer on the growth of ZnO nanorods
arrays was systematically studied. It shows that seed layer could lead to more uniform
and well-aligned ZnO nanorods. In addition, increasing of annealing time and thickness

of the seed layer leads to the increase of the ZnO nanorods diameter.
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U The grown ZnO nanorods arrays were relatively well aligned with a preferential growth
direction along [0002]. Dramatic change in the ZnO nanorods structure could occur by
heating the obtained ZNRs (with one step preparation) at 350 °C (10 min). Adding seed
NPs and subsequently applying hydrothermal growth with a DAP aqueous solution lead
to the formation of core-shell and flower-like ZnO Instead of classical nanorods.
Therefore, heating followed by a second seed step and hydrothermal process can lead

to more complex ZNR structuring.

U ZnO with a band gap ~ 3.3 eV at room temperature has higher absorption efficiency at
wavelength ~200nm- 380nm. Compared to ZnO, CdS, PbS and Cu,0-CuO which have a
much smaller band gap around 2.4 eV, 0.4 eV, 2-1.2 eV respectively, with a much higher
absorption efficiency at wavelength ~ 300 nm- 600 nm. Thus, ZnO/Cu,0-Cu0O, ZnO/CdS
and ZnO/Pbs core-shell nanorods arrays exhibit much better absorption efficiency in

visible region compared to pure ZnO nanorods arrays.

U The photovoltaic performance of ZnO/CdS, ZnO/PbS ZnO/Cu,0-CuO core-shell nanorod
arrays was evaluated in a PEC solar cell configuration with a K;SO, electrolyte under
simulated solar light. A 40-fold enhancement in photoactivity is observed using ZnO/PbS

core/shell nanorods architectures compared to other samples.

This structure is of great importance because it enables fabrication of optoelectronic and
nano-photonic devices with improved performance at very low cost. This design has also
potential for cheap photovoltaic devices but to achieve all these goals further research is
necessary. Efforts are still under way in our laboratory to use those nanostructured materials
for the above mentioned purposes including photoelectrochemical cells.

The results presented here not only provide a method for large area fabrication of ZnO
complex nanostructure and heterostructure with low cost and to implement in flexible devices
but also open a way to fabricate optimized nanostructures of other nanomaterials on

nonconventional substrates by the hydrothermal method.
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Résume

L’oxyde de zinc (ZnO) est un semi-conducteur a large gap direct (3,37 eV) qui possede de
nombreuses propriétés intéressantes (piézoélectrique, optique, catalytique, chimique...). Un
large champ d’applications fait de lui 'un des matériaux les plus étudiés de la derniere
décennie, notamment sous forme nanostructurée.

Cette thése est consacrée a I'élaboratio de cellules photoelectrochimique hétérostructuré
sensibilisées & nanoparticules, composées d’une couche dense de germes de ZnO recouverte de
nanobatonnets de ZnO sensibilisés par nanoparticules de PbS, CdS, Cu20 et CuO.

Les caractérisations structurales, morphologiques et optiques du ZnO nanobatonnets et
hétérostructures de ZnO/PbS, ZnO/CdS et ZnO/Cu,0-CuO ainsi élaboré ont été réalisées par
diffractométrie de rayons-X (DRX), microscopie électronique & balayage (MEB), microscopie
électronique en transmission (MET), spectroscopie Raman, spectroscopie UV et
catodoluminescence (CL).

La couche dense de germes de ZnO a été optimisée , afin qu’elle soit compacte, homogéne et
bien orientée. Les nanobatonnets sont synthétisés par voie hydrothermale. L’influence de
différents parametres de synthese sur la morphologie des nanobatonnets ont également été
testée. Deux méthodes permettant de modifier I’écart entre les nanobatonnets ont également
été mises au point. Les performances des cellules photoélectrochimique varient en fonction de
la longueur des nanobatonnets , du nanoparticules utilisé, de la nature et la concentration des
précurseurs......Enfin, nous avons réussi a obtenir un rendement dépassant 4mA pour ZnO/PbS
Score-shell.

Mots clés : ZnO, hydrothermale, nanoparticules, nanobatonet , photoelectrochimie.
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Abstract

Fabrication and characterization of a heterojunction structured by CdS, PbS, CuO-Cu20/ZnO
nanorods-array panels were presented. Firstly, ZnO nanorods-array panels were prepared by
using a hydrothermal approach where wurtzite ZnO nanorods with a diameter of about 100 nm
grew perpendicularly to glass substrate. Secondly, CdS, PbS, CuO-Cu20 nanoparticles were
deposited onto the surface of the ZnO nanorods-arrays by using exchange ions method, and the
CdS, PbS shell/Zn0O core heterojunction were thus obtained. Scanning electron microscopy and
transmission electron microscopy results indicate that the CdS, PbS, CuO-Cu20 nanoparticles
can be uniformly deposited on the ZnO nanorods arrays and the thickness of the shell can be
controlled through varying the number of the adsorption and reaction time. Optical property
indicate that the as-fabricated heterojunction structure not only exhibits a high absorption of
the incident light in visible region but also can show improved photocurrent with respect to the

litterateur results.

Key words: ZnO, nanorods, nanoparticles, hydrothermal, CdS, PbS, CuO, Cu20.



