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Introduction

Interest in nanoparticles and nanocomposites of hybrid organic/inorganic materials
has increased considerably over the last decade, an interest that has been fueled by
novel and exciting potential applications of these materials as electronic devices such as
organic light emitting diodes, solar cells and sensors. Group IV semiconductors as well
as compounds formed with group II-VI elements are among the most used inorganic
materials in this field, mainly because their physical properties can be significantly
altered at the nanoscale.

The focus of this thesis is on the realization and the study of size-dependent modifica-
tion of the electronic properties of two classes of semiconductors, germanium (Ge) and
cadmium sulfide (CdS). Germanium is an indirect semiconductor of particular interest
because it exhibits a more pronounced quantum confinement effect than silicon, and
offers efficient visible luminescence at the nanoscale. CdS is an extensively studied
direct band gap semiconductor compound. It is characterized by strong optical ab-
sorption in the visible range and n-type behavior. Nanometer-size particles of CdS are
excellent emitters in the visible range—they offer narrow emission, broad absorption
and high photostability. Both Ge and CdS have great potential in various applications
such as optoelectronic devices.

Extensive research has been devoted to the preparation of semiconductor nanoparti-
cles. Different approaches, compatible with silicon based technology, have been carried
out to achieve the growth of nanocrystals of high Ge content (density), with diameters
less than 10 nm. Concerning the synthesis of CdS nanoparticles, several consolidated
methods that generally involve complex control processes, long synthesis times, and
the use of hazardous solvents and reagents have been developed. The main aim of all

these synthesis methods is to obtain nanoparticles with a high degree of crystallinity,
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and controlled size (size distribution) and shape. On the other hand intensive effort has
been focused on the development of methods to prepare hybrid nanocomposites. Typ-
ically the polymerization of monomers and the preparation of inorganic nanoparticles
are carried out separately, with the two components being combined in a subsequent
step. However, alternative methods involving the simultaneous polymerization of the
organic monomer and reaction of the nanoparticle precursor(s) exist.

In this thesis an investigation of the physical properties of Ge nanocrystals prepared by
a consolidated method, so as to achieve nanostructures on silicon dioxide substrates,
is presented. Concerning the synthesis of CdS, a rapid and inexpensive method that
avoids the mixing of toxic reagents and solvents has been developed for the preparation
of colloidal nanoparticles and (CdS) nanoparticle/polymer nanocomposites. In partic-
ular the CdS based nanocomposites were realized by two main classes of synthesis: ex-
and in-situ. With respect to the former class, the nanocrystals were synthesized in a
solvent, then extracted and subsequently combined with a polymer. In the case of the
latter class, the nanocrystals were produced directly in the polymer matrix. In both
cases the nanoparticles were synthesized by adopting the method of the thermolysis of a
single source precursor. Beyond the synthesis, several characterization techniques have
been employed to study the chemico-physical, optical and structural properties of both
the Ge and CdS nanoparticles and nanocomposites. These include Scanning Tunnel
Microscopy (STM), X-ray Photoelectron Spectroscopy (XPS), Nuclear Magnetic Res-
onance (NMR), Fourier Transform-Infrared Spectroscopy (FT-IR), UV-Vis absorption
and photoluminescence (PL) spectroscopy, Atomic Force Microscopy (AFM), Trans-
mission Electron Microscopy (TEM), Wide Angle X-ray Scattering (WAXS) and Graz-
ing Incidence x-ray Diffraction (GID). The latter two synchrotron based techniques
were performed during the synthesis process.

This thesis may be divided into four main areas of study:

1. With the aim of investigating quantum size effects in Ge nanoparticles, high
density Ge nanoparticle samples have been realized via a method of high tem-
perature vacuum evaporation onto St0; substrates. By means of electrochemical
photocurrent measurements, (a) the ability of the Ge nanoparticles to generate

photocurrents in the near ultraviolet and visible spectral ranges and (b) the
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strong dependence of the photocurrent features on the Ge nanoparticle size are

demonstrated.

2. Concerning the II-VI compounds, CdS nanoparticles have been fabricated by
thermolysis of a Cd precursor in octadecene (ODE), an ex-situ method. Sam-
ple preparation under varying conditions—precursor concentration, temperature,
and annealing time and rate—was carried out. The dependence of nanoparticles
size (size distribution) and crystal structure on the annealing conditions has been
studied by means of optical and morphological measurements as well as by real
time scattering experiments. Some examples of dispersion of nanoparticles in

polymers are also presented.

3. In accordance with an in-situ method, CdS nanoparticle-based nanocomposites
have been prepared by thermolysis of a Cd precursor in different polymeric ma-
trices, firstly employing a dielectric polymer (e.g. Topas, Tp) and then later con-
ductive polymers like poly(N-vinylcarbazole) (PVK) and poly(3-hexylthiophene)
(P3HT). Success in the synthesis of CdS nanoparticles in the 2-5 nm (diameter)
range for all polymers employed is demonstrated. Particle size is enhanced by

increasing the annealing temperature.

4. Electrical properties of nanocomposites prepared via both methods (see above)
have been investigated by realizing simple stack devices, e.g. ITO-CdS/polymer-
LiF-Al (ITO = indium tin oxide substrate). Such devices were studied by per-
forming current-voltage, electroluminescence and photocurrent measurements. It
is deduced from different experiments that the synthesis method adopted can be
extended to several polymer producing nanocomposites with improved electro-

optical properties.
The thesis is organized as follows:

e Chapter 1 reviews the theory of solids at low dimensions, and summarizes the

key effect of reduced dimensionality on semiconductor properties.

e In Chapter 2 a description of the synthesis of germanium quantum dots on SiO,

substrate is given, followed by a presentation of quantum size effects observed
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by STM. Photo-electrochemical experiments that demonstrate the capability of

Ge dots to generate photocurrent are then described.

e The properties of CdS at the nanoscale as well as a discussion on the present and
possible future technological impact of such nanoparticles are presented in the
Chapter 3. An overview of state-of-the-art methods for synthesis CdS nanopar-
ticles is given followed by a report on the synthesis and characterization of CdS
nanoparticles prepared in octadecene by thermolysis of Cd bis-thiolate. Discus-
sion on the possible advantages and drawbacks of the proposed synthesis method

is made.

e Chapter 4 begins with a discussion on the importance of hybrid nanocomposites
in advanced technologies, after which a thermolytic route allowing the growth
of CdS nanoparticles in a polymer matrix is described. Studies of the growth of
CdS nanoparticles in Topas by synchrotron diffraction and optical experiments

are subsequently reported.

e The synthesis and the optical characterization of CdS nanoparticles in a con-
ductive polymeric foil of poly(N-vinylcarbazole) (PVK) are reported in Chapter
5. The results of electrical measurements made on single layer devices are dis-
cussed, comparing nanocomposites with CdS particles of different (average) size.
The electrical properties of in- and ex-situ prepared nanocomposites are also
compared—the ex-situ nanocomposites were prepared using commercially avail-
able, chemically stabilized CdS nanoparticles as well as nanoparticles obtained

by thermolysis in octadecene.

e In Chapter 6, synthesis by thermolysis of CdS in poly(3-hexylthiophene) (P3HT)
is described, and possible applications of the realized nanocomposites are pro-
posed. In particular, improvements in both the performance of hybrid organic
- inorganic solar cells and organic light emitting devices (OLED) are demon-

strated.

e The final paragraph concludes the thesis work.



Chapter 1

Survey of quantization effects in
low dimensional solids

Prior to the early 1990s the properties of solid crystalline materials were typically de-
fined without any specific reference to their size. However the nanometer size regime
has revealed interesting properties such as the tailoring of macroscopic properties
of materials via size and shape control. For this reason semiconductor materials at
nanometer size have been widely investigated. They led to many innovations in diverse
areas as non-traditional materials with unique properties crossing over the limitations
of existing materials and going beyond. The semiconductor nanoparticles are char-
acterized by tunable optical properties. For this reason they are exploited for many
applications from fluorescent tags to lasers, from OLED to solar cells, impacting dra-
matically the development of electronic and optical devices. Today, despite the fact
that well consolidated results in the synthesis and study of their physical properties
has been reached [1] [2], and there are commercially available products, the interest for
semiconductor nanoparticles is still wide and there is a continuing extensive research
on nanoparticles of group IV or II-VI for advancement in synthesic routes and techno-
logical applications. In the following sections we introduce some theoretical concepts
related to the physics of materials at nanometer size and we list some scaling laws

induced by the low dimensionality.
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1.1 Theoretical approach to quantum confinement
effect

The optical, electrical, and structural properties of solids are generally defined for bulk
state. In bulk materials electrons and holes are described as a superposition of plane
waves, extended throughout the solid. The band structure and the physical properties
of the solid can be calculated by means of complex theoretical models which can be
simplified considering two basic assumptions, the conservation of translational sym-
metry and the neglect of contribution from the surface by assuming an infinite solid
(periodic boundary conditions)[3].

In metals in a bulk state the energy levels are so close to each other that they are
considered as continuous. In semiconductors some energy levels are calculated quan-
tum mechanically as forbidden energy levels defining the so called band gap which is
different for each bulk material. The band gap is also defined as the energy required
to create an electron hole pair at rest with respect to the lattice and far enough apart
so their Coulomb attraction is negligible. If one of the carrier approaches to the other,
they may form a bound state, a Wannier exciton. A free exciton is a bound electron-
hole pair that has a binding energy of few meV. The pair acts as a single hydrogenic
particle and is free to move in a perfect crystal, in other words such excitations are
not spatially bound to a region smaller than the natural charge separation distance
(Exciton Bohr Radius ap). It is possible to calculate the energy of the excitonic bound
state using the Bohr’s hydrogen model that gives:

m* 1

Eep = %w(wﬁ)ev (1.1)

where m* is the reduced effective mass (1/m* = 1/my, +1/m. and m, and my, are the
electron and hole effective mass respectively), myg is the electron rest mass, ¢ is the
permittivity of free space and k is the dielectric constant.

In a solid the De Broglie wavelength of an electron and a hole A, A\; and the Bohr radius
of an exciton, apg can be considerably larger than the lattice constant aj. Therefore
it is possible to create a mesoscopic structure which is in one, two, or three dimen-
sions comparable to or even less than \., \,, ap but still larger than ay. In these

structures elementary excitations will experience quantum confinement resulting in a
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finite motion along the confinement axis and infinite motion in other directions. If the
motion of electrons, holes, and excitons is restricted in all three directions, we come
to a quasi-zero dimensional system, the so called quantum dot.

In nanocrystals, the assumptions of translational symmetry and infinity of the bulk are
not valid any more, therefore a new approach is needed. The confinement effects can
be understood by using the quantum mechanical model of the particle in a box in the
framework of the effective mass approximation (EMA), in other words, by considering
that the nanocrystals are a receptacles of electron and holes whose effective masses
are the same as in the ideal infinite solid of the same stoichiometry.

As found out by Brus et al. in 1984 [4], the minimum energy (energy gap, E,(nano)),
required for creating an exciton in a O-dimensional system mainly depends on three
important contributors. The first contributor is the bulk band gap energy (E,(bulk))
of the nanocrystal, the second is the energy for the confinement of carriers. This term
can be calculated starting from the Heisenberg’s uncertainty coupled with the energy

dependance on the square of the wavevector, obtaining the following expression:
E, = h’n®/8m* R? (1.2)

where h is the Plank constant (6.6 x 1072* Js) and R is the radius of the nanostructure.
Eq. 1.2 states the confinement energy for carriers in a quantum well and shows that the
levels are no longer continuous but rather discrete. The third contributor comes from
the Coulomb screening interaction potential that is proportional to 1/R. By combining
the three contributors the ground state solution of the stationary Shroedinger equation
becomes:

h? 1.8¢2

E,(nano) = E,(bulk) + S R (1.3)

Employing the Eq. 1.3 and considering that the Coulomb term affects the particles
size value by 10%, the confinement effect become the dominant in the size calculation
and it is possible to predict the widening and the blue shift of nanocrystals band gap
respect to its bulk phase.

Beyond the widening of the band gap and the discretization of the energy levels with
reducing size, materials at low dimension experience the transformation of the density

of states as function of energy. The density of electron and holes states can be expressed
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A Bulk Nanocrystal  Molecule

® LUMO
1€,

Exciton Bohr Radius

{Qdot)
- 4 4

Energy

HOMO

Figure 1.1: Size difference between QD and exciton Bohr radius (www.evidenttech.com)(left
side). Bulk and confined energy levels in nanocrystals compared to molecular orbital energy-

level diagram (right side).

in the general form

p(E) oc Y271 (1.4)

where d = 1,2, 3 is the dimensionality and the energy is measured from the bottom
of the conduction band for electros and from the top of the valence band for holes.
In the three dimensional system p(E) is a smooth square-root function of energy. In
the case of d=2 and d=1, a number of discrete subbands appear due to the quantum
confinement effect and the density of states follows the Eq. 1.4 within every subband.
For quasi-zero dimensional system the density of states is described by a set of § —
functions. As a consequence, from the density of state perspective nanocrystals lies

between the discrete atomic and the bulk continuous band limit (Figure 1.1).

Surface effects: free energy variation

The macroscopic properties of nanocrystals such as the inherent size dependence of
optical signals are also the result of free energy variation. Since the nanocrystals are
typically made up of ten to thousands of atoms, geometric considerations promote a
very high surface to volume ratio compared to the bulk version. The surface atoms
contribute proportionally to the total free energy so the nanocrystals exhibit signifi-

cantly differentiated thermodynamic properties respect to the bulk phase.
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Nanocrystals thus can have their free energy manipulated in a controlled manner by

changing the crystal size.

1.2 Scaling laws

The combination of low dimensionality and the contribution from the surface are
responsible for the existence of scaling laws [5]. Some of them are summarized as

follows.

o Size dependence of the melting temperature. The melting temperature in nanocrys-
tals is lower with respect to the bulk phase [6] [7], this happens because surface
energy is always lower in the liquid phase compared to the solid phase. Conse-
quently the surface atoms prefer to reach earlier the liquid state, where they can
minimize their energy. The decrease of the melting temperature is approximately

dependent on the inverse of nanocrystals radius.

o Size dependence of the structural phase transitions. When a pressure is progres-
sively applied to a crystal a structural phase transition can occur: the crystal
becomes more stable in a new, more compact phase. Real crystals have a certain
number of defects (point, linear and planar). It is documented that structural
phase transitions nucleate on one or more of these defects and then propagate
along the solid. Defects act as catalyst for the phase transition. This mechanism
contributes to significantly lower the pressure that must be applied in order to
induce the phase transition. Nanocrystals are usually so small that the proba-
bility of occurrence of defects is very low. Phase transitions occur via different

mechanisms and require higher pressures.

e Coulomb blockade effect. The energy required to add successive charges onto an
extended (bulk) crystal does not vary. In a nanocrystal the presence of one charge
acts to prevent the addition of another. Thus, in metals or semiconductors, the
current voltage curves of individual crystallites resemble an additive step function
like a staircase. This effect is called Coulomb blockade [8]. The Coulomb energy

scales as 1/R, being R the radius of the confined structure.
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o Superparamagnetism in nanomagnets. When the size of ferromagnetic materi-

als decreases below a certain threshold, there is an increasing chance that it
will be composed of a single ferromagnetic domain. Nanomagnets tend to be
then perfectly aligned along a magnetic field. Their magnetization curve has no
hysteresis, that is, there is no memory of the field when it is turned off. An
ensemble of nanomagnets behaves as a single, giant, paramagnetic atom and the
direction of magnetization is easily influenced by thermal fluctuations of the local

environment (superparamagnetism) [9].

Tunable absorption and emission behavior. The change of optical properties are
the most interesting effect of semiconductors at low dimensions particularly in
quantum dots. As result of quantum confinement effect the band gap of quan-
tum dots varies with size of the nanocrystals and is always larger than that of
its bulk state. The absorption spectrum of quantum dots can be considered as
overlapping peaks corresponding to a transition between different exciton energy
levels. The wavelength corresponding to the first exciton absorption in UV visible
spectrum of a quantum dots is called absorption onset and depends on the size
of the nanocrystals. Excited electron returns to ground state through radiative
recombination with the hole (fluorescence). Consequently tunable emission can
be obtained by varying the nanocrystals size. The peak emission is bell-shaped
(Gaussian) and occurs at a slightly longer wavelength than the lowest energy
exciton peak (the absorption onset). The energy separation between absorption
and emission is referred as the Stoke’s shift and originates from the loss of some
energy during the exciton lifetime.

Quantum dots are characterized by narrow emission profile which is generally
required for minimum overlap of emitted colors. This is one of the many advan-
tages of quantum dots over organic fluorophores. The bandwidth of the emission
spectra expressed as the Full Width at Half Maximum (FWHM) gets larger with
the increasing size distribution of the quantum dots. Moreover it depends on the

temperature and the natural spectral line width of the dots.
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Chapter 2

Germanium nanoparticles:
synthesis and study of their
optoelectronic properties

In this chapter we report the realization and characterization of germanium (Ge)
nanoparticles (quantum dots). This project has been developed at University of Roma
”Tor Vergata”, in the research group of Professor Maurizio De Crescenzi [1] [2]. The
quantum dots have been characterized by scanning tunnel microscopy (STM) and
spectroscopy (STS) in order to investigate the quantum confinement effect in Ge at
nanometer size. The optoelectronic properties and in particular the photocurrent
generation by quantum confined Ge have been investigated by using electrochemical

measurements.

2.1 Introduction

Quantum dots of indirect-gap semiconductors such as Ge are widely studied due to
their quantum confinement effects, which cause changes in their electronic and optical
properties. The energy band gap of Ge is equal to 0.66eV in the bulk state but it
changes with the size [3] [4] Moreover Ge is characterized by a large excitonic Bohr
radius of 11.5nm, thus the quantum confinement effects in this semiconductor material
are easily observable. As confirmed experimentally by spectroscopy analysis [5] the
quantum confinement effect increases strongly in Ge than in Silicon (Si) Many photo-

luminescence (PL) studies of Ge nanocrystals have been performed since the report of
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blue luminescence from Ge nanocrystals embedded in SiOy matrixes [6] [7] Such PL
results have been explained in terms of both quantum confinement effects and interface
effects [6] The mentioned properties make the Ge quantum dots promising for many
applications in optoelectronics [8]

The epitaxial growth of Ge on Si has been widely investigated. The Ge growth on
Si proceeds via the Stranski-Krastanov mode [9]. According to this mechanism an
epitaxial wetting layer forms on Si surface and when a critical thickness of few mono-
layers is reached the 3D Ge islands formation starts. As a result self-assembled Ge
quantum dots on Si substrates can be produced in a way that is compatible with the Si
technology. There are some drawbacks related to this growth mechanism. The lateral
size of the dots is about 20 - 40 nm while the height is usually one order of magnitude
less, thus the nanoclusters appears as domlike structures. The Ge dots density on
Si surface is limited to 10 — 10'° em 2. Moreover the epitaxial growth can promote
important interdiffusion effects leading to GeSi alloys at the interface. On the other
hand the Ge nanodots on an oxidized Si surface created by a procedure reported by
Ichikawa et al.[10] have attracted a wide interest in the Si-based technology (Figure
2.1). The main advantages of this procedure are the preparation of uniform-size nan-
odots with very high density 102em =2, the tunable control of dot size ranging from a
few nanometers in diameter and the formation of nanoclusters which are is actually a
sphere.

Spectroscopic measurements of the valence maximum band and of the conduction band
minimum are generally employed to evaluate the energy band shift as a function of Ge
dots size [14] Among the most recent works, Scanning Tunnelling Microscopy (STM)
and Spectroscopy (STS) measurements are used to prove the widening of the band gap
by reducing the Ge dot size [15] In this work we used ultrathin SiO; films thermally
deposited on Si(100) substrate to obtain ultrahigh dense nucleation of Ge dots. We
characterized the samples by STM and investigated the possible use of Ge dots for

photovoltaic applications.
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Vacuum Ge (QD) SiO, Si
—

e -GS (QD)

CBM (bulk)
0.67 eVi ~8.8eV |1.12eV

VBM (bulk)

h -GS (QD)
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E ge.sio,

Figure 2.1: Schematic band structure of Ge in bulk state or as quantum dots, between
vacuum and an ultrathin SiOs film on a Si substrate. Bulk valence band mazximum Vs and
conduction band minimum Cpgpr at each material are traced by thin lines. Size of bulk band
gaps at room temperature are written for Ge, SiOq, and Si (Refs. [11] [12] [15]).

2.1.1 Scanning tunnel microscopy: generalities

Scanning tunnel microscopy belongs to Scanning Probe Microscopy (SPM) techniques.
All of the techniques are based upon scanning a probe, typically a metallic tip, just
above a surface monitoring some interaction between the probe and the surface. The
interaction monitored in STM is the tunneling current between a metallic tip and a
conducting substrate which are in very close proximity but not actually in physical
contact. This technique provides information about the surface structure at atomic
level. In order to get such information the position of the tip with respect to the
surface must be very accurately controlled (to within about O.Lzl) by moving either
the surface or the tip. The tip must be very sharp, ideally terminating in just a
single atom. According to the quantum mechanical tunnelling theory the electrons can
tunnel through a potential barrier (between the tip and the sample) which is classically
forbidden. The probability of tunnelling is exponentially-dependent upon the distance
of separation between the tip and surface: the tunnelling current is therefore a very
sensitive probe of this separation. STM is able to measure the local density of states of
a material at it surface as a function of lateral (x-y) position on the sample, surface and

energy of the electrons. An STM can typically control the current that flows between
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the tip and the sample (I), the bias voltage between the tip and the sample (V), the
xy (in sample plane) position of the tip, and the z (perpendicular to sample plane)
distance between the tip and sample. Using these variables, by the scanning tunnel
spectroscopy technique (STS), an STM is able to measure the Local Density of States
(LDOS) of a material as function of position on the surface (controlled by where the
tip is above the surface) and as a function of energy. The LDOS is proportional to the
differential increase in tunnelling current given a differential increase in bias voltage.

In other words the LDOS can be obtained by measuring dI/dV.

2.1.2 A brief introduction to photovoltaic effect

The photovoltaic (PV) effect, i.e. the production of electric power from sun light
energy is based on the creation of excited states induced by photons absorption in the
active material. The excited states are in turn, the source of free charge pair electron
and hole. In a solar cell which is basically a p-n diode the photo-generated charges are
separated with the help of the junction between the donor and the acceptor material
in the active layer and transported and collected at the opposite electrodes as a result
of an internal electric field generated by the difference in their Fermi levels (Figure
2.2). To have an optimum PV efficiency it is necessary to have the maximum charge
separation efficiency and fast charge transfer process. Moreover the optimum band
gap Eg of the active material should be 1.1 eV < Eg < 2 €V in order to maximize the
photon absorption from the solar spectrum.

The current-voltage characteristic of an ideal cell resemble that of a standard diode

following the thermoionic injection model [19]:

I— fs(exp(‘]?jf _ 1) (2.1)

where q is the elementary charge, I, is the saturation current under reverse bias, k is
the Boltzmann’s constant, T is the temperature in Kelvin and V is the bias in Volt.
Under illumination the Eq.2.1 become:

I= ]S(emp(% —1)) = Ipy (2.2)

where Ipy is the photogenerated current.

There are several ways to describe the electrical characteristics of solar cells under
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Figure 2.2: Principle of a solar cell with energy band scheme. The symbols e~ and h™
represent electrons and holes. The electron affinity and ionization potential are shown as x
and IP, respectively. LUMO and HOMO are the lowest unoccupied molecular orbital and
highest occupied molecular orbital, respectively. CB and VB represent the conduction and

valence bands, respectively [7].

illumination. The most relevant is the power conversion efficiency n being the ratio of

the maximum obtainable electrical power P,,,, and the incident light power (Iy).

x 100 (2.3)

The point of maximum obtainable electrical power is located in the fourth quadrant
of the current density-voltage curve, where the product of current and voltage reaches
its maximum value

Another important value in the study of cell performance is the Incident-Photon-to-
electron Conversion Efficiency (IPCE), it corresponds to the effectiveness of a solar

cell to convert incident photons of a given wavelength into photocurrent:

 1240J50())

IPCE()) = Loy <100 (2.4)

where Jgo () is the short circuit current density in mA/cm?, X is in nm, and I, the
intensity of impinging light in mW/cm?. Measuring the IPCE at different wavelengths
results in a spectral response of the solar cells.

It is worth remembering that apart from monochromatic light, continuous irradiation
under standard test conditions (Air Mass 1.5 Global, IEC 904-3, at cell temperature
of 25°C") is required for meaningful evaluation and for the proper comparison between

different IPCE spectra.
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In principle the IPCE as function of photon wavelength, should be proportional to the
absorbance Abs(A). For a conventional solar cell device, the photogenerated current
density J is related to the generation rate G(z) and to the collection probability P(z),
that is the probability that the generated carrier in the active material will be collected.

The parameters G and P are related according to the following equation.
d
J=q / G(2)P(2)dz (2.5)

where d is the device thickness and q is the elementary charge. The generation rate
can be related to the derivative of the transmittance T(\) plus the reflectance R(\)
respect to z. At the same time T(A) and R(\) are defined as the percentage of imping-
ing light that is transmitted or reflected at a given thickness, d, of the sample and the
absorbance is defined as A(A\)=1- T(A)-R(A) [17]. Consequently the IPCE is propor-
tional to the absorbance A(\). The fraction of the incident photons that are absorbed
within the photoactive layer is an unseizable magnitude. In a multilayer system the
determination of A(\) is even more complicated. It can be basically calculated by us-
ing the transfer matrix formalism (TMF) by describing the transmission and reflection
of the impinging light by the layers of a cell in terms of the optical constant n and k
[17]

2.1.3 The photo-electrochemical cells

The best-known wet chemical method to convert sunlight into electrical energy or
chemical fuels is represented by the photo-electrochemical (PEC) systems such as an
electrochemical photovoltaic (EPV) cell. An EPV system is made of a semiconductor
in contact with an electrically conducting liquid, the electrolyte. The electrolyte is
able to provide a redox reaction, transferring electrons to an electrode and accepting
electrons from another electrode. The semiconductor electrode forms a junction with
the liquid and develops an electric field at its surface. The semiconductor can be n-type
or p-type. Upon illumination of the semiconductor, the photogenerated electrons and
holes can separate because of the surface electric field. For n-type semiconductors, the
holes move to the surface and are captured by a redox couple; the electrons move to

the back side of the semiconductor, where they leave the cell via an electrical contact,
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deliver electrical power to an external load, and then return to the cell by means of
the second electrode. Here, they are scavenged by the redox species that initially had
captured the hole at the semiconductor surface; this process leads the redox species to
their original chemical condition. Thus the electrolyte and redox couple are essential
to complete the electrical circuit and to guarantee the charge separation. In the next
sections we describe in detail the electrochemical cell used to measure the photocurrent

response of Ge dot samples (Figure 2.8).

2.2 Sample preparation and characterization

For the synthesis of Ge quantum dots we used silicon (100) substrates covered by
a homogeneous 3.0nm thick layer of thermally grown amorphous Si0O;. The SiOs
surfaces have been cleaned by chemical etching followed by thermal annealing at 700°C
for 30 min in an ultrahigh vacuum chamber (base pressure of about 107!° Torr). Figure
2.3 shows a STM image of clean Si substrate after the thermal treatment. The step
structure of Si is clearly visible. On the terraces, typical of Si surface, small bright
protrusion 2nm high are present as shown by the STM profile. The protrusions which
are the residuals of 5705 layer, determine a rough surface of 0.06 nm root mean square
(rms) roughness. The protrusions, being points defects of the Si surface could influence
the growth of Ge favoring the growth of nano dots instead of a wetting layer.

The Ge atoms have been evaporated using an OMICRON electron gun with a rate
of 0.1 nm/min at a pressure of 5x107!% Torr during the deposition. Ge dots have
been grown by following a two step process. First, a few nanometers of Ge have
been deposited on the clean Si0O, surface kept at room temperature, then the sample
has been annealed in situ at 600°C' for 30 min. Figure 2.4 shows the STM image
after four monolayer Ge deposition at room temperature (on the left) and after the
annealing treatments (right side). After Ge deposition full coverage of the SiO, surface
has been achieved and randomly distributed, strictly interconnected Ge amorphous
clusters have been formed with a rms roughness of 0.27 nm and a density of about
4 x 10712 em~2. Subsequent heating at 600°C' changed the surface morphology, giving

rise to individually separated Ge dots with a density of 3 — 4 x 1072¢m~2. Such a
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Figure 2.3:  a)STM image of the SiO2/Si(100) substrate after the annealing treatment at

700°C" for 30 min, and sectional line profile taken along the blue arrow.

value is approximately the same as that reported for Ge dots grown on SiO,/Si(111)
surfaces kept at 670°C' [18] but pretty higher than that found for Ge dots deposited
on clean and/or lithographically patterned Si surface [18]. The Ge dot average lateral
size is b+1 nm. By collecting several images on different sample areas, it has been
possible to figure out that Ge dots uniformly grow on the oxide substrate and appear
mainly circular in shape. The average dimensions of the dots have been evaluated
from a statistical analysis performed on many STM images. We found that the square
root of Ge nominal thickness 0g. and the average size of the obtained dot after the
annealing procedure differ by a factor of 10. As an example, the STM image in Figure
2.4, obtained on a sample with #Ge=0.8 nm, produced dots of 12+4 nm average size.
The mechanism of Ge dot formation on a Si0, substrate is different from that on Si
because it is basically driven by surface diffusion and equilibrium surface morphology.
In this case a Volmer-Weber growth of Ge islands is observed without the formation of
a wetting layer, thus allowing the nucleation and the growth of higher Ge dot density
[20] In this context, a crucial point is the existence of equilibrium shapes of the Ge

dots and the presence of voids in the SiO, ultra thin film under the Ge dots dictating
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Figure 2.4:  a)STM image of 4 monolayers of Ge deposited on SiO3/Si(001) surface kept at
room temperature Vsample= -3.0 V, I=0.5 nA. b) STM image (150x 150 nm?) of the 12 nm
Ge average diameter after annealing at 600°C. Vsample=3.5 V and I1=0.8 nA. ¢) Sectional

line profile taken along the blue arrow in the image.

their growth mechanism and crystallinity [14]

X-ray photoelectron spectroscopy (XPS) data were collected with a MAC2 (Riber
Instruments) analyzer using non-monochromatized Mg Ko radiation source. XPS data
show that both the 3p;/, and 3ps/» Ge features (Figure 2.5 upper part) and the Ge
3d peak (Figure 2.5 lower part) do not exhibit the typical germanium oxide structure
located a few eV above the elemental Ge core level, as in the case when Ge dots
grow on silicon. This assures us on the absence of any Ge oxide formation during the
annealing process necessary to grow the Ge dots, thus confirming that the SiO, layer
has released no oxygen.

Scanning tunnel spectroscopy (STS) measurements were performed in order to get an
evidence of the band gap widening reducing the Ge dot size. Several I-V curves have
been recorded by positioning the STM tip on Ge dots of different sizes. Figure 2.6
reports the I-V curves obtained on Ge dots of 8 and 14 nm average size respectively,
whereas Figure 2.7 shows the conductance, dI/dV, curves. The measured energy band
gap is 1.6 = 0.1 and 1.0 £ 0.1 eV respectively. The energy band gap as a function of
Ge dot size is plotted for Ge dots of different size [1] [15] and shown in the inset of
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Figure 2.5: XPS measurements of Ge 3py /2 and 3ps o features (upper part) and the Ge
3d peak (lower part) obtained after annealing and crystallization. The spectra do not
exhibit the germanium oxide structure located a few eV above the elemental Ge core

level [2].

Figure 2.6. The result is consistent with those reported for smaller Ge nanocrystals
grown on Si02/Si(111) surface [21] and is a further indication that energy band gap
widening is an intrinsic property of the Ge dots induced by quantum confinement that

changes significantly their electronic band structure as predicted theoretically [4].

2.3 Photocurrent measurements: results and dis-

cussion

The photo-conversion efficiency of Ge quantum dots has been evaluated by performing
photochemical measurements. The experiments were performed at Science and Chem-
ical Technologies Department of the University of Rome ”Tor Vergata” (laboratory
of Prof. M. Venanzi) by using a three electrode chemical cell. Electrochemical cells

require at least two electrodes, since the potential of a given electrode can only be
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Figure 2.6: Current-Voltage curves recorded by STM tip on Ge dots of different size, 8 and

14nm in radius respectively.

measured relatively to another electrode, whose potential must be constant (reference
electrode). To measure the current flowing in the cell, a precise control of the exter-
nal applied voltage is required, but this is generally not possible with a two electrode
system, owing to a potential drop across the cell induced by the solution resistance
(potential drop is equal to the current times the solution resistance). A better poten-
tial control is achieved using a potentiostat and a three electrode system, in which the
potential of one electrode (the working electrode) is controlled relatively to the refer-
ence one, while the current passes between the working electrode (active or counter
electrode) and the third electrode (the auxiliary electrode). The polarization of the
counter electrode is required to complete the circuit for current measurements.
Photo-electrochemical measurements were performed by using the Ge dots on SiOs
sample as working electrode and an AgCl/Ag combined electrode working as reference
and auxiliary electrode. The electrolyte was sodium sulphate and the sacrifical electron
donor triethanolamine (TEOA) in water. A 200W Xe lamp (Osram) was employed as
excitation source (A > 300nm). It was equipped with a monochromator to select the
incident excitation wavelength and a PG-310 (heka helektronik) potentionstat to mea-
sure the generated current. The intensity of the photocurrent signal were normalized
to the excited area covered by the Ge dots.

Upon irradiation of the Ge dots with UV Vis radiation a photoinduced electron transfer
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Figure 2.7: The conductance curves obtained by differentiating the I-V curves recorded on
Ge dots of about 8 nm (solid line) and 14 nm (dotted line) in radius (on the left). Energy
band gap vs the Ge dot size [1] (on the right).

from the Ge excited state to the electrode Fermi level primarily takes place. Subse-
quently, an electron is transferred from the electron donor TEOA molecule to the
positively charged Ge group. Hence, the oxidized TEOA rapidly diffuses to the auxil-
iary electrode, where it takes an electron giving rise to a net anodic electronic current.
A sketch of the apparatus, with an illustration of the electron transfer from the pho-
toexcited Ge dots, is reported in Figure 2.8. The photocurrent signal is evidenced by
the typical off-on current cycle shown in Figure 2.9.

Figure 2.11(a) shows the photocurrent spectra obtained from Ge dot samples differing
in size. The larger dots (85nm) present two main features, located at 4.2 and 2.6
eV. They can be associated with the structures of the optical absorption coefficient
reported in Figure 2.11(b). These structures (called E2 and E1 in Figure 2.10) have
been interpreted as due to direct electronic interband transitions occurring along X
symmetry point and at mid-point between I' and L of the Ge bulk Brillouin zone,
respectively. Reducing the dot size from 85nm to 40nm we obtain the blue shift of
the peak at high energy and the reduction of the intensity of the E1 peak. It is worth
to note that the photocurrent density for the largest dots is a factor of 5 less than
that measured for the 40 nm Ge nanocrystals. This can be ascribed to the lower re-
combination time present in the larger dots, which hinders the carrier separation, thus

reducing the photocurrent intensity. In Figure 2.11(c), we report the photocurrent
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Figure 2.8: Scheme of the three electrode cell used for the photochemical measurements.

action spectra of Ge amorphous ultrathin film (open circles) and Ge dots of 5nm (tri-
angles) and 12 nm (black circles) average size. The last sample shows a wide feature
in the photocurrent spectrum with a maximum at about 4.35 eV. Also for this sample,
the feature can be interpreted in terms of blue shift of the E2 peak. Nothing can
be inferred for the lower energy signal due to lack of experimental points. All these
results are consistent with optical absorption and ellissometry experiments, reporting
a blueshift of the E2 transition and a weakening of the E1 peak by reducing the Ge
dot size [22] [23] and have been interpreted as due to quantum confinement effects [24].
Finally, this picture is also supported by calculations of the optical properties of Ge
ultrathin films where a blue shift of the optical transitions is reported by decreasing
the film thickness [25] In the case of 5 nm Ge dots a broad and intense feature at
about 2.4 eV can be observed, while the intensity of the peak at higher energy appears
dramatically reduced. This behavior is completely different from those observed with
optical measurements [22] and theoretically predicted even for smaller Ge dots [24].
The strong feature could still be ascribed to the E1 transitions, while the observed
energy broadening of the peak could be due to the superposition of the contributions
to the photocurrent signal coming from the dots of different sizes. However, this inter-

pretation will not explain the E2 peak intensity strong reduction and the E1 feature
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Figure 2.10: Bulk germanium band structure. EO0 and E1 represent the direct electronic

interband transitions occurring respectively along X symmetry point and at mid-point between
I" and L of the Brillouin zone.

small red shift and intensity enhancement. This results could be interpreted as due to
an enhancement of the Coulomb-hole attraction [24] of the E1 feature and to exciton
longer time of life. This should lead to an increased ability to separate charge carriers

before their recombination and to explain the differences among optical and photocur-
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Figure 2.11: Photocurrent action spectra of (a)85nm Ge dot sample (triangles) and 40 nm
Ge dot sample (black circles). The right scale refers to the former sample, while the left scale
refers to the latter; (c) 12 nm (black circles) and 5 nm (triangles) Ge nominal thickness
samples. The open circles report the photocurrent data for a Ge amorphous ultrathin film
[1]. (b) Experimental optical absorption coefficient for Ge bulk [24].

rent measurements. Moreover, excitonic effect has been reported to play a dramatic
role in the imaginary part of the dielectric function for nanometric Ge wires, with the
appearance of a strong peak in the visible energy range, in good accordance with the
present measurements [26]. Finally, it is worth noting that no photocurrent signal was
measured from an ultrathin film of amorphous Ge probably because of short life time

of the exciton induced by the large number of defects.
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2.4 Conclusions

We have realized Ge dots with high density (4x102cm™2) on SiO,. Quantum size
effects have been evidenced by I-V measurements by using a STM probe on a single
dot. The measurements show the widening of the energy gap into the single and
isolated dot (up to 1.8 eV for 5.0 nm sized Ge dots). We demonstrated the ability
of Ge quantum dots to generate photocurrent in the near UV and visible range using
electrochemical photocurrent measurements. The photogenerated current depends on
the excitation wavelength. Moreover by reducing their average dot size a dramatic
change in the photocurrent action spectrum occurs due to the quantum confinement
effects. Quantum effects enhances the photocurrent yield in the visible range. Our
results opens a new issue to Ge for photovoltaic nanodevices and quantum dot based
lasers [27] by using the electronic modification occurring in an indirect energy gap

material.
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Chapter 3

Synthesis of colloidal CdS
nanoparticles

3.1 Overview of the chapter

In this chapter, we introduce an important semiconductor material the cadmium sulfide
(CdS), describing its most important properties and the most used synthetic routes.
We briefly describe the theory of crystal growth in term of a sequence of ideal stages.
Following theoretical considerations, we will give a detailed description of the synthetic
approach we used to synthesize CdS nanocrystals in colloidal solution, a simple and
rapid synthetic route involving only one reagent, a cadmium precursor in a hot non-
coordinating solvent. We describe and examine the results of several characterization
measurements such as UV-Vis absorption and photoluminescence (PL), Trasmission
Electron Microscopy (TEM), Fourier Trasmission Infrared Spectroscopy (FTIR) and
Nuclear Magnetic Resonance(NMR). Then we report of the procedure employed to
extract the product of the synthesis. A section is dedicated to the Wide Angle X-ray
Scattering (WAXS) measurements performed at ESRF Synchrotron Radiation Facil-
ity. In that section we describe the WAXS pattern of the samples before and after
the extractron treatment and the evolution of WAXS curves during the thermolysis.
Finally we describe the method used to deposit the nanocrystals on a substrate and
the Atomic Force Microscopy (AFM) analysis performed on such samples. The work
of synthesis and characterization of the CdS samples described in this and in the next

chapters was performed in the laboratories of ENEA UTTP NANO in Portici (Napoli).
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3.2 Introduction

Semiconductor materials are particularly suitable for observation of quantum size effect
because they are characterized by relatively small effective masses and large dielectric
constants compared to insulators, so the condition ag > a, can be easily satisfied [1].
In particular the semiconductors belonging to the II-VI groups like cadmium sulfide
(CdS), allows to observe quantum size effect at relatively large nanocrystal size being
the exciton Bohr radius of CdS ~ 50A [2]. The cadmium sulfide is a direct band gap
semiconductor with energy band gap of 2.42 eV at 300 K. The magnitude of the band
gap implies that it macroscopically appears yellow colored. CdS shows dimorphism
of cubic form (zinc blend type) and hexagonal form (wurtzite type) [3]. Since the
difference in crystalline phase leads to considerable change in the effective masses
of electrons and holes in their electronic bands, this peculiarity of CdS influences
its optical properties. The hexagonal phase of CdS is thermodynamically-controlled
(stable) as compared to the cubic phase which is kinetically-controlled (metastable)
[4]. In both phases the cadmium and sulfur atoms are four coordinate.

Figure 3.1 shows the theoretical band structure diagram of CdS in the hexagonal phase
[5]. It is an anisotropic plot of the eigenvalue spectrum E as a function of k, the crystal
wave vector. The position I' corresponds to k=0, the Brillouin zone center. The point
L refers to the Brillouin zone where k is larger, on one order of magnitude of 7/ay
where ag is the lattice parameter [8]. In bulk crystals the different regions of Figure
3.1 contribute to different region of the optical spectrum. The I" region is related to
the band gap of the CdS (in the hexagonal phase and at room temperature) at 2.42eV
(512nm). In this region (Ey that is the lowest transition between the 1S electron state
and the 1S hole state [7]) the conduction and valence band are parabolic and the
effective mass of charges are independent of k. The L region (E;) contributes with
transition at 5.30eV (240nm), other transitions occur at higher energies (> 6.4eV)
[8]. It has been demonstrated experimentally by optical analysis that Ej is strongly
affected by size while E; is unaffected [9].
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Figure 3.1: Theoretical band structure diagram of bulk CdS in its hexagonal phase [5] with

indication of the first two direct transition energy Eg and E1.

3.2.1 The theory of crystal growth

In the theory of crystal growth, the formation of a crystal results from the phase
transition in a supersaturated viscous medium. This condition is realized when in a
given reaction environment (for instance in a solution) the concentration of reactants
is progressively increased by some means passing a concentration threshold, called
critical supersaturation. At this point the system become unstable and the process is
controlled by diffusion of ions dissolved in solution or in the matrix.

The diffusion-controlled growth from a supersaturated solution can be described in

terms of the following idealized stages.

Nucleation . At the first stage of a system at critical supersaturation the reactants
in the unstable system tend to form nuclei. At the nucleation stage the concen-
tration of ions can be treated as constant and the time dependence of the cluster

size and thus the growth law takes a parabolic form.
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Normal growth . At the second stage, the nuclei grow at the expense of the
monomer species and the small nanocrystals exhibit a monotonic growth. At

this stage the supersaturated phase decreases with time.

Competitive growth . The final stage is realized when the crystallite are big enough
and almost all the ions of the supersaturated solution are incorporated in the
crystallites. This stage is also called ”Ostwald ripening” or diffusion limited
aggregation or coalescence. At this stage smaller crystals start shrinking while
the larger ones are still growing. The formation of larger crystals is favored
by the dissolution of small crystals which provide new monomers and allow the
crystallites to grow further. A critical radius,r..; separates crystallites which
can experience either further growth or dissolution. The critical radius depends
essentially on the monomer concentration. If the monomer concentration is low,
the critical radius is large. This means that only crystals larger than this size will
be stable in solution and will continue to grow. Smaller crystal will be unstable
and will have a tendency to dissolve becoming increasingly unstable. The mass
transfer from smaller crystallites to the bigger ones is favored by the surface
tension since a decrease in the crystallite-matrix surface gives rise to a decrease
in the free energy of the system.

Over time the supersaturation become negligible and the total mass of the semi-
conductor phase is considered constant.

To estimate the time dependence of the mean particle radius, we define Ar as
the difference between the largest and the smallest size(ry,r2)present in the grow-
ing medium. Assuming that r..; is constant (i.e. no variation in the monomer

concentration with time), the variation of Ar with time is approximated as:

dAr  KpAr 2 1

— . -
dt T T Terit

} (3.1)

where 7=, /1173 is the mean radius. For 7/r..; < 2, the size distribution broadens
with time because larger particles grow faster than smaller ones, whereas for
T/reu > 2 the size distribution narrows with time because smaller particles

grow faster than bigger particles.
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All those statements are valid under the assumption that the particles are spherical
and that an averaged surface tension can be defined. Actually the growth of crystals
depends on a number of parameters, such as surface energy, concentration of reactants
in solution, crystal size. In real system various stages may coexist and, the normal
growth can occur along with the increase of number of crystallites because of ongoing
nucleation process.

The three stages are characterized by different activation energies, therefore choosing
properly the growth parameters such as the temperature and time it is possible to
obtain nanocrystals which have experienced different growth conditions. In particular
low temperature and long time is a combination that generally allows the nucleation at
extremely small size. On the other hand high temperature combined with short time
usually give rise to a rapid increase in size while the number of nanocrystals remains
constant. The combination of these two steps can provide a good control of size, size
distribution and concentration of nanocrystals.

However the most used procedures to obtain uniform size nanocrystals in quantum
confinement regime involve the use of terminating or stabilizing agents like reverse
micelles, polymers, thiols and various coordinating solvents. The role of stabilizers is
to interact with the particle surface, preventing it from growing fast and from collapsing
on another particle, in other words they prevent agglomeration and ensure stability in

solution, slow growth and further processability of the nanocrystals.

3.2.2 A brief overview of methods for the synthesis of CdS

nanoparticles

The nanoparticle size selectivity and the narrow size distribution are among the main
critical issues for the fabrication of nanoparticles. Moreover we have to consider that at
the surface of a pure semiconductor, substantial reconstruction at the atomic positions
occurs, and energy levels within the energetically forbidden gap of the solid can exist.
These surface states act as traps for electrons and holes and manifest themselves as a
degradation of the electrical and optical properties of the material. As a consequence
a sort of "passivation” by chemical process is generally needed in order to eliminate

the energy levels inside the gap. The passivation process is also requested to favor the
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solubility of nanoparticles in colloidal suspension, and to enhancing functionality of
nanocrystals in different application contexts.

Several technologies have been developed for synthesizing CdS nanoparticles. They
differ in the synthesis environment (organic or inorganic matrix, liquid solutions or
polymers), in the growth conditions, size range, and size distribution, as well as in the
physical and chemical stability and reliability.

One of the first proposed synthetic route to obtain size controlled nanocrystals was that
of so called inverse micelles [10], while the most widely used method is the pyrolysis of
an organometallic complex containing both metal and elemental sulfur [11},[12],[10].
According to this method the tri-octyl phosphine (TOP) is usually used to dissolve
the sulfur and tri-octyl phosphine oxide (TOPO) is employed as coordinating solvent.
This method was generally used in mass production of nanoparticles. Oleic acid is
generally adopted as a safer and simpler alternative to TOPO. It is used along with
a non coordinating solvent like octadecene [13]. Moreover recent advances in colloidal
preparation of II-VI nanoparticles in non coordinating solvent have demonstrated that
varying the reactants/ligand ratio a formidable control of the size and size distribution
of CdS nanoparticles with high quality optical properties can be obtained [14].
Beyond these techniques which employ organic solvents, there is the aqueous solution
synthesis [15], Tt is a very challenging route, necessary for many biological applications.
The peculiarity of all the mentioned chemical methods consists in the fact that they
produce nanocrystals that can be further processed and manipulated. After the syn-
thesis they can be attached to a variety of molecules via metal coordinating functional
groups, such as thiol, amine, nitrile, phosphine, phosphine oxide, phosphonic acid, car-
boxylic acid or others. By bonding appropriate molecules to the surface, nanocrystals
can be dispersed in a variety of solvents, embedded in a polymeric matrix, immobi-
lized on a metal, integrated into electrical circuits. However, the colloidal methods
have some drawbacks, for instance the use of highly reactive reagents, the difficulty to
get reproducibility in the crystal growth and to handle some reagents which are toxic
and very sensitive to oxygen.

Among the several techniques used to growth CdS nanocrystals, the synthesis in a

polymer (in-situ) has been playing a fundamental role in the development of advanced
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functional materials. This approach consists of dissolving molecular precursor (such as
Cdy0S4(CeHs) 19 or CdCly) in the polymer and then treating with HsS gas or adding
NayS [16]. An alternative approach is the simultaneous polymerization and synthe-
sis of nanocrystals. In some cases mixture of CdS precursor and polymer monomer
are thermally treated by microwave radiation [17]. In other cases the polimerization-
reduction method was adopted using C'O, as antisolvent to precipitate both the CdS
nanoparticles and the polymer after synthesis.[18] Using the in-situ route we can take
advantage of the polymer as both stabilizer and matrix. Moreover this method al-
lows the synthesis of nanocrystals with well defined and controllable surface structure
and low defect concentration because the temperature of synthesis is limited by the
thermal properties of the polymer and cannot go beyond 300°C' in most cases. One
more important advantage of the in-situ approach is the prevention of nanocrystals
aggregation and degradation [19] [20].

The in-situ technique can be considered a simple approach to realize CdS based
nanocomposites. In many cases it is a valid alternative to the ex-situ method which
consists in mixing nanocrystals and polymer after their synthesis. In the ez-situ
method the transfer and dispersion of the nanocrystals in the polymer may repre-
sent a critical step and can invalidate the functional properties of the nanocomposites

21].

3.3 Sample preparation

The synthesis of colloidal CdS nanocrystals described in this chapter is based on the
thermolysis of an alkanethiolate of Cadmium. Alkanethiolates of transition metals (i.e.
Me,(SCpHapt1)y with n = 7,12) are organic compounds characterized by a combi-
nation of chemical and physical properties that make them ideal for the generation
of nanosized metal or metal sulfide inclusions in polymers. In particular, these com-
pounds have an amphiphilic nature because the metal atom is bound to one or more
sulfur atoms through a polar-covalent bond. However, since the ionic contribution to
the metal-S bond is low, the presence of long chain alkyl groups gives a hydrophobic

character to the molecule, making possible dissolution in non-polar organic solvents
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(e.g., hydrocarbons, ethers, chlorinated solvents, etc.). As a consequence, these com-
pounds are compatible with hydrophobic polymers and can give homogeneous solid
solutions.

Metal sulfur bond energies are usually low (200 — 400kJmol™')!°. These compounds
are very stable at room temperature and they can be handled and stored without
special care.

The Cadmium precursor was synthesized in the laboratories of ENEA C.R. Brindisi. It
was obtained by reaction of cadmium nitrate and dodecanethiol in ethanol as reported

in the following equation 3.3 [22]
Cd(NO)3 +2RSH — Cd(SR), (3.2)

R=—(CHy),CH, (3.3)

Since the metal-sulfur bond energies is higher than the sulfur carbon bond energy
(714.1kJmol™"), the thermal decomposition of the precursor molecule usually leads to

the production of metal sulfides according to the following reaction scheme:
Cd(SR); — CdS + RSR (3.4)

At high temperature further decomposition of the products (Eq. 3.4) can occur pro-
ducing metal and sulfur atoms.

Thermogravimetrical Analysis (TGA) and Differential Scanning Calorimetry (DSC)
on the Cd bis-thiolate precursor were carried out by Jupiter T'A — 2590 and a Mettler
DSC 822E instrument respectively in order to know the temperature required for the
thermolysis of the thiolate compounds. The thermal analysis experiments were per-
formed in a dynamic nitrogen atmosphere on the original Cd(SR)s powder using a
sample weight of about 15 mg in aluminum crucibles, from RT to 400 at 10°C'/min.
TGA and DSC curves are reported in Figure 3.2 and 3.3

The DSC measurements show an endothermic peak at about 125°C' ascribed to the
melting of the precursor because no mass loss is observed in the TGA curve in the
same range [22]. As shown by TGA curve, the thermal decomposition of C'd(SR),
under nitrogen flux starts at about 200°C' with a total mass loss of 70% at 370°C. The

TGA curve shows also a complex process of decomposition occurring in numerous, less
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Figure 3.2: Thermal analysis (TGA and DTG curves) of the Cd precursor Cd(SR)2. The
mass loss starts at about 200°C' and is almost complete at 350°C' with 30% of residuals.

marked steps that are clearly enhanced in the derivative TGA curve (DTG) (Figure
3.2). The peaks of this curve correspond to the more complex pattern on the DSC
curve observed in the same temperature range (Figure 3.3). In the range 300-365°C
almost all the Cd(SR), is decomposed.

The CdS nanocrystals were synthesized in 1-Octadecene (ODE, Alfa Aesar 90%). ODE

is characterized by the following molecular formula:
CHQ - CH(CH2)15CH3 (35)

It is a high boiling point solvent (Th~ 315°C') and is non coordinating for CdS, for
these reasons it is widely used as solvent for the nanoparticle synthesis.

We proceeded in the sysnthesis as follows. We dissolved the Cd bis-thiolate precur-
sor, Cd(SR),, in octadecene in a three necked round bottom flask equipped with a
thermometer to measure the inner temperature of the solution and a threaded plud
to inject inert gas (nitrogen or helium). Due to precursor insolubility in many or-
ganic solvent the solution of octadecene containing the thiolate precursor needed to
be heated up to allow the complete solubilization of the precursor. For this reason the

solution was kept under stirring on hot plate (FALC F 90 T). After the solubilization
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Figure 3.3: Differential scanning calorimetry (DSC) scan of Cd(SR)y showing that the
melting point is at 128°C and the decomposition process start at about 200°C.

at about 120°C the precursor decomposed and the first nuclei of CdS formed together
with residual organic complexes. The starting white opalescent solution became a yel-
low colored solution indicating the formation of CdS nanocrystals. The reaction was
stopped by removing the flask from the hot plate and cooling down at room temper-
ature.

The synthesis was carried out in different conditions in order to study the influence
of both precursor/solvent concentration and annealing conditions on the nanocrystal
formation.

The first set of samples were prepared by fixing the precursor/solvent concentra-
tion at 10mmol and varying the final annealing temperature (7y), the time at 7y and
the annealing rate (Table 3.1). Another set of samples were prepared at lower pre-
cursor /solvent concentration, 3mmol. The annealing conditions for each sample are
shown in Table 3.2. In all the investigated cases, the we took notes of three steps:
the complete solubilization of precursor, the vapor emission and the temperature at

which the solution started to appear colored. We noticed that no substantial change



3.3. Sample preparation 43

sample T(°C) | rate (°Cmin~t) | tys(min) | Eg(eV) | R(nm)
CdSODEHel 200 ) 1 3.90 1.28
CdSODEHe2 200 5 30 - -
CdSODEHe3 | 200 5 60 - -
CdSODEHeb 240 10 1 - -
CdSODEHe6 240 10 30 3.75 1.30

Table 3.1: CdS nanocrystal samples synthesized at 10mmol with indication of the band gap,

Eg, and the radius, R, calculated from the absorption spectra.

sample | Tf(°C) | rate (°C'min™") | trf(min) | Eg(eV) | R(nm)
CdSODEr1 200 10 1 3.11 1.60
CdSODEr2 190 5) 1 3.22 1.49
CdSODEr3 200 5 1 2.75 2.32
CdSODE9 240 10°/min 1 - -

Table 3.2: CdS nanocrystals samples synthesized at 3mmol. The band gap, Eg, and the

radius, R, are calculated from the absorption spectra.

of first two parameters occurred varying the annealing conditions. In fact in all cases
the solution appeared completely transparent at about 120°C and the gas emission
that represents the starting point of nucleation according to relation 3.4, was observed
in the range 170°C' — 180°C. The nucleation phase was followed by the change of
color. The coloring phase, representative of the growing stage, started in the range
180 — 200°C' depending on the annealing conditions. Since the synthesis process was
relatively rapid we couldn’t distinguish between the normal and the competitive growth
regime. However we noticed that longer annealing time produced darker solution.
We attempted to synthesize CdS nanocrystals by using Cd precursor molecules of
different chain length in particular using molecules with 7 instead of 12 carbon atoms.
The decomposition of thiols occurred faster than in the previous case and induced the
formation of agglomerates which precipitated from the reaction medium. As a conse-
quence we preferred the use long chain thiols which allow a more controlled synthesis

of the nanocrystals [23].



44 Chapter 3. Synthesis of colloidal CdS nanoparticles

3.3.1 Extraction procedures

After the synthesis the nanocrystals were extracted from ODE according to two dif-

ferent procedures:

1. An excess of acetone/ethanol 1/1 mole ratio was added to the as prepared so-
lution and flocculant precipitate formed. The precipitate was separated by cen-
trifugation (10000 rpm for 10 min) and rinsed three times by ethanol. Finally
the extracted yellow nanocrystals were dispersed in a small amount of acetone

and evaporated to dryness at 50°C under vacuum.

2. As an alternative procedure an excess of methanol was added to the nanocrystals
in ODE and centrifuged at 10000 rpm for 10 minutes, then the yellow solid
part was rinsed and centrifuged several times in hexane to remove the excess of
surfactant. Finally the residual of solvents evaporated under vacuum as in the

previous procedure.

The second procedure had the advantage to provide well dryed nanocrystals powder
because the organic solvent used during the rinsing procedure avoided the aggregation

of the nanocrystals as confirmed by different subsequent analysis.

3.4 Characterizations

o UV-Vis Absorption Spectroscopy.
The synthesis of CdS nanoparticles was monitored by UV-visible absorption
measurements by dispersing few pl of solution were dispersed in ODE. The
measurements were recorded in a quartz cuvette by a Perkin Elmer Lambda 900

spectrophotometer in the range 200 — 800nm.

e Photoluminescence spectroscopy (PL) .
PL measurements were recorded at room temperature using a Fluorolog 3 spec-
trometer (Jobin Yvon Horiba, Instruments SA) equipped with a 450W Xe Lamp
as excitation source, double monochromators for excitation and emission, and a

Hamamatsu R928P photomultiplier tube as detector. The sensibility was 4000:1
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as evaluated by the ratio signal/noise of the Raman spectra of water. Observed
luminescence spectra were corrected for the nonlinear response of the instru-
ment using predetermined correction factors. Photoirradiations were conducted
within the sample chamber of the emission spectrometer. The excitation wave-
length was selected to correspond to the absorption-band maximum, and the

samples were irradiated with a band-pass of 5 nm.

e Trasmission Electron Microscopy (TEM).
The nanoparticle morphology was studied in detail by TECNAI G2 F30 mi-
croscope operating at 300kV with spatial resolution of 0.205nm. The TEM
measurements were carried on in collaboration with the Electron Transmission
Microscopy Laboratory of ENEA C.R. Brindisi. The samples were prepared by
dropping few uL of a solution of nanoparticles in toluene on carbon coated copper
grid, allowing the solvent to evaporate. Bright (BF), high resolution (HTEM)
was used in order to evaluate the particle shape and the crystal structure and
the diameter distribution. Moreover we used the scanning TEM (STEM) in dark
field (HAADF) to scan the sample surface and an energy dispersive spectrometry

(EDS) probe to collect the X-rays emitted from a single nanoparticles.

e Nuclear Magnetic Resonance(NMR).
NMR patterns were recorded in the Chemistry department of University of
Napoli ”Federico II” by a 400MHz Bruker spectrometer. We measured the sam-
ples after the extraction by solution state 1H — N M R in chloroform, C HCl3, in

order to investigate the chemical environment of the nanoparticles surface.

o Fourier Transform Infrared Spectroscopy (FT-IR).
Further information about the sample composition and the chemical environment
of nanoparticles were obtained by FT-IR patterns recorded by IR Nicolet 5700
FTIR on solid .

e Atomic Force Microscopy (AFM).
The morphology of the nanocrystals was assessed by AFM analysis on films
deposited on silicon and MICA substrates. The AFM was used in tapping mode

by IV Dimension Digital Instruments Veeco.
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e Wide Angle X-ray Scattering (WAXS).
WAXS experiments were performed at ESRF synchrotron radiation facility to
investigate the crystalline structure and the size CdS anoparticles. The details
of the experiments and the results are discussed in a separate section at the end

of this chapter.n a separate sections we comment the results obtained

3.5 Results and discussion

UV-Vis Absorption Spectroscopy.

Each sample was first characterized by UV-Vis absorption spectroscopy to get an
immediate proof of the quality of the nanoparticles. Absorption spectroscopy is a
routinely technique that allows to distinguish between bulk and quantum confined
systems. Before describing the results we remind some important concepts related to
the interpretation of absorption data. The optical absorption cross section of a system
of small particles in an homogeneous medium is given by the Mie's theory under the
assumption that the particles are describable by their bulk optical dielectric functions.
In general, the solutions to Maxwells equations yield an expression for the absorption
cross section, which is a sum over electric and magnetic multipoles. When the size of a
particle is much smaller than the wavelength of the exciting radiation, the absorption

is dominated by the dipole term, with a cross section o(w) given by [24]

o(w) = 3/21, Y £2(w)
(w) = 9(em) %C[gl(w)+25m]2+(62(w))2

(3.6)
where w is the frequency, c is the speed of light, ¢, is the dielectric constant of the
embedding material, 1 is the volume of the particle, ¢;(w) and e5(w) are the real and
the imaginary part of the frequency-dependent dielectric constant of absorbing solid,
£(w). For a sample of dilute (non-interacting) absorbers of number density n and path

length [y, o(w) is related to the conventional absorbance through the relation

_ no(w)ly
Alw) = Tn(10) (3.7)

The shape and the absolute magnitude of o(w) (thus of A(w)) are fixed by ¢ that

is the ratio of the dielectric complex coefficient of the crystal bulk e9(w) respect to the

real dielectric coefficient of the transparent solvent ¢,,. Figure 3.4 shows the plot of €
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Figure 3.4: Dielectric complex coefficient of bulk CdS with indication of two allowed energy
transitions, B0 and E1. The first corresponds to the 1S, — 1Sy, and determines the band gap

of CdS ([5]).

as function of energy calculated for bulk CdS in the hexagonal phase. We indicate as
FEy and E the principal band transitions as reported in Chapter 1. Such plot as been
used as reference to valuate the size dependent variation in the experimental absorption
spectra. For semiconductors in the case for energies less than the band gap ¢’ (w) is real
as a consequence the o(w) is expected to be zero. The main evidences of size variation
are expected to occur at the band gap. The absorption threshold (i.e. the lowest
excited state) shifts toward higher energy (blue-shift) with respect to the bulk showing
an intense peak due to the discrete electron-hole states for small crystallites according
to the strong confinement model (a; < ap)[1]]6][25]. For crystallites belonging to the
weak confinement model (ay is small but still larger than ap, in other words for CdS
crystallites larger than 10nm) the o(w) shows almost bulk like behavior but slightly
blue-shifted.

Figure 3.5 shows the absorption spectra of samples CASODEHel, CASODEHe3
and CASODEHe6. The sample annealed at 200°C' for 1min (CdASODEHel) shows two
weak shoulder at about 2.5eV and 3.2eV. The absorption curve of the sample after
annealing for 60min at the same temperature (CASODEHe3), shows a bulk behavior
with a pronounced peak at 2.42¢V. On the other hand the sample annealed at 240°C'
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Figure 3.5: Absorption spectrum of samples (precursor concentration 10mmol) prepared at
different annealing temperatures (CASODEHel, CdSODFEHe6) and different annealing time
(CdSODEHel, CdSODERe3). The energy position of the CdS bulk absorption is indicated

by the arrow.

for 30min, (CASODEHe6), presents a typical absorption spectrum of quantized struc-
ture with an evident band centered at about 3.2eV. This results demonstrates that
keeping the annealing condition of sample CASODEHel for 1min is not enough for
nanocrystals to form or a very little amount is formed. Extending the annealing time
to 30min leads to the coalescence of nanoparticles in the colloidal solution. This is
probably due to the low concentration of monomer in solution because of the low an-
nealing temperature. Moreover, since the annealing rate is relatively low, the process
of aggregation is more rapid than the formation of new monomers in solution. The
comparison between the absorption curve of sample CASODEHel and CASODEHe6
indicate that the nanocrystals grow with annealing time suggesting that at higher
temperature and rate of 10°C'/min the coalescence process is limited and a more con-
trolled growth is favored.

The absorption curves of samples at precursor/solvent concentration of 3mmol, are

shown in Figure 3.6. These samples are characterized by different behavior compared
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Figure 3.6: Absorption spectra of sample prepared with 3mmol of Cd precursor.

to the previous set of samples investigated. In particular the samples CASODEr2 and
CdSODEr3 show weak absorption features with maximum at 3.0 and 3.5e¢V respec-
tively, while the sample that was processed at higher annealing rate, CdASODEr1, is
characterized by a sharp excitonic peak, the absorption onset is blue shifted with re-
spect to the other curves and is smaller than the bulk excitonic onset of cadmium
sulfide by 0.2¢V. Considering that the absolute value of the onset shift is one order
of magnitude larger than the exciton Rydberg energy (that is 0.03eV for CdS) we
conclude that the nanocrystals of sample CASODEr1 fall in the strong confinement
regime[1]. Moreover these nanocrystals are characterized by nearly narrow size distri-
bution as indicated by the width of the peak.

The sample CASODE9 shows an intermediate behavior between the samples Cd-
SODEr1 and CdSODEr2, thus between weak and strong confinement limit. Its spec-
trum develops into two wide bands slightly shifted with respect to the bulk. From
these analysis it is evident that the nanocrystals are already formed at 200°C" at low
precursor concentration. If we raise the precursor feed, higher temperature and high

annealing rate become a crucial factor to grow nearly monodispersed nanocrystals.
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Figure 3.7: Bright TEM images of samples CdSODEr1 (on the left) and CdSODEY9 (on
the right). In the inset the HRTEM images taken on single nanocrystals and showing the

presence of lattice fringes in both cases.

Given the threshold wavelength it is possible to estimate the crystal size according
to the Brus equation [6]. We estimated the nanocrystals size of all samples from
the absorption data by calculating the energy gap E¢"**° and the radius R of the
nanocrystals (Table 3.1 3.2) through the relation 3.8:

nano nano U h2
AEg"™m° = Egnome — Bgbulk — B (3.8)

nano

where M=m,+m;, and m, and m,, are the electron and the hole effective mass. Eg

was obtained by fitting the direct transition by the following equation 3.9 [27]:
ahv = A(hv — Eg"*)" (3.9)

where hv is the photon energy, « is the absorption coefficient, A is a constant and n

is equal to 3 for direct band gap [28].

TEM analysis.

The left side of Figure 3.7 shows a bright field image of the sample CdSODEr1l. On
the right side the corresponding image of sample CASODE9. Investigating the sam-
ple CASODEr1 we found both spherical shaped and needle-shaped nanocrystals. The

average dimension evaluated from sampling 94 nanocrystals is (5.9 + 1.2)nm. From
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the high resolution HRTEM image (inset Figure 3.7 left side) it is possible to dis-
tinguish the lattice fringes of the nanocrystals corresponding to a lattice distance of
0.31nm. These fringes may be assigned to the (002) lattice planes of the wurtzite
phase of CdS. The sample CdASODE9 shows nanoparticles with size ranging from 6
to 12 nm. This result is in agreement with the absorption spectra (figure 3.6) which
demonstrate that fixed the precursor concentration at 3mmol, the formation of larger
nanocrystals is favored at higher annealing temperatures. Moreover the nanocrystals
of sample CASODE9 appear nearly polygonal rather than spherical. The same shape is
observed for nanoparticles of sample CASODEHe3. As shown by the bright field image
in Figure 3.8 the synthesis at 10mmol and long annealing time produced large clus-
ters. Their average size determined by statistical analysis on several low-magnification
images is about 35.8 & 11.7nm. This result is again in agreement with the UV-Vis
absorption measurements which indicate a bulk behavior for this sample (Figure 3.5).
The HRTEM image on the right side of Figure 3.8 shows some fringes, although the
nanocrystals are very close each other and can be hardly seen at the magnification
reported. The presence of fringes proves that the nanoclusters are crystalline but in
some zones they are agglomerated rather then separated. Concerning the synthesis at
the highest annealing temperature and rate (sample CdASODEHe6) the nanocrystals
cannot be clearly identified by bright field TEM (Figure 3.9), this is possibly due to
the extraction treatment used to separate them from octadecene. However by TEM at
high resolution we were able to distinguish some nanoparticles . They appear spherical
and crystalline with mean diameter of 3.6 & 0.9nm. This result is in good agreement
with the UV-Vis absorption measurements. The lattice fringes detected are spaced by
0.31nm indicating the same crystalline phase of the other samples investigated.

All the samples prepared were also studied by scanning TEM (STEM) analysis in
dark field (HAADF). This analysis was performed with a wide angle detector getting
images which show a contrast due to the atomic number and the local thickness. We
measured the X-rays emitted by an energy dispersive spectrometer (EDS) with the
electron beam focused on a single nanocrystal. The EDS spectrum exhibited the Cd
K, Cd L, S K and O K edge peaks coming from the samples and also the C, Cu K and
Cu L edge peaks which arise from the TEM grid (Figure 3.10).
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Figure 3.8: Bright field TEM and HRTEM images of sample CdSODEHe5. The nanocrys-
tals look aggregated and are characterized by a broad size distribution. Some lattice fringes

(indicated by solid white lines) are visible but the crystalline phase is not well identified.

To summarize, we assume that at 200°C' low precursor concentration leads to the nu-
cleation of nanocrystals with wurtzite structure and needle shape. On the contrary
higher temperatures promotes the Ostwald ripening process in which larger nanocrys-
tals grow at the cost of the smaller one, resulting in larger size and polydispersity.
In addition, the nanocrystals grow with faceted structures. This is a picture of the
growth mechanisms in the case of sample CASODEHe9. In the same manner at high
precursor concentration the nanocrystals obey to the rule of the kinetically most favor-
able direction which is the one with the smallest activation barrier to growth process.
Higher precursor concentration, corresponds to a higher value of precursor chemical
potential which may be sufficient to induce nucleation on faces where nucleation gener-
ally does not occur at lower precursor concentration. These consideration may justify

the formation of almost spherical-shaped nanocrystals.

The chemico-physical analysis performed by FTIR and NMR revealed an important
property of the nanocrystals produced by thermolysis of C'd(SR)y: the presence of
organic chains coming from, thiols, that likely surround the nanocrystals and realize a
sort, of protective layer against chemical degradation. FTIR spectra of CdS nanoparti-

cles at different precursor concentration and annealing process show a low peak around



3.5. Results and discussion 53

Figure 3.9: Bright field and HRTEM images of sample prepared with 10mmol of Cd precursor
and at the highest annealing temperature (240°C'). The annealing condition favored the
formation of small and uniformly sized nanoparticles which also show regqular lattice fringes

spaced by 0.31nm.

618cm~! that indicates the presence of Cd-S bond [29], a signal at 2400cm ™! which is
typical of the S-H groups of thiol molecules and signals at 3000 — 2800cm ™" (stretch-
ing region) and between 1500 and 600 cm ™! (bending region) that can be assigned to
—CHy and —C Hj of both the precursor and residual solvent. In addition the presence
of water is also detected with two signals at 3600cm ! and 3500cm ! typically assigned
to the O-H bond of water. On the other hand the 'H — NMR spectra collected on
samples CdASODEr1 and CdASODEHeb show the typical signals of aliphatic protons of
organic chains (at 1-2 ppm).

Both FTIR and NMR techniques confirm that the organic chains are still present af-
ter the thermolysis. In addition we verified experimentally that the nanocrystals can
be completely and quickly dispersed in organic solvents after extraction treatment.
Therefore the nanoparticles are embedded in an organic shell coming from the precur-
sor molecules. This result was easily realized without introducing any more reagents
in the reaction system.

Photoluminescence

The nanoparticels were also investigated from optical point of view in order to employ

them for electro-optical applications. In particular we performed PL measurements
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Figure 3.10: EDS z-ray map recorded on nanocrystals (sample CdSODEHe5) indicated by

a red dot in the tmage. It corroborates the presence of Cd and S in the nanocrystals.

that provided information on different energy states available between valence and
conduction bands responsible for radiative recombination. To perform such measure-
ments we irradiated the nanocrystals in solution at a certain wavelength and collect
the emission spectrum in the visible range. It is worth reminding that the absorption
spectrum reveals the spectral range over which the sample absorbs, independently of
the occurrence or not of radiative transitions. On the contrary the excitation spectrum
corresponds to the specific region of the absorption spectrum that really contributes
to the emission of light that can be observed. The maximum of excitation spectra
appears in a spectral region overlapping the absorption and the photoluminescence
curves. According to this rule and considering that the absorption of all the CdS
nanocrystals occurs essentially in the UV to the blue spectral region, we got the emis-
sion spectra irradiating the samples at in the range 320 - 390 nm.

In Figure 3.11 we report the UV-Vis absorption and PL spectra of the samples Cd-
SODEr1 and CASODE9 excited at 375nm. It shows the evolution of photoemission of
the growing nanocrystals with the temperature at concentration of 3mmol. The emis-
sion spectrum of CASODEr1 exhibits two bands, a high energy band at 420 nm and
a low energy band at 558 nm. The low energy peak is broad and stoke shifted, it can

arise from deep trap emission. The high energy peak is a sharp peak (approximately
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Figure 3.11: PL spectra of the samples CdSODEr1 and CdSODE9 excited at 375nm. The
emisston spectrum of CdSODEr1 exhibits two bands, the first at 420 nm ascribed to lumines-
cence by bound excitons and the second at 558 nm which can arise from deep trap emission.
The sample annealed at higher temperature (CdSODE9) exhibits a broader and red-shifted

(as indicated by the arrow) excitonic peak emission.

20nm full-width half-maximum, FWHM) located near the absorption edge, it can be
attributed to luminescence by bound excitons [30]. The stoke shift of the excitonic
emission respect to the absorption peak is about 40meV. It is attributed to midgap
states that probably come from surface defects. When the synthesis temperature was
240°C (CdSODEY) the nanocrystals exhibited red-shift of excitonic peak from 420nm
to 454nm and broader FWHM. The trap emission is greatly reduced, just a weak
shoulder is present at about 504nm. This is probably due to a degree of trap emission
suppression when the nanocrystals are larger or to a combination of exciton and trap
emission. In Figure 3.12 we report the absorption and the PL curves (380nm excita-
tion wavelength) of the sample at 10mmol (CdASODEHe6). The band gap emission in
this case is peaked at about 425nm and is as broad as 50nm FWHM. No trap emission
has been detected as in the case of sample CdASODE9.

The PL quantum Yield (QY) of the sample investigated was estimated according to
the formula proposed by Demas [31], by comparing the integrated emission of a given

nanocrystal sample in a diluite toluene solution (1075M/) with that of florescein in
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Figure 3.12: Absorption and luminescence spectra of sample CASODEHe6.

0.1M NaOH solution. For CdASODEHe6 the QY is approximately 3.8%, for all the
other samples it falls in the range 2-4%. This result is in agreement with the literature

32]

3.5.1 Wide Angle X-ray Scattering experiments

One aspect for working out a proper picture of the nanocrystals is the precise deter-
mination of their geometric parameters. Wide angle x-ray scattering (WAXS) is a
technique that belongs to a family of non-destructive analytical methods, it is used to
get information about the crystallographic structure, chemical composition, and phys-
ical properties of materials in solution, powders and thin films. In particular since it is
based on elastic scattering of monochromatic X-rays, it can be used to study materials
that do not have long range order. In particular synchrotron-based WAXS is partic-
ularly interesting to achieve higher quality of diffraction measurements with accurate
background subtraction. Moreover the high brilliance of the synchrotron beam is usu-
ally needed to get good intensity and resolution that we are generally not achieved
by in-house measurements due to the limited number of photons of common x-ray
diffractometers and the poor scattering power of the samples. For these reasons we
performed WAXS experiments at the ESRF synchrotron radiation facility in Grenoble

(France) in order to evaluate the crystal structure (cubic or hexagonal) and estimate
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the dimension of the crystalline domains of the nanocrystals.

We measured the diffraction peaks of the samples and studied the influence the reac-
tion annealing temperature and extraction treatment on the nanocrystals structure.
The experiments were carried out at the beamline ID02. We put the samples in
borosilicate glass capillaries (diameter = 2mm) to perform transmission diffraction
measurements. The wavelength used was A = 0.9184 corresponding to an incident
energy of 12.46keV. The distance between sample and detector was 0.118m. The
investigation range is of the order of 1A. The signal was revealed by a CCD camera
in the range 20=4° — 35°. The WAXS q scale was calibrated using a Si standard and
a powder sample of p-bromobenzoic acid. The empty-camera background was sub-
tracted from WAXS pattern.

We performed both ex-situ and in-situ measurements. The ex-situ measurements were
carried on the samples listed in Table 3.1. For each sample we compared the scattering
pattern before and after the extraction procedure in order to get information about
the crystal structure and the effect of the extraction process on the structure itself.
The in-situ measurements were recorded starting from the solution of the precursor
in ODE (precursor concentration 10mmol) and collecting data during the thermolysis.
To heat the solution in the capillaries we used a Linkam heating stage. This mea-
surement allowed to follow the evolution of the nanoparticles nucleation and growth
in suspension.

For the analysis of WAXS pattern we assumed unstrained crystallites of pure materials
with simple diffraction patterns instead of using methods with strain and finite crystal
size or Fourier analysis [33][34]. As a consequence we approached the data analysis by
the straightforward of peak-shape method which has the advantage that it does not
assume any particular model for structural disorder or deformation. The principle of
this method is that if crystallites are sufficiently small, the Bragg peaks in a diffrac-
tion pattern are broadened by an amount inversely proportional to the particle size.
Measurement of the broadening thus gives a means of estimating the size through the

well-known Debye Scherrer [35] formula given by

0.9
~ Bcosh

(3.10)
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where D is the apparent particle size, § is the FWHM of the X-ray diffraction line in
radians, A is the wavelength used, and 6 is half the scattering angle. The constant 0.9

in Eq.3.10 depends slightly on the symmetry of the crystal [36][37]. Concerning the

——— CdSODEHe1
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Figure 3.13: Synchrotron wide angle scattering curves of sample annealed at 200°C' for
Imin. The scattering spectra before and after the extraction process are compared. The peaks
at ¢ = 26.5nm~! and 37.2nm~! may be assigned to the reflections (102) and (201) of the
hexagonal phase of CdS while the peak at 23nm ™" doesn’t belong to CdS and could be due to
impure crystalline phases. The peak at low q is ascribed to the glass capillaries used during

the experiments.

ex-situ measurements, we report the results for two samples, CASODEHel and Cd-
SODEHe3, before and after extraction treatment (Figure 3.13 3.14). The crystalline
CdS nanoparticle growth is hardly detectable for the sample CASODEHel, in which we

L and

distinguish three weak peaks in the diffraction curve. The peaks at q = 26.5nm™
37.2nm~! may be assigned to the reflections (102) and (201) of the hexagonal phase
of CdS while the peak at 23nm~! doesn’t belong to CdS and could be due to impure
crystalline phases. The sample CdASODEHe3 shows more intense diffraction peaks in
the same position of sample CASODEHel stressing the fact that the nanocrystals pop-

ulation and their size increased with annealing time as we expected. It is interesting
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Figure 3.14: Synchrotron wide angle scattering curves of sample CdSODEHeS3 before and
after extraction process. The sample shows more intense diffraction peaks in the same posi-
tion of sample CdSODFEHel stressing the fact that the nanocrystal population and their size

increase with annealing time.

to observe that for all samples the signal /noise ratio of the peaks improves for the ex-
tracted solutions pointing out that the extraction process helps in eliminating organic
residuals.

In the case of in-situ experiments we prepared a solution of Cd precursor in octadecene
with concentration of 10mmol . Such solution was put in a capillary and heated up to
240°C" at 10°C'/min. Then it was kept at the final temperature for 30 min in order to
follow the growth of nanocrystals and confirm the results given by the corresponding
ex situ samples, CdASODEHe5 and CdASODEHe6. Another experiment was performed
up to 300°C' at 10°C'/min in order to get information about the nanocrystals struc-
tural evolution through all the decomposition process of the precursor which ends at
about 300°C. WAXS patterns were acquired from the beginning of the annealing pro-
cess. Therefore, time t=0 s corresponds to the time at which the sample was at room
temperature. During the experiments we recorded 1 frame every 30s.

Figure3.15 shows the results of the in-situ measurements at fixed temperature of 240°C'
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Figure 3.15: In-situ WAXS measurements during the synthesis of CdS nanocrystals starting
from Cd(SC12Has)2 dispersed in ODE at 10mmol. Scans recorded from room temperature to
300°C' (right side) and to 240°C' (left side) extending the annealing process up to 30min.

and different annealing times (on the left) and as function of temperature up to 300°C
(on the right). No diffraction peak was visible up to 240°C' but keeping that anneal-
ing condition for 10min was sufficient to allow the formation of nanocrystals. Longer
annealing time didn’t modify either the crystal structure or the nanocrystal size. This
result suggests that the imposed annealing conditions favor the competitive growth of
crystallites. Compared to ex situ results the crystal structure is the same but the peaks
are less intense. The experiment performed at 300°C" as final temperature, didn’t give
any evidence of nanocrystal formation increasing the temperature up to 240°C'. Some
peaks corresponding to the crystalline phase of CdS, appeared at 250°C'. Therefore it
the temperature steadily grows, the nucleation and the normal growth stages occur at
temperature higher than 250°C" instead of 240°C' as observed in the previous experi-
ment.

The in situ experiments demonstrated that the increase of temperature promotes a
rapid Ostwald ripening process in which larger nanocrystals grow because the crys-
talline peaks are more intense with narrower FWHM. The measured mean diameter of
nanocrystals was 8.9 nm at 240°C' and 9.9nm at 300°C. Moreover, we found that the
diffraction peaks are less intense than in the ex-situ case. This could be due to a lower
nanoparticles number as consequence of: a) the in situ process could have taken place

in a slightly different conditions of temperature and annealing rate than the ex situ
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one since the heater and the set-up used were different, b) the in situ reaction took
place in a capillary with a very small volume, while the ex situ one was conducted in
a reaction flask and the solution was continuously stirred to guarantee a homogeneous

heating.

3.5.2 Atomic Force Microscopy analysis

In many technological applications the nanoparticles need to be placed on solid sub-
strates covering uniformly the surface as a monolayer or multilayer. Uniform distribu-
tion of nanoparticles on a surface is also important to study the properties of single
nanostructures through scanning probe microscopy technoques. In the latter case the
nanoparticles need to be placed on solid substrates, spaced farther apart than the spa-
tial resolution of the probing method because of the limited image acquisition rates
of such techniques. However, uniform deposition distribution is still a difficult task.
It usually cannot be achieved by simply drying a colloid drop on a substrate. Surface
asperities and solute particles pin down the contact line, creating a radial outward
flow when the solvent evaporates. The laminar flow drags solute particles outward
and forms a ringlike deposit (coffee ring effect). When the solvent layer becomes thin-
ner than the particles, capillary forces pull the deposited particles into a close-packed
arrangement.[38][39]. Methods such as self-assembly and spin coating [40][41] have
been developed and are widely used to overcome these phenomena. A new route to
deposit colloidal particles was proposed by Lee et al.[42]. It consists on the deposition
of boiling drops on hot substrate to avoid laminar flow and aggregation process of the
nanoparticles. We tested the feasibility of this so called ”boil deposition” method by
dropping few uLi of nanoparticles in solution on two different substrates, a silicon wafer
and mica. The nanoparticles of sample CdASODE1 and CdASODEHe6, after the extrac-
tion procedure, were diluted in ethanol, a solvent characterized by low boiling point.
The substrate was heated up on a hot plate, then we placed few drops of the colloid on
the substrate and left the solvent to evaporate. We also tested the so called indirect
boiling method by dropping the colloidal solution on an hot steel plate adjacent to the
substrate, in this case the deposition would have achieved through microdrops ejected

from the main boiling drop.
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Figure 3.16: a) Tapping mode AFM image of CdS nanoparticles of sample CdSODET1; b)
blow up image (scan size 100nm 100nm, height scale 5 nm) and c) section analysis taken

along the straight line.

Upon several attempts we found out that the optimum condition was the direct depo-
sition on substrate heated at 150°C'. In particular cleaved mica substrate was preferred
because it offers an extremely flat surface and allows the acquisition of reliable scan-
ning images. We also learned that the microdrops must wet the surface. If a substrate
is too hot, the microdrops slid off without wetting (Leidenfrost effec) and dispersed
deposition does not occur. However, at sufficiently high temperatures, a microdrop
seems to dewet smoothly the surface probably because of heating-related contact-line
perturbations that prevent self-pinning of nanoparticles on the surface.

We monitored the effectiveness of this method through AFM analysis. The scanning
probe analysis provided also information about the shape and the size of the nanopar-
ticles. Those results have been compared with those obtained by different techniques
such as TEM and optical spectroscopy.

The AFM image in Figure3.16 shows the topography and section analysis taken along
the straight line of sample CASODErl. They were recorded in tapping mode and
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indicate circular shape structures covering uniformly the investigated area (scan size
500nm x 500nm). The mean surface roughness was 1.6nm. The average dimension
determined by statistical analysis ranges between 10-16nm nm in lateral size with a
standard deviation o= 1.5nm indicating that the nanoparticles are almost uniformly
synthesized and distributed on the MICA surface. However the nanoparticles dimen-
sion is overestimated with respect to the diameter values calculated from the absorption
spectrum and TEM. In fact it is not easy to obtain a reliable estimation of nanoparti-
cles size because of both the slightly layered nature of the sample and the tip-curvature
radius of about 8nm [43]. We applied the method to different colloids with little or no

change in the morphological details.

3.6 Conclusions

We have shown that it is possible to prepare CdS nanocrystals adopting a simply syn-
thetic route on the way to green chemical synthesis, the thermolysis of a single Cd
precursor in octadecene. The thermolysis proceeds with the melting of the thiolate
precursor (in the range 110-130°C) and its transformation into the relative metal sul-
fide nanoparticles at higher temperature (above 190°C"). Small nanoparticles with a
good degree of crystallinity were prepared by studying the nanocrystals growth at dif-
ferent annealing conditions. On the basis of the results of HRTEM, EDS and WAXS
we assume that the CdS nanocrystal phase has not yet clearly determined. Along
with the diffraction peaks ascribed to the hexagonal phase also Cd in a crystalline
phase and non stoichiometric phase, C'd;S,, might be considered. We found that the
CdS nanocrytals size prepared by thermolysis of cadmium thiolate precursor in ODE
mainly depends upon a combination of the temperature, speed and duration of the an-
nealing procedure and also on the precursor concentration. The use of both relatively
high precursor concentration (10mmol) and low annealing rate favor the growth of
bigger nanocrystals that shows up as a darker solution with a broad size distribution.
Whereas less concentrated solution as well as high annealing rate favor the formation
of CdS nanocrystals with narrow size distribution and good optical properties even at

temperature as low as 200°C'. In particular, we noticed that the precursor concentra-
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tion maybe more than the reaction temperature and time played a critical role in the
growth of nanocrystals with uniform size in the confinement regime. The synthesis
method here reported is a one pot process leading to nanocrystals with a surface pas-
sivated by the thiol chains coming from the precursor without the use of additional
passivating agents. This synthetic route of nanocrystals has several advantages. The
first and most important aspect is that the synthesis involves a single source precursor.
Consequently, there is no preparation complication due to multicomponents mixing,
moreover no toxic reagents and solvents are used. In addition, it is a low cost and
environmental-friendly method. The mentioned properties lead to the consideration
that the thermolytic synthesis is a very promising technique which can be extended to

other semiconductor compound and provide an extensive nanoparticle production.
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Chapter 4

Synthesis of CdS nanoparticles in
an inert polymer matrix

4.1 Introduction

Hybrid organic and inorganic materials with an organic matrix filled with inorganic
species of the size usually 1-100 nm have emerged as an advanced class of electronic,
optoelectronic and sensor media for several technological applications. The basic idea
behind the development of hybrid materials is the combination of organic and inorganic
components at the molecular scale in order to achieve a synergy of the most important
properties of the components. Organic materials such as the polymers offer some
advantages that have attracted so much interest from the electronic manufacturers.

The following lists some of them:

e Kasy processing;

e Low cost of production, usually by chemical synthesis rather than microelectronic

based clean technologies;
e Low cost of the materials for the devices fabrication;

e Non expensive manufacture of large area devices such as LEDs or photovoltaic

cells;
e Availability of totally new materials morphologies and devices geometries;

e Opportunity to make devices based on totally new principles;
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e Possibility to realize nanometric devices components especially using self assembly-

based techniques;

e Enormous possibilities to vary the composition and hence properties of the ma-

terials.

On the other hand inorganic materials, such as nanoparticles, offer tunable properties
achieved by controlling their composition, size and interface with the matrix, fluo-
rescence efficiency and great stability that can be further improved by modifying the
nanoparticles surface Mixture of polymers and inorganic nanoparticles (nanocompos-
ite) produces hybrid materials with tuneable attributes offering modulated properties.
They have been designed in the last two decades opening up exciting directions in the
material science and related technologies with significant implications in the nanotech-
nological processing, which facilitate integration, miniaturization and multifunction-
alization of devices [1] [2].

The structure, the degree of order and the main characteristics of nanocomposites
depend not only on the chemical features of the organic and inorganic components,
but also on the interaction that is established between them. Therefore the design of
hybrid nanocomposites is primary dictated by the nature the extent and accessibil-
ity of inner interfaces [3]. With regard to the nature of interaction between organic
and inorganic components two categories of materials can be distinguished. Class I
includes hybrids in witch both components interact in a weak manner (Van der Waals
contacts, m — 7 interacion and hydrogen bonding) and Class II in which the organic
and inorganic part are linked through strong chemical bond (covalent, ion-covalent
bonds). The chemical route employed determines dramatically the tailoring of the
hybrid networks [4].

Concerning the synthesis techniques of nanocomposites we first distinguish between
the top-down or the bottom-up procedures. In the top-down approach, the large mi-
cron sized particles are disintegrated to form nanostructures, this technique is typical
of the nanocomposites prepared from layered silicates-clays. In the bottom-up ap-
proach the nanosctructures grow within the polymer matrix from a molecular level.

Two main techniques belonging to the bottom-up approach have been developed:
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e classical self assembly strategies involving the presence of organic templates that

act as structure-directing agents

o self directed assembly strategies that is self organization of precursor molecules.
This strategy yields complex hierarchical architectures with intricate structures

and several stages of organization.

A key problem of polymer-nanoparticles nanocomposites is the achievement of a fine
dispersion of the nanoparticles in a polymer matrix. The very high surface energy of
nanoparticles and interparticle distances result in strong particle-particle interactions,
and in a tendency to the formation of aggregates and agglomerates. This effects could
deteriorate the material properties. In this framework, the success of nanotechnology
is related to the capability to organize uniformly the nanoparticles within the polymer
matrix. The bottom up technique which consists of in-situ generated nanostructures,
is generally acknowledged as an useful synthesis technique to get uniformly nanopar-
ticles distribution because the initially reacting species are dispersed in the polymer

matrix.

This part of PhD work is devoted to the preparation of polymer-nanoparticle nanocom-
posites by bottom up technique, in other words by inducing the growth of CdS nanopar-
ticles within an a polymer matrix. We started studying the synthesis in an amorphous
and inert polymer which doesn’t interfere with the structural and optical properties
of CdS in nanocomposite. Our work was devoted to the study of the structural and
optical properties of CdS in the nanocomposites by grazing incidence x-ray diffraction
(GID), UV-Vis absorption and luminescence spectroscopy.

The activity about the realization of hybrid nanocomposites proceeded further by
synthesis of CdS nanoparticles in a conducting polymers (COPs) as described in the

following chapters.

4.1.1 Grazing Incident Diffraction: generalities

Grazing-incidence x-ray diffraction (GID) is a scattering technique in which the geom-

etry of the Bragg condition is combined with the conditions for x-ray total external
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reflection from sample surfaces. This provides superior characteristics of GID as com-
pared to the other diffraction schemes in the studies of thin surface layers, since the
penetration depth of x-rays inside the slab is reduced 1-10nm. As a consequence, in
GID experiments, the incident beam, k; is kept below a critical angle in order to en-
hance the signals from the surface and determine the two dimensional Bragg reflections
of crystalline structures on the top layer of the sample [?]. For instance, an ordered 2D
system gives rise to rod like Bragg reflections that contain information on the electron
density along the z-axis of the ordered objects. However, since the total cross section
for scattering from a 2D system is in general very small X-ray flux from synchrotron

sources is generally required.

4.2 Synthesis of Topas-CdS nanocomposites

A simple method to realize CdS polymer-nanoparticle nanocomposites by bottom-up
approach is the thermolysis of Cd and S precursor in the polymeric matrix. The
thermal treatment of bulk precursor/polymer system causes the decomposition of the
precursor and the aggregation of the Cd and S atoms into CdS nanoparticles within the
polymer. The nanoparticle size and aggregation in bulk nanocomposites are mainly
determined by the annealing conditions, namely temperature and duration of the treat-
ment [5].

In addition to bulk nanocomposites the thin film technologies are also being developed
as a means of reducing the cost of optoelectronic manufactures and allowing the fabri-
cation of devices on flexible substrates. In this framework our attention was focused on
realizing nanocomposite in a inert matrix both as bulk and as thin film. In particular
we realized CdS based nanocomposites by thermolysis of Cd precursor, Cd(SC12Has)2,
in Topas.

Topas (TP) is the brand name of the cyclic olefin copolymer (Topas COC) manufac-
tured by Ticona. It is an amorphous transparent copolymer characterized by highly
transparency (light trasmittivity=91%) and stable optical properties. It is an excellent
dielectric and shows high heat resistance (glass transition temperature equal to about

50°C"). Concerning the Cd precursor, we report about its chemico-physical properties



4.3. Experimental 73

in the Chapter 3.

The performances of hybrid nanocomposite based device can be greatly improved if
the formation of nanoparticles occurs at relatively low temperature and their growth
within the polymer matrix is carefully controlled since the very first stages of forma-
tion. Given these assumptions we are interested in discovering the annealing condition
that allows the CdS nucleation in the polymeric matrix. To this purpose the samples as
thin film were characterized by grazing incidence diffraction (GID) during the anneal-
ing process. Besides important indications on the nanoparticle formation were given
by optical measurements. Absorption and photoluminescence (PL) spectroscopy mea-
surements allowed to determine the band gap and the size of the nanoparticles at

different synthesis conditions.

4.3 Experimental

The samples were prepared adopting the following procedure. We dissolved TP in
toluene (TP concentration 5mg/mL) at 80°C' under magnetic stirring up to its com-
plete solubilization. Then we added a stoichiometric amount of Cd thiolate precursor
(20% by weight of Cd precursor in TP corresponding to CdS mass fraction of ~ 4%)
to the polymer solution under magnetic stirring. The solution was dried under vac-
uum and the obtained bulk foil was annealed in the range 200°C-300°C' for 20min.
Each annealed sample was then dissolved in toluene to make optical measurements
in quartz cuvettes. A different set of samples were prepared by spin coating the pre-
cursor/polymer dispersion (at 3000rpm) onto Si/Si0s substrates in order to get films
30nm thick. Such samples were used to make GID analysis. The experiments were car-
ried out at ESRF synchrotron radiation facility in Grenoble (beamline ID01). Figure
4.1 shows the GID geometry used for the experiments. The measurements were per-
formed during the thermolytic process. The incident beam energy was 12 KeV. During
the measurements the sample was kept under primary vacuum (~ 10! mbar) and was

heated by using a small furnace with beryllium dome mounted on the diffractometer.
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Figure 4.1: Grazing-Incidence Diffraction geometry used during the experiments with the

synchrotron radiation to determine the crystalline structure of CdS nanoparticles embedded

in Topas thin films.

sample T(°C) | Eg (eV) | d(nm) | PL peak (nm) | PL FWHM (nm)
TPCdS — A 240 3.58 2.48 614 126
TPCdS — B 250 3.17 3.08 530 104
TPCdS —C | 276 2.80 4.33 479 117

Table 4.1: Annealing temperatures of TP/CdS samples; calculated optical parameters, band
gap (Eg) and diameter (d), relative to CdS nanoparticles embedded in Topas matriz; spectral
position of the PL peak emission and full-width-at-half-maximum FWHDM.

4.4 Results and discussion

GID measurements were performed in the annealing temperature range 170 — 250°C'.
We used an incident angle of 0.08°C', well below the critical angle (o, = 0.15°C') to
enhance the scattering signal from the nanoparticles. At 170°C' we already observed
very pronounced crystalline peaks from cubic CdS corresponding to 2 nm size crystals,
as shown in Figure 4.2. With increasing temperature, the CdS Bragg peaks become
more intense and sharper, while the TP amorphous peak intensity (at 20 = 10.7°C)
decreases. This indicates that the polymer deteriorates at high temperatures, as shown
in the curve at 250°C where the peak due to the Si0O, layer becomes more evident.

Taking advantage of the optical properties of Topas which is inert in the visible spec-
tral region, we performed UV-Vis absorption and PL analysis in order to determine
the band gap, the size and the emission wavelength of CdS nanoparticles embedded in
the matrix. The measurements were performed on bulk samples in order to maximize

the signal coming from the nanoparticles.
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Figure 4.2: In-situ GID curves measured on a TP/Cd(SC12Has)2 film 170°C, 230°C and
300°C. Crystalline peaks of the cubic phase of CdS are already detectable at 170°C' and

become sharper with the annealing temperature.

The UV-Vis absorption and PL measurements were performed in solution. Figure
4.3 shows the UV-Vis absorption spectra of Cd precursor in toluene, TP dissolved in
the same solvent and samples annealed at 240°C', 250°C" and 276°C' respectively. The
Cd precursor and the polymer curves don’t show any structure in the UV-Vis range.
Whereas the TP-CdS nanocomposites show a peak which is ascribed to the excitonic
absorption Ey of CdS (see Chapter 1 and Chapter 3 for theoretical details). Its po-
sition is clearly blue-shifted respect to the bulk CdS (2.42eV for the CdS hexagonal
phase) as we can see from comparison with the dielectric constant spectrum shown
in Figure 4.3. This result points out the quantum confinement effect thus the for-
mation of CdS at dimensions below the Bohr radius [6]. The absorption peak moves
towards lower energy values with increasing annealing temperature indicating that
the nanoparticle size increases. The nanoparticle mean diameter calculated from Brus
equation [6] increases from 2.4nm to about 4.3nm as reported in Table 4.1 along with
the corresponding band gap values. The PL spectra of nanocomposites excited at the
wavelength were the absorption reaches the maximum, are shown in Figure4.4. The
curves have been normalized to take into account different exposure times and differ-
ent detector amplifications. The measurements show a broad features which red-shifts

with increasing the annealing temperature. It corresponds to a gradual change from
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Figure 4.3: Absorption spectra of Topas/Cd precursor samples at different annealing tem-
peratures, 240, 250 and 275C. The pronounced feature in each spectrum is related to the EO
energy transition of CdS. The dielectric complex coefficient plot with indication of the energy
position of E0 for bulk CdS is shown on the right [7]. The red shift of the absorption threshold

has been observed with increasing the annealing temperature.
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Figure 4.4: Photoluminescence (PL) emission of Topas/Cd precursor samples annealed at
temperatures T=240, 250 and 275C exciting at the wavelength were the absorption reaches

the maximum. The emission is red shifted with increasing the annealing temperature.

blue to orange emission. If the annealing temperature is increased above 280°C' the
PL signal becomes very weak and reduces to background. The Cd precursor and the

polymer are characterized by zero emission in the range investigated, consequently
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the PL signal is ascribed to CdS charge recombination. The broad emission (FWHM
values are reported in Table 4.1) in such a wavelength range may be ascribed to both
the charge carrier recombination in trap states [8]. and the band-edge emissions [9]
At 276°C' a distinct shoulder at about 750nm in the emission curve is detected. It
comes from the defect states probably due to sulfur vacancies [10] The blue shift of
the PL peak in the direction of smaller nanoparticle size is also supported by similar

experiments in literature [5][11].

4.5 Conclusions

We synthesized CdS nanoparticles in TP matrix by in-situ thermolysis of the Cd
thiolate precursor. The crystalline structure of CdS nanoparticles and their spatial
distribution in TP films were investigated by the GID techniques. One of the main
result of the experiments is that a temperature of 170°C' is sufficient for the CdS
nanoparticles to form in thin films, while in the bulk system a temperature of 200°C
is needed [5]. It has been also proved that the nanoparticles grow with temperature.

The optical properties of nanocrystals were determined by UV-Vis absorption and PL
spectroscopy after annealing of solid TP/Cd precursor samples. Significative results
have been obtained in the range 240 — 280°C. Quantum confinement effect as been
proved by UV-Vis absorption measurements which also show that nanoparticles of
2.4nm in diameter become bigger with increasing temperature. The color emission
goes from blue to orange annealing at 240°C and 276°C' respectively.

The presented results are an important and very promising step in taking control
of the production of CdS nanoparticles in polymer matrix with specifically optical
properties. They have been fundamental for the comprehension of the subsequent

experiments concerning the synthesis of CdS in a conductive matrix.
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Chapter 5

Poly(N-vinylcarbazole) - CdS
nanocomposites

5.1 Introduction

This chapter deals with the developments of hybrid nanocomposite materials based on
COPs with special emphasis on their impact on energy related devices such as OLED
and solar cells.

The prominence of conducting organic polymers (COPs) in the last two decades has
been related to two crucial historical events: first, the discovery of their electrical con-
ductivity in 1977 by Shirakawa et al. [1] and later finding of their electroluminescence
in 1990 [2]. Their conductivity and functionality can be controlled by means of two
characteristic mechanisms: redox doping and acid-base doping. A careful choice of the
latter has a direct influence on the final properties and, obviously on their final appli-
cations like conductive plastics, catalysts, membranes, batteries, sensors, etc. On the
other hand in their undoped form COPs behave as intrinsic semiconductors and their
properties can be modulated by the modification of the backbone or by substitution
of the polymer chain. This versatility has placed COPs in the center of a constantly
growing research area and has made them key players in many different applications
like the plastic electronic industry, as polymer lasers, OLEDs, photovoltaic cells, field
effect transistors, etc [3]

As a part of photovoltaic device, COPs present some drawbacks. Devices based on

single layer COPs are able to produce good voltage values with poor photogenerated
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current. The main reason for this is the short exciton diffusion length and the rela-
tive low conductivity of COPs. An interesting class of photoactive material can be
generated combining two properties, carrier generation efficiency and transport mobil-
ity. A typical approach is the incorporation of nanoparticles in a carrier transporting
polymer. The blending of both materials into one phase-segregated mixture is a good
option for shortening the travel distance for excitons, enhancing the efficiency of the
composite and extending its sensitivity range (this topic will be examined in the next
chapter).

Concerning other applications like organic LEDs, we have to consider that typical
photoluminescent polymers are almost transparent in the visible spectral region and
their emission occurs in the UV-blue region. Incorporating inorganic nanoparticles in
the polymer matrix we can get hybrid materials characterized by large broad band
emission whose peak position depends on the hybrid type.

These are only two of many examples where the interplay of COPs with inorganic
materials works together to enhance device properties.

The aim of the work is the realization of hybrid nanocomposites materials synthesizing
CdS nanoparticles by thermolysis in conducting organic polymers such as Poly(N-
vinylcarbazole) (PVK) and Poly (3-Hexylthiophene) (P3HT). The hybrid organic-
inorganic functional materials were investigated in order to use them in energy-related

devices capable to produce, convert or save energy.

5.1.1 Electronic properties of conductive organic materials

Almost all the organic semiconductors as well as macromolecules dyes, dendrimers,
oligomers and polymers employed in various technological applications are based on
conjugated 7 electrons. A conjugated system occurs in an organic compound which
has a framework of alternating single and double carbon-carbon bonds. Single bonds
are referred to as o-bonds and are associated with a highly localized electron density
in the plane of the molecule, and double bonds contain a o-bond and a m-bond, where
the m-bond is the overlap between p, orbitals of neighboring atoms along the conjuga-
tion path. The conjugation of single and double bonds establishes a delocalization of

the electrons situated above and below the plane of the molecule. This electronic de-
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localization provides the "highway” for the charge mobility along the molecule chains.
m-bonds are either empty (called the Lowest Unoccupied Molecular Orbital - LUMO)
or filled with electrons (called the Highest Occupied Molecular Orbital - HOMO). In
the organic semiconductors the intermolecular forces (Van der Waals forces) are weak,
and the charge transport proceeds by hopping between localized states rather than
transport within a band. This means that charge carrier mobility in organic materials
is smaller than in inorganic semiconductors. The 7 electrons allow light absorption
(solar cells) and emission (OLEDs) in the conjugated organic materials. The photon
absorption produces excitons and it is from this optically excited neutral state that
free charge pair can be provided. Nevertheless the charge separation is quite difficult

in organic semiconductors due to their low dielectric constant.

5.1.2 Poly(N-vinylcarbazole) (PVK)

Poly (N-vinylcarbazole) (PVK) is a highly processable organic semiconducting poly-
mer [4] Tt is a hole transport material (hole mobility is much larger than electron
mobility) exhibiting an emission spectrum that, owing to the properties of carbazole
groups, covers the entire blue region [5] Morphologically, PVK is constituted by linear
chains of repeated molecular groups (HyC'HC),, with pendant carbazole side groups
(Cs¢Hy)oN H, arranged randomly around the same chain (Figure5.1). Due to the bulk-
iness of the carbazole groups, the main chain and size group motion are severely
restricted in PVK. As a consequence the chain is stiff and the glass transition temper-
ature is among the highest in vinyl polymers, as we have proved by DSC measurement
(Tg~ 226°C).

A detailed analysis of electronic transitions in the polymer [6] showed that four distinct
bands attributed to m — 7* electronic transitions were observed at 345nm (' L), 295nm
('L,), 262nm ('B,) and 237nm (! By) (using the Platt notation [7]) The fluorescence
spectrum of PVK results from the radiative decay of two spectrally distinct excimers,
one at long wavelength (420nm) and the other at shorter wavelenght (380nm).
Similarly to what occurs for other polymers, the electrical conduction in PVK is ruled
by both field assisted and temperature activated hopping processes. Besides we have

to consider that the PVK charge carrier mobility is highly influenced by the trapping
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Figure 5.1: Molecular structure of Poly (N-vinylcarbazole)

of charge at the excimer forming sites. PVK is being currently utilized in the fab-
rication of blue light emitting diodes [8] in the place of conjugated polymers, which
present poor emission in blue region, because of their long m-conjugation and relatively
low fluorescence quantum yields. It is studied as a hole transporting material in mul-
tilayer devices [9] as well as in blends with electroluminescenct conjugated polymers
such as poly(3-alkylthiophene)[12] or poly(p-phenylenevinylene)[11]. Due to its hole
transporting nature, PVK has been also widely investigated as photoactive material.
It s worth saying that PVK is characterized by relatively low charge generation effi-
ciency [12] and it absorbs only in the UV region of the spectrum. For this reasons it is
generally doped with nanostructured materials such as nanotubes [13] or nanoparticles
[14] in order to increase its photoconductivity and to extend it in the visible range.
Given its wide range of applications, PVK is a good candidate to study the synthesis
of CdS nanoparticles by thermolysis into a carrier-transporting polymer and thus to
investigate the optical and electrical properties of an interesting class of materials for
several technological applications, the PVK-CdS nanocomposites.

In this work we focus on the influence of CdS nanoparticles on the transport charge
carriers in the nanocomposites. The fundamental issues we want to stress are whether
the introduction of CdS nanoparticles into a polymer matrix causes any noticeable
improvement of carrier transport and whether the synthesis of nanocomposites in situ

is favorable respect to the ex situ methods.

In the next section we describe the procedure to realize PVK-CdS nanocomposites by
thermolysis of Cd dodecanethiol, C'd(SC12Has)2, and discuss their optical and morpho-
logical properties varying the annealing condition. The subsequent section is dedicated

to the realization process of simple stack devices using the PVK-CdS nanocomposite as
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active layer. We describe the results of electrical characterization making a comparison
with PVK-CdS nanocomposites obtained both by combining the polymer with CdS
nanoparticles purchased from NN-LABS, LLC and by mixing PVK and CdS nanopar-
ticles synthesized in Octadecene. At the end of the chapter we make some conclusions
about the improvement of carrier transport property induced by nanoparticles in all

the investigated cases.

5.2 Synthesis and characterization of PVK - CdS

nanocomposites

The PVK used in this work was purchased by Sigma Aldrich. It was first characterized
by thermal analysis. In particular TGA and DSC measurements were performed on the
original C'd(SC19Has)s (C12) powder, already used for the synthesis of CdS nanoparat-
icles in octadecene and in Topas. The measurements were carried out in a dynamic
nitrogen atmosphere from RT to 600°C' (400°C' for DSC experiments) at heating rate
of 10°C'/min, using a sample weight of about 15 mg in aluminum crucibles. For TGA
and DSC analysis Jupiter T'A — 2590 and a Mettler DSC 822E instrument were used
respectively. The curves are showed in Figure 5.2 and Figure 5.3. As already discussed
in Chapter 3, the TGA and DSC curves of the Cd precursor show that the melting
of the thiolate molecules occurs at 128°C, the onset of temperature for thermal bond
cleavage of C12 is at about 230°C" and the decomposition of the thiolate precursor is
complete at 370°C' with a residual of about 35%. The DSC spectra tell us that the
glass transition temperature, T, of PVK is 226°C'. It identifies the minimum annealing
temperature to be used for the thermolysis process. As a matter of fact the minimum
has to be set at temperatures higher than the glass transition of PVK in order to
allow the polymer chain to move and the atoms of the precursor to reorganize inside
the matrix. The maximum temperature has to be set before the polymer degradation
point that in the case of PVK is beyond 400°C'. The TGA spectrum of PVK-C12
shows that the amount of PVK-C12 composite above 500°C' is much lower than that
of C12 (already CdS at that temperature). This effect might be in part associated to

the decomposition of CdS nanoparticles induced by in-situ formation of free radicals
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Figure 5.2: Differential scanning calorimetry (DSC) analysis of PVK, Cd(SC19H2s5)2 and
PVK—Cd(SClgHzg,)Q blend.

species that come from the the PVK decomposition during TGA experiments. This
is in agreement with the known susceptibility of CdSe nanoparticles to free radical

degradation [15].

Samples preparation

The PVK-CdS nanocomposites were prepared according to the following procedure.
We dissolved PVK in chlorobenzene (PVK concentration 25mg/mL) at 80°C under
magnetic stirring up to its complete solubilization. We processed the solution through
a filtration stage. Then we added a stoichiometric amount of Cd thiolate precursor
(20% by weight of Cd precursor in PVK corresponding to CdS/PVK ~4% w/w) to the
polymer solution under magnetic stirring. We got a white opalescent solution which
was dried in a vacuum oven at room temperature over night to obtain a bulk foil.
The solid composite was annealed in a vacuum oven. The annealing process was car-
ried out at different temperatures: 250°C, 265°C and 275°C'. The annealing ramp was

set at about 5°C'/min starting from room temperature. The final temperature was
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Figure 5.3: Thermogravimetrical analysis (TGA) relative to PVK, Cd(SC12H2s5)2 and PVK-
Cd(SCi2Has)2 blend. It was performed at heating rate of 5°C'/min under a dynamic nitrogen

atmosphere. Inset: Corresponding differential thermogravimetric analysis (DTA).

kept constant for 20min. The process was stopped by removing the sample from the
oven and allowing it to cool down to room temperature in air.

Morphological and optical characterization

In order to get morphological and structural information about the nanocomposites,
the samples were investigated by transmission electron microscopy using a TEM TEC-
NAI G2 F30 operating at 300 kV with spatial resolution of 0.205 nm. The TEM
samples were prepared by dropping few ul of the PVK-CdS nanocomposite foil dis-
solved in chlorobenzene on a carbon coated copper grid. In Figure 5.4 Figure 5.5 and
Figure 5.6 we report on the bright field TEM images of samples annealed at 250°C,
265°C and 275°C. The images taken at low magnification demonstrate the formation
of nanocrystals which appear mainly grouped in some areas where the polymer fila-
ments are present. This effect is particularly evident for the sample annealed at 275°C
(Figure 5.6). Finer details in the TEM images can be hardly resolved since the organic
chains are still present in the polymer film after the annealing process even in the case

of high annealing temperature, reducing the image contrast. Moreover in some areas
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Figure 5.4: HRTEM image of CdS nanocrystals in PVK matriz after annealing at 250°C'.
The image shows the crystalline nanoparticles. Inset: Bright field TEM image over a large

area.

of the images the clusters overlap, but this is probably due to the samples preparation
for the TEM.

Average sizes and morphologies on the nanocrystals were accomplished using high
resolution TEM (HRTEM) at 550.000 times magnification. The HRTEM images (in
the inset of Figure 5.5 and Figure 5.6) of all the samples indicate the formation of
nanoparticles characterized by spherical shape regular lattice fringes at distance of
0.31lnm. This result points out that the nanoparticles have a crystalline structure
which can be assigned either to (111) of cubic (3.36A) or to (002) of hexagonal CdS
phase. We determined the average diameter of nanocrystallites by a statistical analysis
of several low-magnification pictures of the samples. From such analysis we deduced
that relatively low temperatures favor the nucleation of nanocrystals and their growth
up to about 2.2nm in diameter. Higher temperatures (such as 275°C) promote the
Ostwald ripening process increasing both the average size (from 2.6 4+ 0.5nm at 265°C
to 5.9 £ 2.3nm at 275°C) and the polydispersity of the nanocrystals.

Local information about the elements present were obtained by energy dispersive spec-
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Figure 5.5: Bright Field TEM image of CdS nanocrystals in PVK matriz after annealing at
265°C. Inset: High resolution TEM image.

troscopy (EDS) with a large area detector available on TEM. Figure 5.7 shows the EDS
spectrum taken on a nanoparticle of the STEM Dark Field (HAADF) image shown in
the inset. It contains both the Cd L, Cd K, S K edge peaks imputable to the sample

and the peaks corresponding to C, O and Cu coming from the TEM grid.

The FT-IR analysis of PVK-CdS nanocomposite was performed on solid samples by
mixing the PVK-CdS powder obtained from the foils, with KBr. The measurements
were recorded by IR Nicolet 5700 FT-IR. The complex FT-IR spectra of PVK-CdS
at different annealing temperatures are in general similar to that of the PVK refer-
ence and don’t give more information about the creation of new functional groups in
the composite. Nevertheless we noted the presence of the peak at around 2400cm !
which can be ascribed to the -SH group of the thiol molecules. Such peak is present
in the precursor as well as in the nanocomposites. Since the -SH group of thiol has a
stronger interaction with the surface of CdS nanoparticles than the carbazole moiety of

PVK, the peak in the FT-IR spectra could be an evidence of the fact that the residual

organic chains from decomposition of dodecathiol are bounded to the nanoparticles
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Figure 5.6: Bright Field TEM image of CdS nanocrystals in PVK matriz after annealing at
275°C. Inset: High resolution TEM image showing a crystalline nanoparticle indicated by

the arrow. Further details in the blow up image.

forming a sort of capping layer on the nanoparticles surface [16]. The characteristic
vibration peaks of the Cd-S bond at 265 and 405¢m ! were not detected in the FT-IR
experiments because they are beyond the detection limit and in any case weak to be
resolved.

A PVK/chlorobenzene solution is generally transparent and uncolored while the PVK-
CdS nanocomposites dissolved in the same solvent appear transparent light yellow.
The change of color is due to nanocrystals formation but since the polymer trans-
parency is left unmodified we can assume that the nanocrystals are not aggregated. In
other words the nanocrystals are well distributed inside the polymer matrix and almost
uniform interparticles distance (much larger than the nanocrystals diameter) charac-
terizes the nanocomposites [17]. In order to verify such hypothesis we perfomed UV-
Vis absorption experiments using the Perkin Elmer Lambda 900 spectrophotometer on
nanocomposites and PVK dissolved in clhorobenzene (10~%mol/l). The PVK results
essentially transparent at wavelength longer than 360nm and its absorption spectrum

shows three main peaks at 295nm, 330nm and 345nm. The PVK-CdS nanocomposites
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Figure 5.7: EDS pattern of one nanoparticles of the nanocomposite PVK-CdS annealed at

265°C, the nanoparticle is indicated in the inset by a red ring.

sample | Eg(eV) | R(nm) | R(nm)from TEM analysis
250°C 3.49 1.3 1.1
265°C 3.36 1.4 1.3
275°C 3.17 2.8 2.9

Table 5.1: Energy band gap and radius (R) of nanocrystals of samples annealed at 250°C,
265°C and 275°C', resulting from UV-Vis absorption and TEM measurements.

are characterized by the same spectrum of PVK, with an additional tail at wavelength

larger that 360nm. It can be assigned to the CdS nanoparticles (Figure 5.8).

From UV-Vis absorption curves we notice that all the samples investigated show
quantum size effect since the absorption edge is blue shifted of more than 70nm from
the corresponding value of bulk CdS (2.42eV). We calculated the energy band gap (see
inset Figure 5.9) and the average particle size for each sample using the Brus equation
which is based on the effective mass approximation for semiconductor nanoparticles
[18]. The results in term of nanoparticle size are in agreement with those obtained by
TEM measurements as it is shown in Table 5.1 in which the values of band gap (Eg)
and nanoparticels size (radius R) calculated by both analysis are listed.

The photos of PVK-CdS nanocomposite solution under room light and under UV light
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Figure 5.8: UV-Vis absorption spectra (left side) and PL spectra (right side) relative to
PVK and PVK-CdS nanocomposites.

are shown in Figure 5.10. When irradiated with UV light the nanocomposites display
a bright emission that appears light blue or yellowish depending on the nanoparticles
size dispersed in the PVK. For better understanding the changes in the emission spec-
tra from PVK to PVK nanocomposites, we measured the PL signal of PVK and PVK
nanocomposites in solution by a Fluorolog 3 spectrometer (Jobin Yvon Horiba, Instru-
ments SA). We got the emission spectra irradiating the liquid samples (10~5mol/l) in
quartz cuvette at 320nm with a band pass width of Inm and collecting data with band
pass of bnm.

The PL spectrum of PVK (Figure 5.8 right side) shows one main peaks at about
380nm and a shoulder at 420nm as expected. With nanoparticles the emission spectra
of the composites in solution remain almost similar to that of PVK reference except
that a new broad emission tail appears above 450nm in the sample annealed at 275°C.
On the other hand the PL intensity of PVK is modified by the surrounding nanopar-
ticles. In particular a quenching effect is detected when the nanoparticles are as small
as in the samples at 265° and 250°C. In both cases the reduced PL intensity of PVK
can be attributed to the quenching by interfacial charge transfer. Since the carbazole
moieties in this system, coming from the PVK, are effective complexing agents with
the surface of CdS clusters, the quenching of fluorescence of PVK in the nanocompos-
ites probably results from the close vicinity of energy levels of the CdS nanoparticles

and the polymer. When photons are absorbed, electrons are excited into the lowest
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Figure 5.9: UV-Vis spectra of nanocomposites annealed at 265°C compared to that of PVK.
Inset: plot of (ahv)? versus hv calculated from the spectrum of nanocomposite. The energy

band gap (Eg) of the nanoparticles is obtained by the zero extrapolation of the curve.

unoccupied molecular orbital (LUMO) of the carbazole groups in PVK and holes were
left in the highest occupied molecular orbital (HOMO). The excited electrons, in the
pure PVK solution, will return from the conduction band through a radiative pro-
cess. In the system of the CdS-PVK nanocomposites, however, the excited electrons
can also choose to migrate from PVK to the CdS nanoparticles. Such an interfacial
charge-transfer brings down the transition probability from HOMO to LUMO and thus
reduces the PVK photoluminescence. The difference between the HOMO (2.2eV) and
the LUMO (5.8¢V) of PVK equal to 3.6eV, thus very close to that calculated for CdS
nanoparticles. The experiments have shown that the smaller are the nanoparticles the
bigger is the quenching effect. This is probably due to a better matching between the
conduction and the valence bands of the CdS, in quantum regime, and HOMO-LUMO
levels of PVK. Moreover the nanocomposites annealed at relatively low temperature
are characterized by narrower size distribution, this result along with the relatively
small size of the nanorystals can be responsible of the enhancement of PL. quenching

effect.
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Figure 5.10: Photo of PVK-CdS nanocomposites dissolved in chlorobenzene under room
light (left side) and under UV light (right side). The annealing temperature of each sample
1s indicated in the photo on the left

On the contrary we don’t think that the thiol chains which come from the decompo-
sition of dodecanethiol and surround the nanocrystals, as indicated by NMR analysis,
play a critical role in the nanocomposites emission. The thiol chain are expected to
be reduced at increasing annealing temperature. Consequently the nanocrystals in
the sample annealed at 275°C having shorter organic capping layer should be in close
contact with the PVK. This could favor the charge transport through the interface
between the two materials quenching the PVK PL emission, conversely in samples
annealed at 250° and 265°C the nanocrystals are characterized by longer thiol chains
which should inhibit the charge transfer. The experimental data don’t confirm this
hypothesis. As a consequence we assume that the space layer of thiols separating PVK
and the nanocrystals doesn’t change significantly in the range from 250° to 275°C be-
ing far from the melting temperature of dodecanhiol, thus its effect on the PL emission

of nanocomposites is almost the same in all the investigated cases.

5.3 Electrical characterization of single layer PVK-
CdS based devices

In order to investigate the transport properties of the nanocomposites we realized the
single layer stack devices shown in Figure 5.11.

The in-situ PVK-CdS nanocomposites (PVK/CdS = 25/1 w/w) realized according the
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Figure 5.11: Sketch of stack devices realized. They differ for the active layer: a) PVK, b)
PVK-CdS in situ realized according to the procedure described in the previous section ¢)PVK-
CdS ex-situ realized by dispersing in PVK commercial CdS nanoparticles (NNLabs) in one
case, and CdS synthesized in ODFE in an other case.

procedure described in the previous section, were dissolved in chlorobenzene solution
(25mg/ml) spun on patterned ITO (indium tin oxide) glass to form a transparent film
and then heated at 80°C' for 20 min to form the active layer. The film thickness was
about 100°C', as determined by an Alpha-step 1Q surface profiler. Subsequently, alu-
minium electrodes (area ~ 0.7cm?) were deposited by evaporation through a shadow
mask on the surface of the nanocomposite film.

We fabricated analogous devices with PVK only and ex-situ PVK-CdS nanocompos-
ite as a comparison. We realized two different ex-situ nanocomposites. The first with
commercial CdS nanoparticles (purchased from NN-Lab, USA) characterized by op-
tical emission at 420nm and stabilized by a shell of oleic acid. The second with CdS
nanoparticles obtained by the synthesis in octadecene described in the Chapter 3, in
particular we used the nanoparticles of sample CdSODEr1 after the extraction with
methanol and hexane. In both cases we added the dryed nanoparticles without any
further treatment, to a PVK / chlorobenzene solution and we kept it under stirring
for 24 hours before depositing it on the ITO glass substrate. The spin-coating process
was carried out in ambient condition.

Before discussing the possible influence of the nanoparticles on the charge carrier
transport in the composite we define some parameters describing the nanocomposite

material. First of all the diameter of the nanoparticles, d, and the volume fraction of

nanoparticles, x. It is related to the mass fraction g as follows x = oTlolmm f(1—g) o]

where the density of CdS nanoparticles and polymer are equal to p, = 4.8g/cm? for
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Figure 5.12: Log-log diagram of I-V characteristics of of PVK and of the nanocomposites
in-situ annealed at 250°C, 265°C', 275°C' respectively. The circle highlights the particular
behavior of the sample annealed at 250°C', showed in more details in the figure on the left. It
presents the I-V hysteresis curve of the device ITO/PVK-CdS(250C)/Al at room temperature.

CdS nanoparticles and p, = 1.2g/cm? respectively. Since the CdS weight fraction is
4 % with respect to the polymer, we obtain that the nanoparticle volume fraction is
x = 0.01. Given the CdS volume fraction, we define the concentration of the nanopar-
ticles as N = 6x/md® (N=0.001) and the average distance between the center of the
nanoparticles which can be approximated as 7, = N~'/3 (r,, = 9.1nm). Since there is
no evidence of regular distribution of nanoparticles in the polymer matrix we assume
that the nanoparticles are randomly distributed and the average distance between the
nanoparticles is given by r,,.

To investigate the effect of CdS nanoparticles into the PVK film in term of electric
properties we examined the I-V characteristics in ambient condition with a Keithley
2400 semiconductor parameter analyzer. Current-voltage (I-V) measurements were
performed by sweeping the voltage from 10 to +10 V and then back to 10 V. The
forward bias indicates that the ITO electrode is positively biased. The current-voltage
curves obtained with forward bias are shown in Figure 5.12 and Figure 5.13.

The first important result, clearly shown in Figure 5.12 (left side), is the enhance-
ment of current adding nanoparticles in the polymeric active layer. The degree of
enhancement is high (about 10°) for small nanoparticles as confirmed by I-V curves

corresponding to PVK-CdS nanocomposite annealed at 250°C'. Since we assume that
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Figure 5.13: Log-log diagram of I-V characteristics (forward and back I-V curves) of the
nanocomposites in-situ annealed at 250°C" and ex situ with commercial CdS nanoparticles,
ex-situ C, and with CdS from ODE synthesis, ex-situ O. Two consecutive I-V measurements

are shown for each sample.

the nanoparticles are randomly distributed in the polymer film, the enhanced transport
properties of the nanocomposites cannot be due to the formation of well defined paths
inside the matrix, generally induced by the regular distribution of nanoparticles [19].
Moreover since the CdS nanoparticle volume fraction is relatively low we can assume
that the transport in our samples proceeds mostly through the polymer and is only
modified to a certain extent by the nanoparticles. Nevertheless upon the application of
external voltage, PVK carbazole groups may donate their electrons to the nanoparticles
to increase the hole concentration and the conductivity of the polymer. Concerning
the different degree of current enhancement provided by the different samples, we at-
tribute such effect to both the interface between the matrix and the nanoparticles and
the aggregation process. In the case of active layer with commercial CdS the transfer
of charge from the nanoparticles into the surrounding matrix can be partially inhibited
by the capping layer of oleic acid. Whereas in the other cases trapping can occur at

the surface of nanoparticles which are not well stabilized by thiols. More in general
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we think that the aggregation process induced by the mechanical mixing in the ex situ
nanocomposites and by the high annealing temperature in the in situ nanocomposites
could be one of the most important factor in influencing the charge transport.

A bistable along with an unusual property of negative differential resistance (NDR)
were also observed in the high conductivity state. The electric curves develop as fol-
lows. Starting from OV the current increases by several orders of magnitude until it
reaches the maximum at voltage V' = Vpuy then it goes through a NDR region to
a minimum (V' = Vopp). When the voltage is decreased towards zero, the current
approximately follows the same path. It remains in the OFF state until the voltage
near Vopr is applied then the devices is set in the ON state. Analogous behavior is
observed for negative applied bias, presenting a NDR region at the same value of ap-
plied electric field. This effect is particularly evident for nanocomposites prepared in
situ at 250°C' with the Vpy voltage in the range 4-6V and the ON/OFF current ratio
of about 10. As a first attempt in explaining both the bistable and the NDR effects
observed we take into account the possibility that the CdS nanoparticles may act as
deep charge trapping sites to store a great deal of carriers stably. It has been reported
previously in the literature that trapping of charges by impurities or trap levels can
induce hysteresis and bistability [20] [21]. According to this hypothesis the NDR effect
could result from a trapping and detrapping of the electrons in the nanoparticles, a

process driven by the bias applied.

For devices with larger nanoparticle size the NDR effect is reduced. The reduction
occurs also for devices with ex-situ nanocomposites (Figure 5.13). This result suggests
that the phenomena observed are related to the quantum size effects in nanoparticles as
small as 2-3nm in diameter. Consequently the same effects cannot observed for the in
situ nanocomposites at 275°C' because of the formation of nanoparticles with diameter
larger than the Bohr exciton radius. Moreover the narrow size distribution of the
nanoparticles of the sample annealed at 250°C' may also contribute to the broadness
of the NDR effect. On the other hand for the ex situ nanocomposite the reason may lay
in the large size distribution of nanoparticles (see Chapter 3) and in the aggregation
process induced by dispersing the nanoparticles in the polymer. In addition the general

low Von /Vorr ratio is due to the fact that the electrical measurements were performed
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at room temperature thus thermal effects also contributed to the overall conduction
mechanism.

Such devices don’t show light emission up to 10V because holes and electrons cannot
efficiently recombine to form excitons. On the other hand we didn’t increase the
voltage bias further because in this way we could have easily induced a serious damage

to the aluminium cathode due to the lack of a hole blocking layer in the stack devices.

5.4 Conclusions

In this work we succeeded in synthesizing CdS nanocrystals of few nanometers in
diameter in PVK. The CdS nanocrystals were prepared in situ by thermolysis of Cd
bis thiolate precursor in the PVK matrix as a solid bulk. CdS nanocrystals 2-3 nm sized
are produced keeping the temperature at 265°C' for few minutes. The nanocrystals,
predominantly in the hexagonal phase, increase in size with the annealing temperature.
Despite the fact that the annealing temperature necessary to allow the thermolysis of
Cd precursor in PVK is much higher than in the case of thermolysis in octadecene (see
Chapter 3), the nanoparticle size in the PVK matrix is up to one order of magnitude
lower than in the colloidal synthesis. This result can be explained by considering
that the nanoparticles formation depends on the precursor organic chain mobility
induced by temperature and it is limited by the presence of polymer chain in which
the precursor is encapsulated [22]. As a consequence, the CdS nanoparticles formation
is a more controllable process in a polymer matrix than in a solvent. The thermolysis
of Cd thiolate precursor is then more effective in terms of small and uniform size
production and reproducibility when it occurs in a polymer matrix.

Moreover we observed a reduction of photoluminescence for nanocrystals of small size.
This effect has been ascribed to an increase of charge transfer between PVK and
CdS. The opposite effect was observed increasing the size and polydispersity of the
nanocrystals. The transfer of electrons is expected to favor the conductive properties of
the nanocomposites. We found that the nanoparticles partially modify the dispersive
transport in the matrix indeed. The conductivity of the organic layer is enhanced up to

six order of magnitude. Moreover a NDR behavior has been observed when the devices
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is biased at about 5V. This behaviour is very sensitive to the nanoparticle properties,
in particular to their size and size distribution in the polymer matrix. The device
with in-situ nanocomposite annealed at 250°C' exhibits the best performances with a
reproducible NDR behavior. We deduced that in order to obtain devices with well
controlled NDR and bistable behaviour, the nanoparticles should be smaller than 3nm
and uniformly distributed. Such devices can have promising applications in memory

cells and analog oscillators.
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Chapter 6

Poly(3-hexylthiophene) based
nanocomposites for solar cell and
OLED applications

In this Chapter we present the synthesis of CdS nanoparticles in a largely exploited
conductive polymer, the Poly(3-hexylthiophene) (P3HT) for solar cell applications.
After a brief digression on the principle of operation and the advantages of realizing
organic based solar cells we report on the realization process of P3HT-CdS nanocom-
posites and stack devices as solar cell and organic light emitting diode prototypes.
We show the photocurrent measurements performed on different PSHT-CdS based
devices, and the response of PSHT-CdS nanocomposite as active material in a single
layer organic light emitting devices (OLEDs). The experiments were carried out in
collaboration with the Prof. De Crescenzi’s group in the Departments of Physics of

University of Roma ”Tor Vergata”.

6.1 Introduction

In the last decades many efforts have been driven to the production of low cost photo-
voltaic modules. In this framework organic semiconductors have been indicated as a
less expensive alternative to inorganic semiconductors as well as less energy consumer
[1].

As already mentioned in the introductive sections of Chapter 4, the organic absorber

films can be regarded as a semiconductor-like material, where the band gap corre-
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sponds to the difference between the LUMO and the HOMO. Upon light absorption,
the molecules are excited from the fundamental to the excited state realizing a singlet
transition. Singlet-singlet transitions are very efficient similar to direct transitions in
inorganic semiconductors. They have short life time. They can go back to the ground
state through luminescence or phonon emission. Another exciton decay channel is
through a lower triplet state. Triplet excitons have an increased lifetime (in the order
of us) because they cannot be deexcited radiatively, it is equivalent to indirect tran-
sition, triplet state can diffuse over large distance up to 100 ym. Both singlet and
triplet excitons can provide charges for photovoltaic (PV) cells.

The majority of organic semiconductors have band gaps higher than 2.0 eV. This prop-
erty can be, at least partly, managed by varying the polymer chain length. Anyway
organic material are characterized by a high absorption coefficient. In some conditions
100 nm thick organic layers can absorb up to 90% of light. On the other hand the
exciton diffusion range (L) in organic materials before de-excitation is around 10
nm, which means that the distance between an exciton creation site and a dissociation
site (interface) should not be higher than 10 nm. Moreover, since the charge mobility
is very small, there is large probability that the charges recombine during the way to
the electrodes. This results in very low power conversion efficiencies achieved (1075%)
in the organic solar cells.

Concerning the solar cell architectures, different architectures can be developed. In the
single layer cells both positive and negative photo-excited charges travel through the
same material, consequently the recombination losses are high. In bi-layers cells the
charge transport occurs in two different layers decreasing the recombination probabil-
ity of the carrier. However in this case the active domain, that is the donor/acceptor
interface, is still very small and only excitons near the depletion layer can reach it and
become dissociated. An alternative is the bulk (or dispersed) heterojunction (BHJ)
cell like a blend of donor and acceptor materials.

The new concept of bulk heterojunction is used to overcome the limited cells efficiency
observed in single layer cell or in multilayer cell. In fact the BHJ PV cells offer much

greater IPCEs due to

e the decreased distance the excitons must diffuse to reach the interface, in other
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words the average acceptor/donor phase domain size (L) is less than L.,

e the much greater area of the acceptor/donor interface.

In the past decades significant progress has been reported for the bulk heterojunc-
tion photovoltaic devices starting from solution processed p-type conjugated poly-
mers, either in combination with polymers [2] or fullerenes [3] [4]. On the other hand
nanocomposites realized by inorganic nanoparticles embedded in a polymer matrix
would benefit of the complementary properties of organic and inorganic materials in
particular they can be processed as the polymers and thin films can be realized by
spin coating or printing techniques on flexible substrates. In solid state photovoltaic
devices formed by such nanocomposites the light is absorbed by the polymer and the
photoproduced excitons can diffuse to the interface with the nanoparticles. Because
of a relative positive electron affinity, nanoparticles accept electrons from the poly-
mer under illumination. In other words the polymer acts as p-type material and the
nanoparticles as a n-type material [5] [6]. Thus an internal field is created by contact-
ing the p-type and the n-type materials and it can separate the electron-hole pairs.
The insertion of nanoparticles in a solar cell active layer is also particularly interesting
because of the peculiar properties of inorganic material at nanometric size. First of all
the nanoparticles have size dependent Eg and energy levels depending on their size.
This provides a tool for tuning Jsc in a solar cell devices [7]. Material at nanometric
size are characterized by a large surface area to volume ratio ensuring an extended
interfacial area for charge transfer [8]. In addition the inorganic nanoparticles can

harvest light offering potential contribute to the spectral coverage and photocurrent.

In this framework nanodispersed heterojunction based on semiconductor nanopar-
ticles and conjugated are subjected to intense studies. It has been demonstrated that
the nanoparticle geometry and aspect ratio, the its concentration as well as the nature
of the nanoparticle-polymer interaction are important factors governing the IPCE of
inorganic nanoparticlepolymer PV cells [7].

One of the main challenge for nanocomposite film preparation is getting uniform dis-
tribution of nanoparticles inside the polymer matrix in order to maximize the number

of interfaces between the nanoparticles and the polymer. That is not obvious if the
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Figure 6.1: Chemical structure of poly(3-hexylthiophene), PSHT.

method used to create active layer consists of mechanically mixing inorganic nanocrys-
tals with polymers. Since the in-situ method consists of the synthesis of nanoparticles
in the polymer matrix, it can allow a better nanoparticle dispersion in the polymer
itself reducing the difficulty generally encountered in ex-situ dispersed heterojunction

such as the solid state miscibility and stability.

6.1.1 Poly(3-hexylthiophene) (P3HT)

Among the several parameters which influence the organic cells performances, the
most important is the absorption efficiency of the photons of the solar spectrum. To
achieve a good overlap between the polymer absorption spectrum and the solar spec-
trum, polymer with band gap smaller than 2eV must be used. A review of such
polymers has been proposed by E. Bundgaard and F.C. Krebs [9] Most of low band
gap polymers encountered in the literature are based on thiophene. In particular
poly(3-hexylthiophene), P3HT, has a band gap of 1.9 eV and it is one of the thio-
phene derivatives which has been systematically investigated for solar cell applications
[10] [11]. It is a regioregular polymer belonging to a class of conjugated polymers,
poly(3-alkylthiophene)s (P3AT). P3ATSs are highly conductive polymers, soluble and
environmentally stable. These properties enable PATs to be significantly useful in a
wide variety of applications ranging from chemical and optical sensors, light emitting
diodes, display, memory devices and solar cells [12]. Thin films of P3HT adopt a highly
microcrystalline and anisotropic lamellar microstructure comprising two-dimensional
conjugated layers with strong m — 7* interchain interactions separated by layers of
insulating side chains (Figure 6.1). This microstructure leads to fast in-plane charge

transport. The mobility of P3HT depends very sensitively on the degree of head-to-
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tail, head to head or tail to tail regioregularity of the molecules, and on the deposition
conditions. Lots of processing factors influence the PSHT properties. It has also been
proved, for instance, that annealing treatments of the polymer can induce the spectral
absorption broadening and the improvement the crystallinity of the polymer resulting

in an increase of the carrier mobility [13] [14].

6.2 Synthesis and characterization of P3HT-CdS

nanocomposites

In this paragraph we report on the synthesis of CdS nanoparticles in Poly(3-Hexylthiophene).
The P3HT-CdS nanocomposites were prepared according to the procedure used to
realize PVK-CdS foils described in Chapter 5, that is by the thermolysis of cad-
mium thiolate precursors C'd(SC1aHas)o mixed with PSHT (regioregular 99.995%, Mn
15.000—45.000, Sigma Aldrich) chlorobenzene solution. The precursor-polymer weight
ratio was set at 20% which yields CdS/P3HT 4% w/w after the decomposition. The

solution was then dried and the bulk piece obtained was annealed in vacuum at 240°C'.

The preliminary thermal characterization of P3HT and P3HT-C'd(SC12Has)2 was per-
formed by TGA and DSC measurements. The analyses were carried out in a dynamic
nitrogen atmosphere from RT to 600°C' at heating rate of 10°C'/min by STA 449 F3
Jupiter Netzsch. The TGA measurement shows that the precursor mass loss occur
around 220°C" as expected. DSC analysis indicates that P3HT has the peculiarity to
start its degradation at high temperature, above 400°C' (Figure 6.2). The glass transi-
tion temperature of P3HT is a controversial issue. It is generally found at temperature
beyond 20°C' [15] but we couldn’t clearly identify it from the DSC analysis even heat-
ing at low rate. At 228°C' the DSC curves present an exothermic peak corresponding
to the crystallization phase of the polymer. Adding the precursor the crystallization
point is slightly shifted toward higher temperature (233°C).

We annealed in vacuum the P3HT-C'd(SC12Has)o foils at 240°C' in order to allow the
CdS precursor decomposition as indicated by TGA and realize small-sized nanopar-

ticles. In particular the sample was annealed at 240°C for 20min according to the
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Figure 6.2: Thermogravimetric (TGA) analysis and heat flow from standard DSC on poly-
mer and precursor/polymer composite showing that the decomposition of PSHT starts at

about 400°C. The Cd precursor mass loss occurs at 220°C' (inset image) as expected.

experiments performed in Topas. During the annealing process the foil changes its
color from red to golden.

To investigate the formation of CdS nanostructures in the P3HT matrix, transmis-
sion electron microscopy (TEM) measurements were performed using a 100 keV JEOL
system, in collaboration with the Electron Transmission Microscopy Laboratory of
ENEA C.R. Brindisi. The samples for TEM were prepared by dissolving few mg of
annealed nanoparticle-polymer foil in few ul of chlorobenzene. This solution was drop
cast on Cu grids 3.05 mm in diameter and 300 meshes. TEM analyses of the sample
prove the formation of CdS nanoparticles. In this particular case, small and spherical
nanoparticles are present in the polymer, as shown in Figure 6.3. The HRTEM image
in the inset shows regular lattice fringes at a distance of about 0.31 nm as found in
the PVK-CdS samples. Statistical analysis over about 100 nanoparticles has given a

narrow nanoparticle size distribution peaked at about 2.5 4+ 0.7nm.
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Figure 6.3: Bright field and HRTEM images (inset) of PSHT/Cd precursor nanocomposite
after annealing at 240°C'. The annealing conditions used favors the formation of small and

uniformly sized nanoparticles which also show reqular lattice fringes 0.31nm spaced.

6.3 Realization of P3HT-CdS nanocomposite based

device

In this section we describe the realization process of stack device using the PSHT-CdS
nanocomposite as active layer in order to analyze both its photoconductive and elec-
troluminescent properties. Glass substrates (Corning 1737) with 150 nm thick indium
tin oxide (ITO) layer were cleaned with deionised water, detergent and ultrasounds
and dried in oven at 115°C' for 2 hours. The ITO was patterned through inverse pho-
tolithography and HCl-based etching in order to define the anode electrode area. The
P3HT and P3HT-CdS nanocomposite were dissolved under stirring in cholorobenzene
at concentration of 25mg/mL. The solution was spin-coated (2000 rpm) on ITO-glass
substrates and heated at 80°C' for 20 min to let the solvent evaporate. The films were
about 100nm thick, as determined by an Alpha-step IQ surface profiler. Subsequently
Lithium Fluoride (LiF) ~ Inm thick and aluminium electrodes 200nm thick were de-
posited by evaporation through a shadow mask on the surface of nanocomposite film.

The device area is ~ 0.7cm?.
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ITO is suitable as transparent conductive oxide (TCO) because it provides high trans-
mission T in the visible spectral region(T ~ 90%) and sheet resistance around 102 /square.
The LiF layer between the active layer and the aluminium cathode is generally used
to improve the organic optoelectronic devices performances. The effect of LiF on
the optoelectronic performances is often described in organic light emitting devices
(OLEDs) [16]. The increase in luminance and efficiency is attributed to enhancement
of the electron injection from the aluminium into the organic layer [17] In the case
of solar cells, insertion of a thin LiF layer at the interface organic/aluminium could
allow to improve the power conversion efficiency of the cells favoring an increase in the
forward current upon reducing the serial resistivity across the contact. The optimum

LiF thin film thickness has been proved to be around 1 nm [18].
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Figure 6.4: Device energy diagram expressed in eV. The vacuum energy level is zero.

The device realized have the following structure ITO/P3HT:CdS/LiF /Al (Figure 6.5),
whereas the device ITO/P3HT/LiF/Al was used as reference. Figure 6.4 shows a
schematic diagram of the theoretical work function of electrodes [19], the energy levels
of P3HT [20] and of CdS nanoparticles. The HOMO LUMO levels of CdS have been
valuated considering that CdS have electron affinity in the range 3.8 — 4.5¢V [21] with
band gap of 3.58eV as calculated from absorption spectrum of nanoparticles in Topas

(see Chapter 4).
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Figure 6.5: Schematic drawing of the device used for the photocurrent measurements

6.3.1 Photocurrent measurements

In order to evaluate the photocurrent response of the P3HT-CdS nanocomposites we
measured the Incident-Photon-to-electron Conversion Efficiency, IPCE (see introduc-
tive paragraphs in Chapter 2). The IPCE spectra were acquired by optical set-up for
solid state measurements. The optical set up is equiped with a 150W Xenon lamp
(spectral range: from 200nm to 2400 nm) a monochromator (spectral range: 300 nm
to 1000 nm), an optical chopper, focusing optics (lenses), a sample holder, a Si cali-
brated photodiode as a reference with amplifier, a low noise-current amplifier and an
Ametek Signal Recovery lock-in amplifier (Figure 6.6). The sample and the photo-
diode were positioned in order to be illuminated alternatively by a mirrored chopper
blade, therefore their signals were dephased of about 180°C' when no electronic induced
dephasing was considered . At each wavelength from the near UV (300 nm) to the
near IR (1000nm), the photogenerated current was evaluated by averaging, over tens
of light/dark cycles. The dark and light current density values were subtracted each
other and their absolute value was taken. The light and dark cycles were obtained
by a chopper at fixed frequency (usually around 22 Hz), the signals were collected by
the lock-in amplifier. The current were recorded by the Keithley 2602A source meter,
positioning the spotlight (size 2 x 3.7mm?) at fixed distance from the sample. The
photocurrent induced by dark-light cycles results to be a square signal as function of
time. The photocurrent signal was used to calculate the IPCE following the Eq.2.4
(Chapter 2). The power of impinging light used to calculate the IPCE was measured
by the calibrated photodiode. Figure 6.7 shows the IPCE spectrum of the polymer.

The presence of several features at high wavelength (> 700nm) is due to the peaks of
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Figure 6.6: Block diagram of the measurement set up for photocurrent measurements
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Figure 6.7: IPCE spectrum of P3HT. The measurements were performed on a layer 100nm
thick.

the lamp spectrum.
Since the IPCE is proportional to the absorbance A()), as stated in the introductive
paragraphs of Chapter 2, it is worth measuring the absorption spectra of the polymer

and the nanocomposite. Figure 6.8 shows the absorption spectra of the polymer and
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Figure 6.8: UV-Vis absorption spectra of PSHT and P3HT-CdS nanocomposite annealed
at 240°C. The measurements were performed on films 100nm thick deposited on quartz

substrates.

the nanocomposite deposited on a quartz substrate (NSG OZ optical grade) and the
absorption spectrum of nanocomposite deposited on glass/ITO substrate. The ab-
sorption measurements in the UV and visible region (UV-Vis) were performed on the
100nm thick films by a spectrophotometer Perkin Elmer Lambda 9.

The optical absorption spectrum of pure P3HT on quartz has a feature in the visible
region spread over a large range from 350 to 650nm with a peak at 519nm (2.39¢V)
and two shoulders at 556nm (2.23¢V") and 605nm (2.05¢V’). The absorption peak is
attributed to the excitation of electrons in the 7 conjugated system [22]. The energy
difference between two shoulders corresponds to 0.18eV and may be associated with
the stretching frequency C=C in the polymer [23] As expected, the absorption spec-
trum of P3HT as thin film is red-shifted respect to P3HT in solution which presents a
broad feature peaked at about 450nm. The red-shift is generally ascribed to a change
in the the chain ordering in P3HT [26]. In the hybrid samples the presence of nanopar-
ticles cannot be clearly detected. The weak signal from nanoparticles is expected to

arise at about 325nm as indicated by absorption spectrum of CdS nanoparticles syn-



114Chapter 6. Poly(3-hexylthiophene) based nanocomposites for solar cell and OLED applications

0,03 i 150
-y —o—P3HT
‘e\ —o—P3HT-CdS @ 240°C
°\o\ Abs. (P3HT-CdS @ 240°C)
N
\°°\ 4100 5
s
L Y s
© 002 - X \°‘o ﬁ
= o 9 323‘39000000%0 g
o 5
\ 9
Q Q @i 50
\ 2 ]
5 o°°°°°°°°3s$ P
L3 99 99
°°° °o°° %\“‘Q Qo 0/
920909 9%0" J
Q%eg'
0,01 1 1 1 1 1 1 1 1 1 1 0
400 450 500 550 600 650

wavelength (nm)

Figure 6.9: IPCE spectra of PSHT and P3HT-CdS nanocomposite annealed at 240°C' (black
and red dots respectively) and absorption spectrum of the nanocomposite. Note that the
absorption resembles the action spectrum of the IPCE spectrum in the range 450-650nm.
The measurements were performed on 100nm thick films. The absorption spectrum of a

glass/ITO substrate is also shown.

thesized in TP at the same temperature (reported in Chapter 4), but it is probably
hidden by the huge polymer absorption curve. However the nanoparticles are proba-
bly responsible of the slightly blue-shift of the P3HT absorption curve (indicated by
the arrow), determined by a ground state charge transfer between the polymer and
the nanoparticles [29]. Such blue-shift cannot be ascribed to modification or ordered
polymer chains induced by the annealing process. In fact the absorption spectrum of
P3HT and P3HT annealed at 240°C are similar. On the other hand the absorption
curve of P3HT deposited on glass/ITO shows the effect of ITO on the device light
absorption. It is crucial in the UV region and at high wavelength where an absorbtion
tail is present.

The calculated IPCE spectra of P3HT and nanocomposite are superimposed in Figure
6.9. A slightly enhancement of the IPCE in the range 400-600nm has been detected.

The absorption curve of PSHT-CdS nanocomposite, also reported in Figure 6.8, follows
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Figure 6.10: PL spectra of PSHT and P3HT-CdS nanocomposite annealed at 240°C'. The
measurements were performed on 100nm thick films on quartz substrates. Ezcitation wave-

length: 450nm.

the experimental IPCE curve of the nanocomposite in the 400-600nm range, indicating
that the nanocomposite contributes in improving the charge separation after exciton

formation.

It is well established that P3HT is a good hole conductor characterized by high recom-
bination because of its low mobility and short excitonic diffusion length, thus a strong
photoluminescence signal is generally expected. We measured the photoluminescence
emission spectra of P3HT and P3HT-CdS nanocomposite in thin films. The PL mea-
surements were recorded by FluoroLog Jobin Yvon with 5nm band width at 450nm of
excitation wavelength. The PL spectrum of P3HT in Figure 6.10 shows a shoulder at
650nm and a peak at 730nm. The PL emission features are generally assigned to the

pure electronic transition and to the first vibronic band of the polymer [25].

It is interesting noting that the PL emission is quenched by adding the nanopar-
ticles. This is a good indication of the interaction between the two component in the

excited state. In particular if we consider the polymer as a donor and the nanoparticles
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as an acceptor material, the PL quenching demonstrates the effective donor-acceptor
charge transfer [27] [28]. As a matter of fact the PL intensity reduction is generally
associated to an improvement in the photovoltaic performance [29].

As a consequence both the spectral overlap that occurs between the nanocomposite ab-
sorption and the IPCE curves in the 400-600nm range and the PL emission quenching
indicate that the IPCE enhancement observed in the UV-visible region is due to the
beneficial effect of nanoparticles which favor the charge separation in the photoactive
material. It is worth noting that the moderate increase of IPCE is due to the small
amount of nanoparticles in the nanocomposite. Since the wight ratio CdS/P3HT is
4% w/w, the volume fraction of CdS nanoparticles in the P3HT matrix is 0.01 [30].
The volume of nanoparticles used is one order of magnitude less than that reported in
literature [7]. Since the interface between the nanoparticle and the matrix play a fun-
damental role in the charge transfer process, the main concern in realizing photoactive
layer is maximizing the interface between the acceptor and the donor materials. This
can be obtained by increasing the amount of nanoparticles and assuring their uniform

distribution in the matrix.

Our results in terms of IPCE indicate that the photocurrent generation is mainly
governed by the polymer and it is only modified to a certain extent by the nanopar-
ticles. Therefore we assume that the photogenerated excitons mostly recombine be-
fore reaching the electrodes. Nevertheless our first attempts of realizing P3HT-CdS
nanocomposites by thermolysis are encouraging because they demonstrate the advan-
tage of in-situ method in synthesizing likely uniformly dispersed nanoparticles which
allowed a slightly improvement in the performance of the photoactive material even
with a small amount of nanoparticles. Concerning the complete characterization of
the devices, the resistance was obtained by measuring the J-V characteristics under
dark room conditions (voltage range —0.1 <V < 0.1, step 0.02V) is about 74k cm?,
it is 3 order of magnitude higher than reported in literature [31] Along with the resis-
tance two characteristics parameters of solar cells, the short circuit density, Js¢ and
the open circuit voltage, Voo was measured in dark and room light conditions. The
Jsc for the nanocomposite based device is about 0.181A/cm? under light conditions.

Under dark conditions the J-V characteristic is lowered of one order of magnitude.
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The measured values of Js¢ are about 3 order of magnitude lower than those reported
in recently published papers [32] while the value of Vo around 530mV is in line with
the that reported in literature. The low device performances are probably due to both
the presence of defects at the interface between the active layer and the electrodes and
the existence of pinhole defects in the active layer [31]. The overall performance of the
solar cell could be recovered by annealing process of the deposited active layer and by
optimizing the layer deposition process [31].

Starting from these first results on realizing P3HT-CdS based solar cells, next
experiments can proceed by increase the precursor concentration in order to raise the
number of nanoparticles, optimizing the inter-layer interfaces to reduce the defects at

the electrodes and treating thermally the P3HT layer after the spin coating deposition.

6.3.2 Electrical measurements

As we have already stressed in the previous section the polymer-electrodes constitutes
two semiconductor-metal junctions. The barrier between the metal and the semicon-
ductor, @, can be identified on the energy band diagram, using a common vacuum
level (Figure 6.4). The barrier height is defined as the potential difference between the
Fermi energy of the metal and the band edge where the majority carriers reside, thus it
is equal to the difference between the work function of the semiconductor and the metal.
The stack ITO/P3HT/LiF /Al constitutes a Schottky device because Al forms a de-
pletion layer with P3HT [33]. This depletion layer gives ITO/P3HT/LiF /Al a typical
rectifying behavior resulting in a diode like current voltage. In the case of nanocom-
posite the barrier height at the metal junctions is in principle unknown. Consequently
we are interested in determining the current voltage behavior of the nanocomposite
based device. The P3HT device was also investigated as comparison. We measured the
[-V characteristics of devices in dark condition at room temperature using a Keithley
2400 Power Supply Source Meter in voltage mode in the range 0 - 10V with constant
increment steps and delay time of 1sec before each measurement point. Our analysis on
electric characteristics was mainly focused on determining the best fitting conduction
model to experimental data for forward current density (positive voltage applied at

ITO electrode). Figure 6.11 shows the current density-voltage (J-V) characteristics of
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Figure 6.11: Current density-voltage (J-V) characteristics of ITO/P3HT:CdS/LiF/Al and
ITO/P3HT/LiF /Al devices. Three main conductive behavior have been detected from the
logl-log 'V plot. The different regimes are separated by the dashed lines

ITO/P3HT:CdS/LiF /Al and ITO/P3HT/LiF /Al devices. The inset of Figure6.11 is a
plot of log(J) as function of log(V). We found that the curves fit reasonably well with
the power function I o< V™, thus we calculated the parameter m from the logJ-logV
curve slope. Each value of m corresponds to a conduction mechanism. For low voltage
values the J-V curve of ITO/P3HT:CdS/LiF/Al roughly follows the ohmic behavior
being m ~ 1, at V> 1.2V olt the experimental data fit reasonably well with the trap
limited current model (TCLC) [34] [35] being m > 2. When the applied voltage is
low the current is mainly carried by the thermal charges the concentration of thermal
charges is determined by the thermal equilibrium between the Fermi energy level and
the conduction band of the semiconductor (Ohmic regime). When the injected charges
outnumber the thermal charges, the current voltage characteristic is governed by traps.
According to the TCLC model the traps are distributed in energy and are gradually
filled with increasing electric field. It means that the current grows with power law
increasing the electric fields. At high bias (V> 6.8V 0lt), the trapping sites are already

filled and all the additional injected carriers are located in the transport level. This
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situation bends the curve from a voltage exponent higher than 2, towards a square
law dependence typical of space charge limited current (SCLC) (J oc V?) [36][37] that
is the well-known trap free model with constant mobility.

This behavior appears to be quite reasonable for the films with nanoparticles, which
are generally surrounded by several surface defects. However also in polymer films
there are always some traps due to some impurities or structural imperfections [38].
In fact in the case of ITO/P3HT/LiF /Al the current-voltage characteristic follows the
same behavior of nanocomposite but the current density is lower of a factor 2 at 9V,
moreover the SCLC is not reached at V < 10Volt. Anyway a large forward current
density of 13mA/cm? at 5V is obtained for nanocomposite with respect to 0.9mA/cm?
of P3HT only. The main cause of enhanced carrier transport at reduced dimensions
has been ascribed to the higher electron concentration in the nanoparticles [39]. The
current is then controlled by the surface defects due to non stoichiometry, such as ex-
cess of cadmium or sulfur vacancies which are responsible of Fermi level shift and thus
of the activation of several conduction regimes even in the TCLC range. A relation
between such defect states and the photosensitivity of CdS has been studied by Sebas-
tian at al. [40]. They impute the enhancement of photoconductivity in nanocomposite
to the presence of Cd deep acceptor states above the valence band and donor states
located below the conduction band, due to S vacancies. According to their theory the
impurity levels act as sensitizing centers in the photoactive materials.

The results of electrical characterization are in agreement with those of nanocomposite

based device reported in literature [39].

6.4 Organic light emitting device: generalities

Electroluminescence (EL) is an optical and electrical phenomenon in which a material
emits light in response to an electric current passed through it.

An electroluminescent device, OLED, consists of one or more emissive layers sand-
wiched between the two electrodes. The emitting layers can be an organic or hybrid
organic/inorganic electroluminescent compound. The color of the light produced de-

pends essentially on the chemical nature of the electroluminescent material.
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Figure 6.12: Sketch of OLED and mechanism of light emission (left side). Schematic energy
diagram of a single-layered OLED (right side).

Figure6.12 shows a schematic drawing of OLED and the energy diagram to represent

approximately how the light emission is produced.

When the externally applied field exceeds the built-in voltage (the work functions
.04, ¢p of the electrodes) the charge carriers of different polarity are injected from the
inorganic electrodes (anode: holes, cathode: electrons) and meet in the organic layer
(Figure 6.12, right side). This usually occurs on a single molecule and is associated
with exciton formation. The exciton relaxes either radiatively or nonradiatively. Gen-
erated photons leave the device through the glass substrate.

Non-radiative decay reduces the light output of the OLED (e.g its internal quantum
efficiency) and is therefore undesired. This happens for instance when the recombina-
tion zone of the OLED is located close to an electrode (quenching).

The gap is an intrinsic property of the organic compound used. It defines the exciton
energy and hence the electroluminescent spectrum. A very important OLED property
is specified by the external quantum efficiency, ... It represents the ratio of emitted
photons to the injected electrons (per unit area, per unit time). It is influenced by
both the device architecture and the materials used. From the physical point of view

the quantum efficiency is one of the most meaningful device properties.

Electroluminescence in nanoparticles is of great practical importance because it
may be used for various device applications also in combination with polymers or
small molecules to obtain white emission. Inorganic nanoparticles used in combination

with a conducting polymer have been reported to show strong luminescence signal
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under excitation by electric current [41] [42]. The main problem obtaining efficient
electroluminescence is to get a dense ensemble of nanoparticles in a proper conducting
environment providing charge injection and migration.

Nowadays intensive research effort have increasingly focused towards the development
of efficient electroluminescent hybrid nanoparticle-polymer materials aiming to the
fabrication of flexible organic white light emitting devices. In nanoparticle-polymer
emitting layer the EL become a complex phenomenon that brings up a number of
complicated aspects related to the charge transfer through a single nanoparticle and
to the carrier migration in the matrix. In addition also the size and shape distribution
of nanoparticles could influence dramatically the electroluminescene features and thus
have to be carefully selected.

In the following section we discuss the EL-V measurements carried out on ITO/P3HT-
CdS/LiF /Al device in order to record the electroluminescence response of PSHT-CdS

nanocomposites synthesized in-situ.

6.4.1 Electroluminescence response of the P3HT-CdS nanocom-
posite

The EL analysis was performed using a photodiode, Newport 810UV, connected to
a Keithley 6517A Electrometer. The EL emission of P3HT obtained by applying 8V
(0.4A/cm?) at ITO-Al electrodes and recording for Imin (Figure 6.13) shows a shoulder
650nm (1.88 ¢V) and peak at 730 nm (1.70 ¢V) as in the PL spectrum. The low energy
peak is more intense than the high energy peak. This is generally explained as being
due to emission from interchain (aggregate) excited states in PSHT, where symmetry
considerations reduce the intensity of the high energy emission [43][44]. The turn on
voltage for this device is about 5.4V. The PSHT EL spectrum resembles that reported
by Yu et al.[45] even if they got the spectrum at lower turn on voltage, 1.1eV by using
a Ca electrode.

The EL spectrum of nanocomposite recorded at 8V (1.54/cm?) shows a broad feature
peaked at 657nm. The turn on voltage, 5.1eV, thus it is slightly lower than in the
case of the P3HT based device. The nanocomposite based device is characterized by

an enhanced EL signal. The presence of CdS nanoparticles induces the loss of the
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Figure 6.13: EL spectra of P3HT (black square) and PSHT/CdS (red square) based de-
vices. In the latter case the electroluminescent spectrum s appreciably enhanced and the

color emission is shifted from red to orange

double structure of the P3HT spectrum. The nanocomposite EL spectrum basically
blue-shifts and the color emission changes from deep red into to light orange. This
result suggests that both the P3HT and the CdS component emission are present.
Concerning the influence on the change of EL spectrum by eventual charge transfer
effect between the two materials nothing can be inferred.

In conclusion we have proposed a simple method to synthesize nearly monodispersed
CdS nanoparticles in a P3HT matrix. The nanocomposites offer large forward current
density of the order of 10mA/cm? at 5V, and may be used in a diode structure with
ITO and Al electrodes. In particular in a single layer electroluminescent device it
shows improved performance in terms of spectral coverage with respect to the polymer
only. However the device architecture must be optimized by adding, for instance, an
hole/electron blocking layer at the electrodes in order to reduce the quenching effect

probably responsible of the very low external EL efficiency (n ~ 107 at 8V).
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Conclusions

The main activities of the work described in this thesis have been devoted to the syn-
thesis of semiconductor nanoparticles and hybrid nanocomposites to study their be-
havior in photo-to-electron conversion devices and other optoelectronic applications.
The quantum size effects observed in the nanostructures were also presented. We
studied both Ge and CdS as inorganic semiconductor materials, while the organic
materials taken into account were Topas (TP), poly(n-vynilcarbazole) (PVK) and
poly(3-hexylthiophene) (P3HT).

Concerning the synthesis of Ge nanostructures, we realized nano dots via a method of
high temperature vacuum evaporation on Si0, substrates. The mechanism of Ge dots
formation on a Si0O, substrate allows to obtain a high dot density (4x102¢m™2) and
to avoid interdiffusion effects which generally lead to GeSi alloys at the interface of
each dot when grown on Si substrates. Each Ge island is as small as 5.0nm in diameter
and it is actually a sphere as revealed by STM study. Quantum size effects in those
nanostructures have been evidenced by I-V measurements by using a STM probe on
a single dot. The measurements show the widening of the energy gap into the single
and isolated dot (up to 1.8 eV for 5.0 nm sized Ge dots). We demonstrated the ability
of Ge quantum dots to generate photocurrent in the near UV and visible range using
electrochemical photocurrent measurements. The photogenerated current depends on
the excitation wavelength. By reducing the average dot size a dramatic change in the
photocurrent spectrum occurs due to the quantum confinement effects. In particular
quantum effects enhances the photocurrent yield in the visible range. Those results
opens a new issue to Ge for photovoltaic nanodevices compatible with the existing Si

based technology.
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Concerning the synthesis of II-VI semiconductor such as CdS, we have shown that
it is possible to prepare CdS nanocrystals adopting a simply synthetic route on the
way to green chemical synthesis, the thermolysis of a single Cd precursor in octadecene.
The thermolysis proceeds with the melting of the thiolate precursor and its transfor-
mation into the relative metal sulfide nanoparticles. The synthesis was performed at
different annealing conditions and precursor concentration in order to investigate their
influence on the CdS nanoparticles growth. We found that the CdS nanocrytals size
mainly depends upon a combination of the temperature, speed and duration of the
annealing procedure and also on the precursor concentration. In particular a low pre-
cursor concentration (3mmol) favors the formation of CdS nanocrystals with narrow
size distribution and good optical properties already at 200°C'. A higher concentrated
solution (10mmol) needs higher temperature (240°C') and long annealing time (30min)
to allow the growth of 3nm sized nanoparticles. The samples exhibit excitonic PL emis-
sion is in the 400-425nm spectral range. The PL peak is sharp with FWHM between 20
and 50nm. On the basis of the results of HRTEM, EDS and WAXS the nanoparticles
are characterized by a good degree of crystallinity even if the crystal phase has not yet
clearly determined. Furthermore we accomplished in depositing uniformly the CdS
nanoparticles on mica substrates as proved by AFM analysis. This results is particu-
larly interesting in view of the technological application of the colloidal nanocrystals
synthesized.

The proposed colloidal synthesis method is a one pot process involving a single source
precursor. It is a low cost and environmental-friendly method which leads to the for-
mation of nanocrystals with a surface passivated by thiol chains without the use of
additional passivating agents. All the mentioned properties induce to the consideration
that the thermolytic synthesis is a very promising technique which can be extended

to other semiconductor compounds and provide an extensive nanoparticles production.

A great deal of work has been devoted to the synthesis of hybrid nanocomposites
by inducing the growth of CdS nanoparticles in different polymer matrices. We first
synthesized CdS nanoparticles in TP, an optically transparent and chemically inert

olefin copolymer. The synthesis proceeded by in-situ thermolysis of the Cd thiolate
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precursor. The crystalline structure of CdS nanoparticles was investigated by grazing
incidence diffraction measurements performed during the annealing process. The main
result was that a temperature of 170°C' is sufficient for CdS nanoparticles in the cubic
phase to form in thin films of TP. Significative results have been obtained by UV-Vis
absorption and PL spectroscopy in the range 240 — 280°C". Quantum confinement
effects have been proved by UV-Vis absorption measurements which also show that
nanoparticles of 2.4nm in diameter become bigger with increasing temperature. The
color emission goes from blue to orange annealing at 240°C' and 276°C' respectively.
The presented results are an important and very promising step in taking full control
of the production of CdS nanoparticles in polymer matrix with specific optical proper-
ties. The results obtained played a crucial role in the comprehension of the experiments
concerning the synthesis of CdS in a conductive matrix where the nanocrystal optical

signals cannot be clearly distinguished.

The next step was the synthesis of CdS nanocrystals in PVK by adopting the same
synthetic procedure used with TP. CdS nanocrystals 2-3 nm sized were produced at an-
nealing temperatures of 250°C" and 265°C". The spherical nanocrystals, predominantly
in the hexagonal phase, increase in size with the annealing temperature. Although
the annealing temperature necessary to allow the thermolysis of Cd precursor in PVK
is much higher than in the case of thermolysis in octadecene the nanoparticles size in
the PVK matrix is up to one order of magnitude lower than in the colloidal synthesis.
The results obtained from the synthesis in TP and supported by the experiments in
PVK have proved that the CdS nanoparticles formation by thermolysis is a more con-
trollable process in a polymer matrix than in the solvent. Consequently the method
of thermolysis of Cd thiolate precursor is more effective in terms of small and uniform
size production and reproducibility when it occurs in a matrix.

The PVK-CdS nanocomposites were used to realize single layer devices to investigate
their conductive properties. We found from current-voltage measurements that the
nanoparticles modify the dispersive transport in the matrix. The conductivity of the
organic layer is enhanced up to six order of magnitude. Moreover a bistable behavior

and negative differential resistance (NDR) have been detected when the devices is bi-
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ased at bV. The NDR is very sensitive to the nanoparticles, in particular to size and
size distribution in the polymer matrix.

The enhanced conductive behavior of the nanocomposites with respect to the PVK
only is expected to be related to charge transfer process between the polymer and
the CdS nanoparticles. Such hypothesis is corroborated by quenching effect in the PL
spectra of the nanocomposites. We observed that the smaller nanocrystals are more
effective contributing to a more pronounced quenching effect. This is in agreement

with the results obtained by electrical measurements.

At the end, we have applied the synthetic approach of thermolysis to a different con-
ductive polymer, the P3HT, with the aim of investigating both its photocurrent and
electroluminescent responses. We succeeded in synthesizing nearly monodispersed 2-
3nm sized CdS nanoparticles in P3HT by annealing at 240°C'. The nanocomposite
was then sandwiched between ITO and LiF /Al electrodes and the photocurrent mea-
surements carried out. The results in terms of photon to electron conversion efficiency
(IPCE), measured as function of wavelenght in the near-IR, visible and near-UV range,
indicate that the photocurrent generation is mainly governed by the polymer and it
is modified in the visible range by the nanoparticles. In particular, the IPCE results
to be enhanced in the spectral region around 500 nm. The values of IPCE measured
in the nanocomposite are of about 0.1% at 330 nm and 0.02% at 500 nm. The charge
transfer process occurring in the nanocomposite between the organic and inorganic
components and responsible of the IPCE enhancement, is supported by optical mea-
surements which show a quenching effect of the PL emission of the P3HT. Anyway,
since the amount of nanoparticles in the matrix is relatively low (the CdS/PVK vol-
ume fraction is 0.01), the photogenerated excitons generated in the active layer of
the device mostly recombine before they can reach the electrodes. This might be the
main cause of the low performance of the presented devices. Nevertheless our first
attempts of realizing P3HT-CdS nanocomposites by thermolysis are encouraging be-
cause they demonstrate the advantage of the in-situ method in synthesizing almost
uniformly dispersed nanoparticles. This characteristic has allowed slight improvement

of the performance of the photoactive material even at small amount of nanoparti-
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cles. However, the photocurrent generation efficiency can be significantly improved by
both adding a larger amount of CdS nanoparticles and optimizing the charge exchange
between the nanoparticles and the polymer. The P3HT/CdS nanocomposite realized
offers large forward current density of the order of 10mA/em? at 5V. In a single layer
device configuration it works also as an electroluminescent material which extends the
emission spectrum of the polymer only. Nevertheless the device architecture needs to
be optimized for instance by adding hole/electron blocking layer at the electrodes in
order to reduce the quenching effect probably responsible of the very low external EL

efficiency (n ~ 107" at 8V).

In conclusion in this thesis work we succeeded in realizing quantum confined nanoparti-
cles of two different semiconductor materials, Ge and CdS. We proved by photocurrent
measurements that the Ge nanodots can harvest the light producing a not negligible
photocurrent signal. A simple route for the synthesis of CdS nanoparticles in colloidal
solution as well as in polymer matrix (in-situ) has been proposed. The applicability
of in-situ hybrid organic/inorganic nanocomposites to different optolectronic devices

has been demonstrated.
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