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1.1 Let’s go nano! 
In recent years ‘nanoscience’ as a novel scientific field has attracted a vast 

surge of interest due to its unique influences on physical, mechanical, chemical, 
and biological properties of the materials. Indeed, nanoscience and 
nanotechnology are revolutionizing devices, procedures, and applications which 
can be employed in various fields such as electronics, automotive technology, 
food and pharmaceutical industry, and medical world. For instance, electronic 
devices such as sensors, diodes, and transistors have already been produced with 
excessively excellent performance with extremely small dimensions.1

Nanoscience has also benefited the energy sector. More effective energy-
producing, energy-absorbing, and energy storage products are being developed 
in smaller and more efficient devices by virtue of nanoscience.2

Equally important, energy consumption and waste can be controlled. As an 
example, every year several thousand billion kWh of electricity is used for 
lighting which is roughly a portion of 7-15% of the whole electricity 
consumption (depending on the sector, country, etc). However, traditional 
lighting technologies are unduly inefficient. We need electric devices with 
higher efficiency in order to consume energy as less as possible. Moreover, 
devices that can recover wasted energy, as well as reliable energy storage 
devices with longer life-time, seem to be advantageous. 

 Nowadays, 
energy issue is becoming problematic as on the one hand the demand for energy 
is skyrocketing, and on the other hand, shortage of energy sources in future is a 
serious concern. Besides pollution and other disadvantages, fossil fuels will be 
exhausted sooner or later. In addition, types like nuclear energy foundered on 
expensive maintenance and high risk of disaster origination. Hence, green 
energy sources are required. 
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Therefore, novel environment-friendly high-efficient low-cost accessible 
methods are desired to generate/harvest/save energy. In this context, 
nanoscience offers some promising solutions. New generation of solar cells, fuel 
cells, batteries, supercapacitors, and thermoelectric devices are examples of the 
advancement in energy industry catered for by dint of nanoscience and 
nanotechnology advantages. 

At nanoscale, the materials exhibit rather different properties mostly for the 
sake of their high surface-to-volume ratio and well-defined atomic arrangement. 
In this scenario, dimensionality plays a decisive role. 0-dimentional (0D) and 1-
dimentional (1D) semiconductor nanocrystals, e.g. nanoparticles (NPs), 
nanorods (NRs), and nanowires (NWs) represent the forefront of today’s solid 
state physics and technology. They have emerged as potential building blocks of 
new devices regarding their outstanding performance and remarkably high 
efficiency.3- 5

There are always pros and cons to everything. Nanotechnology is not an 
exception either. Despite all the advantages, it cannot be disregarded that in 
general, nanotechnology is yet rather expensive. The processes of nanomaterial 
production are complicated and expensive, while mass production in the case of 
many compounds does not reach the order of few tens of grams, i.e. it is yet far 
from industrial scales in many cases. 

 

1.2 Plenty of room at the bottom to be engineered 
“There’s plenty of room at the bottom,” said Richard P. Feynman (1918-

1988) in his famous speech to the American Physical Society in California 
Institute of Technology, 1959.6

Therefore, considerable functionality enhancement can occur via 
nanoengineering the structure, morphology, surface, interface, heterostructure, 
etc, which leads to changes in the intrinsic properties of the material, e.g. 
thermal/electrical conductivity, electronic band gap energy, carrier 
concentration, and optical properties. This is accessible through different 
approaches. Previous studies proved the effect of dimensionality on band 

 Decades after, researchers started to go through 
‘the room at the bottom’ and outstanding results were obtained. Carbon 
nanotubes and oxide nanowires were the first examples. Afterwards, the results 
were further improved by ‘engineering the room at the bottom’, i.e. property 
modifications at atomic scale, which here will be referred to as 
‘nanoengineering’. 
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confinement.7

This approach (introducing additional elements to the structure) quite 
frequently leads to formation of metastable phases (polytypism), and as a 
consequence, enhancement in functionality of the compounds. The simultaneous 
presence of two common phases of tetrahedrally-coordinated semiconductors, 
i.e. wurtzite (WZ) and zinc-blende (ZB) and the polytypes between them, can 
have a dramatic effect on physical and chemical properties of the compound. 
One can take advantage of this phenomenon in order to engineer the properties 
such as electrical/thermal conductivity or band structure, and as a consequence 
improve their functionality, for instance in thermoelectricity. 

 Hence, morphology (shape and size) control at nanoscale is quite 
crucial. Moreover, each new element can act differently in the structure and 
cause expected/unexpected changes in the compound’s properties. It can lead for 
instance to band gap tuning, which occurs often in nanostructured 
semiconductors when ternary and quaternary semiconductors are achieved. In 
the case of quaternaries, for example with three cations and one anion, regarding 
the ordering or disordering of cation arrangement, quite different properties are 
obtained. 

Another approach which can be referred to as ‘surface modification’ is 
playing around with the surface properties. In this scenario, formation of core-
shell nanostructures can be definitely useful, because: (i) adequate core with 
predetermined properties such as carrier concentration and band gap energy can 
be used, while (ii) a well-designed shell modifies the general electrical/thermal 
properties and radial electric/magnetic field distribution of the whole structure; 
and furthermore, the shell can increase/decrease the density of surface chemical 
reaction sites if necessary. 

Here the concept of ‘epitaxy’ and ‘epitaxial relationship’ between the two 
structures arises; a concept that has a remarkable influence on the final 
material’s properties.8,9

Whatsoever, epitaxial relationship in the ‘nanojunctions’ is usually sought, 
not only in coaxial (core-shell) heterostructures, but also in axial (one on the 
other) ones. The latter can be wisely used for designing p-n junctions at 

 An incoherent heterointerface can deteriorate 
conductivity and charge mobility due to the presence of numerous structural 
defects. In the case of optoelectronic devices, such defects can abruptly wreck 
the luminescence. However, for some particular applications, defected structure 
can benefit the functionality of the compound, e.g. a polycrystalline shell with a 
rather rough surface can be quite advantageous when more surface and more 
chemical reaction sites are desired. 
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nanoscale; a p-type NW/NR/NP can be accommodated on an n-type base or vice 
versa. Such a design can be used for many applications, e.g. LEDs and gas 
sensors. The key point here is to choose the adequate secondary structure such 
that (i) it has quite low mismatch with the base, i.e. structures with not exactly 
the same but close cell parameters should be selected, and also (ii) it shows 
adequate semiconducting properties, meaning if the base is p-type, the 
secondary structure should be suitably n-type, and the other way around. 

In addition, there is another phenomenon which plays a crucial role in 
physical and chemical properties of heterostructures: ‘polarity’,10

1.3 Plenty of engineered room at the bottom to be observed 

 the concepts 
that determines the relative charge distribution in the so-called ‘dumbbell-units’ 
comprised of a cation on one side and an anion on the other. Orientation of these 
dumbbell units in tetrahedrally-coordinated semiconductors determines the 
polarity. Further, changes in polarity have a dramatic influence on band 
structure and other electronic properties of the nanojunction. Therefore, the 
polarity should be carefully studied, as its determination has long been a 
challenge for physicists. 

Now that the ‘room at the bottom’ is engineered, an instrument is required 
to reveal whether the nanoengineering is carried out properly, and thus the 
importance of transmission electron microscopy (TEM) arises. Unquestionably 
TEM is one of the most powerful tools in this scenario. 

“What you (physicists) should do in order for us (biologist) to make more 
rapid progress is to make the electron microscope 100 times better.” Feynman 
said in the same lecture.6 Nowadays, indeed we realize that he was right. What 
he expected from electron microscopes more than 50 years ago is now achieved. 
In late 1950s the TEM resolution limit hardly arrived to 5 nm, and now sub-0.5-
Å is achieved. Such a magnificent improvement in microscopy field had a 
strong impact on other fields, especially materials science which is the main 
topic of this report. 

Since construction of the first electron microscope by Ernst Ruska 
(1933),11,12 a vast amount of effort has been carried out by many scientist and 
engineers around the world to improve the performance of this device, and some 
of them led to drastic progresses in this issue. The resolution limit was gradually 
pushed down such that from the first prototype electron microscope with a 
resolution of ~ 7 nm in 1939, eventually we reached to sub-Å and sub-0.5-Å 
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resolutions. Not only the resolution, but also the TEM techniques were 
astonishingly developed. High-resolution TEM (HRTEM) and STEM imaging 
techniques on the one hand, and spectroscopy methods on the other hand, 
opened new ways towards materials research. 

As will be described in the next chapter, recently-development aberration-
corrected microscopes have proven their usefulness for solving specific 
problems of the materials science. For instance, determination of ordering effect 
of the cations in ternary and quaternary compound, polarity and ionicity, doping 
percentage and dopant concentration profiles along the diameter of the 
nanostructured materials are now possible by employing novel techniques of 
electron microscopy. 

As an example, polarity determination is a challenging issue, especially in 
compounds like ZnO, GaN and GaAs,13- 15 as previously light atoms like O and 
N were not observable and small differences in atomic numbers were not 
distinguishable by conventional microscopes. Development of STEM 
techniques and technologies, nevertheless, allows us to visualize the polarity 
directly by analyzing the ABF/HAADF-STEM micrographs.16- 18

On the other hand, TEM is a powerful tool for studying heterointerfaces 
between two dissimilar structures. Epitaxial relationship is a decisive issue in 
the properties of the heterostructures. In nanoscale sometimes accommodation 
of the secondary structure on the base does not follow the rules of 
thermodynamics and kinetics, as the influence of epitaxial growth and surface 
energies interfere in the crystal and/or chemical structure and thus the formation 
of the conventional compounds. It is quite probable to have strain in the 
interfaces which is an affecting parameter. Therefore, by HRTEM micrograph 
processing with different methods such as geometric phase analysis (GPA) one 
is able to study and map the strain in the structure and determine the strain 
concentration points if present. 

 On the other 
hand, such recognition power can be employed for determination of ordering 
effect when the difference of average atomic number between cation and anion 
is considerably small. 

1.4 State-of-the-art 
In one word, the state-of-the-art in this report is nothing but the solutions of 

the challenging points which were mentioned in the previous sections. Novel 
materials for advanced applications are studied by means of the latest 
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microscopy technologies and methodologies which have had a dramatic impact 
on progress in materials science. 

Polytypism,19- 22 unusual morphologies,23,24 polytypic branching,25-27 band 
gap engineering,28- 30 cation ordering,31 13 polarity determination, -15 epitaxial 
growth8,32 and interface,33 accommodation of a secondary structure on a base,34 
p-n junction functionality,35,36 optoelectronic properties,37- 39

1.5 Description of the report 

 all of these are the 
current challenges of materials science for which TEM analyses usually have 
convincing solutions. 

In this report nanoengineered structures of functional materials at nanoscale 
are studied by means of advanced electron microscopy techniques. 

Chapter 1 is the current introduction and preface to the report. In Chapter 2 
the methodology is described. Chapter 3, 4, and 5 are the results, and Chapter 6 
is the general conclusions and the outlook. Note that each chapter of results 
(Chapters 3 to 5) has its own introduction and conclusion. Therefore, Chapter 1 
consists of just a short introduction to the general idea of the study and its 
importance and the state-of-the-art, and a preface of the thesis. 

In Chapter 2 the TEM methodology is described, the advanced TEM 
techniques used to study the nanostructured semiconductors at atomic scale. In 
general, it consists of brief descriptions of basic principles of TEM, techniques, 
and the cons and pros to them. Note that in order to keep the report short, details 
are avoided, hence excellent references are provided for further details. Each 
section starts with conventional use of the method(s) and ends with the state-of-
the-art which is applied for novel materials science studies. Mostly the 
experimental results are corroborated by theoretical studies and simulations. 
Therefore, these procedures (image processing, simulations, etc) are also 
described shortly. 

Chapter 3 is dedicated to nanoengineering the crystal structure and 
morphology of nanocrystals of complex copper-based chalcogenides. Several 
compounds were studied from binaries to complex ternaries and quaternaries. In 
this chapter it is shown that there is a wide range of possibilities for engineering, 
as many elements can be substituted with the primary cations and anions, and 
each element has unique influence on the properties of the compound. Mostly 
these compounds are based on copper-selenide with additional cations 
substituting copper. They are excellent candidates for thermoelectric devices. 



CHAPTER I: INTRODUCTION 

9 
 

Advanced TEM studies are performed in order to figure out the physics behind 
the property modifications. Phenomena such as morphology change, 
polytypism, cation ordering, polarity, electronic band change, strain, etc, are 
elaborately studied, and correlated to the physical properties such as 
luminescence and thermoelectricity. 

Chapter 4 is based on the study of nanojunctions in metal oxide 
heterostructured NWs; a strategy that can enhance the functionality of the 
targeted devices, such as photovoltaic cells, or gas sensors. Metal oxide 
semiconductors showed their promise since few decades ago, and still a 
considerable amount of research is dedicated to them in order to optimize their 
properties. Production of nanojunctions is one of the most successful approaches 
in this context. In Chapter 4 it is shown how coaxial heterostructuring of NWs, 
i.e. formation of core-shell structures and other types increase the efficiency of 
the solar cells or enhance the sensitivity and selectivity of the gas sensors. 

Almost the same approach is followed in Chapter 5, nevertheless, this time 
with III-V NWs. Also there the importance of axial heterostructures and fully-
epitaxial and relaxed structure are emphasized. The promising p-n junctions and 
the optoelectronic properties of the GaN NWs are examined. Polarity issue, as a 
remarkably influencing parameter, is precisely studied in practice, and its effect 
on electronic band structure in the heterointerface is proven by the theoretical 
simulations. 

In the end, a general conclusion of the whole work and room for further 
study and future work is discussed in Chapter 6. The ample freedom of 
structural nanoengineering in the materials is that much that in my opinion each 
chapter can be a starting point for a new PhD thesis. It is a never-ending story… 
Also on the other side of this never-ending story, there are some other works in 
hand which have not arrived to the final results yet. Those works are briefly 
described in Chapter 6. They are still in nanoengineering road and quite feasible 
to be applied for novel applications in near future. 
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2.1 Transmission electron microscope 
When making the first sketch of his electron microscope (Figure 2.1), 

maybe Ernst Ruska did not imagine what a dramatic influence this device would 
make in the progress of materials science in future. In 1932 Knoll and Ruska 
published a paper in which they developed the idea of electron lenses into a 
practical reality and demonstrated electron images taken on the instrument. 
Ruska received the Nobel Prize “somewhat late” in 1986 (shortly before his 
death in 1988) for this crucial step. In fact, resolution limit in visible light 
microscopes (VLMs) on the one hand, and discovery of wave-like 
characteristics of the electron (with a wavelength substantially less than visible 
light) on the other hand, led to the idea of building an electron microscope. A 
couple of years after Ruska’s breakthrough, commercial transmission electron 
microscopes (TEMs) were developed which apparently did not work very well. 
In mid-1950s Bollman in Switzerland and Hirsch and co-workers in Cambridge 
(UK) developed the techniques of metal foil thinning to approach electron 
transparency and in mid-1970s commercial TEMs were already capable of 
resolving individual atomic columns in the crystal.1,2

TEM techniques keep being improved and nowadays TEM is undoubtedly 
the most efficient and versatile tool for characterization of materials over spatial 
ranges from atomic scale to several hundred nanometers. A somewhat recent 
invention was development of aberration correction of the electromagnetic 
lenses which caused a drastic progress in enhancement of TEM resolution. In 
this chapter after explain the basic principles of TEM we will briefly discuss the 
issue of aberration correction, and then we will move on to the methods and 
techniques that we utilized to perform the experiments in this report. 
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2.2 Basic principles of TEM  
Figure 2.2 schematically shows the trajectory of electrons in the TEM and 

how the images form (Condenser lenses and apertures are not considered). The 
working principle of the TEM is closely related to that of the VLM. Assume a 
plane wave of coherently accelerated electrons is incident on the sample under 
investigation. Within the sample, such a plane wave is no longer an 
eigenfunction of the system; it gets diffracted and generates different Bloch 
waves. For very thin samples it is considered that the wavefunction at the exit 
plane of the object is not dependent on the thickness of the sample. By means of 
the ‘objective lens’ the diffracted beams are focused onto the ‘back focal plane’ 
of this lens, where the ‘objective aperture’ is positioned. Note that ‘back focal 
plane’ is where the parallel beams cross. With some mathematics, if the 
wavefunction of the exit plane of the object (object function) is given by f(x,y), 
the diffracted amplitude of the beam is given by the Fourier transform of the 
object function: 

F(u,v) = F  [f(x,y)]   (2.1)   

Then, these ‘spherical waves’ interfere in the first image plane which leads 
to the formation of the image. Mathematically it is the inverse Fourier transform 
of the waves at the back focal plane: 

 
Figure 2.1 (Left) Knoll (at left) and Ruska (in the lab coat) building up the 
first electron microscope, (right) Ruska’s first electron microscope sketch 
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ψ(x,y) = F  -1[F(u,v)]   (2.2)   

and the intensity of the image plane is given by |ψ(x,y)|2. Van Tendeloo 
believes that “reality is distorted by the microscope.” In a simple way all the 
microscope’s parameters such as spherical (Cs) or chromatic aberrations (Cc), 
coma or focus, are combined in the so-called ‘transfer function’, exp[iχ(u,v)], 
which is considered in the image as bellow: 

ψ(x,y) = F  -1{F(u,v)exp[iχ(u,v)]}  (2.3)   

 
Figure 2.2 Schematic illustration of electron trajectory in TEM and image 
formation 
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It is shown that only the imaginary part of the transfer function affects the 
intensity in the image. It is plotted in Figure 2.3. It should be pointed out that 
this function is quite sensitive to Cs, Cc, and focus. As an example it is shown 
how a small change in Cs causes a considerable change in the transfer function.3

2.2.1 Electron-matter interaction 

 
As can be seen in this figure, contrast transfer in an image has an oscillatory 
behavior. Transfer contrast is at maximum when transfer function is in one of 
the maximum points, and in the zeros no contrast is transferred to the image, 
meaning a considerable amount of information is lost. 

With interaction of the electron beam with the specimen a wide range of 
secondary signals are produced as seen in the schematic illustration of Figure 
2.4. The electron beam is an ionizing radiation, meaning it is capable of 
penetrating into the electron orbitals and remove the tightly-bound inner-shell 
electrons from the attractive field of the nucleus. The mentioned secondary 
signals are used in different techniques of electron microscopy. Secondary 
electrons (SE) and back-scattered electrons (BSE) are usually used in a scanning 
electron microscope (SEM) and Auger electrons in Auger electron spectroscopy 
(AES) which gives information of the specimen surface. In Figure 2.4 the signal 
that are shown in red are the ones we use in TEM. X-rays coming out from the 

 
Figure 2.3 Transfer function  
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upper face of the sample are collected by a detector for energy-dispersive X-ray 
spectroscopy (EDX and also EDS and XEDS) which is an analytical technique 
showing the chemical composition. Visible light (and also a part of the photons 
in UV-range) can be sent to a cathodoluminescence (CL) detector for chemical 
and optical analyses. These methods will be discussed in this chapter while their 
applications in materials science are shown in the next ones. 

Some of the transmitting electrons continue their trajectory without being 
scattered (direct beam) and do not carry any information. In contrast, the 
scattered ones are pretty vital to TEM analyses. Scattering of the transmitted 
electrons can occur ‘elastically’ and ‘inelastically’ where each of them can be 
‘coherent’ or ‘incoherent’ referring to their wave nature. Nevertheless, it should 
be taken into account that elastically scattered electrons are ‘usually’ coherent 
and inelastically scattered ones are ‘usually’ incoherent.  

Elastically scattered electrons are the ones which create the intensity in 
diffraction patterns (DPs). They are also the major source of contrast in TEM 
images. Elastic scattering means that the electrons do not lose their energy in 
their interaction with the specimen. Note that the truly-elastic scattering never 
happens; energy loss can be neglected just for simplification. After being 
elastically scattered and transmitted from a crystalline specimen, the electrons 

 
Figure 2.4 The interaction of the electrons with matter, the signals shown 
in red are the ones we detect and use in TEM 
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form a diffraction pattern. Such electrons provide pivotal information about the 
crystal structure of the specimen. Details of the mathematics behind the 
diffraction an elastic scattering can be found in the TEM textbooks.1,4

On the other hand, inelastically scattered electrons are equally important as 
they carry information about the chemistry of the specimen. Beside inelastically 
scattered (often referred to energy-loss) electrons, other inelastic signals such as 
X-rays and visible light are used for chemical techniques in TEM. However, 
with the term inelastic scattering we refer to the as-transmitted electrons that are 
used in electron energy-loss spectroscopy (EELS) which will be described in the 
following sections. 

 

2.2.2 The concept of resolution  

The smallest resolvable distance between two points is known as 
‘resolution’ or ‘resolving power’ of the device. For a VLM, in terms of the 
classic Rayleigh criterion, this minimum distance that can be resolved, δ, is 
given by: 

𝛿 = 0.61𝜆
𝜇 sin𝛽

    (2.4)   

where λ is the wavelength of the radiation, μ the refractive index of the 
viewing medium, and β the semi-angle of collection of magnifying lens. 
Therefore, for green light for example, after applying some simplifying 
assumptions, the distances less than 300 nm cannot be resolved. This is indeed 
the resolution limit of VLMs. 

In contrast, Louis de Broglie’s equation shows that the wavelength of the 
electron is related to its energy: 

𝜆 = 1.22
√𝐸

    (2.5)   

where λ is in nm and E in electron volts (eV). Thus one can determine that 
theoretically with higher electron energy, better resolution will be obtained. As 
an example, for 100 keV electron energy, λ ~ 4 pm, and the resolution will be 
less than the diameter of an atom. However, imperfections (aberrations) in 
electromagnetic lenses of the TEM do not allow achieving such high 
resolutions. 

In 1960s, high-voltage electron microscopes (accelerating potentials 
between 1 and 3 MV) were produced which are not used these days anymore as 
their aim, rather than pushing the resolution limits, was simulation of nuclear-
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reactor environments. The other solution, that still is being used, is to correct the 
aberrations of the lenses. This will be discussed in the next section. 

2.2.3 Aberrations and aberration correction  

Invention of aberration-correctors was a breakthrough which pushed the 
TEM resolution below the angstrom barrier as in modern TEMs the resolution is 
ultimately limited by either spherical or chromatic aberrations. So in this section 
we briefly mention different types of aberrations and how the aberration 
correctors work. 

 Aberrations in TEM can have two main origins: the lenses and the incident 
beam. Lens imperfections lead to spherical aberrations (Cs), and inequality of 
electrons’ energies in the beam (not having a monochromatic beam) causes 
chromatic aberrations (Cc). Note that the lenses can also cause Cc.  

In an ideal optical system every single point on the object is supposed to be 
reproduced perfectly in the image, which is not the case in practice. If the angle 
that the rays make with the optical axis is θ, the following approximation can be 
applied: 

𝑠𝑖𝑛 𝜃 = 𝜃 − 𝜃3

3!
+ 𝜃5

5!
−⋯   (2.6)   

In electromagnetic lenses as well, for very small angles the first order 
approximation can be applied: sin  θ ~ θ. At the next level, i.e. third order 
approximation, aberrations more obviously show up due to the distorting effect 
of the lenses. When the beam is not monochromated, the aberrations are due to 
the inherent energy spread in the electrons emitted from a source, fluctuations in 
the gun accelerating voltage or different losses due to interactions with the 
sample. In Figure 2.5 it is illustrated that the chromatic aberration in the lenses 
results in waves of different wavelengths and energies which leads to focuses at 

 
Figure 2.5 Chromatic aberration 
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different points along the optical axis. Particularly, monochromatic aberrations 
are of five types: spherical aberrations, astigmatism, coma, field curvature, and 
distortion, where the first three ones are the most important and tried to be 
corrected by aberration correctors in the microscope. These aberrations are 
schematically shown in Figure 2.6 and we describe them one by one.  

Spherical aberration is because the off-axis rays are not brought to a focus 
at the same point as paraxial rays. So a disc of least confusion can be defined 
which its diameter depends on the spherical aberration coefficient (Cs) and the 
collection semi-angle of the lens (with the power of 3). What is illustrated in the 

 
Figure 2.6 Spherical aberration, astigmatism and coma 
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upper scheme of Figure 2.6 is the longitudinal spherical aberration. Besides, 
transverse spherical aberration can also occur in which cross-over of the rays 
does not lie on the optical axis. 

In the case of astigmatism, the cross-over of the off-axis rays is displaced 
along the optical axis but here the degree of displacement varies with the 
‘azimuthal’ angle of the beam (see the center scheme in Figure 2.6). 

Coma or comatic aberrations occurs in the case of rays that make a slight 
angle with the optical axis and are traveling through the center of the lens and 
they cannot be brought to a sharp focus point (see the lower scheme in Figure 
2.6). It should be pointed out that any anisotropy in the lenses also adds 
additional contributions to coma, astigmatism, and distortion.5

Aforementioned lens aberrations show up in the third order approximation. 
In higher orders, more aberrations appear which are classified by their radial 
order (ray and wave) and azimuthal symmetry. Bleloch and Ramasse provide 
further details in their book chapter.

 

6

The Cs-correctors consist of a number of multipole lenses. Multipoles are 
named by their rotational symmetry (dipoles, quadrupoles, 

 There it is explained how the aberration 
contributions are calculated and plotted. As examples, some of them are 
revealed in Figure 2.7. For aberration correction, it is of high importance to 
know how these contributions look like. 

 
Figure 2.7 Some aberrations6 
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hexapoles/sextupoles, octupoles, etc). See Figure 2.8. Usually quatrupoles and 
octupoles are combined (quadrupole-octupole correctors). These multipoles, like 
the alignment coils in the TEM, are normally magnetic; although a chromatic 
aberration corrector would have to have both magnetic and electrostatic poles. 

Quadrupole-octupole correctors work because octupoles have a field that 
varies with distance off the optic axis in the same way as does spherical 
aberration but has a 4-fold rotational symmetry about this axis (with alternating 
sign on rotation by 45°). Thus the quadrupole-octupole corrector relies on using 
a series of quadrupoles to distort the beam in a way that it acquires the negative 
spherical aberration from the octupoles and leaves the corrector as a round 
beam. Three octupoles are used in order to correct the round aberration in the X, 
Y, and 45° directions.  In contrast, hexapole correctors rely on the fact that an 
extended hexapole imparts spherical aberration to a round beam in addition to 
the primary effect of 3-fold astigmatism. Further refinements allow the 
projection of one hexapole to another and then into the objective lens in such a 
manner as to eliminate the spherical aberration without increasing off axial or 
higher-order aberrations.7

After Cs correction up to fifth order, in many cases chromatic aberration 
becomes the limiting issue for further resolution improvements. Therefore it is 
important to have ways to minimize it. One solution is to reduce the energy 
spread of the electrons in the gun in order to obtain a more monochromatic 
beam. The second approach can be energy filtering of the beam after passing 
through the sample (i.e. energy-filtered transmission electron microscopy, 
EFTEM). The latter is more demanding than the former due to requirement of a 
more precise filter. The third approach to Cc correction is through the optics. 
First, the electrons with different energies are separated, and then their trajectory 

 A miscellany of quatrupole-octupole and hexapole 
correctors is schematically shown in Figure 2.9. 

 
Figure 2.8 Multipole lenses 
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is corrected by allowing them to pass through a field which modifies their 
energy.6 A scheme of correctors in an aberration-corrected TEM is shown in 
Figure 2.10. 

 
Figure 2.9 A miscellany of correctors 

 
Figure 2.10 A sectioned Nion STEM with correctors, associated with the 
scheme 
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In summary, aberration-correction technology was a breakthrough in TEM 
characterization, as it pushed the resolution limits to sub-angstrom and even 
sub-half-angstrom,8 especially in high-resolution STEM techniques9

2.3 Diffraction 

 which will 
be discussed in the following sections.  

Electron diffraction (ED) indeed is the most important phenomenon in 
TEM. It follows some principal rules of X-ray diffraction (XRD), e.g. Bragg’s 
law, although they are quite different from many aspects. Here we just talk 
about the positions of spots, not their intensities. 

The fundamental equation of diffraction, known as ‘Bragg equation’ refers 
to reflection of an electromagnetic ray from a set of parallel planes: 

2𝑑 𝑠𝑖𝑛 𝜃𝐵 = 𝑛𝜆    (2.7)   

This equation was named after W.L. Bragg, who first derived it in 1912. 
See Figure 2.11. Bragg equation states that constructive interference from a set 
of consecutive parallel planes (in a crystalline structure these are atomic planes) 
can only take place for certain angles θ, and that is determined by the 
wavelength λ and the interplanar spacing d. Such an angle is known as ‘Bragg 
angle’ indicated by θB.  

If dhkl represents the hkl planes’ spacing, in reciprocal space we have: dhkl = 
1/|ghkl| where ghkl is the reciprocal lattice vector. ghkl is the reciprocal lattice 

 
Figure 2.11 Reflection of an electromagnetic ray from a set of parallel 
planes 
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vector, k and k’ are the wave vectors of the incident and the diffracted waves, 
respectively. Therefore as can be seen in Figure 2.12: 

𝐤′ = 𝐤 + 𝐠     (2.8)   

In XRD the diffracted beam with the wave vector k’ will be present if and 
only if the endpoint of the vector k + g lies on the Ewald sphere (a graphical tool 
with radius of 1/λ to describe diffraction events). In contrast, it is not exactly so 
in TEM, because due to the ‘excitation error’ even the vectors that are close to 
Ewald sphere appear on the screen. However, we should orient our crystal in a 
way that the whole plane of reciprocal lattice points is tangent to the Ewald 
sphere. So in general, there will be many diffracted beams close to the 
transmitted one simultaneously, and thus we have a ‘diffraction pattern’ (DP).  

In XRD Bragg’s law predicts the geometrical conditions that need to be 
satisfied in order to observe diffraction from sets of lattice planes in a crystal. 
This is not the case in ED, because electrons are charged particles and they are 
not only diffracted from the interactions with the nuclei, but also the electron 
cloud around them. In TEM, almost from any angles diffracted spots can be seen 
(due to the excitation error), however, for precise crystal structure analysis it is 
important to find the correct zone axis. 

The equation below shows that the electron wavelength depends on the 
accelerating voltage of the TEM: 

 
Figure 2.12 Bragg’s law in ED reciprocal space 

 

Ewald circle 

θ 

k 

k’ 

gkhl 

Pkhl 

θ 



CHAPTER II: METHODOLOGY 

30 
 

𝜆 = ℎ
𝑚𝜈

= ℎ

�2𝑚0𝑒𝑉(1+ 𝑒
2𝑚0𝑐2

𝑉)
= 1226.39

√𝑉+0.97845×10−6𝑉2
  (2.9)   

In TEM, we seldom change the accelerating voltage. The most common 
voltages are 200 or 300 kV, and for some special experiments (delicate 
samples/experiments) 60 or 80 kV is used in order to avoid damages to the 
sample. On the other hand, the diffraction semi-angles are in the order of several 
milliradians, therefore sin θ ~ θ can be considered in the Bragg’s law, and thus: 

2𝑑ℎ𝑘𝑙𝜃 = 𝜆    (2.10)   

This means that the diffracted electrons are quite close to the incident beam, 
and hence we need to look closer in order to see the DP. In many cases we have 
to obscure the incident beam, because its intensity does not allow observing the 
rest of the spots, or it can damage the viewing screen or the charge-coupled 
device (CCD) camera. 

Originally, in order to have the diffraction pattern (DP) on the viewing 
screen we use the ‘diffraction mode’ as in Figure 2.13. In this mode, the 
imaging-system lenses are adjusted so that the back focal plane (BFP) of the 
objective lens acts as the object plane for the intermediate lens. There are two 
main methods for using ED: selected-area electron diffraction (SAED), and 
convergent-beam electron diffraction (CBED). In SAED, the DP contains of 
intense spots whereas in CBED these spots are opened to some bright discs. 
From these discs crucial information about the crystal structure (e.g. polarity) 
can be obtained.10

In a SAED pattern, the distance of a spot from the central point of the DP 
represents (reciprocally) the plane spacing. In other words, each spot or vector g 
is a Bragg reflection that determines the crystal hkl plane distance. In addition, 
the angle between the reflections (g vectors) determines the angle between 
atomic planes, and therefore, all together they provide vital information about 
the crystal structure. The diffracting planes are all in a specific zone axis UVW, 
which we can define as parallel to the incident beam direction. To sum up, DPs 
are the basis of all image formation in the TEM. They play the role of 
paramount importance in all crystallographic analysis as well as defect 
characterization.

 However, as CBED was not used in this thesis, here we only 
focus on SAED. We introduce the SAED aperture in order to select the area of 
interest and avoid overlap of DPs from different parts of the sample. 

1,11  
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2.4 TEM imaging 
In the previous sections we showed how a TEM image is formed as the 

scattering of the incident beam by the specimen gives rise to the image contrast. 
In this section we focus on some imaging techniques. In fact images can be 
divided into two main groups: TEM and STEM (scanning transmission electron 
microscopy) images. In both cases we can have bright-field (BF) and dark-field 
(DF) images. 

 
Figure 2.13 Schematic illustration of electron trajectory in TEM in 
diffraction mode 
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In this section we start with TEM imaging techniques, and then we will 
move on to STEM ones, and in each case we start with conventional TEM 
techniques and we finish with the state-of-the-art high-resolution techniques in 
aberration corrected microscopes. 

2.4.1 Bright-field and dark-field TEM imaging 

As mentioned previously, ‘contrast’ is the main task in image formation. 
Between amplitude contrast and phase contrast in TEM BF/DF images we only 
focus on the former which can be divided into two principal types: ‘mass-
thickness contrast’ and ‘diffraction contrast’. Their contribution in the 
TEM/STEM images will be discussed in this section. 

BF and DF TEM are the two basic ways to form amplitude-contrast images. 
TEM BF images are the ones we see in the viewing screen, and by lifting the 
screen we allow the electrons to arrive to the CCD. Such images are formed by 
diffracted beams and the contrast mostly depends on the atomic number (Z) and 
the thickness. 

The general contrast of a BF also depends on the size of the selected 
objective aperture. If you select a larger aperture, more scattered electrons are 
allowed to contribute to the BF image. So the contrast between scattering and 
non-scattering areas is lowered, although the overall image intensity increases. 
Figure 2.14 shows how introducing the objective aperture improves the contrast. 

In TEM BF imaging the objective aperture should be centered on the center 
of the DP. In contrast, for TEM DF imaging the aperture should move in a way 
that the central beam is obscured. In fact DF images show regions of contrast 
that are complementary to those seen in the BF, but prepared for exceptions. In 
the DP usually many spots can be seen where each spot corresponds to unique 

  
Figure 2.14 BF-TEM images of a piece of silicon on an amorphous carbon 
layer (right) with and (left) without introducing the objective aperture 



CHAPTER II: METHODOLOGY 

33 
 

lattice fringes. If one moves the aperture in a way that only a few spots pass, 
they obtain a contrast in the image that only refers to those spots. In other words, 
as an advantage of this method, one can distinguish which reflections come from 
which parts/lattice fringes of the specimen. It is quite useful for finding the 
defects, or polycrystallinity in the sample. For instance, Figure 2.15 shows a BF 
(left) and two DF images (center and right) of a GaAs nanowire covered with a 
Pt shell. As Pt atoms are quite heavy, in the BF image the shell looks quite dark 
and it does not let the GaAs lattice fringes to be seen. To obtain the DF images, 
the aperture was moved to two different directions in order to reveal the 
polycrystalline nature of the shell. These to images in comparison show that the 
shell consists of Pt grains in different crystallographic directions where in each 
image, corresponding reflections of the bright parts were grabbed. 

2.4.2 High-resolution TEM 

High-resolution transmission electron microscopy (HRTEM) is a powerful 
technique for crystal structure analysis which takes advantage of phase contrast. 
In fact HRTEM is the most-used technique in this thesis. 

In general, contrast in TEM images can arise due to the differences in the 
phase of the electron waves scattered through a thin specimen. This contrast 
mechanism can be difficult to interpret because it is very sensitive to many 
factors: the appearance of the image varies with small changes in the thickness, 

   
Figure 2.15 BF and DF TEM micrographs of a GaAs@Pt core-shell 
nanowire, DF images with the aperture placed on different reflections 
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orientation, or scattering factor of the specimen, and variations in the focus or 
astigmatism of the objective lens. However, such sensitivity is the reason phase 
contrast can be exploited to image the atomic structure of thin specimens. This 
requires a TEM with sufficient resolution to detect contrast variations at atomic 
dimensions and the proper control of instrument parameters that affect the 
phases of the electrons passing through the specimen and the lenses. Field-
emission gun (FEG) in TEM was one of the advancements in electron 
microscopy which provided higher resolutions as it has an incident beam with 
lower energy dispersion compared to that of traditional filaments (W, LaB6, or 
CeB6). 

The relationship between the lattice fringes and the spots in the DP is 
already described in section 2.3. In Figure 2.16 we follow a reverse approach in 
order to show how lattice fringes are produced in a HRTEM image. In this 
figure a tin dioxide nanowire with rutile structure (tetragonal symmetry) is 
shown from [010] zone axis. 

In section 2.2 it was shown how a TEM image is formed by an inverse 
Fourier transform of the waves at the back focal plane. In a similar way, by 
applying the fast Fourier transform (FFT) on a HRTEM image, one can obtain a 
power spectrum which gives the same pattern as the corresponding DP. The 
inverse FFT (IFFT) of the power spectrum results on the initial HRTEM image. 
Nonetheless, we have the possibility of filtering the power spectrum before 
IFFT, which has some advantages. It allows us to determine the correspondence 
between the reflections and lattice fringes in the image, or to reduce the image 
noise. 

From these mentioned advantages, the former is shown in Figure 2.16. Here 
we use the power spectrum filtering in order to simulate the appearance of 
lattice fringes in HRTEM images. In the upper part, the lattice fringes 
corresponding to the indicated reflections are shown. These reflections, and 
accordingly the lattice fringes, are representative of the atomic plane ((10-1) and 
(200)) in the rutile SnO2 structure. In the center, two consecutive reflections are 
filtered. The important point here is that the closer spot to the center results in 
bigger fringes, where the farther spot gives smaller fringes. This shows the 
relationship between the reciprocal space and lattice planes. The lower image 
shows the result of the overlap of lattice fringes. In a DP, if the objective 
aperture is placed in a position that the reflections inside the circle can pass, we 
will have an image in which the atomic columns are seen as bright point, as 
observed in the lower-left image in this figure. 
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It is worth to point out that in HRTEM images we need to be in a correct 
‘defocus’. First of all we should clarify that by assuming the specimen as a 
‘weak-phase object’, we are using the transfer function instead of the contrast 
transfer function which has no contribution of amplitude phase. The presence of 
zeros in the imaginary part of the transfer function (see Figure 2.3) means that 
we have gaps in the output spectrum and important information is lost in these 
points. In the case of ideally perfect lenses, transfer function has the fewest 
zeros, which is not the case. Spherical aberration has the most considerable 
contribution in existence of zeros. However this effect can be minimized by a 

 
Figure 2.16 Lattice fringes in HRTEM images and their reflections in the 
DF 

 



CHAPTER II: METHODOLOGY 

36 
 

certain negative value of defocus known as ‘Scherzer defocus’ (ΔfSch) which 
occurs at: 

∆𝑓𝑆𝑐ℎ = −1.2�𝐶𝑠𝜆    (2.11)   

At Scherzer defocus all the beams will have nearly constant phase out to the 
first crossover of the zero axis. This point is defined as the instrumental 
resolution limit which is the best performance that can be expected from a 
TEM.12

It should be taken into account that in HRTEM sometimes the structure is 
not as it appears. This especially takes place in the case of overlap of two close 
(but not the same) structures, as well as the case of plane defects when they are 
not perpendicular to the zone axis. When two different structures (with close 
lattice parameters) overlap, we see some periodical fringes that in fact do not 
exist; they just appear due to the interference of two sets of planes, and are 
known as ‘moiré fringes’. For instance, the indicated reflections close to the 
center of the power spectrum in Figure 2.17 do not represent any lattice planes. 
They can also be seen around the main reflections of the rutile SnO2 structure. 
These reflections correspond to the moiré fringes that are indicated on the 
HRTEM micrograph. 

  

Another issue that can lead to serious confusions in interpretation of 
HRTEM micrograph is the presence of planar defects such as twin boundaries 
with the plane vector non-perpendicular to the zone axis. For instance, a [111] 

 
Figure 2.17 Moiré fringes due to the overlap of two/three different 
structures in an SnO2@Ti2O core-shell NW 
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twin defect occurred in a zinc-blende (cubic) silicon nanoparticle can be seen 
from [110] zone axis, however, from [111] zone axis, one would be misled to 
this conclusion that the structure is hexagonal as they cannot figure out whether 
the twin has occurred. Kohno et al. showed this fact by simulation of HRTEM 
images.13

In summary, HRTEM is a powerful technique for crystal structure analysis 
of the materials. As mentioned before FEG-TEMs have improved the resolution 
limit by reducing the instrumental contribution of the chromatic aberration. 
During the last decade even sub-0.5-Å resolutions have been achieved by virtue 
of aberration correctors. 

 

2.5 STEM imaging 
In scanning transmission electron microscopy (STEM) imaging, unlike in 

SEM, the beam direction is always fixed. The beam, which is now called 
‘probe’, moves on the sample without being tilted. Therefore, the objective lens 
optics in STEM is rather more complicated as the double deflection scan coils 
are introduced between the second and third condense lenses. In STEM mode 
we use electron detectors, in exactly the same way as we use the aperture, 
because the electrons diffracted with different angles can be used for different 
imaging techniques.  

In STEM the beam scans the region of interest point by point. As the phase 
information was lost in such an imaging mechanism, it was regarded as 
‘incoherent’. The fundamental difference between the conventional TEM 
(CTEM) and STEM is in the optics. In a CTEM the electron source is extended 
in a way that in illuminates the whole object. In contrast, in STEM the true 
electron source is nearly a point source whose effective position is charged by 
the action of scanning coils.14

Depending on the desired technique, we only allow the electrons that we 
want to contribute to the image to hit the particular detector. In Figure 2.19 a 
scheme of the STEM detectors is shown. The detectors consist of an annular 
(except BF detector) sensitive region that detects electrons scattered over an 
angular range and they follow the hollow-cone illumination (HCI) rules. The 

 It is shown in Figure 2.18. Furthermore, it should 
be simply mentioned that in CTEM the quality of the objective lens plays the 
key role in the resolution, whereas in STEM the key role is played by size of the 
probe. 
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inner and the outer radii are indicated on the figure. Now we have a brief look at 
STEM techniques one by one. 

2.5.1 Annular dark-field and high-angle annular dark-field STEM 

The use of an annular dark-field (ADF) detector gave rise to one of the first 
detection modes used by Albert V. Crewe and co-workers during the initial 
development of the modern STEM.15 The scattering comes mostly from 
Rutherford scattering by the atomic nuclei. Thus the intensity of the image 
increases by both number of the nuclei and their atomic number (Z). By dividing 
the intensity in each image point by the intensity in the inelastic signal (which 

 
Figure 2.18 STEM beam optics in comparison with that of CTEM14
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increases with the thickness of the sample), one can obtain an image with 
intensity approximately proportional to the atomic number, meaning the heavier 
the atom, the brighter the image point. Thus the method was called by Crewe ‘Z-
contrast’. It has remained by far the most popular STEM imaging mode. It was 
later proposed that high scattering angles (∼100 mrad) would enhance the 
compositional contrast and that the coherent effects of elastic scattering could be 
neglected because the scattering was almost entirely thermally diffuse. This idea 
led to the use of the high-angle annular dark-field detector (HAADF) which 
usually collects the scattered electrons approximately over 50 mrad. A medium-
angle annular dark-field (MAADF) detector is also used in some microscopes 
which has the collection angle in the range of 25-50 mrad. In HAADF the 
contrast comes from incoherent scattering (proved mathematically by Nellist), 
whereas in MAADF diffraction contrast contributes the most. Without going 
through the mathematical detail, we just point out that the HAADF image can be 
written as a convolution of the STEM probe intensity and an object function that 
represents the fraction of intensity that each atom is able to scatter to the 
detector.  

 
Figure 2.19 Scheme of STEM detectors 
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Incoherent imaging leads to data that is much easier to interpret. The 
contrast reversals and delocalization usually associated with HRTEM images are 
absent, and generally bright features in an ADF image can be associated with 
the presence of atoms or atomic columns in an aligned crystal. Combined with 
the strong Z contrast that arises from the high-angle scattering this leads to a 
high-contrast, chemically sensitive imaging mode. Optimizing the conditions for 
incoherent imaging in STEM is simply a matter of getting the smallest, most 
intense probe possible.16,17

2.5.2 Bright-field and annular bright-field STEM 

  

It is already mentioned that the bright-field detector collects the electrons 
scattered in less than 10 mrad. By the principle of reciprocity this angular size of 
the detector in STEM corresponds to the illuminating aperture in CTEM, 
therefore, diffraction contrast can be observed. Similarly, phase contrast can also 
be utilized; however, it is much more efficient in CTEM than in STEM. 

By blocking the center of the BF detector under the correct optical 
conditions, we can create an annular bright-field (ABF) detector which follows 
the rules of hollow-cone illumination (HCI) instead of the conventional axial 
one.18 This enhances the contrast of light elements (such as N and O) 
dramatically in a way that even in the presence of heavy element, light ones can 
also be observed. Ishikawa et al. even reported on imaging of H columns by 
means of ABF-STEM.19

ABF phase-contrast imaging is based on wave interference, thus it is useful 
for detection of lighter atoms with extremely weak scattering, because this 
method requires the object (atoms) only to alter the phase of a wave. Note that 
the specimen must be thin enough to act like a weak-phase object. 
Characteristics of ABF imaging have been investigated on the basis of 
calculations of fast-electron propagations within the several compounds 
consisting of light atoms, and it is found that the light atoms can be visible over 
a wide range of specimen thickness even under strong dynamical diffraction 
conditions. The present phase-contrast transfer function description aims to give 
more fundamental insights into why ABF-STEM is able to provide enhanced 
phase contrast in terms of the improved lens properties.

 

19,20

18
 Further detail is 

available in the literature. -20 
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2.6 Spectroscopy 
In this section we basically focus on aforementioned inelastic scattering 

which carry a vast amount of information and can be utilized in ‘analytical 
electron microscopy’, consisting in spectroscopy techniques such as EELS, 
EDX, CL, etc. The electrons from the incident beam that lose some of their 
energy and pass through the sample are used for electron energy-loss 
spectroscopy (EELS). They are accompanied with X-ray signals used for 
energy-dispersive X-ray spectroscopy (EDX). Additionally, 
cathodoluminescence (CL) signal can occur in semiconductors, where photons 
with energy equal to the band gap are emitted. In the following we provide more 
detail about these three methods and skip the rest. Also we will briefly describe 
the state-of-the-art aberration-corrected STEM-EELS which recently has opened 
new ways towards deeper materials science studies. 

2.6.1 Electron energy-loss spectroscopy 

Among all spectroscopy methods, EELS occupies a special place, as it 
probes the primary excitations and registers each excitation event independently 
of the deexcitation mechanism. 

In energy loss spectra, three energy regions can be distinguished: (i) 
vibrational excitations, from a few meV to a few hundred meV, (ii) collective 
excitations (plasmons), intraband and interband transitions, from a few eV to 
around 40-50 eV, and (iii) inner shell excitations, above 40-50 eV. Vinrational 
excitations (phonons) cannot be characterized with current resolution of EELS 
devices. Collective excitations in ‘low-loss EELS’ give interesting information 
about the plasmonic states of the materials (especially metals). However, we do 
not use them in this thesis. In contrast, inner shell excitations (‘high-loss EELS’) 
are frequently used for chemical analysis of the specimen. 

Energy loss (ΔE) of the inner shell excitations occur at: 

∆𝐸 ≥ 𝐸𝐹 − 𝐸𝐵     (2.11)   
where EF is the is the Fermi level energy and EB binding energy of the inner 

shell (always negative). The result is a special feature in the energy-loss 
spectrum, known as an ‘inner shell loss edge’. The threshold of the edge 
corresponds to the ionization energy of the particular electron shell of the atom. 
It is schematically shown in Figure 2.20 that each element, depending on the 
number of the electrons in the shells, can have various characteristic edges.21,22  
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Interestingly, sometimes changes in the chemical bonds (oxidation state) of 
the elements gives rise to variation of the edge shape. Therefore, the shape of 
the EELS shape can give an idea about the oxidation state. As an example, in 
Figure 2.21 Al EELS edge is shown in two different states: pure Al, and Al2O3. 
Al has a K edge with an abrupt onset at 1560 eV, i.e. the electrons that are 
detected by EELS detector with 1560 energy or higher, are the ones detached 
from the K inner shell (1s1/2) of Al atoms. A minor abrupt edge appears at 118 
eV which refers to L1 inner shell. The L2 and L3 (they are the same from the 
aspect of bonding energy) edge appears at 73 eV which consists of a minor 
sharp peak at the threshold and a peak with delayed maximum. Information 
about the edges of the elements is gathered in an EELS atlas.21  

The EELS spectrometer is shown in Figure 2.22. The magnetic prism of the 
EELS spectrometer creates a magnetic field which disperses the electrons due to 
their different energies and at the same time focuses the same-energy electrons 
to one point. Then the electrons pass through a ‘dispersion magnifying 
quadrupole’ in order to increase the energy resolution, where an energy 
selecting slit is placed soon after. Then the beam passes through a set of lenses 

 
Figure 2.20 Schematic illustration of EELS energy emission 
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consisting of quadrupols and sextupoles for energy filtering where the signal is 
ready to be detected by the multi-scan camera. 

 
Figure 2.21 Al EELS edge in different oxidation states: pure Al in green 
and Al2O3 in red 

 

 
Figure 2.22 EELS spectrometer (from Gatan Company) installed on a Jeol 
TEM 
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When the region of interest is scanned by the probe, a spectrum is acquired 
in each point, and therefore a ‘data cube’ with three coordinates x, y, and E is 
recorded. By means of this data cube, one can perform elemental mapping in the 

region of interest in the specimen. An example of elemental mapping on a GaAs 
nanowire covered with a CoFeB shell is revealed in Figure 2.23. 

2.6.2 Aberration-corrected STEM-EELS 

So far, aberration-corrected STEM in section 2.5.1, and EELS in section 
2.6.1 have been discussed. Now we show that the combination of these two 
represents a powerful method to link the atomic and electronic structure of the 
materials to their microscopic properties at atomic scale. Aberration correction 
has a dramatic effect on both the distribution and the spatial localization of the 
intensity of the electron probe and subsequently on the resolution of STEM. As 

 
Figure 2.23 EELS elemental mapping on a GaAs@CoFeB core-shell NW, 
EELS spectra showing the signals of the elements 
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Figure 2.23 EELS elemental mapping on a GaAs@CoFeB core-shell NW, 
EELS spectra showing the signals of the elements 
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we know, probe size is the most important parameter which limits the resolution 
of STEM. 

Spherical aberration correction, although initially devised for conventional 
TEM, may have more benefits in STEM because of the reduced sensitivity of a 
STEM in the Z-contrast mode to chromatic aberration. Chromatic aberration 
correction may offer better resolution, larger pole piece gap or more flexible 
designs. As can be expected, a combined Cs-Cc corrector would provide further 
benefit. The use of a monochromator would reduce chromatic aberration effects 
and also help improve energy resolution in EELS. The price paid for such a 
solution is reduced current, which then limits resolution due to an insufficient 
signal-to-noise ratio.7 In the Chapter 3 we provide an example of aberration-
corrected STEM-EELS method. 

2.6.3 Energy-dispersive X-ray spectroscopy 

X-ray is an important secondary signal generated in the specimen which is 
collected by an EDX (sometimes refer to as EDS) detector in TEM. By EDX 
one can easily find out which are the elements in the specimen. Note that here 
we only talk about ‘characteristic X-rays’, how they are generated and how they 
can be used in spectroscopy. 

The high-energy electron beam penetrates to the inner shells and interacts 
with the electrons. As a result, an electron is ejected from the inner shells and 
the penetrating electron is scattered after losing that certain amount of energy 
that was required to eject the electron. Here an energy-loss electron is generated 
which will be used in EELS. On the other hand, this ionized atom needs to go 
back to its lowest energy, and thus an electron from the outer shell fills in the 
hole and this transition results in emission of either an X-ray or an Auger 
electron. Putting Auger electrons aside, the energy of the X-ray emission is 
‘characteristic’ of the difference of energy between these two electron shells 
which is unique to the atom. This difference between the two shell energies 
equals the energy of the characteristic X-ray. The process of X-ray emission is 
shown schematically in Figure 2.24.1 

Since characteristic X-rays typically have energies well above 1 keV, 
thousands of electron-hole pairs can be generated in the semiconductor detector 
used in EDX by a single X-ray (minimum 3.8 eV is required for Si at liquid-
nitrogen temperature). The number of electrons or holes created is directly 
proportional to the energy of the X-ray photon. Even though all the X-ray 
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energy is not, in fact, converted to electron-hole pairs, enough are created for us 
to collect sufficient signal to distinguish most elements in the periodic table, 

with good statistical precision.1 
The EDX detector converts the energy of each individual X-ray into a 

voltage signal of proportional size. This is achieved through a three stage 
process. Firstly the X-ray is converted into a charge by the ionization of atoms 
in the semiconductor crystal. Secondly this charge is converted into the voltage 
signal by the field-effect transistor (FET) preamplifier. Finally the voltage signal 
is input into the pulse processor for measurement.  

An EDX detector is shown schematically in Figure 2.25. At the beginning a 
collimator limits the entering X-rays in order to make sure that only X-rays from 
the area being excited by the electron beam are detected, and the rest are 
filtered. If the electrons penetrate to the detector, they cause background 

 
Figure 2.24 The complete range of possible electron transitions that give 
rise to K, L, and M characteristic X-rays1
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artifacts. Thus an electron trap is positioned right after the collimator. It 
comprises permanent magnets that strongly deflect the electrons. The window 
after the electron trap, which is tried to be transparent to low-energy X-rays, is 

just to maintain the vacuum. The crystal is the mentioned semiconductor device 
that converts the X-rays to proportional electric charges. Si (with some content 
of Li) and high-purity Ge are the most common crystals used in this context. 
These charges are sent to the FET for amplification and voltage output 
measurements. The crystal and the FET should be cooled down in order to be 
able to separate the generated signals from the noise.23

EDX is a powerful technique for elemental analysis and quantification. 
Quantification procedures may be performed using deconvolution techniques 
involving Fourier transformation and filtering, or alternatively both the 
background, escape and sum fractions may be modeled mathematically. 
Fortunately, such facilities are an integral part of many currently-available 
software packages.

 

22 As an example, an elemental line scan on a GaAs@Co 
core-shell NW (with a thin layer of Al2O3) is shown in Figure 2.26. EDX 
quantification shows the presence of O in the shell with rather high quantity. 
Therefore we conclude that the Co shell is oxidized and we have CoO instead of 
a metallic shell. 

 
Figure 2.25 Sectioned EDX detector and its components 
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2.6.4 Cathodoluminescence 

Cathodoluminescence (CL) analysis enables one to assess various 
properties of the material with high spatial resolution. For instance, 
monochromatic imaging can be used in the identification and measurement of 
luminescent center concentrations and distributions or the concentration and 
distribution of defects, such as dislocations. In order to comprehend how CL 
works, one should know about ‘luminescence’ phenomena.  

When a solid is supplied with a certain form of energy, it may emit photons 
in excess of thermal radiation. This process is called ‘luminescence’, and 
depending on the source of excitation of the ‘luminescent material’, one may 
categorize the process as, for example, ‘photoluminescence’ (photon excitation), 
‘cathodoluminescence’ (excitation by energetic electrons, or cathode rays), 
‘chemiluminescence’ (energy supplied by chemical reaction), and 
‘electroluminescence’ (excitation by application of an electric field). Another 
distinction is commonly made between ‘fluorescence’ and ‘phosphorescence’, 
which differ in the time delay before the emission of photons. After the 
excitation is stopped, the duration of the emission is determined by the life time 
of the electron transition from one energy level to another. When the emission 
of photons is due to a direct transition from the excited to the ground state 
within about 10-8 sec, the luminescence is called fluorescence. Luminescence 

 

Figure 2.26 EDX elemental line scan on a GaAs@CoO core-shell NW 
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that persists after the excitation stops is called phosphorescence; materials 
exhibiting this property are called phosphors and are used as powders in 
fluorescent lamps, cathodoluminescent television screens, etc. The emission 
may persist from about 10-7 sec to minutes and hours in long persistence 
phosphors. In such cases, transitions through intermediate metastable states 
determine the duration of the luminescence after the termination of the 
excitation. 

Luminescence in semiconductors is generally described in terms of the 
radiative recombination of electron-hole pairs. This may involve transitions 
between states in the conduction or valence bands and those in the band gap of 
the material due to, for example, donors and acceptors. The emission of photons 
in luminescence processes is due to an electronic transition between an initial 
state Ei and the final state Ef. The energy, or the wavelength, of the emitted 
photon can be found from the relation: 

hν =  hc/λ =  Ef  −  Ei   (2.12)   

In many wide-band-gap materials, emission of photons occurs in the visible 
range (about 400 to 700 nm, corresponding to about 3.1 to 1.8 eV). In many 
luminescence phenomena light is also emitted at longer wavelengths in the near-
infrared region.  

Luminescence emission spectra can be divided between (i) ‘intrinsic’, 
fundamental, or edge emission and (ii) ‘extrinsic’, activated, or characteristic 
emission. Intrinsic luminescence, which appears at ambient temperatures as a 
near Gaussian-shaped band of energies with its intensity peak at a photon energy 
hνp ≅  𝐸𝑔 is due to recombination of electrons and holes across the fundamental 
energy gap, so it is an ‘intrinsic’ property of the material, while the emission 
spectra which depend on the presence of impurities are ‘extrinsic’ in nature. The 
edge emission band, arising from essentially conduction-band to valence-band 
transitions, is produced by the inverse of the mechanism responsible for the 
fundamental absorption edge. Thus, any change in Eg, due to, for instance, 
temperature, crystal structure in polymorphic materials, or high doping 
concentrations, can be monitored by measuring hνp. 

In indirect-band-gap semiconductors, the recombination of electron-hole 
pairs must be accompanied by the simultaneous emission of a photon and a 
phonon. Since this requires an extra particle, the probability of such a process is 
significantly lower compared with direct transitions. Therefore, fundamental 
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emission in indirect-gap semiconductors is relatively weak, especially when 
compared with that due to impurities or defects.  

A simplified set of radiative transitions that lead to emission in 
semiconductors containing impurities is given in Figure 2.27. General properties 
of these transitions will now be discussed briefly: 

(i) Intraband transition within the conduction band: an electron excited 
well above the conduction-band edge dribbles down (still within the 
conduction band) and reaches thermal equilibrium with the lattice, 
more likely to lead to phonon emission only, and sometimes to 
phonon-assisted photon emission 

(ii) Intraband transition from the conduction band to the valence band: 
leading to intrinsic luminescence with the energy almost equal to Eg 
(Although this recombination occurs from states close to the 
corresponding band edges, the thermal distribution of carriers in 
these states will lead, in general, to a broad emission spectrum) 

(iii) Exciton decay: (observable at low temperatures) both free excitons 
and excitons bound to an impurity may undergo such transitions. For 
bound excitons, one of the charge carriers is localized at a center 
that can assist in conserving momentum during the transition. This 
will be especially important in indirect-gap materials. 

(iv) Transition starting from a localized donor state (extrinsic 
luminescence) 

(v) Transition finishing on a localized acceptor state (extrinsic 
luminescence) 

(vi) Transition starting from a donor state and finishing on an acceptor 
state (extrinsic luminescence) 

 
Figure 2.27 Radiative transitions in semiconductors 
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(vii) Excitation and radiative deexcitation of impurities with incomplete 
inner shell (e.g. rare-earth ions or transition metals).  
Symbols: 
X: free-exciton recombination, e: electron, h: hole 
(D/A)(0/+/-): neutral/ionized impurity 
D: donor, A: acceptor 

Examples: 
D0X: recombination of an exciton bound at a neutral donor 
A-X: recombination of a negatively-ionized acceptor 
D0h: donor-to-free-hole transition (process iv) 
eA0: free-electron-to-acceptor transition (process v) 
DAP: donor-acceptor pair recombination (process vi) 

Similar transitions via deep donor and deep acceptor levels can also lead to 
recombination emission with photon energies well below the band gap. Shallow 
donor or acceptor levels can be very close to the conduction and valence bands. 

 
Figure 2.28 Schematic illustration of the trajectory of light after being 
emitted from the sample and entering the CL detector, Gatan CL detector 
(upper left) 
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Thus, to distinguish between shallow impurity transitions and those associated 
with the intrinsic band-to-band transitions, we must perform measurements at 
very low temperatures such as liquid-helium temperature. The energy of the 
transition in the case of deep levels is much smaller than that of the band-to-
band transition. Note that recombination of DAPs nay also occur via non-
radiative processes (e.g. process i).24

CL detector consists of a concave mirror. In fact when we screw the 
detector in, we place the mirror over the specimen holder between the pole-
pieces. For better light collection, in the newly-designed CL detectors, there are 
two mirrors, one positioned under and the other above the specimen. In order to 
avoid obstructing the incident and transmitted beams, the mirrors have a hole in 
the middle to allow the beam to pass. There are five screws for mechanical 
alignment of the mirror in three directions. The scheme of a CL detector is 
shown in Figure 2.28. The light goes through the detector and after some 
processes of amplification and grating, it is sent to data storage and display 
system. 

 

CL is a useful technique for characterization and even imaging of 
semiconductors. It can be combined with STEM imaging and provide interesting 
data. Some CL results will be revealed in Chapter 5. 

2.7 Quantitative analysis, image processing and simulation 
After obtaining images and spectra from the TEM, it is time to analyze the 

data qualitatively and quantitatively, process them if necessary, and correlate 
them with theoretical models. In these contexts, appropriate software has been 
developed for each particular technique which provides required results without 
going through complicated mathematical calculations. However, it is of 
extremely high importance to understand the basic assumptions and 
methodologies behind them, in order to obtain reliable information.  

Geometric phase analysis (GPA) is used for strain analysis in high-
resolution TEM/STEM images. Multivariate statistical analysis (MSA) is 
utilized to reduce the noise of EEL spectra. Theoretical study is carried out by 
creating 3D atomic models by means of ‘Eje-Z’ and ‘Rhodius’ software and 
simulating HRTEM images by virtue of ‘JEMS’ software. In this section we 
briefly describe the software we used for data analysis and complementary 
theoretical work in this thesis. 
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2.7.1 Strain analysis by geometric phase analysis 

Geometric phase analysis (GPA) is a method based on the variation in the 
positions of lattice fringes that can be imaged. With this method, strain in the 
crystal lattices and compositional changes can be mapped. Previously some 
methods were developed to measure the relative lattice displacements in grain 
boundaries, thus one can determine whether the boundaries are relaxed.25

The first step in GPA is to decompose the HRTEM image according the 
intensity in each point by Fourier transform, which results in a power spectrum 
similar to what we extract from the FFT process. The second step is ‘Bragg 
filtering’ the power spectrum by placing a mask around the spots (±g vectors), 
because there is no need to have all the Fourier components (Hg) of the image. 
Now we can obtain an image of the amplitude and an image of the phase of the 
selected lattice fringe sets as a function of position. Amplitude images show 
how the strength of a set of fringes varies across an image and can be related to 
variations in, for example, the thickness of a crystal, the composition or local 
orientation. In contrast, the phase images show how regular a set of fringes is 
across a given image, i.e. they determine the spacing between fringes and how 
the fringes vary from their ideal positions. 

 GPA 
can be applied in nanocrystals, strained multilayers and antiphase boundaries. It 
should be pointed out that distortion in TEM lenses causes artifacts in GPA 
strain maps. Therefore, reliability of this analysis is increased in the case of 
HRTEM images obtained from aberration-corrected microscopes. 

Now by comparing the ideal situation where the amplitude and phase are no 
longer functions of position with the situation that displacements are present, 
phase directly measures the component of the displacement field, for each set of 
lattice planes. Combining the results for each lattice plane will give the vectorial 
displacement field. In a region where the lattice spacing is slightly different, due 
to a change in the lattice parameter for instance, the phase will have a uniform 
slope corresponding to the difference. The steepness of this slope is proportional 
to the difference in the lattice spacing.26- 28

Besides mapping the fringe deformation, one can also determine the strain 
fields with respect to the angle they make with the phases. As well as 
displacement and strain field determination, local lattice distortion can be 
calculated by following a similar procedure. 
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2.7.2 Multivariate statistical analysis 

Multivariate statistical analysis (MSA) is a family of technique to analyze 
large datasets containing many known and unknown variables. It has a wide 
range of applications, e.g. geological remote sensing, scanning probe 
microscopy, and electron microscopy, especially for spectral data analysis. In 
the latter context, one of the most popular MSA approaches, i.e. ‘principal 
component analysis’ (PCA), is particularly used for enhancement of spectral 
signals. The general concept of PCA is to reduce the dimensionality of an 
original large dataset by finding a minimum number of variables that describe 
the original dataset without losing any significant information. PCA extracts the 
variables as mutually independent ‘abstract components’ without any prior 
knowledge of the dataset. It was first applied to EELS by Trebbia and Bonnet,29

The first step is decomposition of the EEL spectrum image, by considering 
it as a matrix. In practice, it can be performed by applying eigenanalysis or 
singular value decomposition to the data matrix, with the singular values being 
equivalent to the square root of the eigenvalues. The relative magnitude of each 
eigenvalue indicates the amount of variance that the corresponding principal 

 
and now the software is available for EDX, EELS line-scans, and EEL spectrum 
images.  

 
Figure 2.29 Se EEL spectrum images and spectra of a CHTSe nanoparticle 
(upper) before and (lower) after applying MSA 
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component contributes to the dataset. Typically, the number of dominant 
features in the dataset is much less than the number of components of the 
matrix; hence the last principal components are described as experimental noise. 

Therefore, the second step is determination of non-noise principal 
components, i.e. the dominant features which carry information. Many methods 
have been developed so far for this purpose, but none of them can be considered 
as a universal rule of thumb. In the case of EEL spectrum images, the most 
reliable method is the visual determination. Since the eigenvalues of subsequent, 
random noise-containing principal components decrease exponentially, the 
components that only describe experimental noise should lie on a straight line. 

The next step is to remove the noise components, and reconstruct the image 
by keeping solely the dominant features (the first components till arriving to a 
straight line). In summary, we use PCA for EEL spectrum images to identify 
independent spectral features as abstract principal components, and reduce 
random noise components in a statistical manner, in order to have sharper 
images with clearer signals.30

2.7.3 Rhodius and Eje-Z 

 Figure 2.29 is a comparison of Se EEL spectra 
and spectrum images of a Cu2HgSnSe4 (CHTSe) nanoparticle (upper) before 
and (lower) after applying MSA. One can find out how the random noise is 
reduced in the spectrum and the EELS Se map. 

In order to create 3D atomic models for theoretical studies, we used 
‘Rhodius’ software package provided by the electron microscopy group of the 
University of Cadiz. This program is accompanied with another, ‘Eje-Z’ which 
constructs the unit cells according to the data that the user introduces which 
afterwards can be employed in Rhodius. By means of this software package one 
can create complicated 3D atomic models made of one or more structures. On 
the other hand, the created models can be used for HRTEM image simulations. 
They can be exported to simulation programs such as JEMS.31

In this thesis, this software has been used quite frequently in order to 
elucidate: (i) the unit cells and comparisons between them (Chapter 3, 4, and 5), 
(ii) complicated morphologies such as pentatetrahedra and tetrapods (Chapter 
3), (iii) accommodation of secondary structures in heterostructures, epitaxial 
relationship in the interfaces, and polarity (Chapter 4 and 5). 
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2.7.4 JEMS 

JEMS is a program that allows simulating HRTEM images by calculating 
the image following the theory of image formation under partially coherent 
illumination. It was previously EMS based on Fortran F77 and now most of its 
parts are translated in java language. The EMS package has been designed to be 
very modular and extendable so that new operations can be easily created and 
tested. 

JEMS is a set of computer programs which has been developed not only for 
the simulation and analysis of HRTEM images, but also for the analysis of 
diffraction patterns. Schematically EMS can be divided into two parts. The first 
part is able to handle the typical calculations of crystallography encountered in 
electron microscopy such as automatic indexing of diffraction and Kikuchi 
patterns, simulation of spot and powder patterns, drawing of stereographic 
projections, calculation of the Bravais lattice of an unknown structure from two 
diffraction patterns, etc. The second part offers the possibility of the simulation 
of structure images of both perfect and defect structures using either a fast-
Fourier-transform-based multislice approach or the Bloch wave formalism.32

In this work, JEMS is used for simulating HRTEM images of complex 
structures, especially when there is an overlap of two dissimilar materials and 
moiré fringes are formed. See Chapter 3. 

  

2.8 Specimen preparation 
Quality of specimen is quite vital to TEM analysis as it is one of four most 

important parameters that limit information extraction.33

 

 Sample preparation is a 
broad subject. There is a wide range of methods for sample preparation, where 
we should chose the ones that are the best according to the material and its 
stability, type of analysis to be performed, available equipments, etc. For 
instance, dimpling is a suitable method to thin down metallic sample, and it is 
useless for semiconductors. Or focused ion beam (FIB) cannot be applied for the 
materials sensitive to Ga ion penetration. Here we briefly describe the methods 
we used for preparation of specimens in this thesis, which were essentially 
nanostructured materials, and their interfaces with substrates. 
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2.8.1 Dispersion of nanostructured materials 

In order to characterize nanostructured materials, e.g. nanowires and 
nanoparticle, we only need to disperse them on TEM meshed grids. For this 
purpose there are grids made of different material such as Cu, Ni, etc with 
special mesh sizes. Such grids are usually covered with a thin amorphous carbon 
layer. Note that the carbon layer can be continuous, with some holes within 
(holey), or composed of carbon laces (lacey). 

In the case of nanocrystals in solution, firstly, we should make sure that the 
solution is sufficiently diluted, and secondly, the nanocrystals are not 
agglomerated. In the latter case, ultrasonication of the solution separates the 
agglomerated particles. Afterwards, one or two drops of the solution can be 
deposited on the grid. The grid should remain in rather high temperatures (60-70 
°C) for some time (depending on the solution) to dry out in order to avoid 
contamination. For this purpose a simple lamp or a hot plate can be sufficient. 

Nanoparticles in solutions usually are accompanied with organic stuff 
which causes contamination under the beam. Contaminated nanoparticles cannot 
be characterized as the images and spectra are devastated when the carbon cloud 
arises and covers the particles. There are a few solutions for this problem: (i) 
‘baking’ the sample in temperatures that do not damage the sample, (ii) leaving 
the sample in vacuum in medium temperatures (45-70 °C) for long times (up to 
a few days), and (iii) ‘plasma cleaning’. For the third option special equipment 
is required which produces plasma with and inert gas such as Ar to attach the 
sample. Note that plasma cleaning is an aggressive method which not only 
removes the residual organic stuff around the nanoparticles, but also destroys 
the amorphous carbon membrane. Therefore, in the case of carbon grids, one 
cannot use the plasma cleaner for more than a few seconds. Whenever further 
plasma cleaning is required, we can use SiN grids which are extremely robust 
and can be exposed to the plasma for tens of minutes. 

For characterization of nanowires grown on substrates, they are supposed to 
be scratched from the surface and transferred to a solution like ethanol or 
hexane. Soon after a few seconds of ultrasonication they are ready to be 
deposited on the TEM grid. An easier way is to rub the grid on the substrate 
where the nanowires are grown, and then remove the loosely attached 
nanowires. 
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2.8.2 Crushing 

Crushing is a suitable method for the powders that have large grains which 
are not transparent to the electrons. In this case the powder should be crushed in 
order to produce smaller grains. As an example, thermoelectric pellets made of 
PbTe@PbS core-shell nanoparticles (Chapter 3) were prepared with this 
method. The aim was to characterize the structure of the pellets to observe 
whether the structure of the nanoparticles changed. Therefore, the pellet was 
crushed to a powder; a few grains were gently crushed with a diamond polishing 
film, and a very soft powder of the material remained on the paper. The grains 
of this powder were small enough to be characterized in TEM. 

2.8.3 Mechanical polishing 

This method is used when the aim is to study the cross-section of layers, 
interfaces of multilayers, nanostructured materials on substrates, etc. Such 
experiments give crucial information about the growth, interface, as well as 
epitaxial relationship. In this context, the specimen should be thinned down in 
order to arrive to ‘electron transparency’. 

The steps for cross-sectional sample preparation are schematically shown in 
Figure 2.30. Imagine a silicon substrate (grey) with nanowires (green) grown on 
one side, where we are interested in cross-sectional study of the interface 
between the substrate and the nanowires. In the first step, the sample should be 

 

Figure 2.30 Steps of cross-sectional TEM specimen preparation 
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cut by diamond or wire saw as indicated by red dash lines (cleavage is another 
alternative in the case of not so fragile substrates like Si). Afterwards, the two 
middle parts are glued face to face where the NWs remain in the middle 
(sandwich shape). After the glue dries out under slight pressure, the sample 
should be cut in the direction perpendicular to the primary cuts as shown in the 
scheme. These pieces are now ready for mechanical polishing. 

Mechanical polishing should be done with polishing films (usually 
diamond) from large to small grain size. It can be done manually by pasting the 
sample on special holders called ‘grinder’, or by putting it on automatic 
polishing machine. In any case, the aim is to polish one side and then the other 
side to achieve two shiny sides, in a way that no scratch can be seen by optical 
microscope. A typical thickness for the sample in this step is 20 μm. However, 
Si substrate can be even thinner. Note that the sample in this step should be as 
thin as possible, otherwise, the next step (ion milling) will be longer, and still it 
hinders achieving the best sample quality. The sample in this step is attached on 
a copper grid with an oval hole in the middle. Afterwards, the middle of the 
sample, which is essentially the region of interest, is thinned by ion milling (it 
will be described in section 2.8.5) to be electron transparent. 

2.8.4 Mechanical polishing for wedge making 

This method is fundamentally the same as the previous one with the 
difference that in normal mechanical polishing we polish such that in the end we 
obtain a sample with the sides parallel. But in this method we use a slight angle 
for the second side in order to obtain a wedge.  

Here a tripod is used instead of grinder and the last polishing steps should 
be performed exceedingly gently. One side of the sample will be quite thin and 
almost electron transparent. The advantage of this method over the previous one 
is that a remarkably short ion milling process is required and sometimes even 
without ion milling, the specimen is ready for characterization. 

2.8.5 Ion milling 

Precision Ion Polishing System (PIPS) is a machine dedicated to TEM 
sample preparation by ion milling (see Figure 2.31). Usually it is the last step of 
the sample preparation when the middle part of the specimen must be electron 
transparent. This system attacks the sample with one or two Ar ion guns with 
rather high energy (100 eV - 6.0 keV) and variable milling angle. With 
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adjustable energy and angle, one can perform the milling process in an 
aggressive or gent manner, depending on the specimen. Note that usually it is 
not recommended to use this process for a long time due to the damages that it 
can cause in the sample. Structural changes, morphology damage or 
amorphizing, are some remarkable examples of those damages. 

2.8.6 Focused ion beam 

There is a great interest in the preparation of ‘site-specific’ TEM specimens, 
for example, examining a particular region of an integrated circuit, the 
microstructure of the crack tip in fracture and fatigue experiments. For these 
cases focused ion beam (FIB) is a very useful tool. A typical FIB uses a gallium 
ion beam, originating from a liquid metal ion source. This beam is accelerated 
(up to 30 kV). Modern FIBs (for example, FEI Helios) have dual-beam (both 
electron beam and ion beam) columns, gas-injection systems (GIS) and an 
Omniprobe (or micromanipulator) which can be used for imaging and ion-beam 
sectioning of a thin lamella and transfer/welding to the TEM grids. 

The typical steps/conditions involved in preparing TEM specimens are:  

 
Figure 2.31 Precision Ion Polishing System (PIPS), and a TEM specimen 
(upper-right) before and (lower-right) after ion milling 
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(i) Identification of the region of interest 
(ii) Bringing the specimen to eucentric height 
(iii) Platinum deposition using GIS (initially by the electron beam, then 

by the gallium ion beam) 
(iv) Ion milling (with gallium ions at ~30 kV) to make a lamella by 

forming trenches adjacent to the platinum coated region using 
cleaning cross-section mode  

(v) Lift-out of the lamella using an Omniprobe 
(vi) Transferring the lamella onto the TEM grid, and welding with 

platinum metal 

     
Figure 2.32 FIB specimen preparation of GaAs@Ni core-shell NWs: (a) 
region of interest, to be coated with Pt, (b) Pt coated region, to be trenched 
and remove the lamella, (c) side view of the lamella after being welded to 
the grid, (d) curtain effect below the NW (upper-right) before and (lower-
right) after ion milling 
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(vii) Cleaning the specimen’s surface with a low energy gallium beam (at 
5 kV or lower) by tilting the milled surface of the specimen at ~ 1-2° 
with respect to the beam so that the final thickness of the lamella is 
~ 150-200 nm. 

The FIB offers rapid TEM specimen preparation, however it is necessary to 
note the advantages and disadvantages. Ga ions are heavier and more energetic 
(~30 keV), than the Ar ions used in PIPS (the incident energy ~ 4-5 keV or 
lower), hence implantation damage of the lattice is higher than in PIPS. Also 
artifacts (such as droplets/curtaining effects on the milled surfaces) can appear, 
while working with a low energy (1-2 keV) Ga ion beam may not be user-
friendly (due to instrumentation optics).  

Although, both the ion beam and the electron beam can be used for 
imaging, the ion beam sputters the surface; hence electron beam is preferred and 
snapshots can be taken with the ion beam as and when necessary. Also, for the 
Pt deposition, the e-beam is suggested initially, followed by the ion-beam. A 
careful bonding of the lift-out lamella to the copper grid with platinum is also 
important, otherwise, the lamella can be lost during handling/cleaning in the 
PIPS. In Figure 2.32 some of the steps of FIP specimen preparation are shown. 

2.9 Some of the key events in the history of electron 
microscopy 

Since construction of the first electron microscope by Ernst Ruska, a vast 
amount of effort has been carried out by many scientist and engineers around the 
world to improve the performance of this device, and some of them led to 
drastic progresses in it. A few of them were pointed out in this chapter; 
however, here a list of the most remarkable ones is presented:34

- Construction of the first electron microscope, by Ruska (1933) 
 

- Fundamental study of the resolution limit of the device, by Scherzer 
(1949) 

- Visibility of single atoms by invention of Z-contrast-STEM technique, 
by Crewe et al. (1970) 

- Invention of Ω-filter, by Rose and Plies (1974) 
- Development of parallel EELS, Jones et al. (1977) 
- The first spherical aberration correction of an objective lens by 

holography, by Tonomura et al. (1979) 
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- Intimation of Z-contrast in the STEM and later, evolution to HAADF, 
mostly in the hands of Pennycook and Nellist (1979-2000) 

- Publication of the first EELS atlas, Ahn and Krivanek (1983) 
- The start of computer-controlled microscopy, By Koster et al. (1989) 
- Invention of field-emission gun (FEG) for TEM, by Otten and Coene 

(1993) 
- The first successful attempts to correct spherical aberration, by 

Krivanek et al. (1997), and later by others 
- Invention of ABF, by Okunishi et al. (2009) 
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3.1 Introduction 
Engineering the chemical and structural changes is a crucial issue due to the 

effect that such changes have on the physical properties of materials. This 
chapter particularly deals with complex copper-based chalcogenide nanocrystals 
and nanoengineering their structure, morphology, and chemical composition. It 
starts with simple structures; then continues with complex ternary and 
quaternary structures. Meanwhile, a deep study on crystalline structure evolution 
from diamond-like structure known as ‘zinc-blende’ to hexagonal ‘wurtzite’, and 
their co-existence, is observed in ternary and quaternary chalcogenides. This 
phenomenon which occurs in many semiconductor materials and which allows 
the stability of many different polytypes under certain growth and composition 
conditions is known as ‘polytypism’. This kind of change is widely investigated 
in the case of other semiconductor nanomaterials such as III-V,1- 6 Si7,8 and 
SiC,9 ZnO,10 and other II-VI.11,12 A similar phenomenon occurs in the case of 
ternary and quaternary Cu-based chalcogenide nanocrystals (NCs), which can 
result to changes in important physical properties of the materials, which affect 
their application. By inducing these structural changes and combining then with 
the adequate morphology, one is able to manipulate the electrical and thermal 
conductivity, and tune the band-gap, for optoelectronics13,14 and thermoelectric 
applications.15

On the other hand, other decisive phenomena such as polarity, cation 
ordering and branching are also studied. They play the key roles in the band 
structure of the compounds. Therefore, these issues are studied in detail and they 
are correlated with theoretical band structure simulations. 

 

This chapter begins with an introduction to thermoelectrics as most of the 
studied materials in this chapter are used for thermoelectric applications. 



CHAPTER III: STRUCTURE AND MORPHOLOGY: CHALCOGENIDE NCs 

70 
 

Afterwards, experimental work, from synthesis to characterization and 
application is briefly described. Then, structural and morphological studies by 
means of different methodologies based on transmission electron microscopy 
are discussed. The methodologies are mostly HRTEM, STEM, EELS, EDX, 
atomic simulations, HRTEM image simulations, and GPA for strain analysis. 
Atomic resolution STEM and ab-initio simulations are also performed. 

3.1.1 Thermoelectrics 

Considering the daily-increasing demand for energy versus shortage of 
energy resources, thermoelectrics find a particular importance in the research 
world as a promising field to be used for recovering wasted energy. However, 
thermoelectric materials had been too inefficient previously, thus they were 
inhibited to be used for this application.16

3.1.1.1 Basic principles 

 Newly developed thermoelectric 
materials, nevertheless, have improved the thermoelectric properties, meaning 
they exhibit significantly a higher figure of merit (ZT).  

Basically the idea of thermoelectric effect comes from a fundamental 
phenomenon discovered by Thomas Johann Seebeck (1770-1821) in the early 
1800s. He observed that if two different materials are joined in two points and 
the junctions are held in different temperatures, T and T+ΔT, a potential 
difference ΔV proportional to ΔT is generated (Figure 3.1). The ΔV/ΔT ratio 
depends on an intrinsic property of the materials called ‘Seebeck coefficient’ 
usually shown with α or S.17

𝛼 = ∆V
∆T

       (3.1)   

 

 
Figure 3.1 Seebeck effect  
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The dimension of α is V.K-1, and for metals it is in order of μV.K-1 and for 
semiconductors typically few 100 μV.K-1. A scheme of Seebeck effect is shown 
in Figure 3.1. 

A related effect was discovered a few years later by Jean Charles Athanase 
Peltier (1785-1845). He observed that when an electrical current is passed 
through two different materials that are joined in one point, in the junction, 
depending on the direction of the current, heat is either absorbed or rejected. 
Figure 3.2 reveals a scheme of Peltier effect. As shown in the equation 3.2, 
Peltier coefficient (Π) and Seebeck coefficient have direct relation. 

𝛱 = 𝛼𝑇      (3.2)   

The absorbed/rejected heat (QP) can be calculated by equation 3.3. 

𝑄𝑃 = 𝛼𝐼𝑇     (3.3)   

where I is the current through the junction. 
Thermoelectric figure of merit (ZT) is the parameter that determines the 

potential of a material for thermoelectricity. It is a dimensionless parameter 
calculated by the equation below: 

𝑍𝑇 =  𝛼
2𝜎𝑇
𝜅

    (3.4)   

where σ is the electrical conductivity, and κ is the total thermal conductivity 
(i.e. the sum of lattice thermal conductivity and electronic term). The higher the 
figure of merit, the better thermoelectricity is obtained from the material. 
Another important parameter in thermoelectric is referred to as electrical power 
factor (PF) determined by the numerator of the fraction of equation 3.4, i.e.: 

𝑃𝐹 =  𝛼2𝜎𝑇     (3.5)   

In general all parameters α, σ, κ, ZT and PF depend on carrier 
concentration. Electrical conductivity is a reflection of charge carrier 

 
Figure 3.2 Peltier effect  
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concentration and the rest are functions of it. The electrical conductivity 
increases with increase in carrier concentration while Seebeck coefficient 
decreases. Power factor has a maximum point which lies in the range of 
semiconductors. Lattice thermal conductivity does not depend on carrier 
concentration, but electronic thermal conductivity increases with carrier 
concentration. Therefore, total thermal conductivity increases with carrier 
concentration. A scheme is shown in Figure 3.3.18

3.1.1.2 Thermoelectric devices 

 

The fundamental idea of thermoelectric device is based on taking advantage 
of Seebeck (/Peltier) effect to generate power, meaning by temperature gradient 
from one joint of two materials to another, an electrostatic potential (voltage) is 

            

 
Figure 3.3 Schematic dependence of electrical conductivity, Seebeck 
coefficient, power factor, and thermal conductivity on concentration of free 
carriers16,18 
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created. Basically, the thermoelectric effects arise because charge carriers in 
metals and semiconductors are free to move and carry their charge and heat with 
them. When a temperature gradient is applied to a material, the mobile charge 
carriers at the hot end tend to diffuse to the cold end, which produces an 
electrostatic potential. Then, the electrostatic repulsion due to the build-up of 
charge and the chemical potential for diffusion reach equilibrium.16 

A thermoelectric couple as shown in Figure 3.4 comprises two 
thermoelectric elements (semiconductors or metals), one n-type, containing free 
electrons, and one p-type, containing free holes (Thermoelectric materials will 
be discussed in section 3.1.3). As can be seen in Figure 3.4, two devices can be 
built from these two phenomena that can occur: (i) a ‘thermoelectric generator’ 
uses heat flow across a temperature gradient to power an electric load through 
the external circuit (Figure 3.4 left: Seebeck effect); (ii) a ‘thermoelectric 
refrigerator’ utilizes an electric current to cool one side down and reject the heat 
from the other side (Figure 3.4 right: Peltier effect). Thermoelectric devices 
contain many thermoelectric couples wired electrically in series and thermally in 
parallel as revealed in Figure 3.5.16,17 

3.1.1.3 Thermoelectric materials 

In general, materials with ZT > 0.5 are considered as thermoelectric 
materials. However, other parameters such as toxicity, cost, etc can affect this 
definition. Figure 3.6 shows the ZT of some novel materials investigated by 
NASA. Although initially the thermoelectric effects were discovered in metals, 
few years after these effects with larger magnitude were observed in 

 
Figure 3.4 A schematic illustration of thermoelectric effects 
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semiconductors which facilitated their practical applications since the 1950s. 
Materials such as selenides and tellurides (in general, chalcogenides), 
antimonides, germanium and silicon alloys are good candidates for 
thermoelectrics.16,19

3.1.2 How to improve the efficiency: bulk vs. nano 

 

In 1990s a new wave of interest was attracted to thermoelectrics mostly due 
to the improvement in thermoelectric efficiency of novel complex materials, by 
means of nanostructuring, which creates quantum confinement of the electron 
charge carriers. By increases in confinement and decreases in dimensionality, 
the electron energy bands in a quantum confined structure are progressively 

 
Figure 3.5 Scheme of thermoelectric devices 

 

 

Figure 3.6 Figure of merit of state-of-the-art commercial materials for 
thermoelectric power generation-type and n-type 
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narrower. These narrow bands should produce high effective masses and as a 
consequence, large Seebeck coefficients. Moreover, engineered heterostructures 
(with similar sizes) may decouple the Seebeck coefficient and electrical 
conductivity that could result in high ZT.16 Since mid-1990s many theoretical 
and experimental works revealed dramatic improvements in thermoelectrics by 
semiconductor quantum wells, quantum dots, superlattice structures, nanowires, 
nanoparticles, and other nanostructures.20- 26

Therefore, it is of high importance to control the physical properties of the 
materials, which can be performed by controlling the size, morphology, 
chemical composition, and crystallographic structure of them.

 

27,28

In this chapter, particularly, copper-based binary, ternary, and quaternary 
chalcogenide nanocrystals are studied. They are tetrahedrally coordinated 
semiconductors derived from ZnS cubic structure known as zinc-blende (ZB) as 
shown in Figure 3.7. These nanocrystals are synthesized by colloidal synthesis, 
an appropriate bottom-up process which allows a precise control on size, 
morphology, chemical composition, and crystal structure of the nanocrystals. As 
these parameters play a significant role in thermoelectric figure of merit (ZT), it 

 

 
Figure 3.7 How stannite and kesterite quaternary structures are derived 
from zinc-blende ZnS 
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is important to have them under control.29- 32

3.1.3 Colloidal synthesis 

 In the following sections of this 
chapter, one will see how structural changes by means of twinning mechanism 
affect the physical properties of the materials. 

Colloidal synthesis is an appropriate bottom-up approach to produce binary, 
ternary and quaternary nanocrystals. It offers precise control on crystal domain 
size, morphology, chemical composition, and crystal structure. Moreover, it is a 
solution-processing method which has a high potential for production of low-
cost, high-yield, large-scale, and shape-adaptable devices.27,29 In this method the 
nanocrystals are synthesized from precursor compounds dissolved in solutions, 
much like traditional chemical processes. 

The NCs are usually prepared by reacting metal-amine complexes, heating 
the solutions up to certain temperatures (~200 °C) for 1 h in order to remove 
water and other low-boiling-point impurities. Then the solution is kept in 
reaction temperatures (270-300 °C) for certain times (a few minutes) to let the 
NCs grow, while some other pre-heated solutions are injected. Afterwards, it is 
quickly cooled down to the room temperature. The color of the solution shows 
that the NPs are obtained. In the next step Oleic acid is added to replace weakly 
bonded ligands. Eventually, the process ends by some purification process. 
There are differences in the synthesis procedures in the case of each compound. 
However, solely the basics of the process are described here. 

3.1.4 Thermoelectric characterization 

Measuring the three parameters of equation 3.4: Seebeck coefficient, 
electrical and thermal conductivity in different temperatures, one can calculate 
the thermoelectric figure of merit by using equation 3.4. 

The method used to measure the ZT of the materials was to make a small 
disk-like pellet with a press for a few minutes at relatively low temperature. 
Short times and low temperatures are used in order to avoid agglomeration or 
growth of the nanowires. The pellets are used to measure Seebeck coefficient, 
electrical and thermal conductivity. Nanoparticles should be free of ligands and 
surfactants, because presence of such organic materials increases the 
measurement error. So the nanoparticles should be washed thoroughly by 
multiple precipitation and re-dispersion steps. It should be pointed out that these 
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surfactants are necessary in the synthesis step, in order to control the 
nanoparticle size, shape, and solubility. 

Seebeck coefficient and electrical conductivity can be measured 
simultaneously using a static direct-current (DC) method. Thermal 
conductivities were calculated from flash diffusivity measurements, using the 
mass density and Dulong-Petit approximation for the specific heat capacity. 
Experimental details of thermoelectric characterization will be discussed in 
section 3.2.3.27,29 

3.1.5 Structural changes in nanostructured materials 

3.1.5.1 Twinning and polytypism 

Twinning and polytypism are crucial issues in nanostructured materials 
since they have important effect on properties. Polytypism is a term assigned to 
the phenomenon that a compound crystallizes in a variety of periodic layered 
structures, namely polytypes. The term polytypism is different from 
polymorphism (the ability of a chemical compound to exist with more than one 
crystal structure), however, it falls, structurally, within the definition of 
polymorphism. In other words, polymorphism includes every possible 
difference encountered in the crystal structure of a substance, while polytypism 
considers these differences only in one dimension. The layers comprising a 
polytype can commonly occupy a number of lateral positions relative to their 
neighboring layers, e.g. A, B, C to have the closest packing. Classical ABC 
notation has always been used to describe close-packing of sphere since the 
beginning. Other notations like Hägg’s and Zhdanov are not used anymore.33,34

Polytypism was first discovered in 1912 by Baumhauer in carborundum 
(SiC) which has a close-packed tetrahedral structure. Afterwards, several other 
polytypic materials such as CdI2, PbI2, CdBr2, mica, and ZnS were studied, 
mostly by means of X-ray diffraction (XRD).

 

33,35,36 For each material, numerous 
polytypes between hexagonal wurtzite (WZ) and cubic zinc-blende (ZB) were 
reported. Pashinkin et al. showed that cadmium and zinc chalcogenides also 
exhibit the polytypism phenomenon.37

As expected, investigation in this aspect was followed by theoretical studies 
trying to explain the phenomenon and eventually none of them remained 
uncontested. These theories can be cliassified into two groups: (i) dislocation 
theories, and (ii) thermodynamic theories. For instance, Frank’s theory 
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explained that polytypism occurs due to occurrence of screw dislocations. 
Basically, he extended his celebrated screw dislocation theory of crystal growth 
to explain the formation of polytypes in a direct and simple way. Further 
experiments on different materials by others did not correlate with the theory. 

Jagodzinski’s disorder theory, which was based on thermodynamic 
considerations, criticized Frank’s theory and explained the existence of 
structure-temperature relationship in SiC and ZnS. 

One year after in 1955 Schneer proposed his theory based on second- or 
higher-order phase transformation. According to his theory, the polytypes are 
supposed to represent intermediate states in the phase transition, proceeding by 
infinitesimal steps over a given range, from cubic close-packed (‘sphalerite’ or 
zinc-blende) to hexagonal close-packed (wurtzite) structure. This theory, as well 
as the previous ones, encounters many difficulties compared with experimental 
results. Apparently, a temperature-structure relationship exists only for small-
period SiC polytypes. 

In 1963 Peibst proposed a theory based on mutual action of lattice 
vibrations during growth. Indeed, no experimental observation confirmed the 
theory. Afterwards, Vand and Hanoka suggested a modification of Frank’s 
screw dislocation theory, removing some difficulties associated with it, but it 
was still based on formation of screw dislocations. Shortly before, in 1966, 
another modification of Frank’s screw dislocation theory was published by 
Mardix and Steinberger. They proposed a mechanism in which polytypism 
occurred due to introduction of stacking faults and their subsequence regular 
expansion over atomic planes inside the crystal after its growth.36 

It should be taken to account that, electron microscopes and electron 
microscopy techniques that time were not sufficiently developed yet. Verma38

34

 
was the first who claimed observation of dislocations by means of multiple-
phase interference and phase-contrast microscopy. In his papers, as shown in 
Figure 3.8, he proved the presence of screw dislocations in SiC after growth, 
referring to Frank’s theory on crystal growth. Years after, he utilizes the same 
technique on the same compound for existence of polytypes.  Notice that 
beside XRD, during 1950s and 1960s, multiple-phase interference and phase-
contrast microscopy were the most common microscopy methods in materials 
science. Evidently, their resolution is limited, as well as of other optical 
microscopy techniques. One of the first uses of transmission electron 
microscopy for observing dislocations in chalcogenides was performed by 
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Dekkers and coworkers in 1962. However, the resolution of their microscopes 
yet needed to be improved. 

Development of TEM techniques facilitated the study of structural changes. 
For instance, Sato and Shinozaki used electron diffraction patterns and dark-
field electron micrographs to study ‘Microsyntaxy and polytypism in SiC.’ See 
Figure 3.9.39 After development of high-resolution electron microscopy in 
1970s,40 it was not so difficult to see the structural defects in the compounds. 
For example, Buseck and Iijima used this technique to visualize polytypes 
(Figure 3.10 (a)), twins and anti-phase boundaries (Figure 3.10 (b)), stepped 
twins (Figure 3.10 (b)), ‘parting’ (cleavage in a certain direction) and cleavage 
in monoclinic enstatite (clinoestatite, CLEN) and orthorhombic enstatite 
(orthoenstatite, OREN).41

Nowadays, electron microscopy goes even further and allows measuring the 
polarity directly from the micrographs. With atomic resolution scanning 
transmission electron microscopy (STEM) and annular bright-field (ABF) 
techniques, one can even visualize light atoms such as N and O.

 

42- 44 These 
techniques are discussed in Chapter 2. Likewise, one can find example of 
applications in this chapter and Chapter 4. 

 
Figure 3.8 Screw dislocations in SiC observed by multiple-phase 
interference38 
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3.1.5.2 Copper-based chalcogenides 

Since 1950s complex chalcogenides semiconductors generated great interest 
due to their optoelectronic, optics, and thermoelectrics. Relative to binary II-VI 

  

  
Figure 3.9 (a), (b) Dark-field electron micrographs on a SiC grain in [010] 
orientation showing the stripes perpendicular to the c-direction, (c) 
corresponding electron diffraction pattern39 
 

  

Figure 3.10 (a) Polytypes, (b) twins (right) and stepped twins (left) in 
enstatite41
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chalcogenides, ternary I-III-VI2 and I2-IV-VI3 compounds can be generated 
through cross-substituting of related cations for the group II atoms, with the 
octet rule still obeyed. The former forms by substitution of a pair of group I and 
group III cations, and the latter, by substitution of two group I and one group IV 
cation. Going even further, by substituting one group II and one group IV cation 
for the group III atom in the I-III-VI2 ternary system, one can obtain quaternary 
chalcogenides in form of I2-II-IV-VI4 systems. Another possible quaternary 
system is I-III-II2-VI4 which forms by replacing one group I cation and one 
group III cation by two group II cations.45

I:  K, Cu, Ag 

 Here is a list of possible atoms in the 
binary, ternary and quaternary systems: 

II:  Fe, Zn, Cd, Hg 
III:  Al, Ga, In, La 
IV:  Si, Ge, Sn, Pb 
VI:  S, Se, Te 

With combination of these elements the mathematic possibility of over 200 
different ternary and quaternary compounds can be calculated. The experimental 
possibility of existence of all these combinations cannot be proved, however, 
numerous ternary and quaternary chalcogenides are already synthesized, and 
still many others are physically and thermodynamically possible to come to 
existence. This ample range of compounds can even expand larger by having 
two atoms of the same group in the same atomic position in the unit cell, e.g. I-
(III,III’)-VI2 and I-III-(VI,VI’)2, namely ‘pseudo-quaternary’ compounds.46

Here in this work we just consider the copper-based compounds as the 
group I cation. Silver-based compounds have been studied by other groups.

 
Quinaries are out of the scope of this study. 

47,48

3.1.5.3 Stannite and kesterite structures 

 
Also from ternary and quaternary compounds we only consider I2-IV-VI3 and I2-
II-IV-VI4 systems in which Se plays the role of the anion. 

By replacing the Zn atoms with group I and III atoms in zinc-blende ZnS, 
chalcopyrite I-III-VI2 structure is obtained. In the next step, by substitution of 
group II and IV atoms for the group III, one can obtain I2-II-IV-VI4 system with 
three possibilities: (i) kesterite (KS), (ii) stannite (ST), and (iii) PMCA. These 
structures are determined by the ordering of the three cations in the atomic 
positions of Zn in the unit cell, as can be seen in Figure 3.11.45,49 
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3.2 Experimental 

3.2.1 Synthesis 

All the nanoparticles are synthesized by colloidal synthesis method. They 
are usually prepared by reacting metal-amine complexes, heating the solutions 
up to certain temperatures, keeping them in high temperatures for certain times 
to let the NCs grow, then cool them down to the room temperature, following by 
purification process. 

The NCs are usually prepared by reacting metal-amine complexes, heating 
the solutions up to certain temperatures (~200 °C) for approximately 1 h in order 
to remove water and other low-boiling-point impurities. Then the solution is 
kept in reaction temperatures (270-300 °C) for certain times (a few minutes) to 
let the NCs grow, while some other pre-heated solutions are injected. 
Afterwards, it is quickly cooled down to the room temperature. The color of the 
solution shows that the NPs are obtained. In the next step ligand substitution is 
carried out. Oleic acid is added to replace weakly bonded ligands. Eventually, 
the process ends by some purification process. There are differences in the 
synthesis procedures in the case of each compound. However, solely the basics 
of the process are described here. 

 
Figure 3.11 Quaternary (Cu2CdSnSe4) chalcogenide structures: (a) 
kesterite (KS), (b) stannite (ST), and (c) PMCA 
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3.2.2 Structural characterization 

The chemical and structural characterization of the nanowires was carried 
out by high-resolution transmission electron microscopy (HRTEM), electron 
energy loss spectroscopy (EELS), and with the extracted data we generated 3D 
atomic supercell models. High-resolution TEM images were obtained by means 
of a Jeol 2010F field-emission gun (FEG) microscope with a 0.19 nm point-to-
point resolution at 200 keV with an embedded Gatan image filter (GIF) for 
EELS analyses. Some of the high-angle annular dark-field (HAADF) images 
and EELS spectra were obtained by an FEI Titan 50-300 PICO microscope 
operated at 200 keV. This microscope is a unique fourth generation field-
emission gun TEM equipped with a high-brightness electron gun, a 
monochromator unit, and a Cs probe corrector, a Cs-Cc achro-aplanat image 
corrector and a post-column energy filter system.. 3D atomic models were 
created by using Rhodius software package50

12
 which allows creating complex 

atomic models. ,51

3.2.3 Thermoelectric characterization 

 For the ab-initio calculations SIESTA code was used which 
combines density functional theory (DFT) with normconserving 
pseudopotentials and local basic set functions. 

As mentioned in the previous section, the method used to measure the ZT of 
the compounds was to make a small disk-like pellet (for example 10-13 mm 
diameter and 2 mm thick) with a press (around 2 tones pressure) for 5 minutes at 
room temperature. The pellets are used to measure Seebeck coefficient, 
electrical and thermal conductivity. First the nanoparticles were washed 
thoroughly by multiple precipitation and re-dispersion steps, until they could not 
be re-dispersed in organic solvents, meaning most of the surfactants initially 
used to control the nanoparticle size, shape, and solubility had already been 
removed. Then the nanoparticles were dried under an argon atmosphere. 
Afterwards, they were annealed by heating to relatively high temperatures (e.g. 
500 °C) for two hour under an argon flow inside a tube furnace, and finally they 
were pressed to the small pellet. 

The Seebeck coefficient was measured using a static direct-current (DC) 
method. Electrical conductivity data were obtained by a standard four-probe 
method. Both the Seebeck coefficient and electrical conductivity were measured 
simultaneously. 
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Thermal conductivities were calculated from flash diffusivity 
measurements, using the mass density and Dulong-Petit approximation for the 
specific heat capacity (Cp = 0.34 Jg−1K−1). The thermal conductivity was 
calculated as κ = DCpd, where D is the thermal diffusivity, Cp is the heat 
capacity, and d is the density. 

Eventually, by using equation 3.4, ZT is calculated in different temperatures 
and the graphs are plotted. 

3.3 Structure study 
The materials studied in this chapter can be classified by the number of 

elements in the alloy: (i) binary systems: CuSe, CuTe, PbTe and PbS; (ii) 
ternary systems: Cu2SnSe3, Cu2GeSe3; and (iii) quaternary systems: 
Cu2CdSnSe4, Cu2ZnSnSe4, Cu2ZnGeSe4, Cu2HgGeSe4, Cu2HgSnSe4. However, 
a different approach is considered for classification: phase complexity. First the 
single-structured compounds are briefly discussed. Then we move on to multi-
phased structures that consist of wurtzite and zinc-blende-like compounds, and 
finally we study heterostructures of core-shell type which are quite interesting 
from the aspect of functionality. 

 
Figure 3.12 Unit cells of ternary and quaternary copper-based selenides 
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Binary, ternary and quaternary copper-based chalcogenides are tetrahedrally 
coordinated semiconductors derived from ZnS cubic structure known as zinc-
blende (ZB) as shown in Figure 3.7. All unit cells are revealed in Figure 3.12. In 
the case of some compounds we use a doubled unit cell to keep the coherency 
between the cells in order to facilitate the structure comparison of the 
compounds. 

3.3.1 Single-phased structures 

3.3.1.1 Cu2SnSe3 nanocrystals 

Cu2SnSe3 (CTSe) is a p-type diamond-like semiconductor with a narrow 
band gap (0.84 eV).52 It is also a promising material for thermoelectric 
properties with relatively high ZT. In this compound it seems that the cations, 
Cu and Sn, are randomly distributed in the crystal structure, as it is shown in 
Figure 3.13. The structure has cubic symmetry in F43m space group (no. 216) 
with cell parameter a = 5.685 Å. The dumbbell stacking is visible from [011] 
zone axis. HRTEM image in Figure 3.14 shows a CTSe NP with this cubic 
structure visualized from [110] zone axis. Although the NP is not completely 
faceted, left side of the NP terminates with (1-1-1) plane family. Another 
important point is the existence of twin boundaries. As seen in this figure, a 
twinned section across (1-11) plane is observed in the middle part of the NP. 

 
Figure 3.13 Cu2SnSe3 (CTSe) unit cell, cubic symmetry in F-43m (No. 
216) space group with a= 5.685 Å 
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3.3.1.3 Cu2ZnSnSe4 nanocrystals 

Shavel et al.30 reported on synthesis of Cu2ZnSnSe4 (CZTSe) NCs which 
are quite similar to Cu2ZnSnSe4 from the aspect of crystal structure. The unit 
cell is shown in Figure 3.15. It is the same as the one of CZGSe with slight 
differences in the cell parameters because of the substitution of Sn with Ge. Sn 
is heavier than Ge, thus, the cell parameters are slightly larger. HRTEM 

 
Figure 3.14 HRTEM analysis on a Cu2SnSe3 NC with cubic structure 
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Figure 3.15 Cu2ZnSnSe4 (CZTSe) unit cell, tetragonal symmetry in I-42m 
(No. 121) space group with a=b= 5.688 Å and c= 11.34 Å 
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structural analysis is shown in Figure 3.16, and EELS chemical composition 
maps are exhibited in Figure 3.17. EELS maps confirm the CZTSe structure, 
while XRD cannot distinguish between ZnSe, Cu2Se, Cu2SnSe4, and CZTSe. 
Their XRD patterns are too close. Moreover, the difference in cell constants of 
the mentioned structure is within the error of electron diffraction patterns. On 
the one hand, HRTEM could provide a reliable structural analysis, however, 
extensive image simulation should be required and the result could not be easily 
obtained straight forward. On the other hand the EELS and EDX analyses 
provide information about the material stoichiometry. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

       
Figure 3.16 HRTEM micrograph of a CZTSe NC with a power spectrum 
(lower-right) corresponding to the magnified IFFT-filtered zone (upper-
right) indicated with the red square30 

 

Figure 3.17 HAADF images (left) with EELS chemical composition maps 
on a CZTSe NC 
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3.3.1.3 Cu2ZnGeSe4 nanocrystals 

Between copper-selenide-based quaternaries Cu2ZnGeSe4 (CZGSe) is the 
lightest we dealt with, as II can be Zn, Cd, or Hg, and IV can be Si, Ge, Sn, Pb, 
and we did not include Si. However, Cu2ZnSiSe4 and Cu2Zn(Sn,Si)Se4 are 
promising materials for photovoltaic devices. It has a larger band gap (2.33 eV) 
comparing to Cu2ZnGeSe4 and Cu2ZnSnSe4 (CZTSe).53

CZGSe is p-type tetrahedrally coordinates semiconductor with a direct band 
gap between 1.21 and 1.63 eV determined theoretically and experimentally.

 

45,53-

56

In Figure 3.19 and 3.20 one can see Z-contrast images with EELS 
compositional maps of the indicated NCs. Figure 3.19 refers to two sample that 
had shorter reaction times (10 s and 50 s) comparing with the ones of Figure 
Figure 3.20 (5 min). By comparison between these three elemental maps, we 
realize that in the beginning of synthesis Zn and Ge do not enter the crystal 
structure of the particles. In the NCs shown in Figure 3.19, the amount detected 
by EELS of Ge in the middle is almost 0% and Zn is less than expected; it is 4% 

 CZGSe crystallizes with tetragonal symmetry in space group I-42m (no. 121). 
The unit cell is shown in Figure 3.18. The structure shown in this figure is 
stannite CZGSe which indeed is a doubled cubic unit cell along c-axis with Cu, 
Zn and Ge atoms in cation positions, ordered as revealed in the cell. 

 
Figure 3.18 Cu2ZnGeSe4 (CZGSe) unit cell, tetragonal symmetry in I-42m 
(No. 121) space group with a=b= 5.610 Å and c= 11.04 Å 
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in Figure 3.19(a), which should be 12.5% in order to keep the stoichiometry of 
Cu2ZnGeSe4. In some cases a kind of structure is observed which could be 
considered as core-shell. Longer reaction time makes Ge and Zn diffuse to the 

 

  
Figure 3.19 EELS analysis on CZGSe NCs after (a) 10 s and (b) 50 s of 
reaction time, approximate chemical composition in the center of the NC: 
(a) Cu: 46%, Zn: 4%, Ge: 0%, Se: 50%, and (b) Cu: 31%, Zn: 5%, Ge: 
15%, Se: 49% 

 

Figure 3.20 EELS analysis on CZGSe NCs after 5 min of reaction time, 
approximate chemical composition in the center of the NC: Cu: 26%, Zn: 
15%, Ge: 12%, Se: 47% 
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NCs’ structure. Figure 3.19(b) refers to a sample which had 50 s of reaction 
time. Zn and Ge percentages have not arrived to the stoichiometry yet, but they 
are considerably higher than what was seen in Figure 3.19(a). As shown in 
Figure 3.19(b), Zn percentage in the NC is still too low. Ge has arrived to the 
stoichiometry, but in the case of many other NCs we analyzed, it was still lower. 
Therefore, longer reaction time is needed to reach the desired stoichiometry of 
Cu2ZnGeSe4. Figure 3.20 shows HAADF images (left) with corresponding 
EELS compositional maps on the indicated NC, revealing that the desired 
chemical composition is obtained. 

HRTEM analyses in Figure 3.21 show the morphology and crystal structure 

 
Figure 3.21 (Upper) HRTEM micrograph of a CZGSe NC in the early stages of the 
growth (lower) HRTEM micrograph of a CZGSe NC with a power spectrum (lower-
right) corresponding to the magnified IFFT-filtered zone (upper-right) which shows the 
faceting (-112) planes. The inset in the red square shows the twin defects in one of the 
sides of the NC around (-112) planes 
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of CZGSe NCs in early stages of growth (upper) and later (lower). In the early 
stages, before complete diffusion of Ge and Zn to the structure, the NCs have 
almost spherical shape, or start to have tetrahedral facets (HAADF image of 
Figure 3.19(a)) and they are smaller in size comparing to the NCs obtained from 
longer reaction times. The difference in the crystal structure of this compound 
with Cu2ZnGeSe4 is within the error of power spectrum taken by fast Fourier 
transform (FFT) on the HRTEM image. Thus, it cannot be considered. 

Longer reaction times make the NCs grow and inside many of the particles 
twin defects can be observed. Figure 3.21 (lower) reveals the HRTEM analysis 
of a NC with tetrahedral shape and twin defects. The upper-right image is the 
magnified part of the NC showing (-112) planes as the facet. The left side of the 
NC has (1-12) planes as facet which is from the same plane family. These plane 
families, indeed, are equivalent to (111) plane family of a cubic structure, 
because the c cell parameter is approximately twice of a and b. The inset in the 
red square shows the twin defects in one side of the NC around (-112) planes. 
The twins occur in (112) plane family and leg-like parts are attached to the main 
NC. The shape of the NCs is almost the same as what will be described in 
Cu2CdSnSe4 (CCTSe) NCs with all details in the next section. 

Finally, some Cu atoms were substituted intentionally with Zn. Due to their 
different valences electrical conductivity of the compound was increased. EELS 
compositional maps, this time on a NC that has more Cu atoms and less Zn. The 
approximate chemical composition measured by EELS is: Cu: 32%, Zn: 11%, 
Ge: 13%, and Se: 44%, which is roughly Cu2.15Zn0.85GeSe3.9. This stoichiometry 
is confirmed by XRD. 

It is proved that Cu-doping improves the thermoelectric figure of merit. The 
unit cell contains two tetragonal slabs: [Cu2Se4] and [ZnGeSe4]. According to 
Liu et al. the former is an electrically conducting unit (ECU) and slabs 
analogous to the latter such as [ZnSnSe4] and [CdSnSe4] are electrically 
insulating units (EIU). Modifying the conducting unit by proper doping can 
enhance the electrical conductivity without any significant increase in thermal 
conductivity. Moreover, such doping can create structure disorder in the 
insulating unit, and provide connections between this unit and [Cu2Se4] and thus 
offers more hole conducting paths. Therefore, higher electrical conductivity in 
the whole structure is expected.57

A comparison of physical properties between Cu2ZnGeSe4 and 
Cu2.15Zn0.85GeSe3.9 reveals the better thermoelectric performance of the latter. 
Thermoelectric characterization was performed in different temperatures and the 
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results are summarized in the diagrams of Figure 3.22. Cu2.15Zn0.85GeSe3.9 has 
higher electrical conductivity and lower thermal conductivity which both 
enhance the ZT (see equation 3.4), but a deteriorating lower Seebeck effect. 
However, figure of merit increases dramatically in total, and the highest ZT 
value of 0.55 is obtained at 450 °C. In the case of Cu2ZnGeSe4, the highest ZT 
is less than 0.1. 

3.3.1.4 Cu2HgSnSe4 nanocrystals 

Cu2HgSnSe4 (CHTSe) is another interesting semiconducting compound 
from this family with a very narrow band gap of 0.17 eV, and it has a high 
potential as a thermoelectric material. Here CHTSe NCs are synthesized and 
used for thermoelectric applications. As well as the previously mentioned 
quaternary copper-selenide-based compounds, CHTSe has a tetragonal structure 
in I-42m space group (no. 121). As shown in Figure 3.23 its cell constants are: a 
= b = 5.829 Å and c=11.42 Å; the cell volume is 0.388 nm3 with totally 16 

 
Figure 3.22 Thermoelectric characterization of Cu2ZnGeSe4 and Cu2.15Zn0.85GeSe3.9: 
(a) electrical conductivity, (b) Seebeck coefficient, (c) thermal conductivity, and (d) 
thermoelectric figure of merit (ZT); Highest ZT of 0.55 at 450 °C was obtained with 
Cu2.15Zn0.85GeSe3.9 NCs31 
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atoms in the cell, Se atoms distributed in anion sites, Cu, Hg, and Sn atoms in 
cation sites.58

Figure 3.24 shows HRTEM and EELS analysis of the as-grown CHTSe 
NCs. HRTEM analysis confirms the aforementioned crystal structure and EELS 

 

 
Figure 3.23 Cu2HgSnSe4 (CHTSe) unit cell, tetragonal symmetry in I-42m 
(No. 121) space group with a=b= 5.746 Å and c= 11.08 Å 

 
Figure 3.24 (Upper) HRTEM micrograph of a CHTSe NC associated with 
(lower) EELS elemental map revealing the chemical homogeneity of the 
NCs 
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elemental maps reveal the homogeneous chemical composition of the NCs. Here 
one can see that the NCs have pentatetrahedral morphology which will be 
described in detail in the next section. 

This material, as well as the previous one, was highly Cu-doped (playing 
around with Se content at the same time) in order to enhance the 
thermoelectricity. Different compounds were examined, and the optimum 
situation was obtained by NCs with Cu2.8Hg0.7SnSe3.8 stoichiometry. As shown 
in Figure 3.25, the highest ZT of 0.20 was obtained at 450 °C.59

3.3.1.5 Section summary 

  

In summary, in this section we proved the potential of the ternary and 
quaternary copper-selenide-based NCs for thermoelectric applications. First of 
all, the similar ZB/ZB-like structures of the ternary and quaternary compounds, 
and their homogeneous chemical composition were confirmed by HRTEM and 
EELS analyses, respectively. Secondly, it was shown that the distortion induced 
to the structure can improve the thermoelectric functionality of the compounds 

 
Figure 3.25 Thermoelectric characterization of Cu2HgSnSe4 and 
Cu2.8Hg0.7SnSe3.8: (a) electrical conductivity, (b) Seebeck coefficient, (c) 
thermal conductivity, and (d) thermoelectric figure of merit (ZT); Highest 
ZT of 0.20 at 450 °C was obtained with Cu2.8Hg0.7SnSe3.8 NCs59
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as it causes reduction in thermal conductivity sometimes associated with an 
increase in electrical conductivity. Therefore the thermoelectric figure of merit 
considerably increases. In the case of CHTSe, CTSe, and CZGSe, the best ZT at 
450 °C is 0.20, 0.3, and 0.55, respectively.  

In fact this section is an introduction to further nanoengineering which will 
be revealed in the following sections. Although the chemical composition was 
engineered and sometimes twin defects emerged, still we have not touched the 
crystallographic structure of the compounds. With all the changes they still keep 
their ZB/ZB-like structure. However, in the next section we will study further 
nanoengineering issues which have remarkable influences on several properties 
of the materials. 

3.3.2 Multi-phased structures 

In this section, we mainly study some phenomena that dramatically change 
the properties of the compounds: morphology changes, polytypism, branching 
issue, and cation ordering. These tasks are considered in the case of different 
ternary and quaternary compounds. 

3.3.2.1 Cu2GeSe3 nanocrystals 

Cu2GeSe3 (CGSe), as well as CTSe, is a p-type semiconductor with a direct 
band gap. Its band gap, 0.78 eV, lies in infrared (IR) range. It is a promising 
thermoelectric material in the form of nanostructure, due to the prompted 
phonon scattering which results in thermal conductivity reduction.28 

The Cu2GeSe3 (CGSe) NCs have been analyzed by HRTEM finding that the 
crystal structure that fits better is an orthorhombic (OTR) structure with space 
group Imm2.60,61 This crystal structure is close to the well-known cubic 
diamond-like structure (zinc-blende (ZB), space group: F-43m) in which many 
other semiconductors crystallize (Ge, Si and many other AIIBVI binary 
compounds). The lattice constants of the orthorhombic phase found are a = 
11.86 Å, b = 3.96 Å, and c = 5.485 Å, presenting crystallographic ordered 
cations and anions on their respective sites62 while cation disordering creates a 
similar structure that has cubic symmetry in F-43m space group (ZB). It has 
been further reported by several researchers that Cu2GeSe3 undergoes a phase 
transformation caused by site-exchange order/disorder near its melting 
temperature.63 As mentioned, this high temperature phase is a disordered face-
centered cubic (fcc) structure (space group F-43m), and the low temperature 
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structure is the ordered orthorhombic Imm2 phase. In addition, as the Ge content 
is increased in Cu2Ge1+xSe3, a structural phase transition takes place, resulting in 
conversion of the orthorhombic cell to the fcc structure with a unit cell 
parameter of ∼0.555 nm. The relationship between both phases corresponds to 
multiplying the a-axis of the orthorhombic cell by (2/3)½ and the b axis by (2)½. 
The c-axis remains the same in both structures aside from a small expansion. 
Figure 3.26 shows the crystal relationship between these two phases, and the 
related wurtzite (WZ) one with hexagonal close-packed (hcp) symmetry in 
P63mc (no. 186) space group. 

The first point to understand these crystal structures is to take into account 
the dumbbell unit as the minimum repeatable unit in the structure. Every 
dumbbell is composed of a cation (in this case Cu or Ge) and an anion (Se). 
These dumbbell units are oriented perpendicular to (00-1) planes, in both OTR 
and ZB structures. In the case of the cubic ZB structure, the cations are not 
ordered, meaning that in cation site one has a random distribution of Cu or Ge 
indistinctly, with a proportion of 2 to 1. However, in the orthorhombic phase 

(OTR) cations are ordered along the (200) planes, meaning all the cation 
positions in every plane are occupied by the same element, following an ordered 
sequence of two (200)OTR planes with Cu cations between every two (200)OTR 
planes of Ge cations. Green arrows on the OTR and ZB phases scheme of Figure 
3.26 are pointing the dumbbell orientation on the (200) planes. In the OTR and 
ZB structures the all dumbbells are parallel, always perpendicular to (002) 
planes, whereas in WZ structure they alternate in each (0001) plane. In one 

 
Figure 3.26 CGSe crystallographic structures from left to right: 
orthorhombic (OTR), zinc-blende (ZB), and wurtzite (WZ) 
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plane they are perpendicular to (1-102) planes (green arrows), and in the next 
one they are perpendicular to (-1102) planes (orange arrows). 

In addition to these first phases, in some of the NCs studied, a different 
crystal polytype was found. Mainly in the body of these NCs, many twin-like 
defects appear, creating regions where the high density and periodicity of the 
twins was changing the atomic planes stacking, in a similar way as in other 
semiconductor materials. These changes mainly occur when forming 
nanostructures such as nanoparticles and nanowires. As none of the structures in 
literature for CuGeSe were matching the ones found in the body, induced by the 
periodic twinning, we assumed that there was a phase transformation forming a 
new polytype (see the regions in red on the structural maps in the HRTEM 
figures). In order to create the new structure we took as a model a similar phase 
transformation widely reported in the case of other semiconductors such as Si,7,8, 

64,65 1 GaAs, ,2 InP,3,4,66 GaP,67,68 5 GaN,  etc. So by following the same crystal 
ratio that in those well-known materials, from the original orthorhombic (OTR) 
or cubic (ZB) structures, we created a new crystal cell polytype with the 
hexagonal wurtzite (WZ) structure (space group: P63/mc), not reported before 
for this material, to the best of our knowledge.  

The new crystal structure information is as following: 

- Crystal system: hexagonal 
- Space group: P63mc (wurtzite-like crystal), no. 186  
- Cell parameters: a=b= 3.840 Å; c=6.320 Å;  
- Non-equivalent atomic positions equal to: Cu 1/3,2/3,0 

(with occupancy 0.9); Ge 1/3,2/3,0 (with occupancy 0.1); Se 1/3, 
2/3, 0.374 (with occupancy 1.0). The occupancy of Cu and Ge 
was calculated by taking an upper limit ratio obtained by EELS 
quantification (Ge atomic content equal to 5%) 

In Figure 3.27 ZB and WZ structures are compared. It can be 
comprehended that a 180° rotation of the upper part of the ZB structure (Figure 
3.27(a)), i.e. one Se with three directly bonded cations on top of it, results in 
wurtzite structure (3.27(b)). One can follow the dash-lined triangle on top and at 
the bottom of the structure. From the top view (Figure 3.27(c) and 3.27(d)), 
these two triangles overlap in the case of WZ, while in ZB they cross and create 
the hexagram. Side view of ZB and WZ structures (Figure 3.27(e) and 3.27(f)) 
give the same information as in the previous figure. Green arrows in ZB (Figure 
3.27(e)) are perpendicular to (002) planes, as the only dumbbell direction, while 
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in WZ (Figure 3.27(f)) the green and orange arrows show the direction of the 
dumbbell perpendicular to (1-102) and (-1102) planes, respectively.  

The new generated WZ cell matches perfectly the polytype structure we 
find in the NCs. Notice that in the model, Ge atoms have been considered as 
substitution on the Cu sites, and they are randomly distributed without cation 

     
Figure 3.27 Comparison between zinc-blende (ZB) and wurtzite (WZ) 
structures of CGSe: (a) ZB, (b) WZ, (c) ZB top view, (d) WZ top view, (e) 
ZB side view, (f) WZ side view 
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ordering. In some of the HRTEM figures we showed the change in the atomic 
stacking when moving from the OTR structure to the WZ. Both phases are 
intimately related, and create a kind of dumbbell system similar to that found in 
III-V and group IV semiconductor materials in their cubic and hexagonal 
polytypes. 

In the present case, we have already mentioned the intimate relationship 
between the OTR and ZB phases, which corresponds to a cation ordering and a 
slight cell expansion. It is important to remark that these structures have a strong 
polarity, with Cu-Ge pointing up and Se down (or vice-versa). The OTR and the 
ZB structures have an abcabc stacking along the (30-1)OTR or (1-11)ZB planes, 
while the wurtzite presents an ababab stacking on the (0001) planes. The 
presence of a twin defect in the OTR or ZB structure (corresponding to a 180º 
rotation of the structure along the (30-1)OTR or (1-11)ZB axes) may form one 

monolayer of wurtzite. Then several consecutive twins create the pure 
hexagonal phase (WZ polytype). The epitaxial relationship between the 3 phases 
is as follows: (30-1)[010]OTR // (1-11)[110]ZB // (0001)[11-20]WZ. 

In CGSe by increasing the concentration of Ge in the solvent during the 
synthesis, the number of twins increases. In some cases some legs are grown as 
well. HRTEM study in figure 3.28 shows a NC synthesized with low 
concentration of Ge. Mostly there is no twin boundary in the NPs of this sample. 
Increasing the concentration of Ge, as shown in Figures 3.29, 3.30 and 3.31 the 
number of twin boundaries increases as well, and in some cases, high 
concentration of the twin defects causes appearance of a WZ structure. Indeed, 

 
Figure 3.28 HRTEM micrograph of a Cu2GexSe3 NC with Ge deficiency 
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some theoretical studies by Chen et al.45 justify the presence of wurtzite 
structure (in quaternary structures) by calculating Madelung and strain energy, 
as two main parameters that have significant influence on the relative-energy 
stability of each structure. However, they did not consider the case of Cu2GeSe3. 

 
Figure 3.29 HRTEM micrograph of a Cu2GeSe3 NC, with magnified zones 
of the WZ (red squared) and ZB (green squared) and corresponding power 
spectra; correlated with the IFFT-filtered image showing WZ in red, and 
ZB in green and blue 
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Figure 3.30 (a) HRTEM micrograph of a Cu2GeSe3 NC, with a magnified 
zone of the WZ and ZB, and the corresponding indexed power spectrum 
showing the planes of each structure with the related colors (green for ZB 
and red for WZ); (b) the correlated IFFT-filtered image showing WZ in 
red, and ZB in green and blue; (c) HRTEM micrographs on some other 
multi-phase NCs with various twin defects 
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In Figures 3.29, 3.30 and 3.31 HRTEM micrographs of Cu2GeSe3 NCs with 
high number of twin defects are revealed. In Figure 3.29 WZ and ZB structures 
are clearly seen in the magnified zones in the red and green square, respectively, 
with the corresponding indexed power spectra. The same HRTEM image is 
filtered (IFFT) and different structures are shown in different colors, i.e. WZ in 

 
Figure 3.31 (a) HRTEM micrograph of a Cu2GeSe3 NC, with magnified 
zones on the legs of the NC and corresponding power spectra; the zone in 
the red square is a polytype between ZB and WZ structures, and the zone in 
the blue square shows a ZB leg with two twin boundaries; (b) the IFFT-
filtered image showing the polytype in red, and ZB in green and blue, (c) 
low-magnification TEM micrograph showing a bunch of NPs which seem 
to have a similar structure 
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red, and ZB in green and blue (lower image). Figure 3.30 also gives the same 
information. The magnified zone of the orange square reveals both WZ and ZB 
structures and the epitaxial relationship between them. (-111) planes of ZB lie 
on (0002) ones of WZ. IFFT-filtered image in Figure 3.30(b) shows WZ in red 
and ZB in green and blue. Figure 3.30(c) consists of four HRTEM images on 
four other multi-phased NCs with abundant presence of twins which creates a 
mixture of ZB and WZ. In the red square of Figure 3.31(a) an extension of the 
NC is shown. This extension presents a polytypic structure in between ZB and 
WZ. It is also shown with red color in IFFT-filtered image of Figure 3.31(b). 
Figure 3.31(c) reveals a low-magnification TEM micrograph of a few NPs 
which have the same morphology and structure. Twin boundaries in the legs 
(extensions) of the NPs are visible even in such low magnifications. EELS 
chemical composition maps are shown in Figure 3.32. In the NCs with 
deficiency of Ge almost no twinning was observed. These NCs have simple ZB 
phase. See Figure 3.28. 

To prove the influence of structure engineering on physical properties of 
these NCs, thermoelectric characterization was performed as can be seen in 
Figure 3.33. It is a comparison between the single-phased ZB-like NPs and 
multi-phased NPs consisting of a mixture of both ZB and WZ phases. As 
desired, thermoelectric conductivity considerably decreases, but in contrast, 

 
Figure 3.32 HAADF images (right) with EELS chemical composition 
maps on a CGSe NC 
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electrical conductivity is reduced as well which has a negative influence on ZT. 
However, with the increasing Seebeck coefficient, the final figure of merit is 
enhanced about 2.5 folds. 

3.3.2.2 Cu2CdSnSe4 pentatetrahedral nanocrystals 

Cu2CdSnSe4 (CCTSe) is another promising material for thermoelectrics, a 
p-type semiconductor with 0.96 eV band gap. In this case also it is shown that 
Cu-doping improves the thermoelectric properties, whereas electrical 
conductivity decreases and thermal conductivity is suppressed.57,69

27

 NCs nucleate 
and create small spherical nanoparticles (NPs) in the beginning of the growth 
with Cu2-xSe chemical composition. In the following few minutes Sn and Cd 
diffuse to the structure gradually and spherical NPs change their shape to almost 
tetrahedral with four {112} facets. ,29 The structure has tetragonal symmetry in 
I-42m space group. As well as in other I2-II-IV-VI4 quaternaries, Cu, Cd, Sn and 
Se have oxidation states of +1, +2, +4 and -2, respectively.70 The tetrahedral 
coordination can be seen in the unit cell revealed in Figure 3.34. Same as in 
CZGSe, CZTSe, CHGSe, and CHTSe, this tetragonal structure is indeed a 

 
Figure 3.33 Thermoelectric characterization of CGSe NCs, comparison 
between ZB-like NCs and mixed WZ-ZB NCs28
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doubled cubic structure along c axis (with a slight difference), and this doubling 
is due to ordering of Cu, Cd and Sn in cation sites. 

As mentioned above, these NCs have {112} faceting, where {112} plane 
family is equivalent to {111} plane family in an fcc structure. This faceting can 
be correlated to the fact that these planes have the most compact atomic 
arrangement, hence they have the minimum surface energy. The two angles of 
(112) // (-1-12), and (-11-2) // (1-1-2) facets are 108.23º and the four angles of 
(112), (-1-12) // (1-1-2), (-11-2) facets are 110.09º. These angles are quite close 
to the one between the tetrahedral extensions of a perfect tetrahedron, i.e. 
109.47º. The slight difference is due to the slight difference between c and 2a in 
the unit cell. 

Nevertheless, growth of the tetrahedra continues until the NCs arrive to a 
certain size. Afterwards with one twin defect the particle shape changes and on 
each facet of the seed another tetrahedron grows and ‘pentatetrahedral’ 
morphology forms. This kind of switching the facets of the growth is commonly 
observed in semiconductor nanostructures especially nanowires (NWs).3,66 In 
the case of the tetrahedral extensions also the same {112} plane family forms 
the facets, in which three of them are free and one of them is connected to the 
seed tetrahedron.  

 
Figure 3.34 Cu2CdSnSe4 (CCTSe) unit cell, tetragonal symmetry in I-42m 
(No. 121) space group with a=b= 5.834 Å and c= 11.40 Å 
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Figure 3.35 shows BF-TEM images of a tetrahedral-shaped NP (Figure 
3.35(a)) and the corresponding atomic model from different angles which give 
the same results. In Figure 3.35(b) pentatetrahedral NPs in different angles are 
shown with corresponding atomic models which are basically the same NP but 
visualized in appropriate angles that correspond to the BF-TEM images. 
Nonetheless, one can be confused as in 2D TEM images from each angle they 
look different, like in Figure 3.35(b). However, by understanding the 3D 
structure of the pentatetrahedra we figure out that the morphology of the NPs is 
not as various. 

Figure 3.36 shows how a pentatetrahedron is grown. In the beginning 
(Figure 3.36(a)) the CCTSe sphere-like NPs nucleate. They change to faceted 
tetrahedral ‘seeds’ with for {112} facets (Figure 3.36(b)) as described above. 
Then the other four secondary tetrahedra as ‘extensions’ grow on these four 

 
Figure 3.35 HRTEM images of CCTSe NCs with (a) tetrahedral and (b) 
pentatetrahedral shape associated atomic models shown in appropriate 
angles 
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facets as shown in Figure 3.36(c). The atoms of the extensions are shown 
smaller in this figure, just to make the seed visible in order to give a better 
understanding about the growth. Afterwards, pentatetrahedra are formed (Figure 
3.36(d)). 

Figures 3.37 and 3.38 respectively show HRTEM analyses on NPs in the 
early and later stages of the growth. In both figures HRTEM is associated with 
EDX analyses to confirm the chemical compositions. As briefly mentioned 
above, the growth starts with nucleation of sphere-like NPs with Cu2-xSe 
chemical composition. Figure 3.37(a) shows them. Their structure matches the 
cubic-symmetry structure with (220) plane distance of 2.04 Å, which is 
equivalent to (220) and (204) plane families of tetragonal CCTSe. Associated 
EDX chemical composition in Figure 3.37(b) exhibits the scarcity of Cd and Sn 
in the NPs. Afterwards, simultaneous with tetrahedral (and pentatetrahedral) 
faceting of the NCs, Cd and Sn diffuse to the structure gradually. This diffusion 
is schematically shown in the atomic models of Figure 3.36(e). Figure 3.38(a), 
analogous to Figure 3.37(a), shows an HRTEM micrograph of some 
pentatetrahedral NCs, one of them structurally analyzed and shown with details 

 
Figure 3.36 3D atomic models of the growth steps of NCs from (a) Cu2-xSe 
spheres to (b) CCTSe tetrahedra, and then (c), (d) pentatetrahedra. In (c) 
the atoms of the legs are shown smaller in order to see how they grow on 
the initial tetrahedral seed. (e) How unit cell changes from Cu2-xSe to 
CCTSe 
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at right. This HRTEM analysis associated with EDX chemical composition 
confirms the correct stoichiometry of Cu2CdSnSe4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 
Figure 3.37 (a) HRTEM analysis of Cu2-xSe NCs with a magnified image 
showing the atomic planes (top-right) and the corresponding indexed 
power spectrum (bottom-right), associated with (b) EDX quantification 
showing the scarcity of Cd and Sn in the chemical composition 

  
Figure 3.38 (a) HRTEM analysis of CCTSe pentatetrahedral NCs with a 
magnified image showing the atomic planes (top-right) and the 
corresponding indexed power spectrum (bottom-right), associated with (b) 
EDX quantification showing that the chemical composition is almost at the 
perfect stoichiometry 
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In Figure 3.39 EDX and EELS quantifications are compared. EDX was 
performed in several regions similar to the one shown with the blue circle in 
Figure 3.39(a) which contain a few NCs on the carbon grid. The chemical 
quantification is written on the corresponding EDX pattern, Figure 3.39(b). 
Neglecting the Ni peak, which is due to the Ni TEM grid, EDX quantification 
shows almost the correct stoichiometry of Cu2CdSnSe4. It should be pointed out 
that Ni TEM grids are used instead of Cu grids, because taking into account that 
we have Cu in the structure, the Cu signal that comes out from the grid causes a 
high error in EDX quantification. EELS analysis (Figure 3.39(c)) presents the 
same results with a slight difference in atomic percentages. It is noticed that Se 
percentage in EELS is less than in EDX quantification. It can be due to the 
overlap of Cu signal with the eliminated Se background in EELS. Cu has an L3 
principal edge at 931 eV and an L2 edge at 951 eV which continue hundreds of 
eV and overlap with the beginning of Se principle edge of L3 at 1436 eV. This 
overlap causes an error in Se background elimination, meaning a part of Se 
signal can be eliminated. Thus, in EELS quantification we can underestimate the 
Se atomic percentage. In general, EDX quantification error is less than the one 
of EELS. However, in our available TEM facilities, EELS has the advantage of 
high spatial resolution which in the case of core-shell NPs, or compositional 
variations from the center to the sides can be useful, and sometimes the unique 

 
Figure 3.39 (a) HAADF-STEM image of CCTSe pentatetrahedral NCs 
with a TEM image as inset, associated with (b) average EDX quantification 
of a few NCs, and (c) punctual EELS quantification, showing that the 
chemical composition is almost at the perfect stoichiometry 
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solution to study such structures. An example was presented in the previous 
section, when Ge cannot diffuse to the CZGSe NPs and create a Ge-rich shell-
like layer around the NP. See Figure 3.19. 

The CCTSe NCs, grown like pentatetrahedra, showed relatively high ZT, in 
thermoelectric characterizations, especially when they were doped with Cu. 
Samples with different dopant concentrations, Cu2+xCd1-xSnSe4 with x = 0.05, 
0.15, 0.3 were examined in order to find the optimum situation, i.e. highest ZT. 
As shown in graphs of Figure 3.40, the best thermoelectric performance was 
achieved from Cu2.15Cd0.85SnSe3.9 compound, ZT = 0.71 at 685 K. It is observed 
that by increasing the concentration of Cu the electrical conductivity increases 
till x = 0.15. With further doping, it falls down again.  Seebeck coefficient is 
constantly deteriorated by Cu-doping, but thermal conductivity decreases and 
arrives to its minimum for x = 0.15. In conclusion, ZT remains the highest in the 
case of x = 0.15, which is almost four folds higher than the undoped material, 
and twice higher than the same compound in bulk which was previously 
reported.57 

In fact the idea is to substitute Cu(I) for Cd(II) atoms which by creating 
disorder changes the band gap and displaces the Fermi level of the compound. 

 
Figure 3.40 Thermoelectric characterization: comparison between four 
CCTSe compounds with different Cu-doping concentration, (a) electrical 
conductivity, (b) Seebeck coeffiecient, (c) thermal conductivity, and (d) 
figure of merit29 
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Ab-initio theoretical study was performed to calculate the density of state by 
measuring the valence band maximum (VBM) and the conduction band 
minimum (CBM). It showed a gradual downshift of the Fermi level towards the 
valence band when replacing Cd by Cu. The disorder introduced by small 
amounts of Cu-doping increases the phonon scattering and, as a consequence, 
decreases the thermal conductivity. Moreover, it should not perturb the mobility 
of the holes while kept low. Nonetheless, large degrees of doping result in 
homogenization of slab composition, diminution of the structural complexity 
and phonon scattering centers, thus increase of the thermal conductivity, which 
is not desired. Details of the theoretical study can be found elsewhere.29 

Moreover, a limit exists while further substitution gives rise to changes in 
Sn and Se content in the NCs. It is observed that increasing Cu:Cd ratio 
decreases the content of Se. If the compound is considered as Cu2+xCd1-xSnSe4-y, 
with x = 0.15, we reach to y = 0.1 and with more Cu-doping, x = 0.3, we reach 
to lower Se content decreases y = 0.2, meaning there are more Se vacancies in 

 
Figure 3.41 HRTEM analysis of (a) Cu2CdSnSe4 and (b) Cu2Cd0.2SnSe3.3 
compounds with corresponding power spectra and crystal structures 
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the structure that can be attributed to the charge compensation in saturation of 
electrical conductivities.29 

Interestingly, the structural disorder caused by Cu substitution for Cd 
(introducing less Cd as well) is clearly observed by HRTEM analysis in Figure 
3.41. In this figure Cu2CdSnSe4 and Cu2.2Cd0.2SnSe3.3 compounds are compared. 
In the power spectrum that corresponds to the former (Figure 3.41(a)), (002) 
plane reflection appears as it is supposed to, due to the tetragonal structure in I-
42m space group. Although the latter has the same tetragonal structure, (002) 
plane reflection vanishes as a result of disorder in the crystal structure. See 
Figure 3.41(b). (002) reflection in Cu2CdSnSe4 refers to the two different 
tetrahedral units in the c axis: [Cu2Se4] and [SnCdSe4], whereas in 
Cu2.2Cd0.2SnSe3.3 intermixing of the cations creates undistinguishable tetrahedral 
units.29,57 In Figure 3.41, atomic columns are determined with 2D atomic 
models. The 3D atomic structures are shown in the lower images. The difference 
in these models is the random presence of Cu atoms in Cd atomic columns. 

3.3.2.3 Cu2Cd7SnSe10 polypods 

In this section, control of branching, polytypism, polarity and cation 
ordering in CCTSe NCs, as four independent issues are studied that can give rise 
to remarkable changes in various properties of these nanomaterials. 

Branching in NCs shows unique influence on the functionality of the 
compounds,71 for instance electronic state.72,73 Hierarchically organized 
branched nano-structures find various applications,74,75 providing higher surface 
area in dye sensitized solar cells76 and lithium ion batteries,77 self-aligning on a 
substrate providing a direct path for charge transport between planar electrodes, 
or providing heterostructures with precise contacts at the nanoscale for 
nanodevices.78,79

Branching is intimately related to polytypism,
 

71,73 which additionally  allows 
us to engineer the physical  properties, for example band structure, while 
valence and conduction bands vary for different polytypes.1 Occurrence of these 
two phenomena causes ‘polytypic branching’ in which generally WZ extensions 
of the nanoparticle branch out from a ZB seed. In the case of branched binary 
chalcogenide NCs such as CdS,80 CdTe,81 CuTe,82 some works have been 
published. Even recently Wang et al. reported on ternary Cu2SnSe3.83 However, 
to the best of our knowledge, there is no report on quaternary Cu2CdxSnSey 
(CCTSe) branched NCs or any other quaternary chalcogenides. 



CHAPTER III: STRUCTURE AND MORPHOLOGY: CHALCOGENIDE NCs 

113 
 

Polytypism indeed is a phenomenon which regularly takes place in 
tetrahedrally-coordinated semiconductors, especially Si,8,64,84 51 groups III-V ,85-87 
and II-VI12,42 nanostructures. It has even been observed in ternary and 
quaternary copper-based chalcogenides.88

As mentioned in the previous section, in CCTSe, as the structure is tetragonal 
with c almost twice of a and b, (112) plane families are equivalent to (111) of 
cubic structures. Therefore, we consider the tetrahedral seed structure as zinc-
blende-like (ZB-like) with (112) facets. In this material, interestingly, the 
structural change from ZB to WZ is associated with chemical composition 
changes, as the only stable CCTSe compound with hexagonal symmetry 
reported in the literature is Cu2Cd7SnSe10.

 In these materials, the (111) atomic 
planes of the cubic structure, well-known as zinc-blende are equivalent to the 
(0001) atomic planes of the hexagonal structure which has WZ structure in 
P63mc space group. The difference between both crystal phases lies in the 
different stacking of the atoms along the (111) or (0001) planes, being abcabc 
and ababab for ZB and WZ, respectively. 

89

Polytypism is usually accompanied with changes in the properties of the 
material. In this regard, for instance, Li and Wang

 Thus, the stoichiometry of the 
compound changes from Cu2CdSnSe4 in ZB to Cu2Cd7SnSe10 in WZ. 

72 theoretically studied the 
electronic states in CdTe WZ and ZB structures. Furthermore, in section 3.3.2.1 
we provided some experimental results showing that polytypism has a 
considerable effect on physical properties of ternary Cu2GeSe3 NCs, and thus, 
causes a dramatic enhancement in its thermoelectricity.28  

On the other hand, polarity, the concept of relative charge residing on cation 
and anion sites in the lattice,90

44
 also has a remarkable influence on physical 

properties of the compounds. ,91

51

 The orientation of the dumbbell units which 
comprise a pair of atoms, a cation on one side and an anion on the other side, 
determines the internal electric field of the crystal. Recently it has been shown 
that in some semiconductors the growth direction of one-dimensional 
nanostructures such as nanowires ¡Error! Marcador no definido. and in general 
non-planar structures such as tripods and tetrapods are driven by polarity.12 

Another important point is the ordering of the cations. The CCTSe structure 
is believed to be ordered as discussed in the previous section,29 meaning the Cu, 
Cd, and Sn atoms occupy the cation sites as a stannite structure. In these NCs, 
the ordering effect creates conducting and insulating units at atomic scale within 
the unit cell,57 whereas random distribution of the cation eliminates this effect. It 
is therefore challenging to determine the existence of ordering in the crystal 
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structures composing the NCs seed and branches and how this ordering effect 
may influence the electronic properties and the band structure of the material. In 
this context, as reported by Yang et al.,92 the band structure and energy gap in 
CGSSe NCs depends on the chemical composition as stoichiometry variations 
cause distortion in the structure. Fan et al.93

57
 also showed that the band gap is 

tunable by composition changes in CZTSSe. However, Liu et al.  reported that 
Cu-doping in CCTSe does not cause a significant change in the band structure. 
CCTSe band gap is reported experimentally as 0.96 eV69 and theoretically as 
0.98 eV.57¡Error! Marcador no definido. Nevertheless, no band gap energy has 
been yet reported on hexagonal Cu2Cd7SnSe10, neither the ordering effect. 

Therefore, branching, polytypism, polarity and cation ordering can be used 
independently to engineer the physical properties of semiconductors (e.g. 
chalcogenides). In the following, we will show how controlling all these 
properties, the morphology of our NCs can be designed at will and the 
properties modulated. 

In the present case, the formation of the Cu2CdxSnSey (CCTSe) branched 
NCs follows a rather complicated mechanism which is different from the 
formerly reported ones.94-96 By taking advantage of colloidal routes, we will 
show a multistep growth process that can be terminated at each step of the 
growth. Firstly, the initial ‘tetrahedral’ seed nucleates. Then, on each facet 
another tetrahedron forms and the morphology of the NC changes from a simple 
tetrahedron to a ‘pentatetrahedron’.27 Till here the material of the previous 
section is obtain. Afterwards, the secondary tetrahedra branch out from the top, 
and therefore monopods, bipods, tripods and tetrapods form, depending on the 
number of branches (from 1 to 4). We will study the influence of polytypism in 
the branching process and we present theoretical studies via ab-initio 
simulations revealing the impact of this phenomenon on the electronic 
properties of CCTSe NCs. Furthermore, the pivotal role of the polarity in 
morphology and growth mechanism of the branched NCs will be also shown. As 
a matter of fact, polarity is considered as the reason that the seed forms like a 
tetrahedron with four cation-polar facets and branch out with cation-polar 
extensions. Finally, the presence/absence of cation ordering in our complex 
systems will be correlated with the ab-initio simulations allowing us to 
understand the final electronic band structure configuration of the branched 
CCTSe NCs (tetrapods). 
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It is worth to point out that still there are few methods for polarity 
determination. Previously developed methods such as homoepitaxy, convergent 
beam electron diffraction (CBED), or scanning tunneling microscopy (STM), 
beside inconvenience and relatively low reliability, do not have enough spatial 
resolution to determine the polarity at atomic scale or changes in polarity if there 
is any. In contrast, newly-developed aberration-corrected transmission electron 
microscopes (TEMs) offer the possibility of direct polarity measurement as they 
can reach sub-angstrom resolutions. By means of atomic-resolution scanning 
transmission electron microscopy (STEM) techniques such high-angle annular 
dark-field (HAADF) or the recently developed annular bright-field (ABF) 
STEM,97- 99 we can even visualize light atoms within the dumbbells (e.g. H, N 
and O)42,44,100,101

12
 or distinguish between two atoms with close atomic numbers 

(e.g. Ga and As). ,44 In this part we take advantage of HAADF-STEM imaging 
which due to the comparatively small difference between the average atomic 
number of the cations (Cu, Cd, Sn) and the anion (Se), polarity determination is 
rather challenging. 

Our newly synthesized CCTSe polypod structures are the result of the 
polytypic branching on the previously reported pentatetrahedral NCs (acting 

 
Figure 3.42 Simulation of CCTSe tetrapod growth steps with 3D atomic 
model 
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here as seeds) in section 3.3.2.2. The NC growth, as shown in the scheme of 
Figure 3.36 and 3.42, initiates with nucleation of quasi-spherical CuxSe particles 
and continues with diffusion of Cd and Sn cations which gives rise to the 
formation of tetrahedrally-faceted CCTSe NCs with four {112} facets. 
Afterwards, the secondary tetrahedra grow on the seed and create the 
pentatetrahedral morphology, which later on by branching mechanism they form 
polypods. As shown in Figure 3.43, depending on the number of the branches 
we will have monopods, bipods, tripods, and tetrapods (Figure 3.43(a), (b), (c), 
and (d), respectively) 

There are eight different planes from {112} family, four of them are cation 
terminated (cation-polar) while the other four are anion terminated (anion-
polar). As a matter of fact, polarity is the reason that the seed forms as a 
tetrahedron (with four (112) facets), although there are eight possible facets 
from {112} family. It seems that the cation polar surfaces are of preferential 
during the growth, and thus the seed forms as tetrahedron. If the NCs could 
grow equally along all eight possible {112} facets, they would have octahedral 
shape, which does not occur in CCTSe, as only one of the terminations is 
energetically favorable for the growth in the solution. This latter fact explains 
why the former seeds adopt tetrahedral morphology instead of octahedral.27 As 
we will see in the atomic resolution HAADF-STEM analysis, the NCs grow 
preferentially along the four {112} cation terminated facets, meaning the growth 
is cation polar, as mainly observed for example in the case of ZnO.100,102 It is 

 
Figure 3.43 CCTSe polypod NCs: (a) monopod, (b) bipod, (c) tripod, and 
(d) tetrapod 
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important to remark that most of the semiconductor binary systems when 
growing as non-planar nanostructures are anion-polarized, instead.12,44,101 

At a given reaction time, a twin occurs in every one of the four cation 
polarized {112} facets of the initial tetrahedron seed. This twinning mechanism, 
consisting in a 180º rotation of the structure along the {112} axis, suddenly 
occurs on the four facets of the initial seed and abruptly limits the NC expansion 
to pentatetrahedral shape. In other words, the growth continues by formation of 
secondary tetrahedra on top of every triangular {112} facet of the initial one 
which leads to emergence of pentatetrahedral NCs. Therefore, the nanocrystal 
morphology changes from tetrahedral to pentatetrahedral, with 12 free facets, all 
from {112} plane family and anion-polar. 

The addition of an excess of Cd-rich precursor leads to the formation of 
polypod structures from the penta-tetrahedral NCs. The formation of branches in 
tripods and tetrapods is usually accompanied by the change in the crystal 
structure. Most of the known polypod branches are composed of hexagonal WZ 
structure, or equivalently a highly twinned polytype.103 In order to obtain a 
quaternary WZ structure and promote the branching, the solution needs to be 
Cd-rich. Figure 3.43 reveals high-resolution TEM (HRTEM) images of all these 
structures, associated with 3D atomic models in order to lucidly visualize them. 
A simple video can also be found in reference.104

As described before, CCTSe tetragonal (ZB-like) and hexagonal (WZ) phases 
are intimately related, as (112) planes of ZB are equivalent to (0001) planes of 
WZ where the only difference is their stacking order, analogous to the system 
observed in group IV,

 As expected, the branches 
have WZ structure with hexagonal symmetry in P63mc space group. 

84 II-VI,12,42 and III-V85-87 polytypic semiconductors. 
However, the WZ structure in this material is slightly different from the 
common WZ that occurs in the aforementioned semiconductors; the chemical 
composition of WZ CCTSe is not exactly the same as the one of ZB phase, and 
the cell parameters are also slightly different from those of the expected WZ. 

Figure 3.44 reveals HRTEM analysis on a CCTSe bipod. Due to the 3D 
structure of tripods and tetrapods it is quite unlikely to have them in an 
appropriate zone axis for HRTEM analysis while they lay on TEM 
carbon/graphene grids. Therefore, for all the studies of this report we choose 
monopods and bipods which have 2D structures that give all crucial 
crystallographic information we require. The result can be then correlated to 
tripod and tetrapod morphologies. 
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Figure 3.44 HRTEM analysis on a bipod: (a) TEM micrograph showing 
the whole bipod and indicating the zones with Greek numbers: (I) the ZB 
initial tetrahedron, (II), (III) the secondary ZB tetrahedra, and (IV),(V) the 
WZ branches. (b) atomic models showing the structural difference between 
ZB and WZ, (c) FFTs corresponding to each zone from I to V, and (d) 
HRTEM micrograph showing the atomic planes and twinning in the bipod 
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As indicated on the HRTEM image of Figure 3.44(a) and 
3.44(d), a twin defect occurs at the border of the initial tetrahedral seed and the 
tetrahedral extensions, where both have ZB

Details of the chemical composition analysis can be found in the 
supplementary information. Figure 3.45 shows an annular dark-field (ADF)-
STEM image with EELS compositional maps. Notably, the chemical 
composition of the branch is not the same as the one of the seed. The seed has 
the stoichiometry of Cu2CdSnSe4 structure, but the content of Cd in the branch 
is considerably higher. This chemical composition matches perfectly with the 
CCTSe hexagonal structure that exists in the literature: Cu2Cd7SnSe10

-like structure. In the corresponding 
power spectra (fast Fourier transform (FFT) of the image) in Figure 3.44(c) one 
can see how the structure is mirrored along (-112) and (11-2) planes in the left 
and the right extensions, respectively. Dot lines show the twin boundaries, and 
dash lines correspond to the (11-2) and (-112) planes. These lines also show the 
dumbbell units in each atomic plane, which find a different arrangement when it 
arrives to the WZ structure of the branches. The zigzag form of the red lines 
corresponds to dumbbell orientation in WZ flipping from one atomic layer to the 
other. This can be seen in the side view of the atomic models in Figure 3.44(b) 
where the dumbbell orientation is indicated by white arrows in each structure. In 
Figure 3.44(a) different regions are indicated by Roman numerals to which the 
power spectra of Figure 3.44(c) correspond. Region I is the initial tetrahedral 
seed with ZB-like structure. Region II and III are two of the secondary 
tetrahedra which form the pentatetrahedral NCs. They also have ZB-like 
structure. Region IV and V are the branches with WZ structure as observed in 
the corresponding power spectra. The lower-center power spectrum in Figure 
3.44(c) is indeed taken from Regions I, II, and III together showing the 
reflections of the different zones in different colors. This power spectrum 
reveals how the reflections are mirrored along the dash line. The blue and green 
dash lines indicate the direction of twinning (perpendicular to the twin planes) in 
the left and right tetrahedra, respectively. Afterwards, multiplicity of twin 
boundaries gives rise to occurrence of WZ branches. At the beginning of the left 
branch a kind of polytype between ZB and WZ takes place as the number of 
twins is not yet sufficient to reach WZ structure. 

89. The 
EELS compositional maps in Figure 3.45 reveal that Cd content (blue color) in 
the branch is much higher than in the seed, whereas the seed contains more Cu 
(red color). These results of EELS analysis are in agreement with the ones of 
HRTEM. 
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The cell parameters of this structure are slightly different from the predicted 
WZ. Following the common rules of WZ/ZB polytypism 𝑎𝑊𝑍 = (0.70 ±
0.03) ×  𝑎𝑍𝐵 and 𝑐𝑊𝑍 = (0.87 ± 0.03) ×  𝑎𝑍𝐵 we expected to have a hexagonal 
structure with a = b ~ 4.0 Å and c ~ 6.6 Å roughly, however, the experimentally 
obtained structure, matching the one of ref. 89, is slightly bigger: a = b = 4.302 Å 
and c = 7.026 Å. This expansion in the cell parameter can be attributed to the 
higher concentration of Cd which is a heavier element than Cu. 

As mentioned, it is evidenced that the faceting of the seed and the growth 
direction of branches in the tetrapods are cation-polar. Instead, the polarity of 
the surface facets changes from tetrahedron to pentatetrahedron. The external 
facets of the tetrahedra are cation-polar, while those of the pentatetrahedra are 
anion-polar. Lateral surfaces of the branches are non-polar, nonetheless, the start 
of branching comes from a plane which has the same polarity as initial 
tetrahedra and inverse polarity respect to the external facets of the 
pentatetrahedra. 

Apparently the polarity of the surface of the pentatetrahedron is contrary to 
the one of tetrahedron. Taking into consideration that polarity inversion is not 
energetically favorable,12,44,51 only an anion-polar surface tetrahedron can grow 
on a cation-polar surface seed in order to form the pentatetrahedral morphology. 
It is evidenced that polarity is maintained in the next steps. The secondary 
tetrahedra start to grow on the cation-polar facets of the initial seed after a twin 

 
Figure 3.45 EELS elemental map of the indicated rectangle on a CCTSe 
monopod 
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occurs. In the growth direction cation-polarity is kept, however, due to the twin 
boundary, lateral facets change from cation-polar to anion-polar ones, and this 
can be an adequate explanation for growth confinement with these new facets. 
Cation-polar facets are {112}, {-1-12}, {1-1-2} and {-112}, while anion-polar 
facets are {1-12}, {-112}, {11-2} and {-1-1-2}. For example, a secondary 
tetrahedron accommodates on {112} facet of the initial seed with {-1-1-2} facet, 
and the other three anion-polar facets are free. These facets are confined to their 
joining point which forms the peak of the tetrahedron. Therefore, the NCs have 
no possibility to grow more if they only follow this mechanism. However, 
branching mechanism plays the key role in order to allow the NCs grow more. 
Here, nevertheless, by assistance of twinning mechanism the structure changes 
from tetrahedral (ZB-like) to WZ. Prismatic WZ branches comprise six non-
polar lateral facets and a cation-polar growth direction where theoretically has 
no limit for growing. It seems that non-polar surfaces have the freedom to grow 
further, but not as fast as the cation-polar one. Therefore, while the branches 
grow longer, they also thicken laterally. 

In Figure 3.46 polarity is determined of the HAADF-STEM micrograph in 
different parts of a monopod from [201]ZB/[11-20]WZ zone axis ([201]ZB in our 
ordered tetragonal structure is the same as [101] in cubic ZB) are magnified and 
shown at right: twinned interface between the initial and the secondary 
tetrahedra in blue, secondary tetrahedron in green, start of the branch in red, and 
the tip of the branch in yellow. Figure 3.46(a) is a high-resolution STEM image, 
the bottom inset shows the whole monopod and the top inset shows the top part. 
The zones indicated by colored rectangles are magnified in Figure 3.46(b) in 
order to see the polarity clearly. The corresponding intensity profiles are 
revealed in Figure 3.46(c). It is observed that the first tetrahedral seed (in blue) 
is cation-polar with ZB-like structure. Afterwards, as can be seen in the same 
micrograph, a twin occurs and the secondary tetrahedron grows, but still the 
cation is on top, thus the polarity is kept (see Figure 3.46(b) in blue and green). 
Note that this part is the one that has anion-polar external facets. Later on, the 
branch starts to grow with WZ structure as a consequence of twining 
mechanism. Although the structure changes from ZB-like to WZ, the branch is 
still cation-polar (Figure 3.46(b) in red) and it keeps the cation-polarity till the 
end (Figure 3.46(b) in yellow). 

In addition, we should point out that the polarity determination in the seed is 
more difficult than in the branch. The intensity difference between the anion and 
the cation is less in the ZB-like seed, which is due to the stoichiometry of the 
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structure. Intensity in STEM is proportional to atomic number square (Z2) of the 
elements in each point. In anion sites we only have Se (ZSe = 34), whereas in 
cation sites Cu (ZCu = 29), Cd (ZCd = 48), and Sn (ZSn = 50) are positioned. 
Therefore, the average Z2 of the cations (Zcat

2 = 1622, regarding the 
stoichiometry of Cu2CdSnSe4) is relatively close to the one of anion (ZSe

2 = 
1156). On the other hand, higher content of Cu (Cu2+xCd1-xSnSe4 as discussed 
above), further reduces this difference. However, still the polarity is 
distinguishable from the intensity profiles. As a matter of fact, in the literature, 
even smaller differences in compounds like GaAs were utilized for polarity 
determination.44,51 In the branch the Cd content is much higher, and 
consequently, as Cd is much heavier than Se, polarity determination is quite 
straightforward. With Cu2Cd7SnSe10 stoichiometry, Zcat

2 = 2031 which is almost 
twice of the one of the anion. 

 
Figure 3.46 Polarity: (a) HAADF-STEM from [201]ZB/[11-20]WZ zone 
axis, (b) magnified zones indicated on image (b) by colored rectangles, and 
(c) the intensity profile on one dumbbell units in (yellow) the top part of 
the branch, (red) the beginning of the branch, (green) the secondary 
tetrahedron, and (blue) the border of the initial and the secondary 
tetrahedra 
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Another important difference between the structure of the seed and the 
branch is the ordering of the cations. It is observed that in the seed the cations, 
Cu, Cd and Sn, keep the stannite ordering while in the branches they are 
randomly distributed in the cation sites. The HAADF (Z-contrast) micrograph of 
Figure 3.47(a) reveals the ordering of the cations in the seed. Basically, [201] 
zone axis which is the best for visualization of the dumbbell units does not allow 
us to see the cation ordering, because in each cation column all Cu, Cd and Sn 
atoms overlap. To facilitate the comprehension, 3D atomic model of this 
structure is shown from different angles in Figure 3.47(f) and, as a contract, we 

 
Figure 3.47 (a) Atomic-resolution HAADF-STEM image  from [111]ZB 
zone axis of CCTSe tetragonal (ZB), (b) a magnified part of the image (a), 
and (c) filtered in order to show lucidly the ordering effect which is 
correlated with (d) the 3D atomic model. (e) the intensity profile taken 
from image (c). (f) 3D atomic models of a secondary ZB tetrahedron from 
four different zone axes showing why the ordering effect can only be seen 
from [111]ZB zone axis 
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define the viewing coordination as x: horizontal, y: vertical, and z: viewing axis 
coming out from the screen. 

In fact in the ZB-like structure, three zone axes are proper for dumbbell 
visualization: [201], [021], and [110]. From [201] and [021] axes, each atomic 
column related to cation sites in HRTEM/STEM micrographs (in z direction) 
contains all Cu, Cd and Sn atoms. From [110], nevertheless, Cu columns get 
separated from the other two elements. Hence, ordering effect should be 
partially visible. However, Cd and Sn columns are still superposed along the z 
direction. In contrast, [111] is the only zone axis that allows observing the 
stannite ordering as none of these elements are superposed with the others. It 
can be seen in Figure 3.47(f) that from this zone axis, in x direction, vertical Cu 
columns and Cd-Sn columns alternate and further, Cd columns and Sn columns 
alternate in y direction. Note that from [241] and [421] zone axes which are the 
same as [111], ordering effect cannot be seen either. Therefore [111] zone axis 
is the only possibility for visualization of cation ordering. 

Figure 3.47(a) is the HAADF-STEM image of the narrowest part of the seed 
(indicated in the inset) of a monopod where the structure is still ZB-like. For 
better visualization one part is magnified (Figure 3.47(b)) and frequency-filtered 
(Figure 3.47(c)). In the intensity profile in Figure 3.47(e), taken from the filtered 
image (Figure 5(c)), one can determine the position of cations with Sn-Cu-Cd-
Cu-Sn stannite ordering which is in good agreement with the atomic model 
(Figure 3.47(d)). However, the intensity of Cd columns is closer to the one of 
Cu columns than Sn columns, i.e. less than what is expected in stannite 
structure. This is attributed to Cu-doping in the seed, as it was also confirmed by 
EELS maps. In the EELS maps of Figure 3.45 we observed that the content of 
Cd in the seed is low. So the stoichiometry is Cu2+xCd1-xSnSe4. 

We have already proven by atomic resolution HAADF-STEM that the ZB-
like show consistence in ordering, whereas, the WZ branches consist of 
disordered compound with random distribution of Cu, Cd, and Sn in cation sites, 
no stannite or kesterite cation-ordering is followed in this structure; and 
additionally Cd content is by far higher than in the pentatetrahedral seeds. The 
[Cu2Se4] and [CdSnSe4] tetrahedral slabs that the ZB-like stannite CCTSe 
structure is comprised, are considered as electrically conducting and electrically 
insulating units, respectively.57 It was experimentally proved the influence of 
distortion (as a result of Cu-doping) caused significant changes in electrical and 
thermal resistance of the compound, and thus its thermoelectric figure of merit.29 
The experimental results were in good agreement with ab-initio simulations of 
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the electronic band structure. Here we have also calculated the valence band 
maximum (VBM) and conduction band minimum (CBM) of both WZ and ZB 
distorted structures in order to compare the electronic band structures of these 
compounds with that of the ZB-like stannite CCTSe. It is worth to point out that 
in the case of random distribution of cations, keeping the stoichiometry, various 
2x2x2 cells were created in order to assure that the specific local distributions do 
not affect the final results. See the density of state (DOS) graphs in Figure 3.48. 

These simulations revealed that in the case of the WZ CCTSe, Fermi energy 
lies within the conduction band and the band gap shrinks to zero, thus, this 
compound has a quasi-metallic character (see Figure 3.48). Accordingly, we 
have branched NCs with a narrow-band-gap seed and metallic pods, which 
makes them quite promising for novel applications. These metallic branches can 
be used as perfect epitaxial Schottky contacts while the seed with the 
semiconducting nature can be used for several applications such as 
thermoelectrics, photovoltaics and sensing. On the other hand, such 
morphology-modulated polypods with metallic branches may have enhanced 

 
Figure 3.48 Density of state (DOS) in three structures 
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plasmonic applications, as copper vacancies in such materials, give rise to 
composition-dependent localized surface plasmon resonance (LSPR).82,105- 108

In summary, we report on control of polytypic branching in complex 
quaternary chalcogenide (CCTSe) NCs, which their chemical and 
crystallographic structure changes from the seed to the branches and leads to 
dramatic changes in the physical properties. The initial seeds with ZB-like 
stannite structure have pentatetrahedral morphology, and branch out giving rise 
to formation of polytypic polypods with WZ legs while keeping the cation 
polarity till the end. Simulation of the electronic band structures shows that as a 
result of polytypism, the chemical composition change, and lack of cation 
ordering in the pods, the energy band gap shrinks, the Fermi energy goes inside 
the conduction band and the branches change from semiconductor to metal. 
Such an interesting combination forms a 100% epitaxial interface between the 
metallic pods and the semiconducting seeds which can be used for novel 
applications such as plasmonic devices (regarding the surface properties) and 
Schottky barriers (due to the vicinity of the metallic pods with the 
semiconducting seeds). Performance of the accurate experiments for polarity 
and ordering determination was possible only by dint of the novel microscopy 
techniques, i.e. aberration-corrected STEM imaging and spectroscopy. This 
work indeed proves the potential of growth nanoengineering by controlling the 
branching, polytypism, polarity and cation ordering, and how it may 
dramatically influence on the final physical properties of nanomaterials.

 

109

3.3.2.4 Cu2HgGeSe4 nanocrystals 

 

In the previous sections we proved that the crystal structure, size, and 
morphology of the NCs have considerable influence on their physical properties. 
An appropriate example of such effects is the case of Cu2HgGeSe4 (CHGSe) 
NCs which were grown in two different forms: (i) single-crystal sphere-like 
NCs, (ii) defected structure, or polycrystalline pentatetrahedral-shaped NCs. 

As well as the previously mentioned quaternary copper-selenide-based 
compound, CHGSe has a tetragonal structure in I-42m space group (no. 121). As 
shown in Figure 3.49 its cell constants are: a = b = 5.746 Å and c=11.08 Å; the 
cell volume is 0.318 nm3 with totally 16 atoms in the cell, Se atoms distributed 
in anion sites, Cu, Hg, and Ge atoms in cation sites. This compound has a 
different crystal structure in high temperatures. It changes from tetragonal to 
orthorhombic symmetry in Pmn21 space group (no. 31).110 
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HRTEM analysis of Figure 3.50 reveals the tetragonal symmetry of the 
structure. In Figure 3.50(a) indicated particle is oriented in [221] zone axis 
which can exhibit the cation ordering of the compound. In the magnified 
squared-zone one can see that from each two consecutive (-110) planes, one is 
brighter as indicated by the red dot lines, and between each two bight planes, 
there is one atomic plane which is relatively darker (indicated by the blue dot 
line). This periodicity which gives rise to appearance of (-110) reflection in the 
corresponding power spectrum, shows that Cu, Hg, and Se atoms are not 
randomly distributed in the cation sites. In the same figure, the atomic model of 
the structure seen from [221] zone axis is shown at right. 

Moreover, some NCs with few twin defects were observed. One of such 
NCs with two twin defects is analyzed in Figure 3.50(b). In the colored IFFT-
filtered image at right the mirrored structures are shown in different colors. In 
the power spectrum below also the reflections are indicated by corresponding 
colors. 

In the second sample, from two aspects, the NCs are different: (i) crystal 
structure, and (ii) morphology. Figure 3.51 shows some NCs with complex 

 
Figure 3.49 Cu2HgGeSe4 (CHGSe) unit cell, tetragonal symmetry in I-
42m (No. 121) space group with a=b= 5.746 Å and c= 11.08 Å 
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nature: polycrystalline, polytype, abundance of twins, and quasi-pentatetrahedral 
morphology.  

Regardless of twinning, the crystal structure is still the same. However, 
multiplicity of twin defects in some NCs creates a structure which can be 
considered as a polytype between tetragonal (similar to ZB) and hexagonal 
(similar to WZ) structures. Figure 3.52 shows one of such particles. The top part 
of the particle as shown in the green square is pure tetragonal with no visible 
defects. But the middle of the particle as shown in the red square is a mixture of 
this initial tetragonal structure (ZB-like which we mark them with ZB’), with 
some monolayers of hexagonal (WZ-like marked as WZ’) and some transition 
polytypes between ZB’ and WZ’. In the lower part of the figure, IFFT-filtered 
images are placed. From the green square it can be deducted that likewise the 
top part of the particle, tetragonal structure can be seen in the rest of the NC, 
whereas hexagonal part also can be found; meaning a big part of the particle 

 
Figure 3.50 HRTEM analysis of Cu2HgGeSe4 (CHGSe) sphere-like NCs 
(a) showing cation ordering, and (b) few twin defects within the NC body 
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consists of the polytype between ZB’ and WZ’. It can be clearly seen in the gray 
square which is an overlap of the two other images in color. 

Furthermore, twin defects in some NCs occur in two directions. If the part 
indicated with the green square in Figure 3.53 is considered as reference, 

 
Figure 3.51 CHGSe NCs with complex nature: (a), (b) polycrystalline, (c) 
polycrystalline with multiple extensions, (d) polytype, (e) twinned in two 
directions, (f) single-crystalline with quasi-pentatetrahedral morphology 

 
Figure 3.52 A fully-defected CHGSe NC, tetragonal structure with the 
corresponding FFT in green squares (right) and defected polytype and the 
corresponding FFT in red squares (left), associated with IFFT-filtered 
images (below) which indicate the location of ZB’ and WZ’ structures in 
corresponding colors 
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twinning in the following directions is seen: along (-112) planes indicated with 
an orange dash line, and along (11-2) planes indicated with a yellow dash line. 
The colors also correspond on the related power spectrum at right. The green dot 
lines which create a hexagon mark the reference diffraction pattern. The orange 
and the yellow hexagons refer to the zones after twinning along (-112) and (11-
2) planes, respectively. The purple square points up a zone that has many twins 
giving rise to the formation of a polytype between tetragonal and hexagonal 
structures. If we consider that the periodicity of atomic layers in tetragonal is 
abcabcabc, and in hexagonal is abababab, this polytype, almost has the 
periodicity of abcbcababc. 

Finally, by controlling the parameters of the colloidal synthesis, e.g. the 
reaction temperature, concentration of the metallic precursors, and selection of 
the stabilizing agent, NCs with quasi-pentatetrahedral morphology were 
obtained. Stoichiometric amount of HgCl2 leads to formation of NCs with this 
morphology, while higher concentrations of Hg give rise to formation of sphere-
like NPs. The same as in CCTSe NCs, as shown in Figure 3.54, the initial 
tetrahedral seed is surrounded by four almost-tetrahedral extensions which are 

 
Figure 3.53 HRTEM micrograph of a CHGSe NC with twinning along 
two different planes: (-111) and (1-11). The purple square points up a zone 
that has many twins giving rise to the formation of a polytype between 
tetragonal and hexagonal structures 
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attached with a twin boundary along {112} plane family. In fact in this material, 
not all of the extensions grow. Moreover, they are not as sharply-faceted as 
CCTSe NCs. 

In a first step of the synthesis, binary spherical crystals with the Cu2-xSe 
composition are evidenced. Depending on the reaction conditions, such binary 

 
Figure 3.54 HRTEM micrograph of a Cu2HgGeSe4 (CHGSe) NC with 
pentatetrahedral shape 

 

Figure 3.55 3D atomic models of the growth steps of NCs from (a) Cu2-xSe 
spheres to (b) CHGSe tetrahedra, and then (c), (d) pentatetrahedra. In (c) 
the atoms of the legs are shown smaller in order to see how they grow on 
the initial tetrahedral seed. (e) How the unit cell changes from Cu2-xSe to 
CHGSe 
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nuclei permit the incorporation of the other elements at preferential reaction 
sites. In the cases in which such reactions occur at a moderate rate, isolation of 
tetrahedral particles is possible. However, with the use of longer reaction times 
or faster kinetics, the initial tetrahedral structure evolves towards the formation 
of pentatetrahedra.111

Figure 3.55 schematically shows how the NCs nucleate and form the 
pentatetrahedra. Basically, it is the same as the growth of CCTSe 
pentatetrahedra shown in Figure 3.36.  

 

DF-STEM image of Figure 3.56, associated with EELS compositional 
maps, reveal the homogeneity of elemental distribution. Although Hg and Ge 
did not enter the initial spherical nuclei, they diffuse gradually to the structure 
and the NCs obtained in the end are stoichiometric. 

3.3.2.5 Section summary 

In summary, we report on control of many structural and chemical issues, 
such as doping, morphology, polytypism, polytypic branching, cation ordering, 
and polarity in different complex ternary/quaternary chalcogenide NCs. Playing 
around with these issues we are led to dramatic changes in the physical 
properties of the compound especially thermoelectricity which is the main 
purpose of these modulations. Simulation of the electronic band structures 
shows that as a result of polytypism, the chemical composition change, and lack 
of cation ordering in the pods, the energy band gap shrinks, the Fermi energy 

 
Figure 3.56 EELS analyses on CHGSe quasi-pentatetrahedral NCs 
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goes inside the conduction band and the branches change from semiconductor to 
metal.  

Performance of the accurate experiments for polarity and ordering 
determination was possible only by dint of the novel microscopy techniques, i.e. 
aberration-corrected STEM imaging and spectroscopy. This work indeed proves 
the potential of growth nanoengineering, and how it may dramatically influence 
on the final physical properties of nanomaterials. 

The comparison between the single-phased materials (Section 3.3.1) and 
multi-phased ones (Section 3.3.2), one can find out that the properties of the 
compounds in the latter are dramatically improved. The highest ZT in single-
phased compounds was 0.55 (the case of CZGSe NCs), whereas in the multi-
phased ones, it increased up to 0.71 at lower temperatures. On the other hand, 
interesting characteristics of CCTSe polypods were discussed, which proved 
how the electronic band structure can be engineered by control of the structural 
issues, i.e. branching, polytypism, cation ordering, and polytypism. 

3.3.3 Core-shell structures 

So far we studied how to modulate the structure of some compounds, but in 
each case it was only on bare NCs. Now we move one step further and try to 
improve the functionality by creating core-shell structures. Essentially, the aim 
of producing core-shell structures is to create nanocomposites in order to 
enhance the functional properties in any possible way.112 For instance, Lee et al. 
studied magnetic material (FePt) in semiconductors (PbS and PbSe) and 
explored their optical, electrical, magnetic, and magnetotransport properties.113 
As another example, Murray and coworkers created binary superlattices by 
assembling PbTe@Ag2Te core-shell NCs. These nanocomposites showed 
strongly enhanced p-type electronic conductivity (around 100-fold increased), 
comparing to the ones of single-component PbTe or Ag2Te films.114 It is proved 
that bottom-up assembly has a high potential to create the building blocks of 
nanoheterostructures, while their size, shape, position, and even crystal structure 
can be precisely controlled.115,116

Three core-shell systems were intended to be produced in which crystal 
structures of the cores and the shells are quite similar: FePt@PbTe, 
BiTe@PbTe, and PbTe@PbS. The first heterostructure did not show the 
expected behavior. The second one experimentally failed due to miscibility of 
the shell material with the one of the core. And the last one showed outstanding 
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functional properties in thermoelectric applications which in this material had 
never been achieved before. 

3.3.3.1 Fe3Pt@PbTe nanoparticles 

PbTe is an IV-VI compound semiconductor with the rock salt structure and 
a narrow band gap (Eg = 0.32 eV). PbTe as an important thermoelectric 
material117,118 exhibits high figure of merit, i.e. maximum ZT of about 1.1 at 
around 700K for p-type PbTe and 425K for n-type PbTe.119,120 Moreover, it has 
good chemical stability, low vapor pressure, and high melting point (924 ºC). 
The large exciton Bohr radius of PbTe (aB = 152 nm) makes it an ideal 
candidate for understanding its thermoelectric behavior under quantum confined 
conditions.121,122 PbTe crystalline structure with cubic symmetry in Fm3m space 
group (no. 225) is called ‘altaite’ and has cell parameter of a = 6.46 Å.123,124

FePt is a magnetic material that has appropriate properties for 
microelectronic applications. FePt in the form of NP is chemically stable and it 
has large uniaxial magnetocrystalline anisotropy which determines how strongly 
the NP can hold its magnetic information.

 

125,126 According to Fe-Pt phase 
diagram in Figure 3.57 Fe can alloy with Pt in the form of Fe3Pt, FePt, and 
FePt3, depending on its mole fraction.127 Here we realized that our FePt 

 
Figure 3.57 Fe-Pt phase diagram127
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structure is compatible with a cubic Im3m structure, similar to that of the metal 
Iron, thus meaning that the Iron content should be high. In fact, in literature we 
have found FexPt1-x binary phases with the present structure (for x ≥ 0.75).128

Talapin and the coworkers
 

113 created FePt@PbS and FePt@PbSe structures. 
The PbS shells resulted in significant changes in the magnetic properties, which 
are correlated to the formation of Fe-S bonds in the surface of the FePt NPs. A 
thin interfacial layer of FeS forms in the interface of the magnetic core and 
semiconducting shell. Similar behavior was observed in the case of the second 
shell in FePt@PbSe structure. 

Figure 3.58 consists of two TEM micrographs showing a general view of 
the Fe3Pt@PbTe NPs; and Figure 3.59 reveals some TEM analyses associated 
with structural simulations. 

The Fe-Pt crystal phase we have used for the simulation is Fe3Pt. The 
analysis has been performed by obtaining the power spectrum of the HRTEM 
image, and then masking the frequencies corresponding to every phase (see the 
spots marked with red and green circles in the power spectrum for the FePt and 
PbTe, respectively). The next step was performing an inverse FFT (IFFT) on the 
masks in order to obtain the atomic plane distribution for every one of the 
phases. Finally a color RGB map has been obtained showing the perfect 
core@shell matching. All these analyses have been possible thanks to the 
differences on the cell parameter between PbTe and Fe3Pt crystal structures. The 
result is shown in Figure 3.59 upper and center images. In addition we could 

 
Figure 3.58 TEM micrograph showing a general view of Fe3Pt@PbTe NPs 
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simulate the core-shell structure, by creating a model composed of a PbTe cube 
with 13.6 nm side facets, and an embedded Fe3Pt sphere (4 nm diameter). The 
3D atomic model was used in the JEMS software package in order to obtain the 
HRTEM image simulation, obtained with the same microscope parameters as 
the ones of the experiment, e.g.: Cs = 0.5; df = 43.4 nm (equivalent to the 
experimental Scherzer defocus). An inset of the simulated image has been 
placed on the experimental HRTEM micrograph (upper left) in order to observe 

 
Figure 3.59 Structural analysis of Fe3Pt@PbTe NPs, the case of epitaxial 
core-shell structure; HRTEM micrograph associated with IFFT-filtered 
images and the corresponding power spectrum (upper and middle), and 
simulated crystal structure (lower) 
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the perfect plane continuity and validate the model. The full 3D atomic supercell 
model as well as the complete simulated image can be observed on the bottom 
row of the figure. 

However, not always the Fe3Pt NPs are embedded epitaxially inside the 
PbTe shells. As an example, in the core-shell NP of Figure 3.60, as seen in the 
power spectrum, no epitaxial relationship between the Fe3Pt core and the PbTe 
shell is observed. The only relation is a fiber-like orientation relationship being 
the (001) PbTe plane parallel to the (111) Fe3Pt. As there was no control on 
epitaxial growth of the shell around the Fe3Pt core, we did not continue the 
study further. 

 
Figure 3.60 Structural analysis of Fe3Pt@PbTe NPs, the case of non-
epitaxial core-shell structure; HRTEM micrograph associated with IFFT-
filtered images and the corresponding power spectrum 
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3.3.3.2 BiTe@PbTe nanoparticles 

Figure 3.61 shows all unit cells of the binary chalcogenide materials that 
have been used in this section. PbSe as a closely-related material is shown as 
well. Obviously, all of them are NaCl-type fcc in Fm3m space group (no. 225) 
and their cell parameters are quite close to each other. Comparing these cells, 
one can realize that the only difference between these four structures is the cell 
parameter, which in the case of PbTe and BiTe this difference is ~0.01 Å. 
Therefore, it is impossible to distinguish these two structures by means of 
HRTEM analysis, as 0.01 Å lies within the error of the measurement. In this 
case, EELS analysis cannot be a proper solution due to closeness of energy 
edges of Pb and Bi and their placement in high energy ranges. Lead and bismuth 
have M5 delayed edge at 2484 eV and 2580 eV and M4 delayed edges at 2584 
eV and 2688 eV, respectively. In such high energy ranges it is almost impossible 
to be sure about existence of Bi M5 edge, as it can be buried under the signal of 
Pb. EDX with high spatial resolution can be a proper solution, however, Pb and 

 
Figure 3.61 Unit cells of PbS, PbSe, PbTe, and BiTe with fcc structure in 
Fm3m (no. 225) space group 
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Bi peaks in EDX are quite close as well. HRTEM analysis on one of these NPs 
is shown in Figure 3.62. 

On the other hand, Bi-Te system crystallizes in two other structures, both 
with hexagonal symmetry, which are more commonly observed: Bi2Te3 called 
‘tellurobismuthite’,129,130 and BiTe called ‘Tsumoite’.131,132 As no hexagonal 
structure was detected in this sample, we assume that we have a solid solution of 
BiTe-PbTe system or Bi is doped in the PbTe NPs. Both cases can be found in 
the literature. According to previous works, solubility of BiTe and PbTe is high. 
Therefore, Bi can diffuse to the structure and create a Bi-Pb-Te solid solution. 
Lower concentrations of Bi can lead to NaCl-type fcc structure,133 while higher 
percentages of Bi results in hexagonal structures similar to the ones of 
tellurobismuthite and Tsumoite.134,135 Also, bismuth as a donor impurity in PbTe 
can create an n-type semiconductor and change electron concentration, and thus, 
thermoelectric figure of merit.136- 138

3.3.3.3 PbTe@PbS nanoparticles 

 

The main goal in this section is to study PbTe@PbS core-shell NPs which 
were used for assembling proper nanocomposites as shown in the scheme of 
Figure 3.63. The first step of this approach is core-shell NP preparation (Figure 
3.63(a)), then NP assembly as the second step (Figure 3.63(b)), and finally 
annealing the NPs to produce a dense nanocomposite (Figure 3.63(c)). Here, 

 
Figure 3.62 HRTEM micrograph of PbTe/BiTe NPs 
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unprecedented narrow size distribution of NPs is achieved. Size and shape of the 
PbTe core, and the same of PbS shell and also its crystallographic nature have 
been controlled by adjusting the synthesis parameters. Production process of 
PbTe-PbS core-shell NPs comprises two steps. In the first step, PbTe NPs are 
prepared by colloidal synthesis. These NPs can be designed to have cubic or 
spherical morphologies, by controlling the parameters of the experiment. In the 
second step, sulfur precursor is added to the solution without purification or 
exposure of PbTe NPs to the air. Then, by increasing the temperature gradually, 

PbS shell is formed. Heating rate, reaction temperature, and sulfur source 
reactivity determine the mechanism of the PbS shell formation. Even the 
crystallinity of the shell can be controlled by reaction kinetics. Amorphous PbS 
shells were produced by boosting PbS nucleation at multiple PbTe surface sites 
by injecting the S precursor at relatively high temperatures, e.g. 80 °C.115 

PbTe@PbS NPs are used to produce (PbTe)1-x(PbS)x nanocomposites where 
x is a determining parameter for the final physical properties. Different (PbTe)1-

x(PbS)x compositions, meaning different x, were prepared to obtain the highest 
ZT.  

 
Figure 3.63 Steps for the production of nanocomposites from the bottom-
up assembly of core-shell nanoparticles showing how different core sizes 
and shell thicknesses affects the final result. (a) core-shell nanoparticle 
preparation; (b) nanoparticle assembly; and (c) annealing to produce a 
dense nanocomposite115 
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Figure 3.64 reveals HRTEM micrographs obtained on (PbTe)0.25@(PbS)0.75 
NPs with amorphous shell. PbTe cores are small, 9-12 nm, quasi-cubic-shaped 
with slightly rounded corners, and the amorphous shell is relatively thick with a 
round shape, forming final (PbTe)0.25@(PbS)0.75 rounded NPs. In this figure, the 
power spectrum reveals the crystal structure of the core of the NP in the blue 
square. The core has NaCl-type fcc structure (space group: Fm3m, no. 225) with 

 
Figure 3.64 HRTEM micrographs of (PbTe)0.25@(PbS)0.75 NPs with quasi-
cubic-shaped PbTe cores, and PbS amorphous shell, associated with the 
corresponding FFT, and IFFT-filtered images (bottom) 
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cell parameter of a = 6.458 Å (altaite) as shown in Figure 3.61. By inverse FFT 
(IFFT) filtering of the HRTEM image, amorphous nature of the shell is 
explicitly shown. In the lower images of Figure 3.64, crystalline PbTe core is 
shown in the green square, amorphous PbS shell in the red square, and overlap 
of both colored structures, as they really are, in the blue square. 

(PbTe)0.60@(PbS)0.40 NPs can be seen in Figure 3.65. As expected, we used 

  
Figure 3.65 HRTEM analyses of (PbTe)0.60@(PbS)0.40 NPs with quasi-
cubic-shaped PbTe core, and PbS amorphous shell (top), associated with 
the corresponding FFT, and IFFT-filtered images (bottom) 

 
Figure 3.66 HRTEM micrograph of PbTe@PbS NPs with partially 
crystalline PbS shell (left), associated with the corresponding FFT 
(middle), and IFFT-filtered images (right) 
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bigger cubic PbTe cores with thinner PbS shells. Initial PbTe NPs had the size 
of 11-15 nm, and the final (PbTe)0.60@(PbS)0.40 NPs had the size of 14-18 nm. 
The same IFFT frequency filter was applied in this figure in order to clarify the 
presence, crystallinity and the exact location of the each compound. Low-
magnification TEM images in this figure (upper images) show the homogeneity 
of the size and shape of the NPs. 

In the next attempt, as shown in Figure 3.66, partially crystalline PbS shells 
were obtained. Amorphous and crystalline parts of the shell are indicated by 
arrows (left). The double points in the corresponding FFT (middle) mean that 
there are two different crystal structures with quite close cell parameters, which 
frequency filtering (IFFT) facilitates distinguishing them (right).  

Finally, fully-crystalline PbS shells were obtained by playing with the 
parameters that affect the kinetics of the experiment. As can be seen in Figure 
3.67, PbS crystallizes in an fcc NaCl-type system (Fm3m space group, no. 225) 
called ‘galena’ in the literature.139- 141 The unit cell is shown in Figure 3.61. The 
cell constant is 5.940 Å which is 0.52 Å smaller than the one of PbTe altaite. 
Therefore, a mismatch of 8.0% between the core and the shell is expected. 

 
Figure 3.67 HRTEM micrograph of PbTe@PbS NPs with crystalline 
galena PbS shell (top), associated with the corresponding FFT (top-right), 
and IFFT-filtered images (bottom) 
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Power spectrum of Figure 3.67 confirms the epitaxial relationship between the 
core and the shell. The indicated reflections related to {002} and {022} plane 
families are doubled. In other words, there is epitaxy; however, the slight 
difference in the cell parameters still exists. Thanks to this slight difference, we 
were able to frequency-filter the image by IFFT and show the PbTe core in 
green and PbS shell in red. See the lower row of Figure 3.67. 

As we pointed out, these two structures, theoretically, have 8.0% of 
mismatch, meaning approximately 13 (020) planes of PbS covers 12 of PbTe, 
thus, one misfit dislocation appears with periodicity of 13 (020) atomic planes of 
PbS. It is explicitly visualized in the 3D atomic models of Figure 3.68. In this 

 
Figure 3.68 3D atomic models of a PbTe@PbS core-shell NP with cubic-
shaped altaite PbTe core and sphere-shaped galena PbS shell (top-left), 
cross-sectioned (top-right), and magnified interface between the core and 
the shell showing the epitaxial relationship indicating the misfit 
dislocations and the coinciding atomic planes with IFFT-filtered of an 
HRTEM image as inset (bottom) 
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figure, a PbTe@PbS core-shell NP with cubic PbTe core and crystalline 
spherical PbS shell is simulated (top-right). Then it is cross-sectioned in order to 
see the interface between the core and the shell (top-right), and the interface is 
magnified in the (bottom). In this last image, misfit dislocations of PbS are 
indicated by white arrows. The (020) coincidence planes of PbS and PbTe are 
indicated by dash lines. The distance between two coinciding planes of PbTe 
and PbS is 12 and 13 atomic planes, respectively. In the colored IFFT-filtered 
image of Figure 3.69 (bottom-right) same result is observed which confirms that 
the experiment matches the theoretical study. 

By means of geometric phase analysis (GPA) key we performed strain 
analysis on the last PbTe@PbS NP with crystalline PbS Shell. In the strain maps 
of the Figure 3.70 (lower raw) one can see when the first phase ((002) planes) is 
considered (002) misfit dislocations of PbS are seen as strain concentration 
points, while in the second phase ((020) phase) the same happens with (020) 
misfit dislocations. For this analysis ‘Cosine Mask’ with the size of 0.02 /pixel 
and spatial resolution of 1.95 nm was chosen. As a matter of fact, GPA shows 
that there is no strain within the PbTe core of the NP, likewise a very small 

 
Figure 3.69 HRTEM micrograph of PbTe@PbS NPs with crystalline 
galena PbS shell (top), associated with the corresponding FFT (top-right), 
and IFFT-filtered images (bottom) 
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amount of strain can be assigned to the first PbS atomic layers of the shell. The 
different color (intensity related) of the shell represents the different crystal 
structure, whereas in the core smooth green/red map is observed which means 
that the structure is devoid of strain. 

Another important point to be mentioned is the appearance of moiré fringes 
in HRTEM images and the atomic models. Essentially, moiré (pronounced 
mwa-ray) patterns are formed by interfering two sets of lines that have nearly 
common periodicities. Two fundamentally different types of interference can be 
demonstrated: (i) rotational moiré and (ii) translational moiré. The latter is often 
referred to as ‘misfit moiré’. When the misorientation or the misfit is small, the 
moiré fringe spacing is much coarser than that of the lines themselves.142

In all NPs with crystalline shell moiré fringes are clearly seen which are 
pointed up in the images. In HRTEM analysis of Figure 3.69 also they are 
observed, especially in the IFFT-filtered image related to the shell structure in 
red. However, if one compares the magnified HRTEM image of Figure 3.67 
with the one of Figure 3.69, they can doubt whether the core, the shell, and/or 
the accommodation of the shell on the core is always the same, because a 
difference in moiré fringe spacing angle respecting the atomic planes of the 
structure is observed. Even in low-magnification TEM micrographs of Figure 
3.71 one notices the different moiré patterns in different NPs. It should be 
pointed out that in this figure in most of the NPs no moiré patterns are visible. 
However, one cannot assure that there is a difference in NP structure only by 

 

 
Figure 3.70 Geometric phase analysis (GPA) of a PbTe@PbS NPs with 
crystalline PbS shell 
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presence or absence of these moiré patterns in low-magnification TEM images. 
HRTEM image simulations of Figure 3.72 show how slight diversions from 

the zone axis can result in differently visualized moiré patterns. The previously 
prepared 3D atomic model was used in the JEMS software package in order to 
obtain the HRTEM image simulation, obtained with the same microscope 
parameters as the ones of the experiment, e.g.: Cs = 0.5; df = 43.4 nm 
(equivalent to the experimental Scherzer defocus). When the NP is perfectly 
oriented along the [100] zone axis, the moiré fringes create some particular 
interference contrasts, circle-like patterns (see Figure 3.72(a)) which is the result 
of the overlap of two structures with close cell parameters in two directions, 
[010] and [001]. When the particle is on the perfect zone axis interferences 
(moiré fringes) occur along both x and y axes, giving rise to the formation of 
such circle-like patterns. According to random orientation of the spherical NPs 
on the holey-carbon TEM grids, it is not likely to find NPs in perfect zone axis. 

However, in the TEM images we mostly see stripes of moiré fringes like the 
ones that are shown in Figures 3.72(b) and 3.72(c). Usually this kind of moiré 
fringes appears in the case that the two materials have the same cell parameter in 
one direction and a slight difference in another. But this is not the case here, 
because both structures of the core and the shell are cubic and difference of the 
cell parameters in x and y directions must be exactly the same. Hence, such 
fringes are explained by the slight diversion of the NPs from the exact zone axis. 
Figures 3.72(b) and 3.72(c) show the experimental and simulated core-shell NP 

  
Figure 3.71 TEM micrographs showing different moiré patterns 
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rotated 2º and 5º along the [010]-axis from [100] view direction, respectively. In 
these two figures, moiré fringes are vertically aligned with different contrasts.  

Figure 3.72(d) explains moiré patterns that have an angle with the atomic 
planes. 2º rotation along [010] plus 2º along [001] results in appearance of 
diagonal moiré patterns. Our results demonstrate that the all the cores and shells 
keep the same orientation or epitaxial relationship, i.e. (010)[100]PbTe // 
(010)[100]PbS. and different moiré patterns are due to diversion from the exact 
zone axis. 

After obtaining crystalline shells with desired thicknesses, they should be 
assembled and the annealed in order to create proper nanocomposites for 
thermoelectric devices. A set of PbTe@PbS core-shell NPs with similar overall 
size but different PbTe/PbS ratios was used to produce (PbTe)1-x(PbS)x 
nanocomposites with x = 0.32, 0.40, 0.49, and 0.72. As references, pure PbTe 
and PbS nanomaterials were also produced. Once prepared, (PbTe)1-x@(PbS)x 

 
Figure 3.72 HRTEM micrographs of PbTe@PbS core-shell NPs 
associated with JEMS HRTEM simulations and 3D atomic models, 
showing how moiré fringes can change with slight diversions from the 
exact zone axis 
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NPs were purified by multiple precipitation and redispersion steps until no 
redispersion was possible. At this point, most of the organic ligands used to 
control the size and shape of the NPs during synthesis had been removed. 
Purified (PbTe)1-x@(PbS)x NPs were dried under vacuum to obtain a dark gray 
nanopowder. This nanopowder was annealed at 500 ºC for 1 h under a dry argon 
flow to completely remove residual organics.115 

The annealing effect on the nanocomposite structure had to be studied by 
characterization of the materials in order to understand their thermoelectric 
performance. As proven by HRTEM (Figure 3.73 and 3.74), the composition of 
the final nanomaterials was highly homogeneous at the micrometer scale but 
contained a uniform distribution of compositional inhomogeneities at the 
nanometer scale. HRTEM analysis of the nanocomposite revealed that they 
contain PbS and PbTe crystal nanodomains with sizes in the range 10-20 nm 
(Figure 3.73). In Figure 3.74, one can see the structure of the (PbTe)0.28(PbS)0.72 
nanocomposite pellet after thermoelectric characterizations. 

  
Figure 3.73 HRTEM of the (PbTe)0.28(PbS)0.72 nanocomposite 

 
Figure 3.74 HRTEM of the (PbTe)0.28(PbS)0.72 nanocomposite in the pellet 
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In XRD results two new peaks were observed. They were identified as the 
(101) and (110) plane reflections of PbO. Surprisingly, only in pure PbTe 
sample these peaks were not present. A significant amount of oxygen is usually 
observed at the surface of PbTe NPs when exposed to air even during very short 
periods of time.143,144

115

 Therefore, we tentatively associated the absence of the 
PbO phase reflections from the pure PbTe nanomaterial with the amorphous 
nature of the thin oxide layer potentially formed.  

The electrical conductivity (σ), Seebeck coefficient (S), and thermal 
conductivity (κ) of the (PbTe)1-x(PbS)x (x = 0, 0.32, 0.40, 0.49, 0.72, 1) 
nanomaterials was measured in the temperature range from 320 to 710 K. The 
summary of the thermoelectric characterization of (PbTe)1-x(PbS)x 
nanomaterials is given in Table 3.1. The results are also plotted in Figure 3.75 
and 3.76. 

Figure 3.75(a) displays the figure of merit (ZT) of the (PbTe)1-x(PbS)x 
nanocomposites in the temperature range from 320 to 710 K. It can be seen that 
the highest ZT occurs in the case of (PbTe)0.28(PbS)0.72 nanocomposite at 710 K 
which is 1.07, a ZT that can be considered a record for these materials. ZT 
values of the pure PbS and pure PbTe are much lower.  

Figure 3.75(b) displays the electrical conductivity (σ), Seebeck coefficient 
(S) porosity-corrected thermal conductivity (κ*), and thermoelectric figure of 
merit (ZT) of the (PbTe)1-x(PbS)x nanocomposites at 710 K.  

Table 3.1 Thermoelectric characterization of (PbTe)1-x@(PbS)x 
nanocomposites115 

x Ea σ (S/m)  S(μV/K)  κ* (W/mK)  ZT 
(PbTe)1-x 

(PbS)x 
(meV) 320 K 710 K 

 
320 K 710 K 

 
320 K 710 K 

 
320 K 710 K 

0 83 55 2370  362 -270  2.2 1.20  10-3 0.18 

0.32 78 51 5510  184 -247  1.8 1.15  10-4 0.37 

0.40 81 9 4380  1 -259  1.5 0.91  10-4 0.34 

0.49 75 76 7730  -89 -232  0.85 0.61  10-4 0.86 

0.72 71 12 12530  -89 -185  0.69 0.53  10-4 1.03 

1 66 260 1180  -279 -306  1.2 0.77  10-2 0.18 
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In the low-temperature regime, majority carriers in PbTe and PbS had 
opposite signs. While PbTe displayed p-type conductivity, PbS had an n-type 
character. When both phases were intermixed within (PbTe)1-x(PbS)x 
nanocomposites, holes from PbTe and electrons from PbS compensated each 
other, resulting in lower electrical conductivities and lower absolute Seebeck 
coefficients than those of pure PbTe and PbS nanomaterials. In this low-
temperature range, charge transport was dominated by holes in (PbTe)1-x(PbS)x 
nanocomposites with x < 0.4 and by electrons in (PbTe)1-x(PbS)x 
nanocomposites with higher PbS contents (x > 0.4).115 

In nanomaterials with energy-activated charge carrier mobility, the increase 

  

 
 

Figure 3.75 (a) Thermoelectric figure of merit (ZT) of (PbTe)1-x(PbS)x 
nanocomposites with x = 0, 0.32, 0.40, 0.49, 0.72, 1; (b) electrical 
conductivity (σ), Seebeck coefficient (S), porosity-corrected thermal 
conductivity (κ*), and thermoelectric figure of merit (ZT) at 710 K and 
activation energy for electrical transport in the low-temperature range (Ea), 
as a function of the PbS concentration in (PbTe)1-x(PbS)x nanomaterials115 
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of the average carrier kinetic energy with temperature eventually enables charge 
carriers to overcome the potential barrier. At this temperature, electrical 
conductivity is largely enhanced. At around 520 K a strong decrease of the 
Seebeck coefficient, from positive to negative values, starts to take place in 
PbTe. This is associated with an increasingly higher density of electrons 
participating in the charge transport within this material. At around 650 K the 
electron contribution to the Seebeck coefficient compensated the hole 
contribution. Negative Seebeck coefficients were obtained at higher 
temperatures. In (PbTe)1-x(PbS)x nanocomposites, charge carrier compensation 
occurred at lower temperatures. For (PbTe)0.68(PbS)0.32, the sign inversion in the 
Seebeck coefficient took place at around 550 K and for (PbTe)0.60(PbS)0.40 at 
just 450 K. In (PbTe)1-x(PbS)x with x > 0.4 a step change of the Seebeck 
coefficient toward more negative values was also obtained in this temperature 
range. This sign inversion or step change in the Seebeck coefficient was 
accompanied by an increase in electrical conductivity in the temperature range 
from 450 to 650 K for all nanocomposites. At relatively high temperature (T > 
650 K), both PbTe and PbS displayed n-type conductivity. In this regime a 
synergistic contribution of the majority charge carriers of both phases was 
observed, and much higher electrical conductivities were obtained for 
nanocomposites than for pure PbTe and PbS nanomaterials. In the high-
temperature regime measured, the electrical conductivity of (PbTe)1-x(PbS)x 
nanocomposites increased with the PbS content. The highest electrical 
conductivities were obtained for (PbTe)0.28(PbS)0.72. For this material electrical 
conductivities up to 10-fold larger than PbS were measured. While the present 
work PbTe and PbS phases were not intentionally doped, a doping-like effect 
occurred when mixing both semiconductors at the nanometer scale. This 
nanocrystal-based doping translated into larger electrical conductivities but 
slightly lower absolute values of the Seebeck coefficient.115 

Thermal conductivity values were calculated from thermal diffusivities 
obtained using flash diffusivity measurements. In nanomaterials, when 
calculating thermal conductivity from thermal diffusivity data, the surface 
contribution to the molar heat capacity needs to be taken into account.145 Heat 
capacities were measured by a relaxation method. Surprisingly lower heat 
capacity values were obtained for nanocomposites when compared to pure 
nanomaterials. These low thermal conductivity values were in part associated 
with the material porosity. The porosity contribution could be roughly estimated 
and removed from the calculated thermal conductivities using Maxwell-
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Eucken's equation.146

After porosity correction, thermal conductivities were still exceptionally 
low. Thermal conductivity monotonically decreased with the concentration of 
PbS in (PbTe)1-x(PbS)x nanocomposites. These low thermal conductivities 
obtained were associated with the efficient scattering of phonons at the high 
density of grain boundaries and crystal interfaces within the (PbTe)1-x(PbS)x 
nanomaterials. Another parameter that may contribute to phonon scattering is 
the partial phase alloying detected. Alloying or replacement of Te by S ions in 
PbTe and of S by Te ions in PbS introduced high densities of point defects. 
Taking into account the large difference in size between Te and S ions, such 
replacement may effectively scatter short-wavelength phonons and thus 
contribute to further reduce the nanocomposite thermal conductivity. Phase 
alloying was stronger the larger the concentration of sulfur in the 
nanocomposite.

 Therefore, in Figure 3.75 and 3.76 the porosity-corrected 
thermal conductivities (κ*) are plotted instead of κ.  

115 

 
Figure 3.76 Multiple measurements of the electrical conductivity (σ), 
thermopower (S), porosity-corrected thermal conductivity (κ*), and 
thermoelectric figure of merit (ZT) from the same (PbTe)0.28(PbS)0.72 
pellet115
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Figure 3.75(a) displays the thermoelectric figure of merit calculated for the 
different (PbTe)1-x(PbS)x nanocomposites. The maximum ZT value for pure 
PbTe and PbS nanostructured material obtained was 0.18 at 700 K. 
Nanocomposites obtained from core-shell NPs were characterized by figures of 
merit substantially higher than those of pure PbTe and PbS nanomaterials. From 
the compositions studied here, the nanocomposite with the largest figure of 
merit was (PbTe)0.28(PbS)0.72. For this nanocomposite a figure of merit ZT up to 
1.07 at 700 K was calculated. The larger figures of merit obtained for 
nanocomposites when compared to pure nanomaterials were attributed to two 
main effects: (i) a synergic effect between the charge carriers of each phase 
resulted in nanocomposites with electrical conductivities up to 1 order of 
magnitude higher than pure materials; (ii) enhanced phonon scattering at 
multiple length scales provided nanocomposites with significantly lower thermal 
conductivities. 

As stability of the nanomaterials and measurement reproducibility are major 
concerns, especially in bottom-up-assembled nanocomposites, we tested the 
thermoelectric performance stability of the nanocomposites by repeating the 
measurements different days. Figure 3.76 displays data obtained from measuring 
the thermoelectric properties of (PbTe)0.28(PbS)0.72 four times. We observed that 
after the first measurement higher electrical conductivities and Seebeck 
coefficients and lower thermal conductivities were obtained in the low-
temperature range. After the second measurement, thermoelectric properties 
remained unchanged.115 

3.3.3.4 Section summary 

Further to single-phased and multi-phased chalcogenide NCs, it was shown 
in this section that creating heterostructures can also improve some particular 
properties of the materials as desired. The heterostructuring approach that was 
chosen in this section was coaxial, i.e. production of core-shell NPs. In this 
context three different systems were examined, which the most successful was 
the case of PbTe@PbS NPs. This system was used to create (PbTe)1-x(PbS)x 
nanocomposites for thermoelectric applications, and they showed a dramatic 
enhancement in thermoelectric figure of merit comparing to the one of bare 
PbTe or PbS. The highest ZT of 1.1 at 700 K was obtained which is a record for 
such compounds. Precise characterization experiments were performed in order 
to justify the behavior of the materials. 
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3.4 Conclusion 
In this chapter we proved the importance of chemical, structural, and 

morphological nanoengineering in the case of complex chalcogenide structures. 
In section 3.3.1 the influence of chemical composition was studied. A few 
copper-based ternary and quaternary selenide NCs were synthesized, 
characterized and examined for thermoelectric devices. These compounds were 
all keeping their ZB-like structure. Chemical composition and size of the NCs 
were important issues that affected their properties. Afterwards, in section 3.3.2, 
we studied different issues playing around with the crystal structure, chemical 
composition and morphology through synthetic routes, which may have 
influence on various properties of the compounds. Polytypism, branching, and 
‘polytypic branching’, cation ordering, and polarity were the different aspects of 
our structural analyses. We proved how polarity determines the morphology and 
drives the branching mechanism. On the other hand, the influence of polytypism 
and cation ordering on the electronic band structure was studied. Ab-initio 
studies showed that the WZ branches which do not have cation ordering are 
metallic as the band gap energy from 0.98 eV in ordered ZB-like CCTSe shrinks 
to 0.0 eV while Fermi level lies inside the conduction band. Therefore, the 
CCTSe polypods consisted of a semiconducting pentatetrahedral seed and 
metallic pods. 

Finally, the coaxial heterostructuring approach was utilized to produce core-
shell NPs with two materials which are dissimilar but have close crystal 
structures. In this way, epitaxial relationship can be achieved while taking 
advantage of chemical stability of the core and surface properties of the shell. 
PbTe@PbS core-shell NPs were used to create PbTe-PbS nanocomposites for 
thermoelectric devices and they showed dramatic improvement in the 
thermoelectric figure of merit comparing to bare PbTe and PbS structures. 

In fact, production of heterostructures is a promising approach that can be 
used in other types of nanostructured materials. In the next chapter we apply this 
idea on metal oxide NWs for different applications and we will observe the 
efficiency enhancement. 
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4.1 Introduction 
Metal oxide (MOX) nanowires (NWs) and nanorods (NRs) have attracted a 

dramatic surge of interests in recent years. Their novel properties, which are 
distinctive from conventional bulk and thin film materials, carry promising 
potential for new applications1 such as piezoelectrics,2- 4 thermoelectrics,5 
electronics and photonics,6- 14 sensing devices15- 20 and especially gas 
sensors.21- 25

Usually, the use of 1-dimensional (1D) structures in nanodevices provides a 
more efficient charge carrier transfer due to their unique geometry. The direct 
electrical pathways provided along the axial direction ensure the rapid and 
efficient transfer to the external electrical contact. On the other hand, holes 
move across the radial direction towards their surface and/or interface under the 
effects of the electrical field associated with the surface depletion zone, despite 
the short diffusion length. Therefore, the surface properties of nanostructures 
become especially important to the overall charge collection efficiency since 
they can influence the recombination rate and the chemical reaction dynamics 
taking place at the surface. 

 

Additionally, nanojunctions created by different structure nanoengineering, 
such as attaching nanoparticles (NPs) or quantum dots (QDs) on the NWs,26-28 
or adding overlayers (shells) in order to produce coaxial heterostructures,29-31

Advanced electron microscopy techniques have thus a preeminent role in 
state-of-the-art materials science. Recent developments in electron microscopy, 
such as aberration correctors and monochromators are allowing us to reach sub-
angstrom and sub-eV, spatial and energy resolutions, respectively. In addition to 
these advances, the possibility to obtain 3D models of our nanostructures by 

 
open new ways towards achieving enhanced physical and functional properties. 
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means of electron tomography, have shown that electron microscopy related 
techniques are the most promising to fully characterize complex nanostructures 
even at atomic scale. In the present chapter we show how advanced electron 
microscopy techniques can be applied to obtain a deeper characterization of 
complex structures in heterostructured nanowires.  

4.1.1 Metal oxide nanowires 

Among all, metal oxide (MOX) nanowires are versatile nanostructured 
materials with diverse yet unique properties. Potentially, they can be widely 
used in various applications of electrical, chemical and semiconductor 
technologies.32- 36 Research interests in metal oxide nanowires commenced in 
1990s. Considerable number of reports can be found by now on various 1D 
nanocrystalline structured nanowires of various metal oxides, such as CuO,37 
MgO,38 ZnO,39- 42 SnO2,43,44 TiO2,45- 49 V2O5,50,51 Al2O3,52,53 Ga2O3,54 In2O3,55 
Sb2O5,56 BaTiO3,57 etc. The methodology of synthesis is now well developed. 
Reported techniques mostly include vapor-solid phase technique, chemical 
solution deposition (sol-gel), template etching, precipitation, micro-emulsion, 
flux growth and others. Growth mechanisms are out of the scope of this work, 
however, one can find important information about them in literature.58

4.1.2 Why heterostructure? 

 

Firstly, we should clarify the reasons to produce heterestructured NWs. 
Basically, most of the aforementioned NWs have novel properties by 
themselves, yet improved by creating nanojunctions. Nanojunctions can take 
advantage of surface properties. As an example, coating SnO2 NWs with an 
overlayer shell of titanium/vanadium oxide provides outstandingly efficient 
charge performances related to the heterostructure properties: allowing the 
control over the surface recombination as well as the chemical reaction kinetics 
and the charge transfer through the coaxial formed junction.59

In this scenario, core-shell coaxial 1D nanostructures of metal oxides, based 
on adequate cores and suitable shells, allow:  

 

(i) The use of cores with predetermined properties, mainly related to 
free carrier concentration and optical band gap of nano-SnO2. 

(ii) The control over core and/or shell doping, which determines, on the 
one hand, the global electrical properties of the coaxial 
heterostructure formed and, on the other hand, the radial electric 
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field distribution.60

(iii) The design of an adequate shell with high density of surface 
chemical reaction sites and required lattice matching with the core, 
which facilitate their interaction.

 Moreover, band discontinuities also contribute to 
the control over the effective electrical mobility and crystallographic 
quality of the interface. 

14,30 
As another example of advantages of heterostructures in nanoscale, 

production of p-n junctions is remarkable. The schematic illustration of Figure 
4.1 reveals radial and axial p-n junctions and how the band gap and Fermi level 
can be engineered. These heterostructures, especially coaxial ones, have been 
used widely in photovoltaic devices.61- 64

Furthermore, in the case of NPs on NWs (one n-type and the other p-type 
semiconductor) for gas sensing, selectivity and sensibility of the device to 
particular gases are improved, because after exposure to this gas, the function of 
the p-n junction effectively changes the conduction section in the nanowire, 
leading to a significant improvement of the conductivity, and as a result, 
enhancement of the sensor signal.

 

26 

                

 
Figure 4.1 Schematic illustration of (a) radial and (b) coaxial 
heterostructures which create p-n junctions 
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4.1.3 The p-n junction 

A p-n junction (Figure 4.2), essential to most semiconductor devices, is a 
single semiconductor crystal that has been selectively doped so that one region 
is n-type material and the adjacent region is p-type material. If we assume that 
the junction has been formed mechanically by jamming together a bar of n-type 
semiconductor and a bar of p-type semiconductor, thus, the transition from one 
region to the other is perfectly sharp, occurring at a single junction plane. 

However, a ‘depletion zone’ (sometimes called as membrane) usually occurs in 
the junction. Electrons on the n side, that are close to the junction plane tend to 
diffuse across it (from right to left in the figure) and into the p side, where there 
are very few free electrons. Similarly, holes on the p side that are close to the 
junction plane tend to diffuse across that plane (from left to right) and into the n 
side, where there are very few holes. The motions of both the electrons and the 

                
Figure 4.2 A p-n junction 
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holes contribute to a ‘diffusion current’ Idiff, conventionally directed from left to 
right as indicated in Figure 4.2. 

Recall that the n-side is studded throughout with positively charged donor 
ions, fixed firmly in their lattice sites. Normally, the excess positive charge of 
each of these ions is compensated electrically by one of the conduction-band 
electrons. When an n-side electron diffuses across the junction plane, however, 
the diffusion ‘uncovers’ one of these donor ions, thus introducing a fixed 
positive charge near the junction plane on the n side. When the diffusing 
electron arrives on the p side, it quickly combines with an acceptor ion (which 
lacks one electron), thus introducing a fixed negative charge near the junction 
plane on the p side. 

In this way electrons diffusing through the junction plane from right to left 
in Figure 4.2 result in a buildup of space charge on each side of the junction 
plane, as indicated. Holes diffusing through the junction plane from left to right 
have exactly the same effect. The motions of both majority carriers, electrons 
and holes, contribute to the buildup of these two space charge regions, one 
positive and one negative. These two regions form a depletion zone, so named 
because it is relatively free of mobile charge carriers.  

The buildup of space charge generates an associated contact potential 
difference V0 across the depletion zone, as Figure 4.2(c) shows. This potential 
difference limits further diffusion of electrons and holes across the junction 
plane. Negative charges tend to avoid regions of low potential. Thus, an electron 
approaching the junction plane from the right in Figure 4.2(b) is moving toward 
a region of low potential and would tend to turn back into the n side. Similarly, a 
positive charge (a hole) approaching the junction plane from the left is moving 
toward a region of high potential and would tend to turn back into the p side. 
Nevertheless, in p-type material there are minorities of opposite charges in each 
side. Although the potential difference V0 in Figure 4.2(c) acts as a barrier for 
the majority carriers, it is a downhill trip for the minority carriers. Positive 
charges (holes) tend to seek regions of low potential; negative charges 
(electrons) tend to seek regions of high potential. Thus, both types of minority 
carriers are swept across the junction plane by the contact potential difference 
and together constitute a ‘drift current’ Idrift across the junction plane from right 
to left. Thus, an isolated p-n junction is in an equilibrium state in which a 
contact potential difference V0 exists between its ends. At equilibrium, the 
average diffusion current Idiff that moves through the junction plane from the p 
side to the n side is just balanced by an average drift current Idrift that moves in 
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the opposite direction. These two currents cancel because the net current 
through the junction plane must be zero; otherwise charge would be transferred 
without limit from one end of the junction to the other.65,66

In Figure 4.3 the ‘band-bending’ which occurs in the transition region 
(depletion zone) of a p-n junction is analyzed. If the flux of incident electrons is 
presented by a current J0, and the thermal fraction is given by Boltzmann factor 
exp(-φB/kT), and the electron current to the p side is given by:  

 

Idiff = I0exp(-φB/kT)    (4.1)   

φB is the barrier height, k is the Boltzmann constant, and T is the 
temperature. In the absence of an external bias, no current flows across the 
junction, which is due to the opposite current (Idrift), arisen by thermal excitation 
or generation of the small amount of electrons in the p-type region sliding down 
the barrier from right to left. Meanwhile, the electrons give their kinetic energy 
to the lattice in the heat. 

Idiff = Idrift      (4.2)   

Now if a positive voltage is applied to the p side and a negative voltage to 
the n side, chemical potentials will have the following equilibrium: 

μn = μp + eV  (V>0)    (4.3)   

and the barrier height reduces to φB - eV: 

                
Figure 4.3 The band structure in a p-n junction 
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Idiff (V>0) = I0exp[-(φB- eV)/kT] = Idiff (0) exp(eV/kT) (4.4)   

while the backflow current remains unchanged: 

Idrift (V>0) = Idrift (0)    (4.5)   

Therefore, the total current (I = Idrift + Idrift) is given by: 

I (V>0) = I0[exp(eV/kT) - 1]   (4.6)   

where I0 is a constant characteristic of the p-n junction. However, equation 
(4.6) describes the behavior of an ideal p-n junction, which is not always the 
case in practice.67

The p-n junction represents a system of charged particles in diffusive 
equilibrium in which the electrochemical potential is constant and independent 
of position. The electrochemical potential describes an average energy of 
electrons and is represented by the Fermi energy (Ef). It means that under 
equilibrium conditions the Fermi level has constant position in the band diagram 
of the p-n junction (the blue dash line in Figure 4.3). 

 

4.1.4. Some applications 

MOX NWs, as fantastic candidates for creating p-n junctions, are widely 
used for many different applications such as electronics, optoelectronics, 
thermoelectrics, sensing, etc. Due to the main point of the nanostructure study of 
this chapter, we only give a brief introduction on two of them: photovoltaics and 
gas sensing. 

4.1.4.1 Photovoltaics 

Concerning the daily-increase of demand for energy and limits of the 
traditional energy sources such as fossil fuels, on the one hand, and our duty to 
conserve the environment, on the other hand led many researchers for decades to 
dedicate their effort to discovering new sources of energy which do not harm the 
ecosystem. 

The working principle of today solar cells is essentially the same, based on 
the ‘photovoltaic effect’ which means generation of a potential difference at the 
junction of two different materials in response to visible or other radiation. The 
basic processes behind the photovoltaic effect are: 

(i) Generation of the charge carriers due to the absorption of photons in the 
materials that form a junction 
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(ii) Subsequent separation of the photo-generated charge carriers in the 
junction 

(iii) Collection of the photo-generated charge carriers at the terminals of the 
junction. 

When a p-n junction is illuminated, additional electron-hole pairs are 
generated in the semiconductor. The concentration of minority carriers 
(electrons in the p-type region and holes in the n-type region) strongly increases. 
This increase in the concentration of minority carriers leads to the flow of the 
minority carriers across the depletion region into the quasi-neutral regions. 
Electrons flow from the p-type into the n-type region and holes from the n-type 
into the p-type region. The flow of the photo-generated carriers causes the so-
called ‘photo-generation current’, Iph, which adds to the ‘thermal-generation 
current’, Igen. When no external contact between the n-type and the p-type 
regions is established, which means that the junction is in the open-circuit 
condition, no net current can flow inside the p-n junction; meaning that the 
current resulting from the flux of photo-generated and thermally-generated 
carriers has to be balanced by the opposite recombination current. The 
recombination current will increase through lowering of the electrostatic 
potential barrier across the depletion region. 

This situation of the illuminated p-n junction under open-circuit condition 
using the band diagram is presented in Figure 4.4(a). The electrostatic-potential 

                
Figure 4.4 The band structure in a p-n junction (left) in normal situation 
and (right) when illuminated 
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barrier across the junction is lowered by an amount of Voc. We refer to Voc as the 
open-circuit voltage. Under nonequilibrium conditions the concentrations of 
electrons and holes are described by the quasi-Fermi energy levels. It is 
illustrated in Figure 4.4(a) that the electrochemical potential of electrons, 
denoted by EFC, is higher in the n-type region than in the p-type region by an 
amount of q Voc. This means that a voltmeter will measure a voltage difference 
of Voc between the contacts of the p-n junction. Under illumination, when the n-
type and p-type regions are short circuited, the photo-generated current will also 
flow through the external circuit. This situation is illustrated in Figure 4.4(b). 
Under the short-circuit condition the electrostatic potential barrier is not 
changed, but from a strong variation of the quasi-Fermi levels inside the 
depletion region one can determine that the current is flowing inside the 
semiconductor. 

When a load is connected between the electrodes of the illuminated p-n 
junction, only a fraction of the photo-generated current will flow through the 
external circuit. The electrochemical potential difference between the n-type and 
p-type regions will be lowered by a voltage drop over the load. This in turn 
lowers the electrostatic potential over the depletion region which results in an 
increase of the recombination current. The net current flowing through the load 
is determined as the sum of the photo- and thermal generation currents and the 
recombination current (the superposition approximation). The voltage drop at 
the load can be simulated by applying a forward-bias voltage to the junction, 
therefore equation 4.6, which describes the behavior of the junction under 
applied voltage, is included to describe the net current of the illuminated p-n 
junction.68

I (V>0) = I0[exp(eV/kT) - 1] - Iph   (4.7)   

 

4.1.4.2 Gas sensing 

Essentially, three points are of paramount importance in gas sensing: (i) 
stability, (ii) selectivity, and (iii) sensibility. Long-term stability had been an 
issue for many years in gas sensing industry. Moreover, the device should show 
response only to the specific gases to which the response is desired. Also the 
sensibility of the device, in some critical situations, is considered as a limiting 
issue in their applications. During the last decade, nanostructured materials have 
dramatically improved the performance of gas sensors, by exhibiting longer life-
time, enhancing the selectivity, and/or being more sensible.  
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The fundamental sensing mechanism of metal oxide-based gas sensors 
relies on changes in electrical conductivity due to the interaction process 
between the surface complexes such as O-, O2

-, H+, and OH- reactive chemical 
species and the gas molecules to be sensed. Göpel69 discussed in detail the 
charge transfer in chemisorptions which is the basic principle of gas sensing 
mechanism. Briefly, when a molecule adsorbs at the surface electrons can be 
transferred to this molecule if the lowest lying unoccupied molecular orbitals of 
the adsorbate complex lie below the Fermi level (acceptor levels) of the solid, 
and vice versa, electrons are donated to the solid if the highest occupied orbitals 
lie above the Fermi-level of the solid (donor levels). Thus, molecular adsorption 
may result in a net charge at the surface causing an electric field. This 
electrostatic field causes a bending of the energy bands in the solid. A negative 
surface charge bends the bands upward, i.e. pushes the Fermi level into the band 
gap of the solid, effectively reducing the charge carrier concentration and 
resulting in an electron depletion zone. Depleting electrons causes a positive 
space charge region that compensates for the negative surface charge. This is 
illustrated in Figure 4.5 on the example of negatively charged chemisorbed 
adsorbate.70

The first gas sensors based on 1D MOX were fabricated by Comini and 
coworkers in 2002.

 

71 They made gas sensors based on SnO2 nanobelts (Figure 
4.6) with extremely high sensitivity to polluting gaseous species such as CO and 

                
Figure 4.5 Schematic representation of band bending in the near surface 
region of an n-type semiconductor induced by a (partially) filled donor 
state of an adsorbed molecule 
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NO2 for environmental applications, as well as for ethanol for breath analyzers 
and food control applications. Years after, Hernández-Ramírez et al. produced 
single SnO2 NWs gas sensors (Figure 4.7) which were able to detect CO gas and 
humidity with high sensibility.72

In this scenario, p-n junctions in nanoscale, for instance p-NPs on n-NWs 
(Figure 4.8), are expected to exhibit enhanced sensibility, while the depletion 
zone with proper Fermi level can be the clue to such enhancement.

 

26 This will 
be explained in section 4.3. 

4.1.5 Growth methods and mechanisms 

There are many growth methods for metal oxide NWs in the literature, 
including wet chemical/electrochemical methods,14,73,74 templating methods,75 

                
Figure 4.6 TEM micrograph of SnO2 nanobelts71 

 
Figure 4.7 SEM micrographs of a single-SnO2-NW gas sensor72 
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thermal decomposition,76 anodization,77 thermal oxidation,78,79 and 
electrospinning.80

Concerning the presence of catalysts, growth mechanism can be divided 
into two categories: (i) catalyst-free, and (ii) catalyst assisted growth. On the 
other hand, concerning the growth environments, they can be classified as: (i) 
solution phase growth, and (ii) vapor phase growth. Each of the mechanisms has 
its advantages and disadvantages, which will be discussed briefly in the 
following. Depending on both mentioned parameters, i.e. presence of catalyst 
and growth environment, different growth mechanisms occur: solution-liquid-
solid (SLS), vapor-solid (VS), and vapor-liquid-solid (VLS). 

 In this section, we give a brief introduction to some of these 
methods which have been used to prepare the NWs of this chapter: 
electrochemical growth, thermal oxidation, and chemical vapor deposition 
(CVD) as a thermal decomposition method. 

4.1.5.1 Electrochemical growth 

Electrochemical growth is the method that we used to produce ZnO NWs. 
ZnO NWs can also be prepared by vapor-phase transport,81 pulsed laser 
deposition (PLD)82,83 and CVD.84

14

 But among all, electrochemical growth, as a 
solution phase method, is low-cost and scalable. As additional advantages, in 
this method one does not require seeds neither high temperatures (80-90 °C) 
while the growth rate is relatively fast.  

The solution-based growth with presence of catalyst mostly follows SLS 
mechanism which is similar to the VLS, in this case a nanometer-scale metallic 
droplet catalyze the precursors decomposition and crystalline nanostructure 
growth. SLS mechanism was first discovered in the mid-1990 and years after it 
was utilized to produce nanowires and nanotubes.85 Lee and Geer reported on 
details of SLS growth of Si NWs.86 However, in electrochemical growth of this 

                
Figure 4.8 p-n junction function in a gas sensor 
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work no catalyst or seed has been used, thus, the mechanism does not seem to be 
SLS. The applied potential separates the anion and cation. ZnO NWs grow at the 
cathode from the preferential Zn(OH)2 decomposition at the polar {0001} 
surfaces of the ZnO.  

4.1.5.2 Thermal oxidation 

In this study, CuO NWs were prepared grown by thermal oxidation of 
metallic Cu thin layer deposited by sputtering on various substrates. This 
approach has many advantages. It mainly consists in a tubular furnace working 
in atmospheric pressure, without the need of vacuum equipment. It has a high 
yield with no risk of cross contamination due to the low temperature processing 
(from 300 °C to 400 °C). It is even possible to selectively pattern the nanowire 
area on the device substrate.87

Thermal oxidation of CuO NWs follows vapor-solid (VS) mechanism.

 Moreover, the reproducibility of the devices is 
increased, because all the deposition steps could be done automatically without 
the operator contribution, and all these steps can be easily scaled up and 
integrated in a large-scale production.  

88

The VS transformation growth occurs in many catalyst-free growth 
processes. Under high temperature condition, source materials are vaporized and 
then directly condensed on the substrate placed in the low temperature region. 
Generally, once the condensation process happens, the initially condensed 
molecules form seed crystals serving as the nucleation sites. As a result, they 
facilitate directional growth to minimize the surface energy. This self-catalytic 
growth associated with many thermodynamic parameters is a rather complicated 
process that needs quantitative modeling. For example, Sberveglieri and 
coworkers reported on indium oxide. In2O3 nanowires were synthesized through 
thermal evaporation of pure In2O3 powders and the effect of substrate seeding 
was studied for controlling density distribution and lateral dimensions of the 
nanowires. The nanowires exhibited uniform section, atomically sharp lateral 
facets, and pyramidal termination, typical of a VS growth mechanism assisted 
by oxidized nanocrystalline seeds.

 In 
a typical VS process, the vapor species is generated by evaporation, oxidation, 
reduction or other gaseous reactions. These species are then condensed onto the 
surface of a solid substrate in a temperature zone lower than that of the source 
material. 1D nanostructures growth will proceed without the need of a metal 
nanoparticle catalyst if the supersaturation is kept at a controlled low level. 

89 
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4.1.5.3 Chemical vapor deposition 

Chemical Vapor Deposition (CVD) is an appropriate method for 1D metal 
oxide nanostructure synthesis due to its impressive advantages, such as 
capability of producing highly pure materials with high adhesion to the 
substrate, fast growth, high control on crystal structure, morphology and 
orientation (for nanostructures), ability of using a wide range of chemical 
precursors, reasonable process cost, and reproducibility of the syntheses.90

Beside conventional CVD, so called thermally activated CVD (TACVD), 
there are some other methods which use initiating energies other than heat and 
can activate the chemical reactions and help the deposition process, e.g. plasma-
enhanced CVD (PECVD), photo-assisted CVD (PACVD), and laser-assisted 
CVD (LACVD) which instead of thermal energy use plasma, light, and laser 
energy, respectively. Flame-assisted CVD (FACVD) and electrochemical vapor 
deposition (EVD) are other types of CVD which have succeeded as well as the 
other ones. 

 

A schematic image of the CVD process is shown in figure 4.9. The 
incoming atoms from the gas phase (adatoms) interact with the surface and 
surface adsorption takes place which depending on interaction type, van der 
Waals or covalent, it can be physical or chemical, respectively. The number of 
the atoms adsorbing to the sites of the surface is proportional to the partial 
pressure of the gas. 

In particular, molecule-based chemical vapor deposition (MB-CVD) is an 

                
Figure 4.9 Fundamental processes active in CVD process 
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efficient technique for synthesizing 1D metal oxide nanostructures. The vapor-
liquid-solid (VLS) growth is assisted by presence of catalyst, which causes 
decomposition of the molecular precursor. In this method chemical composition, 
size, and morphology of the 1D nanostructures can be controlled precisely. 
Moreover, the process occurs in relatively low temperatures.90 

In vapor-liquid-solid (VLS) mechanism, as firstly proposed by Wagner and 
Ellis in 1964 for growth of Si whiskers on Si substrate (Figure 4.10),91 three 
phases are involved: (i) the vapor phase precursor, (ii) the liquid catalyst droplet 
(in the case of presence of catalyst) or the liquid phase of one of the compound 
(in the case of catalyst-free growth), and (iii) the solid crystalline product. Note 
that in the next chapter we will discuss catalyst-free growth; however, in this 
chapter we only consider the growth with the presence of metallic catalysts. In 
addition, three growth regimes can be considered. In the first one, a nanoscaled 
metallic particle forms a eutectic alloy (liquid) with the wire material (supplied 
as vapor). In the second one the vapor of the source material is further absorbed 
by the liquid catalyst until supersaturation occurs; and in the third regime, the 
vapor atoms diffuse and condense at the liquid/solid interface which will be 

 
Figure 4.10 Scheme of the Si 1D single-crystal growth by VLS 
mechanism91 

 

Figure 4.11 NW growth with VLS mechanism92
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pushed forward to form a nanowire, as shown in Figure 4.11.92,93

4.1.6 Structural changes in nanostructured materials 

 

It is important to take into account that energy equilibriums of 
heterostructures are not the same as the ones single structures. Single structures 
find equilibrium with a substrate with/without presence of a catalyst. However, 
the secondary structure accommodates on the initial structure which is usually 
different from the substrate. Some phenomena can occur in this process: 

- While accommodating on the base, the secondary structure can grow as 
single crystalline or polycrystalline, which can whether have epitaxial 
relationship with the base or not. 

- When the secondary phase is deposited, it can diffuse into the crystalline 
structure of the base and form mixed oxide interfaces.  

- Depending on the growth conditions, some phases of the material are more 
favorable and they are expected to appear on the base. However, the existence of 
some other phases is evidenced to be substituted although kinetically they were 
not favorable as a single structure. 

- Analogous to the previous point, some reduced structures are observed, 
only because of the accommodation issue. 

These points are briefly described in this section and the results are shown 
in the section 4.3. 

4.1.6.1 Accommodation on the base 

In some cases when the mismatch between the cell parameters of the core 
and the shell are higher than a certain amount, the shell follows ‘Stranski-
Krastanov’ (SK) growth. In this growth mode, the shell grows epitaxially on the 
core, however, the strain caused by difference in atomic plane distances gives 
rise to appearance of some 3D islands within 2D monolayers. An example of 
this growth mode is shown in Figure 4.12(a). In this image, the base is an SnO2 
NW covered with a TiVO3 shell. 

4.1.6.2 Mixed oxide interface 

Diffusion of the secondary structure into the base or vice versa, can create 
new phases, whether in the whole structure or only in the interface. This 
phenomenon highly depends on the materials, and the growth conditions. In 
Figure 4.12(b) a ZnO NW with TiO2 shell is shown which was annealed and the 
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Zn diffused to the shell structure and Zn2TiO4 structure was produced. This 
mixed oxide interface can enhance the efficiency of the photovoltaic devices. 

4.1.6.3 Crystal structure changes in shells  

In some cases one can change the growth conditions in order to obtain a 
particular structure. For example it is possible to apply some changes in order to 
have anatase TiO2 structure instead of rutile. Trying to do the same in the case 
of the secondary structure, nevertheless, can fail while different energy 

 
Figure 4.12 The structural change of the secondary phase after being 
accommodated on the base NW: (a) polycristallinity, (b) diffusion of the 
two oxide structures in the interface, (c) crystal structure change, and (d) 
reduction of the shell 
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parameters are engaged. Figure 4.12(c) shows a hongquiite TiO shell on a rutile 
TiO2 NW, whereas the shell was expected to have anatase TiO2 structure.  

4.1.6.4 Reduction 

In the same scenario, structural changes can give rise to chemical 
composition changes. As seen in Figure 4.12(d), a reduced Ti2O structure 
accommodates on SnO2 NWs, although this phase is seldom observed in bulk. 
In other words, titanium oxide in the form of rutile, anatase, or brookite is more 
stable and more likely to occur, however, epitaxy and mismatch minimization 
while accommodating on SnO2 base leads to formation of another phase. 

4.2 Experimental 

4.2.1 Synthesis 

As mentioned above, many different synthesis methods were employed for 
NW growth in this chapter. The experimental details of the main ones are 
described here. 

4.2.1.1 Electrochemical growth 

Arrays of vertically aligned and single-crystal ZnO:Cl NWs were 
electrochemically grown in an aqueous solution inside a three-electrode cell. 
The NWs thickness, length, doping concentration and tip morphology could be 
controlled by adjusting the growth potential and the concentration of the growth 
solution. Moreover, ZnO:Cl NWs could be grown in a large variety of 
conducting substrates, from glass covered with a transparent conducting oxide to 
metal foils.14 

Electrodeposited ZnO:Cl NWs grown on indium tin oxide (ITO)-covered 
glass substrates were used to obtain ZnO:Cl@TiO2 core-shell NWs. TiO2 shells 
with controlled thickness were grown by multiple successive adsorption-
activation-decomposition steps as schematized in Figure 4.13. In a first step, 
titanium isopropoxide [Ti(OC3H7)4] was adsorbed on the ZnO:Cl surface by 
immersing the NW array on an anhydrous isopropanol solution of titanium 
isopropoxide (0.08M) for 30 s. In the second successive step, excess titanium 
isopropoxide was removed by immersing the layer in anhydrous isopropanol. In 
a third step, titanium isopropoxide was hydrolyzed by introducing the NW array 
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in water. In one last step excess of water was removed with anhydrous 
isopropanol. This 4-step cycle was repeated up to 100 times. The final samples 
were dried by means of a N2 flow and annealed at 450 °C for 30 min to improve 
crystallinity.31 

The ZnS shell was prepared by successive ionic layer adsorption and 
reaction (SILAR) method. In particular, the obtained ZnO NW arrays were 
successively immersed in two different aqueous solutions for 30 s, one 
containing Zn2+ cations (25 mM Zn(NO3)2) and the other containing S2- anions 
(25 mM Na2S). Between each immersion step, the samples were rinsed with 
deionized water for 30 s to remove excess ions that were weakly bound to the 
NW surfaces. Same as in TiO2 shell preparation, this two-step procedure was 
repeated 100 cycles. After cycles 10, 30, 60 and 100 the obtained samples were 
dried by means of a N2 flow. These intermediate samples were used to 
characterize the influence of the ZnS thickness on the optoelectronic and 
photoelectrochemical properties of ZnO@ZnS NWs.30  

4.2.1.2 Pulsed laser deposition 

Pulsed laser deposition (PLD) system used for growth of ZnO NWs 
consisted of a picosecond Nd:YAG pulsed laser and a vacuum chamber. Laser 
wavelength was 355 nm, frequency 500 kHz and laser power 1.5W. The target 
was a sintered ZnO material and the substrate an 11-20 single crystal Al2O3. 
Gold droplets were used as liquid catalyst. The catalyst was deposited on the 
substrate surface by sputtering. The substrate conditions were specific to 
PLD/VLS ZnO NW growing process, substrate temperature ~800 °C and 

 
Figure 4.13 Scheme of the successive coating and reaction steps used to 
produce ZnO:Cl/TiO2 core-shell NWs with controlled thickness31
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ambient oxygen pressure ~1 Pa. Substrate pre-annealing time at the working 
temperature was in the range of several minutes. 

The particularity of the experimental setup, as shown in the scheme of 
Figure 4.14 is the presence of a plane reflector between target and substrate in a 
so-called pulsed laser deposition (PLD) with plasma reflector. The main role of 
the reflector is to filter the big particles and cluster from the ablation plume and 
stop them from reaching the substrate area, while the big particles hinder the 
VLS mechanism. A second role of this reflector was to provide different particle 
fluxes on different substrate zones, and allow investigating the influence of the 
particle flux variation on the VLS growing process on the same sample surface 
and experimental conditions. Thus, the system will have a ‘low-flux’ (Zone L) 
substrate zone corresponding to high reflection angles of the reflected particles, 
a ‘high-flux’ (Zone H) corresponding to low reflection angles of the reflected 
particles, and a zone accessible to the particles coming straight from the target 
marked as ‘droplet-zone’ (Zone D) where small droplets or clusters might 
arrive. The substrate size was about 5×5 mm, the target-reflector distance was 
about 2 cm, while the mask-substrate distance only several millimeters. 

 
Figure 4.14 Scheme of the PLD experimental setup 
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4.2.1.3 Chemical vapor deposition 

Cassiterite SnO2 nanowires were grown by decomposition of Sn(OtBu)4 in a 
low pressure chemical vapor deposition (LPCVD) reactor at 650-750 °C on 
silicon (001) substrates.94

Multistep CVD processes enable the design of layered core-shell 
nanoarchitectures with the desired composition by varying the precursor source 
used. Ti(OiPr)4 was used as single source precursor in a second CVD process 
and decomposed at 550-750 °C onto the as-grown SnO2 NWs, resulting in the 
formation of SnO2/TiOx core-shell heterostructures.

 

95 Similarly, SnO2/VOx 
nanowires were formed when VO(OiPr)3 was used instead. It should be 
remarked that the variation of process parameters such as substrate temperature, 
precursor flux and deposition time influences the effective availability of the 
oxygen atoms during the material growth, and defines the oxidation state of the 
final metal oxide. Therefore, the controlled deposition of different vanadium 
oxides with defined V:O stoichiometries (V2O5, V3O7, V6O13, V7O13, VO2 and 
V2O3) can easily be achieved by this synthetic method.96

Titanium-vanadium oxide (TVO) shells were likewise formed by sequential 
decomposition of Ti(OiPr)4 and VO(OiPr)3 onto the pristine SnO2 NWs at higher 
temperatures 700-800 °C. The amount of Ti and V present in the shell can be 
easily defined by controlling the amount of precursor in the gas phase, which is 
directly related to the precursor temperature used during the process. A mass 
spectrometer (Pfeiffer QMG 220) attached directly to the exhaust of the CVD 
reactor chamber allowed the time-resolved in-situ mass spectrometric analysis 
of the precursor by products, after thermal decomposition took place. 

 

p-CuO (NP)/n-SnO2 (NW) heterostructures were produced following a two 
step CVD of corresponding metal precursors. The initial step was to produce 
SnO2 NWs as described above. In a subsequent step, copper particles were 
deposited on pre-grown SnO2 NWs by the CVD of 
[CuII((C5H4N)(CHCOCF3))2]2, with substrate temperature of 780 °C and 
precursor temperature of 155 °C, for 40 min. The resulting SnO2 nanowires 
decorated with copper particles of an average size of 200 nm were annealed in 
air at 300 °C for 24 h producing p-CuO (NP)/n-SnO2 (NW) heterostructures. 
After annealing, a size-increase of particles was evident due to the volume 
expansion associated to the transformation of Cu to CuO.26  
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4.2.1.4 Thermal oxidation 

Thermal oxidation process used for CuO NW growth mainly consists in a 
tubular furnace working in atmospheric pressure, without the need of vacuum 
equipment, in relatively low temperatures (from 300-400 °C). Growth process 
consisted of four main steps: (1) substrates cleaning, (2) metallic layer 
deposition, (3) metal layer etching and (4) thermal oxidation. Cleaning is 
necessary in order to remove dust and most organic compounds from the 
substrate. Samples were cleaned in acetone using ultrasounds for 10 min and 
afterwards dried with a synthetic air flow. A thin layer of metallic copper was 
deposited on target substrates by radio-frequency (RF) magnetron sputtering, 
using argon plasma. Different metal layers were deposited at room temperature, 
200 °C, 300 °C and 400 °C, while layer thickness ranged from 300 nm (30 min 
deposition) to about 3 μm (5 h deposition). Copper is very reactive in 
environmental atmosphere, and the interaction with oxygen (always presents in 
air) spontaneously produces a thin layer of copper oxide. This thin layer of 
native oxide is detrimental for NWs growth, so it has to be removed before the 
thermal oxidation. Two different methods were used to remove this layer: wet 
chemical etching and plasma etching. 

After the copper oxide layer removal, samples were undergone to a forced 
oxidation in a Carbolite tubular furnace. Gas flow was set at 300 SCCM and 
oxidation time was fixed at 15 h, in order to reduce the number of parameters to 
investigate. In particular, the duration of the oxidation process mainly influences 
the length of NWs. The selected duration (15 h) was enough to synthesize 
several-micrometer long NWs. The oxidation process firstly consists of the 
oxidation of metallic Cu into a Cu2O film (Cu + O2→ Cu2O). Afterwards, the 
Cu2O film further oxidizes into CuO (Cu2O + O2→ CuO), producing CuO NWs 
and leading to a complete oxidation.20 

4.2.2 Structural characterization 

The chemical and structural characterization of the nanowires has been 
carried out by high-resolution transmission electron microscopy (HRTEM), 
electron energy loss spectroscopy (EELS), and with the extracted data we have 
generated 3D atomic supercell models. High-resolution TEM images have been 
obtained by means of a Jeol 2010F field-emission gun (FEG) microscope with a 
0.19 nm point-to-point resolution at 200 keV with an embedded Gatan Image 
Filter (GIF) for EELS analyses. Some of the high-angle annular dark-field 
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(HAADF) images and EELS spectra have been obtained in a FEI Titan 60-300 
kV TEM operated at 300 keV. 3D atomic models were created by using Rhodius 
software package97which allows creating complex atomic models.98

4.2.3 Experimental measurements for applications 

 In Chapter 
2 all the experimental methodologies of structural characterizations are 
discussed in detail. 

Depending on the predetermined applications of the NWs, different 
electrical measurements were performed in order to examine their functionality 
and justify their relevance to the featured application. 

4.2.3.1 Optoelectronics 

Electrochemical impedance spectroscopy (EIS) measurements were carried 
out on ZnO:Cl and ZnO:Cl@TiO2 NWs both in dark and under AM 1.5 
simulated solar radiation at different applied potentials. For these measurements, 
an electrochemical system (PARSTAT 2273) and a typical three-electrode setup 
with an Ag/AgCl electrode in saturated KCl (3M) as the reference electrode, a 
Pt wire as counter electrode and 0.1M Na2SO4 aqueous solutions as electrolytes 
were employed. The frequency range tested was 0.1 Hz - 1 MHz and the 
amplitude of the alternating signal was 1mV. In the case of ZnO:Cl@ZnS core-
shell NWs, 0.1 M Na2SO4 or 0.5 M Na2S aqueous solutions were used as 
electrolytes to study the photoelectrochemical (PEC) properties of photo-
electrodes. 

Room-temperature photoluminescence (PL) measurements were obtained 
using a Kimmon IK Series HeCd CW laser (325 nm and 40 mW). Fluorescence 
was dispersed through an Oriel Corner Stone 1/8 74000 monochromator, 
detected with a Hamamatsu R928 photomultiplier, and amplified through a 
Stanford Research Systems SR830 DSP lock-in amplifier. 

A double beam spectrophotometer (Perkin Elmer Lambda 950) equipped 
with an integrated sphere was used for the UV–visible transmission 
measurements in the range from 250 to 800 nm. 

Raman measurements were made using a micro-Raman spectrometer 
Labram HR 800. Excitation was provided by a diode laser at 532 nm or a He-Cd 
laser at 325 nm. Measurements were performed in backscattering configuration. 
I-V characteristics of ZnO NWs were obtained by scanning probe microscopy 
(SPM) using a Park XE-100 Advanced Scanning Probe Microscope.  
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4.2.3.2 Gas sensing 

Gas sensing experiments were performed with bundled and individual 
structures. Bundled bare SnO2 nanowires and p-CuO/n-SnO2 heterostructures 
were characterized after depositing sensing layers in form of thick films onto 
substrates with pre-patterned Pt contacts on the front side and a Pt-meander on 
the back-side acting as a heater and temperature probe as can be seen in Figure 
4.15.99

Individual CuO/SnO2 heterostructures were electrically contacted to Pt 
nanoelectrodes by means of FIB assisted lithography

 Deposited thick films of MOXs mixed with solvents were dried at 
relatively low temperatures (~50 °C) for some hours and then sintered at higher 
temperatures for some days. Sensor test were performed in DC mode, and 
atmosphere compositions were precisely produced with mass-flow controllers 
and certified gas bottles. 

72 and they were evaluated 
as gas sensors inside a customized chamber especially designed to minimize the 
external noise. Electrical characterization was carried out by I-V measurements; 
the sensor was biased by 1 V and film resistance was measured by a 
picoammeter.  

4.3 Structure study 
In this chapter the results and discussion section is classified based on core 

material. Each section starts with the bare NW, and then heterostructures based 
on the same bare NW. Mostly the core-shell approach is followed; however, 
other type of heterostructures such as NP on NW are studied. Results on 
enhancement of functionality are provided which prove the success of 
heterostructuring approach. 

Core-shell NWs of this chapter are produced by depositing a crystalline 
overlayer on bare NWs. The overlayers can be divided into two categories: (i) 

 

Figure 4.15 Scheme of alumina resistive sensor99
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polycrystalline shells, and (ii) epitaxially grown shells. The epitaxial 
relationship between the core and the shell can be completely useful for many 
applications. Nonetheless, polycrystalline shells provide other unique 
advantages that can utilized for particular applications. 

4.3.1 ZnO nanowires and related heterostructures 

We start the structure study with bare NWs, their crystal structures, shapes, 
and properties. Afterwards, we move to the heterostructures, i.e. coaxial 
nanojunctions which dramatically enhance the materials properties. 

4.3.1.1 Bare ZnO nanowires 

Zinc oxide is a wide band gap n-type semiconductor which has appropriate 
specifications for a wide range of applications. It is abundant, stable, 
biocompatible, and relatively cheap. In the form of wurtzite (WZ) it has a direct 
band gap, Eg = 3.35 eV,41,100,101

4

 and a large excitation binding energy (60 meV), 
and exhibits near UV emission. ZnO NWs have been used in many applications 
such as in acoustic wave devices (as piezoelectric),  solar cells,102 transistors,103

18
 

biological and chemical sensors.  
ZnO can occur in both wurtzite (WZ) and zinc-blende (ZB) structures. The 

unit cells are shown in Figure 4.16. The ZB structure has cubic symmetry in F-
43m space group (No. 186) with a = 4.616 Å. The WZ structure which is known 
as ‘zincite’ has hexagonal symmetry in P63mc space group (No. 186) with a = b 
= 3.265 Å and c = 5.219 Å. Both structures are considered as tetrahedrally-
coordinated semiconductors. For ZnO, WZ structure is predominant and ZB-

 

Figure 4.16 ZnO unit cells: (a) zinc-blende (ZB) with cubic symmetry, and 
(b) wurtzite (WZ) with hexagonal symmetry 
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ZnO is hardly reported. Nevertheless, it has been observed that the band gaps of 
these two structures are different. As mentioned, band gap energy value of 3.35-
3.37 eV is reported for WZ-ZnO, whereas for ZB-ZnO this value is 3.27 eV.104

All of the ZnO NWs and NRs that we have in this chapter have WZ 
structure and they are mostly grown in (0001) direction. However, in some 
samples we observed ZB structure. See Figure 4.17. The NR consists of a body 
with WZ structure and a tip with ZB structure. ZB-ZnO accommodates on WZ-
ZnO with (1-11)ZB on (0001)WZ as these two plane families are always identical 

 

 

 
Figure 4.18 HRTEM micrographs of a ZnO NWs grown by vapor-
transport synthesis 
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Figure 4.17 HRTEM micrograph of a ZnO NR with WZ structure in the 
body of the rod (grown in [0001] direction) and ZB structure in the tip 
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in WZ-ZB systems. 
There are also NWs that do not grow in [0001] direction. For instance, the 

NWs shown in Figure 4.18 do not have any special growth direction. These 
NWs were grown on ZnO particles by means of vapor-transport synthesis. In 
another attempt to grow NWs, it was observed that they were grown in [0-110] 
direction. Nevertheless, these NWs vertically branch out and some secondary 
NWs in [0001] grow from the [0-110]-grown body. Therefore, it can still prove 
that [0001]-growth is energetically favorable. See Figure 4.19. In fact these 
NWs emerged when the deposition rate in PLD process was high.  

 
Figure 4.19 HRTEM micrographs of ZnO branched NWs grown by PLD, 
the NW with [0-110] growth direction and branches with [0001] direction 
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On the other hand, most of the ZnO NWs grow in [0001] direction with WZ 
structure as shown in Figure 4.20. As an example, these NWs were grown on 
ZnO thin films. The electrochemically grown NWs of Figure 4.21 also have the 
same characteristics. 

In addition, the influence of Cl-doping in ZnO NWs is studied. By changing 
the concentration of Cl (NH4Cl concentration in the growth solution) and 

 
Figure 4.20 A ZnO NW with WZ structure grown in [0001] direction 

 
Figure 4.21 ZnO NWs with different Cl concentration increasing from (a) 
to (c) causing the change in the tip shape14
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electrodeposition potential, we observed some differences in growth rate, 
morphology, crystal structure, and optoelectronic properties. It was also 
observed how the roughness of the lateral NW surfaces decreased with the 
NH4Cl concentration in the growth solution. The higher the NH4Cl 
concentration, the slower the growth rate in the [0001] direction and thus the 
smoother the lateral surfaces obtained (Figure 4.21). Also the tips of the NWs 
differ as shown in the same figure. At the same time, the ZnO XRD pattern 
shifted to lower angles with the incorporation of Cl, which is consistent with an 
expansion of the ZnO lattice due to the replacement of O2- ions with the larger 
Cl- ones (Figure 4.22). Furthermore, transmittance spectra of the Cl-doped ZnO 
NWs determine the optical band gap of the ZnO:Cl NWs with different Cl 
concentrations (Figure 4.23(a)), while the photoluminescence (PL) spectra (at 
room temperature) of Figure 4.23(b) reveal the expansion of band-to-band 
transition by increase in Cl concentration associated with a blue shift The band-
to-band emission extends from the reduced band-gap energy, which is the 
difference between the top of the valence band and the bottom of the conduction 
band, to the energy of the optical gap, which blue-shifts with the NH4Cl 
concentration due to the band filling.14 

To sum up, we showed how growth conditions can change the crystal 
structure, morphology, growth rate, and optical properties of ZnO NWs. It is of 
high importance to be able to engineer these parameters as ZnO is widely 
utilized in a large range of applications as mentioned previously. 

ZnO NWs can be used as an adequate base for core-shell structures. In this 
section two polycrystalline shells are accommodated on ZnO single-crystalline 
NWs. As mentioned, polycrystalline shells present unique advantages that can 
be useful for special application. The two heterostructures that will be studied in 

 
Figure 4.22 XRD patterns showing the peak shift related to Cl-doping 
concentration14
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the following are: ZnO:Cl@ZnS and ZnO:Cl@TiO2 NWs.  

4.3.1.2 ZnO:Cl@ZnS nanowires 

Electrochemically grown ZnO NWs of section 4.3.1.1, which were doped 
with chlorine, are now covered with a ZnS shell. This shell was prepared by 
successive ionic adsorption and reaction method.30 Figure 4.24(a) shows the 
transversal SEM image of the ZnO:Cl NWs before being covered with ZnO 
shell, and Figure 4.24(b) shows these ZnO:Cl@ZnS core-shell NWs. EDX maps 
of Figure 4.24(c) were performed in SEM on a single NW. In these maps one 
can see the presence of Zn everywhere, while O is present only in the middle, 
and S map reveals a kind of hollow structure. EELS maps (Figure 4.24(g)) also 
prove the core-shell structure, nonetheless with higher spatial resolution. 
Although the S is not mapped here, required information can be obtained from 
the Zn and O maps and their overlap. Thickness of ZnS shell (the green shell 
where O is absent) can be approximately measured in the RGB map, which is in 
good agreement with the TEM image of Figure 4.24(d). 

The results obtained from the XPS characterization of the NW arrays are 
shown in Figure 4.24(e) and 4.24(f). The Zn binding energy was slightly shifted 
to lower energies for the ZnS shell when compared with the ZnO core. This shift 
is attributed to the different binding energy of the Zn-O and the Zn-S bond due 
to the dissimilar anion electronegativity.105 The thickness of the shell is 
basically proportional to the number of the cycles. 

 
Figure 4.23 (Left) Transmittance spectra showing the optical band, and 
(righr) PL spectra14
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The optimization of semiconductor photoelectrochemical (PEC) properties 
requires very large surface areas to maximize the semiconductor/electrolyte 
interface, and very high electrical conductivities to facilitate charge carrier 
transport between oxidation and reduction sites. This property can be employed 
in photoelectrolysis of water in order to generate H2 which occurs in the 
interface of the NWs and the electrolyte. The results of the characterization of 
the PEC properties of the core–shell ZnO@ZnS NWs in a Na2SO4 aqueous 
solution are shown in Figure 4.25(a). The measurements have been performed 
on NW arrays with different shell thicknesses. Note that for these measurements 
of the evolution of photocurrent density with the thickness of ZnS shell, the 
exact same NW array was measured before the ZnS growth and after each 

 
Figure 4.24 ZnO:Cl@ZnS NWs, SEM images of (a) bare ZnO NWs and 
(b) ZnO:Cl@ZnS NWs, (c) EDX maps, (d) TEM image showing the 
thickness od the core and the shell, (e), (f) XPS analysis, and (g) Z-contrast 
image associated with EELS elemental maps30
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successive set of SILAR cycles. It is clearly observed that the presence of ZnS 
shell prompts the collected photocurrent, as in the NWs with 26-nm-thick shells 
it reached up to a factor 2.5.  

In particular, ZnS shells promoted photocurrent at lower voltages 
comparing to the bare ZnO:Cl NWs. We believe this enhancement of the PEC 
properties to be related with the extension of the depletion layer region with the 
ZnS shell growth. The highly doped ZnO:Cl NWs are able to screen the charge 
accumulated at the surface by means of thin depletion layers. Therefore, surface 
depletion regions extend just a few nanometers from the surface. On the other 
hand, the depletion layer expands over the whole intrinsic ZnS shell in 
ZnO:Cl@ZnS core-shell NWs (Figure 4.25(b)). Thus, the region within the 
core-shell NWs with a built in electric field able to split the photogenerated 
electron-hole pairs significantly increases with the presence of the ZnS shell. 
This increase of the volume of materials with a built in electric field promotes 
the separation of photogenerated charge carriers, as represented in the cartoon of 
Figure 4.25(b). Thus, higher PEC currents are obtained in the presence of the 

 
Figure 4.25 (a) Photocurrent density vs. applied potential (V vs. Ag/AgCl) 
from ZnO:Cl NWs and ZnO:Cl@ZnS core-shell NWs with increasingly 
thicker shells, (b) Schematic representation of the energy band alignment, 
the depletion regions created in the formed hetero-nanostructures and the 
charge transfer for bare ZnO:Cl NWs and ZnO:Cl@ZnS core-shell NWs at 
different applied potential (V < 0, V = 0 and V > 0)30 
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ZnS shell. An alternative explanation for such a PEC increase is the 
enhancement of the absorption of photons with energy below the ZnO and ZnS 
band gap by an electron transition from the ZnS valence band to the ZnO 
conduction band. However, this mechanism must have a very small influence as 
no signal of such low probability transition was obtained from the UV-Vis and 
PL characterization of the materials.30 

Finally, it is also proven that annealing of the ZnO:Cl@ZnS NW arrays at 
450 °C for 1 h in Ar atmosphere increases the PEC current significantly which 
can be attributed to improvement in crystallinity of ZnS shell causing a 
reduction in the density of trapping states and an increase in charge carrier 
mobility and thus an increase in charge carrier transport and collection 
efficiencies.30 The polycrystalline nature of the WZ ZnS shell is explicitly 
revealed in Figure 4.26. 

4.3.1.3 ZnO:Cl@TiO2 nanowires 

TiO2 shells with controlled thicknesses were grown on electrodeposited 
ZnO:Cl NWs by means of multiple successive adsorption-activation-
decomposition steps. These steps were repeated for up to 100 times in order to 
obtain thicker shells. However, the shells were partially amorphous after the 
growth. An annealing process therefore was added at different temperatures 
(450 °C and above) for 30 min in order to improve the crystallinity. The NWs 
that were annealed at 450 °C show adequate crystallinity of the shell which 

 
Figure 4.26 HRTEM micrograph of ZnO:Cl@ZnS core-shell NW with 
polycrystalline WZ ZnS shell as indicated in the corresponding power 
spectrum 
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consists of polycrystalline anatase TiO2 structure as shown in Figure 4.27. Two 
of the most visible rings corresponding to (103) and (113) atomic planes are 
indicated on the power spectrum. Different structures of titanium oxide will be 
discussed in section 4.3.2. 

By increasing the annealing temperature, an interdiffusion of the two phases 
takes place in the interface of the ZnO core and the TiO2 shell and Zn2TiO4 
phase occurs. HRTEM analysis (Figure 4.28) shows that the shell has the 
structure of Zn2TiO4 ‘spinel’ with cubic symmetry belonging to Fd3m space 
group. Zn2TiO4 spinel shells are also polycrystalline, however, in some parts as 

 
Figure 4.27 HRTEM micrograph of TiO2 anatase shell with the 
corresponding power spectrum 

 
Figure 4.28 HRTEM micrograph of core-shell structure where 
interdiffusion of the atoms creates Zn2TiO4 compound in the shell 
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in Figure 4.28 the shell seems to have an epitaxial relationship with the ZnO 
core. 

Interdiffusion of ZnO to the shell is also confirmed by EELS analysis. In 
Figure 4.29 a HAADF-STEM image is associated with EELS elemental maps 
where core-shell structure can be seen clearly. Ti can only be observed in the 
borders. The middle part is too thick decreasing dramatically the EELS signal-
to-noise ratio, so not letting the elemental analysis. Therefore it is almost black, 
meaning no signal can be received. Zn is also present in the shell, i.e. the shell 
has a structure of a mixed oxide, which is in a good agreement with the HRTEM 
results. 

4.3.1.4 Section summary 

In this section we studied the properties of bare ZnO NWs and 
heterostructures based on them. The two heterostructures with ZnO:Cl NWs as 
cores, i.e. ZnO:Cl@ZnS and ZnO:Cl@TiO2 with polycrystalline shells exhibited 
significant improvement in device efficiency. By annealing processes the 
crystallinity of the shell and thus their functionality was improved. At the same 
time, it should be taken into account that high annealing temperatures may cause 
interdiffusion of the two compounds. HRTEM and EELS analyses provided 
sufficient explanations for the different behavior of the material in this case, as a 
mixed oxide structures may form between the core and the shell. 

 
Figure 4.29 HAADF-STEM image associated with EELS elemental maps 
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4.3.2 TiO2 nanowires and nanorods and related heterostructures 

Titanium dioxide is a very commonly used photocatalytic material with 
unique characteristics such as easy handling, low cost, low toxicity, high 
chemical stability106 and it is also robust under UV illumination. These 
advantages make TiO2 a useful material in environmental purification,107 gas 
sensors,108 paints, pigments, air-cleaning devices, removal of NO, and SO, in 
controlling pollution, etc.109

Rutile belongs to P42/mnm space group with lattice constant a = b = 4.60 Å, 
c = 2.96 Å, and c/a = 2.51, while anatase belongs to I41/amd space group with 
lattice constant a = b = 3.78 Å, c = 9.50 Å, and c/a = 2.51. Brookite belongs to 
Pbca space group with lattice constant a = 9.18 Å, b = 5.43 Å, c = 5.16 Å. These 
unit cells are shown in Figure 4.30. Additional phases of TiO2 are also known to 
exist. Amongst, antase phase exhibits the best photocatalytic activity.

 TiO2 generally exhibits three different polymorphs 
namely anatase, rutile and brookite. The anatase and rutile phases have 
tetragonal symmetry, anatase has body centered tetragonal structure, and rutile 
possesses simple tetragonal structure, whereas brookite possesses rhombohedra1 
structure. In both structures, slightly distorted octahedra are the basic building 
blocks, which consist of a titanium atom surrounded by six oxygen atoms in a 
more or less distorted octahedral configuration.  

110 The 
photocatalytic activity of TiO2 depends on several factors including the 

 

Figure 4.30 TiO2 cells with cell data, rutile, anatase, and brookite 
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crystallite size, crystallinity of the phase and specific surface area. 
Photocatalytic activity of TiO2 is high for powder with high surface area 
because of increased active sites,109 which improves absorbance capability on 
surface, and thus, nanostructured materials, e.g. NPs, NRs, and NWs are 
appropriate for this purpose.  

TiO2 photocatalyst can only be excited by near-UV light. The photocatalytic 
activity of TiO2 is due to photo-induced electrons and the corresponding positive 
holes that are formed. These species are responsible for initiating the 
photcatalytic reactions. Furthermore, it is believed that the photocatalytic 
activity of TiO2 is low, because the generated photoinduced holes easily 
recombine with photoinduced electron thus decreasing the photocatalytic 
efficiency.111 If the recombination rate is very fast, there is not enough time for 
photoreaction, which results in little or no photocatalytic effect. The band gaps 
of pure anatase and rutile phases are 3.2 eV and 3.05 eV, respectively, which 
both are quite large. Thus, one proper solution is to narrow this band gap energy 
by loading TiO2 with other metal ions. Several efforts were made by various 
researchers to improve the photocatalytic efficiency of TiO2 through metal ion 
loading such as Pd, Pt, Au, Ni,112-114 Cu,115 Cr,116 Ce,117 Bi.118 The deposited 
metal ions on TiO2 surface trap and capture the photoinduced electrons or holes, 
leading to reduction of electron-hole recombination, thereby improving the 
photocatalytic efficiency.119

Another solution can be production of coaxial heterostructures which can 
occur by using a metal oxide NW as the base, and cover it with another 
structure, for example TiO hongquiite shell on TiO2 rutile NW as core. As 
another example, one can see the mixed V-Ti oxide which was created for 
structural reasons.  Both of these examples will be discussed in the next section. 

  

4.3.2.1 Bare TiO2 nanowires and nanorods 

In Figure 4.31 small anatase TiO2 NRs (with a mean size of 4.0 ± 1.4 nm) 
prepared with sol-gel method are shown. These NRs were solvothermally 
crystallized from amorphous titanium oxide with Pt NPs. The presence of Pt 
NPs facilitated the crystallization process and thus better anatase crystallinity 
led to better photocatalytic activity and gas-sensing response of the 
material.120,121

On the other hand, rutile TiO2 NWs are also studied. These NWs, which can 
also be considered as NRs, have tetragonal structure and grow along [001] 

  



CHAPTER IV: COAXIAL NANOJUNCTIONS: MOX NWs 

210 
 

direction. The structure of these NRs seems to be composed of thin fibers; every 
NR is in fact a bunch of narrow crystalline stripes (fibers) which are laterally 
attached. As can be seen in Figure 4.32, they seem to be separated in the 
direction of the growth as they do not have the same length and end up in 
different points.  The low-magnification TEM image at left shows the end of a 
NR. The red arrows in the center HRTEM image indicate the [001] growth 
direction. On the corresponding power spectrum (FFT) atomic planes are 
indicated. 

These TiO2 NRs are used as photoanodes in photoelectrochemical (PEC) 
devices after annealing. It is shown that photocatalytic properties of these NRs 
are dramatically improved after the chlorine contamination was removed by 

 
Figure 4.31 TEM micrographs of TiO2 anatase NRs with the 
corresponding power spectrum 

 

Figure 4.32 TEM micrographs of TiO2 rutile striped NRs with the 
corresponding power spectrum 
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annealing. Chlorine contamination that emerged during the growth process 
hinders the photocatalytic activity of the NRs in water splitting devices. 
Therefore, the presence of residual chlorine at a surface level has a remarkable 
effect on the performance of PEC devices based on TiO2 NWs since it blocks 
water oxidation sites. An annealing treatment above 250 °C is proposed as a 
simple solution for overcoming the dramatic reduction of photo-current in PEC 
devices due to chlorine contamination.122

4.3.2.2 TiO2@TiO nanowires 

  

The use of metal oxides with a lattice parameter adaptable to that of the 
core and with the required electrical, optical and thermochemical properties 
allows the design of heterostructures with the desired functionalities. Therefore, 
investigations on mixed metal oxide junctions are of significant interest to 
overcome these crystallographic, electrical, optical or thermochemical stability 
requirements. A plausible strategy is the use of the metal oxide belonging to the 
same metal oxide group to produce binary metal oxide compounds with the 
required properties relative to the parent oxides and getting the adequate lattice 
parameters while avoiding any problem concerning thermodynamic stability. 

As shown previously in this section, compositional graded and core-shell 
nanostructures are interesting architectures able to provide higher levels of 
control over the functional properties of the material.123 Shells can provide 
higher chemical stability and surface passivation to prevent recombination, and 
they can extend the electric field region for charge carrier separation. Shells of 
lower band gap materials are also able to extend the core optical absorption to 
lower energies, thus promoting charge carrier photogeneration. The lattice 
mismatch is the main limitation to grow coaxial heterojunctions. Lattice 
mismatches generally introduce a significant density of interface defects and 
deteriorate the optoelectronic properties of the formed heterostructure. However, 
we were able to epitaxially grow a cubic TiO shell on rutile TiO2 NWs for dye-
synthesized solar cells (DSCs), where the core-shell structure caused a 
considerable change in the efficiency of the device.124

Indeed, the shell was expected to have anatase TiO2 structure, but analyses 
on the power spectra (Figures 4.33(b) and 4.33(c)) show that it has a cubic TiO 
structure called ‘hongquiite’.

 

125-127 In the literature a reduced type of hongquiite 
also exists, with stoichiometry Ti-O: 0.91-1128. This phenomenon can be 
explained by considering the perfect epitaxial relationship between the core and 
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the shell. See the power spectrum (FFT) of the whole HRTEM image (Figures 
4.33(a)) in Figure 4.33(e). In this FFT, where the reflections of both structures 
appear, one can see that (2-20) plane family of hongquiite lie exactly on (002) 
plane family of rutile structure. Plane distance difference between rutile (001), 
2.956 Å, and hongquiite (1-10), 2.953 Å, is only 0.003 Å (about 0.1%). 

 

Figure 4.33 HRTEM analysis of TiO2@TiO core-shell NWs, (a) HRTEM 
micrograph, (b) magnified zone of the shell shown in the blue square with 
corresponding power spectrum (c) magnified zone of the core shown in the 
green square with corresponding power spectrum (d) HRTEM filtered 
image obtained by filtering (e) the general power spectrum of the HRTEM 
micrograph (a) 
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Therefore, there is perfect epitaxy between the two structures. This can be the 
reason for reduction of the phase from TiO2 to TiO whereas other titanium oxide 
structures such as anatase and brookite more commonly occur. In the filtered 
HRTEM image of Figure 4.33(d), the two structures are lucidly exhibited. Blue 
and green color is assigned to hongquiite TiO and rutile TiO2 structures, 
respectively. It is constructed by masking the power spectrum of Figure 4.33(e) 
which is the FFT of the whole HRTEM micrograph of Figure 4.33(a). 

EELS analysis of Figure 4.34 confirms the results obtained with HRTEM. 
As seen in the EELS, the percentage of Ti vs. O increases in the borders 
(indicated with circles), which matches the existence of TiO hongquiite shell 
(Ti2+ instead of Ti4+). The green arrows show the direction of the scanning line, 
from upper border to the lower one. In the middle relative composition is Ti: 
33±4% - O: 66±4%, and in the borders Ti percentage increase up to 41% which 
is in good agreement with TiO composition while the adjacency of TiO2 affects 
the real chemical composition due to the probe size and STEM/EELS spatial 
resolution. 

With the presence of the hongquiite TiO shell, TiO2@TiO NW-based DSCs 
showed significantly higher Jsc values. A 3-fold increase in Jsc, up to values 

 
Figure 4.34 EELS analysis on TiO2@TiO NWs showing the O deficiency 
in the borders 
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above 3.0 mA/cm2, was systematically obtained. On the other hand, Voc values 
were just slightly reduced. Overall, with the presence of the TiO shell, the total 
DSC conversion efficiency increased by a factor 2.5, up to 1.3 %. Notable 
incident photon to current conversion efficiency (IPCE) enhancement was 
observed in the visible part of the spectra with the use of coaxial TiO2@TiO 
core-shell NWs (Figure 4.35(b)). Up to a 1.5 absorbance increase was obtained 
with the presence of the TiO shell which can be attributed to the higher surface 
roughness introduced with the TiO shell, which provided larger surface areas for 
dye loading and thus allowed to increase the dye concentration.  

The amount of adsorbed dye is the main limitation in NW-based DSCs. 
Note that the relative density of the 3 m -long and 150 nm-thick TiO2 NW 
arrays used in the present study was around 0.01 %, which contrasts with values 
close to 50 % in nanoparticle-based mesoporous films. TiO2 NW arrays had 
surface areas 15-fold larger than the flat substrate where they were grown. This 
value is more than one order of magnitude lower than the surface areas of 
nanoparticle-based films commonly used for DSCs. Such lower surface areas 
translated into highly reduced dye concentrations, and therefore photocurrents. 
This is the main limitation behind the relatively low overall efficiencies 
measured from TiO2 NW-based DSCs when compared with nanoparticle-based 
TiO2 DSCs. Higher efficiencies require the use of longer NWs or hierarchical 
nanostructures.124  

 
Figure 4.35 (a) J-V characteristic and (b) spectra of incident photon to 
current efficiency under AM1.5G illumination of DSCs using bare rutile 
TiO2 NWs and TiO2@TiO core-shell NWs 

 



CHAPTER IV: COAXIAL NANOJUNCTIONS: MOX NWs 

215 
 

4.3.2.3 Section summary 

A thin TiO hongquiite shell on rutile TiO2 NRs provided a significant 
improvement in functionality of the system. Aside from the increased roughness 
and thus surface area for dye loading, we believe that the TiO shell plays an 
active electronic role on the DSC performance enhancement. TiO is an n-type 
semiconductor with a slightly lower band gap than TiO2, between 2.9 and 3.5 
eV.129- 131

4.3.3 SnO2 nanowires and related heterostructures 

 While not much information regarding the relative position of the 
valence and conduction band edge is found in the literature, our results are 
consistent with a type-II band alignment between rutile TiO2 and hongquiite 
TiO. This band alignment would favor the injection of electrons from the dye to 
the NW conduction band, thus leading to increased photocurrents.124 

Tin dioxide (SnO2) was one of the first considered, and still is the most 
frequently used, material for solid state gas sensors and many other applications. 
There is an obvious close relationship between the gas sensitivity of oxides and 
their surface chemical activity and thus gas sensing applications and catalytic 
properties should be considered jointly. This material is also utilized as 
transparent conductor and catalyst in many devices. Tin oxide is special in the 
respect that tin possesses a dual valency, within preferably attaining an 
oxidation state of 2+ or 4+. This dual valence facilitates a variation of the 
surface oxygen composition.70 

SnO2 belongs to the important family of oxide materials that combine low 
electrical resistance with high optical transparency in the visible range of the 
electromagnetic spectrum. These properties are notably useful for electrode 
materials in solar cells, light emitting diodes, flat panel displays, and other 
optoelectronic devices where an electric contact needs to be made without 
obstructing photons from either entering or escaping the optical active area and 
in transparent electronics such as transparent field effect transistors. Another 
property of SnO2 and other transparent conducting oxides (such as ZnO and 
In2O3) is that although they are transparent in the visible they are highly 
reflective for infrared light which can be used as an energy conserving 
material.132,133

The most stable tin oxide structure is SnO2 with mineral name ‘cassiterite’ 
with rutile crystal structure (tetragonal in P42mnm space group). It is a wide 
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band gap semiconductor (Eg = 3.6 eV) and it melts at 232 °C. The unit cell 
structure with corresponding data is shown in Figure 4.36. 

Tin-oxide based catalysts exhibit good activity towards CO/O2 and CO/NO 
reactions.134,135 It is shown that for different oxygen chemical potentials surfaces 
with Sn4+ or Sn2+ are stable. This indicates that an easy reduction and 
reoxidation of SnO2 surfaces can be expected in catalytic oxidation reactions. 
The activity and selectivity of tin-oxide catalysts can be substantially improved 
by incorporation of other elements such as V, Cu, Pd,136Cr,137

All these metal oxides are suitable for gas sensing: Cr2O3, Mn2O3, Co3O4, 
NiO, CuO, CdO, MgO, SrO, BaO, In2O3, WO3, TiO2, V2O3, Fe2O3, GeO2, 
Nb2O5, MoO3, Ta2O5, La2O3, CeO2, Nd2O3, ZnO and SnO2. Among all, ZnO 
and SnO2 are the most commonly used oxides or this purpose. SnO2 sensing 
mechanism is through the surface. Essentially, sensing response occurs when 
electrons are trapped in absorbed molecules and the induced band bending in the 
surface causes a change in conductivity. It is previously described in section 
4.1.4.2. 

 etc. 

In the following, analogous to the previous sections, we start with bare 
NWs, and then we will study heterostructures, which in this case do not only 
consist of core-shell systems, but also NP-on-NW which form p-n nanojunctions 
comprising CuO NPs on SnO2 NWs. 

4.3.3.1 Bare SnO2 nanowires 

According to the properties mentioned in the previous section, SnO2 NWs 
are good candidates due to their high surface/volume ratio, high sensitivity and 
stability. Since the first synthesis of 1D tin oxide nanostructures,138 considerable 

 
Figure 4.36 Rutile tin dioxide (SnO2) unit cell and cell data 
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efforts have been carried out to investigate and improve their applications. In 
addition to their physical characteristics, their surface activity driven by the 
presence of residual groups such as dangling bonds and defects make them 
interesting systems to implement in nanodevices. For instance Hernandez-
Ramirez et al. produced a gas sensor of a single SnO2 NW with high sensitivity 
to CO and humidity.6,72 

In Figure 4.37 HRTEM micrographs of SnO2 NWs are shown. The tip 
matches the structure of hexagonal AuSn ‘yuanjiangite’ belonging to P63mmc 

 
Figure 4.37 HRTEM analysis of a rutile SnO2 NW showing the growth 
direction and the droplet 
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space group139 as it could be predicted that during the growth process, the gold 
NPs melt and make an alloy with Sn, and saturation of this droplet with Sn with 
presence of oxygen gives rise to NW growth. Moreover, Phase diagram of Au-
Sn system (Figure 4.38) confirms the existence of Au-Sn solid solution.140,141

Further, in SnO2 NWs kinks and branches were observed as shown in 
Figure 4.39. In the kinks the growth direction changes from [101] to [10-1] 
which are essentially from the same plane family. In the branched NWs, the NW 
continues in [101] direction likewise it branches out from [10-1] direction. 

 
Interestingly, in SnO2 NWs the interface between the droplet and the NW is 
never perpendicular to the growth direction. As indicated in Figure 4.37, the 
NWs grow in [101] direction, and the planes lying under (11-20) planes of the 
droplet are (101) as well. However, as the structure is tetragonal, (101) planes 
are not perpendicular to [101] direction, i.e. there is a 22.15° angle between 
them. 

It was interesting to investigate whether branching causes any strain in the 
NW. Therefore, we performed geometric phase analysis (GPA), in order to 
locate the strain if there is any. The results can be seen in Figure 4.40 and Table 
4.1. The first zone located in the upper part of the main wire is considered as the 
reference. Therefore, fringe deformation and rotation is zero in this case. The 
second zone is taken from the branch. The third zone is in the lower part of the 
main wire, and the fourth zone is located in junction point in the center, where 

 
Figure 4.38 Au-Sn phase diagram140
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the branch starts to sprout. The results in Table 4.1 show that the branched NWs 
are acceptably relaxed as almost in all the cases the deformation is less than 1%. 
The important point here is that no strain can be seen in the junction of the 
branch from the GPA maps of Figure 4.40. The junction is the critical zone from 
which the strain was expected to be high, however, the GPA maps reveal that 
there is no strain in this zone. 

SnO2 NWs with such excellent properties can be good candidates for core 
structure in the heterostructuring approach. Therefore, in the following, various 
core-shell and NP-on-NW systems are studied. Titanium oxide, vanadium oxide, 
and a mixture of them are accommodated on SnO2 NWs as shells, and 
afterwards in the other approach SnO2 NWs are decorated with CuO NPs.  

 
Figure 4.39 Kinks and branches in SnO2 NWs 

 
Figure 4.40 GPA on a branched SnO2 NW 
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Table 4.1 Results of GPA on a branched SnO2 NW 
Position 
 
 

Fringe             
Def. Result 

1 2 3 4 

    

D1 0% (ref.) -0.10% 0.07% -0.04% 

R1 0° (ref.) 0.39° 0.38° 0.24° 

D2 0% (ref.) 0.11% -0.07% -0.75% 

R2 0° (ref.) 0.57° 0.91° 0.53° 

D3 0% (ref.) -0.38% -1.24% -0.92% 

R3 0° (ref.) 0.48° -0.04° -0.004° 

 

4.3.3.2 SnO2@Ti2O nanowires 

HRTEM analysis and simulation investigations of the titania coated SnO2 
nanowires confirms epitaxial growth of a thin trigonal Ti2O shell on the SnO2 
surface (Figure 4.41). In the case of TiO2 rutile on SnO2 we should expect the 
following mismatches: 3.03% in the front views from [100]TiO2 rutile//[100]SnO2 
zone axis, and 5.90% in the side view from [011]TiO2 rutile//[011]SnO2 direction. 
Although the decomposition of Ti(OiPr)4 by LPCVD was reported to form TiO2 
deposits at temperatures in the range of 400-600 °C, the low-pressure CVD 
processes are in general well-suited for the synthesis of metastable phases due to 
non-equilibrium conditions prevalent in the CVD reactor.142

Nonetheless, time-resolved in-situ mass spectrometric analysis of its 
decomposition products proved the existence of reducing agents such as H2 
during the deposition process (see Figure 4.42). The intriguing formation of 
Ti2O in contrast to the expected TiO2 coating in such a thin layer can be 
explained in terms of non-equilibrium thermodynamics and the minimization of 
the Gibbs’ free energy of the system. 

 

Above a certain critical thickness, the formation of the shell is driven by 
thermodynamically favored processes. Thus, the minimum energy state 
necessary to overcome the strain created at the interface between core and shell 
materials is reached for example by the formation of defects such as 
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dislocations. However, in the first stages of film growth, the crystal lattice of the 
shell tries to match the one of the core to create defect-free structures. In this 
case, the system needs to adjust the intrinsic strain created at the interface, and 
the minimum energy state is governed by searching the best epitaxial 
relationship between the crystal lattices. 

In this context, thin Ti2O layers grow at the surface of the SnO2 nanowires 
up to a certain critical thickness, in which the lattice mismatch is adjusted in 

   
Figure 4.41 HRTEM image of a SnO2 core NW with a Ti2O shell showing 
the zone axis and growth directions. Power spectra show the 
crystallographic structure in (c) the layer and (e) the island, which are the 
same. The zones indicated by squares are magnified and frequency filtered 
in images (b) and (d). This comparison shows that the layer and the island 
have the same crystallographic structure. The power spectrum shown in the 
inset refers to the rutile SnO2 core. 

 
Figure 4.42 In-situ mass spectrometical analysis of the gas phase during 
the deposition process of Ti(OPri)4: m/z=2 (H2

+), 18 (H2O+), 15 (CH3
+), 42 

(C3H5
+), 45 (C2H6O+), 59 (C3H7O+)59 
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order to reach epitaxial growth. Epitaxial growth of TiO2 onto SnO2 presents 
serious problems due to the larger mismatch between both materials which is 
presented in Table 4.2. It is well-known that there exist three polymorphs of 
TiO2: anatase (tetragonal), rutile (tetragonal) and brookite (orthorhombic). 
Anatase and rutile phases are expected from the chemical vapor decomposition 
of Ti(OiPr)4 because they are more stable and thermodynamically most 
favorable. 

Furthermore, the tetragonal symmetry is isostructural with rutile SnO2 
NWs, which in principle minimizes the enthalpy of mixing. However, according 
to the computer simulations, the lattice mismatch between rutile TiO2 and SnO2 
is still considerable reaching values of 23.11% in the front views from [100]TiO2 

rutile//[100]SnO2 zone axis, and 24.48% in the side view from [011]TiO2 

rutile//[011]SnO2 direction. In the case of anatase TiO2 on SnO2, the mismatch 
dramatically increases reaching values up to 225.15% in the front views from 

 
Figure 4.43 Atomic simulation of the interfaces between rutile SnO2 NW 
core and different shells: (a) Ti2O, (b) Ti2O3, (c) TiO2 rutile and (d) TiO2 
anatase. Top views show the [10-10]Ti2O // [0-11]SnO2 in the case of Ti2O on 
SnO2, [11-20]Ti2O3 // [0-11]SnO2 zone axis in the case of Ti2O3 on SnO2 and 
[0-11]TiO2 // [0-11]SnO2 in the case of TiO2 rutile and anatase on SnO2. Front 
views are visualized along the [0001]Ti2O/Ti2O3 // [100]SnO2 zone axis in the 
case of Ti2O and Ti2O3 on SnO2, and along the[100]TiO2 // [100]SnO2 zone 
axis in the case of TiO2 rutile and anatase on SnO2. Finally, the side view 
corresponds to the [-12-10]Ti2O // [011]SnO2, [-1100]Ti2O3 // [011]SnO2 and 
[011]TiO2 anatase/rutile // [011]SnO2 directions. In each case mismatch percentage 
is indicated under the model. 
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[100]TiO2 anatase//[100]SnO2 zone axis, and 211.50% in the side view from 
[011]TiO2 anatase//[011]SnO2 direction (see Figure 4.43). 

 
 

Table 4.2 Mismatch values (%) between cassiterite SnO2 core and 
different TiOx shell systems 

  
SnO2@Ti2O  

 
SnO2@Ti2O3 

SnO2@TiO2 

(rutile) 
SnO2@TiO2 

(anatase) 

Front +2.28 +4.32 +3.03 +20.10 

Side -0.63 -4.22 +5.9 -33.02 

 
 
In contrast, Figure 4.41(a) shows a homogeneous Ti2O shell covering the 

surface of the SnO2 NWs after few seconds of deposition. Two areas were 
investigated in detail corresponding to a region of the monolayer; and an island 
in the first stage of nucleation formed in the shell. Figures 4.41(c) and 4.41(e) 
show the indexed power spectra corresponding to the areas Figures 4.41(d) and 
4.41(d), respectively. The Ti2O shell formed in both cases a crystalline structure 
with trigonal symmetry in P-3m1 space group (no. 164).143,144

4.3.3.3 SnO2@V2O3 nanowires 

 HRTEM analysis 
confirms the epitaxial growth of the (10-10) planes of trigonal Ti2O on the (01-
1) planes of rutile SnO2, orthogonal to the NW growth direction [011]. The 
reduced Ti phase found experimentally (Ti2O), showed a significantly lower 
mismatch than the expected for TiO2 in its rutile phase, in particular 2.28% in 
the front views from [0001]Ti2O//[100]SnO2 zone axis, and 20.63% in the side 
view from [-12-10]Ti2O//[011]SnO2 direction. Simulations of this interface, 
associated with the two other interfaces of SnO2@V2O3 and SnO2@TiVO3 are 
brought in section 4.3.3.4 in Figure 4.43. 

HRTEM images shown in Figure 4.44 reveal a homogeneous V2O3 shell 
layer epitaxially grown on the SnO2 NW core. Several VOx crystal structures 
with different stoichiometries were simulated in order to unambiguously identify 
the structure of the shell present in the SnO2/VOx heterostructure. Among all 
different phases of vanadium oxide, karelianite V2O3 (with trigonal structure) 
exhibits the best epitaxial relationship with SnO2, and consequently the lowest 
mismatch. In previous works, the thermal decomposition of VO(OiPr)3 at such 
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temperatures resulted in the formation of VO2 deposits.30 However, the 
formation of H2 during the decomposition process of this precursor, followed by 
time resolved in situ mass spectrometry measurements, might also facilitate the 
formation of partially reduced overlayers. Therefore, the formation of a thin 
V2O3 film on the SnO2 surface can be explained similarly to the case of the TiOx 
system. On the one hand, when the layer is too thin, the expected VO2 deposits 
might be reduced to V2O3 in the presence of reducing agents in the gas phase 
(H2) that interact with the surface of the deposited materials. Furthermore, the 
structure of V2O3 adapts to the SnO2 lattice with the lowest mismatch. On the 
HRTEM micrograph of Figure 4.44 shows the growth directions and epitaxial 
relationship at the interface of the SnO2/V2O3 core-shell heterostructure are 
indicated.  

Although the shell has a homogeneous structure, the presence of 2D 
monolayers and 3D islands in the shell is notable (as well as in the case of Ti2O 
shell in previous part). The SnO2 nanowire grows along the [011] direction and 
exhibits (0-11) planes facing the surface, which are continued by (11-20) planes 
corresponding to the trigonal V2O3 shell. In Figure 4.44 displays the colored 

  
Figure 4.44 HRTEM image of a SnO2 core NW with V2O3 shell associated 
with the frequency-filtered image in color (green and blue colors 
correspond to SnO2 and V2O3, respectively as well as on the power 
spectrum) and the indexed power spectrum (FFT) 
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frequency filtered (IFFT) HRTEM image of the system is revealed which shows 
the rutile SnO2 core (green) and the karelianite V2O3 shell (blue). The power 
spectrum (FFT) in this figure confirmed that (11-20) planes of karelianite V2O3 
shell were grown parallel to the (0-11) planes of rutile SnO2 with a slight 
difference in cell parameter. In other words, (11-20) plane series of karelianite 
V2O3 grows epitaxially on (0-11) plane series of rutile SnO2 facing the surface 
of the NW. The remaining plane series shown in the power spectrum are slightly 
different in angle and size. Comparing the crystallographic structure of bulk 
karelianite V2O3 with the one found on the shell, some differences are noticed. 
These variations can be interpreted as the result of the strain that the layer 
suffers to decrease the mismatch between V2O3 shell and SnO2 core. The 
trigonal V2O3 shell trying to match with the core causes a +2.2° deformation on 
the (-2110) planes and a +0.1 Å crystal expansion on the (1-210) plane distance. 
The final theoretical mismatch in this case is 0.06% in the front views from 
[0001]V2O3//[100]SnO2 zone axis, and 21.48% in the side view from [-
1100]V2O3//[011]SnO2 direction (see also simulations in Figure 4.48). Moreover, 
no intermixing of cations is observed in these core-shell nanostructures, 
corroborating the good compatibility of these two materials. 

4.3.3.4 SnO2@TiVO3 nanowires 

Since the ionic radius of the 6-coordinated V4+ in VO2 (0.072 nm) is very 
close to that of Ti4+ in a rutile TiO2 crystal (0.0745 nm) a large feasibility is 
expected in the formation of mixed metal TiVOx phase. Rutile TiO2 is a stable 
material with a band gap larger than 3 eV (3.75 eV direct and 3.05 indirect) and, 
hence, a combination of TiO2 and VO2 seems to satisfy the requirements for 
formation of a solid solution with a band gap narrower than TiO2 and fulfilling 
the whole thermochemical stability requirement. Although VO2 with band gap 
energy of 0.62 eV is a well-known rutile type crystal, the multiple chemical 
valences offered by the vanadium can cause variation in the V:O stoichiometry 
and phase structure of the final material depending upon the synthesis 
conditions. 

Figure 4.45 shows the titanium-vanadium oxide (TVO) shells on SnO2 NWs 
at different growth levels. The shell formation via CVD follows a general trend 
in all cases. Initially, monolayers are formed (2D layer-by-layer growth) and 
beyond a critical layer thickness, due to the accumulated stress energy, growth 
continues through the nucleation of 3D islands. Figure 4.45 from left to right 
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shows how the shell grows. The image at left reveals the first stage of growth. 
First, a homogeneous TVO monolayer with a thickness of few nanometers 

 
Figure 4.45 TVO shell growth on SnO2 NWs at different stages from left 
to right 

 
Figure 4.46 HRTEM image of a SnO2 core nanowire with a TVO type 
shell associated with frequency-filtered images obtained from the indexed 
power spectrum (green and blue correspond to SnO2 and TVO, 
respectively) 
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grows uniformly and epitaxially on the NW surface reaching a critical thickness, 
after which island nucleation and coalescence occurs. In the next image the layer 
is thicker and more islands appear to nucleate and grow. Finally, in the image at 
right the monolayers increase the thickness and nucleated islands cover the 
whole surface. Such growth mechanism is well-known as ‘Stranski-Krastanov’ 
(SK).145

Figure 4.46 shows the HRTEM analysis of the titanium-vanadium (TVO) 
shell, which is composed of both monolayer and islands formed at the SnO2 
surface. The SnO2 NW grows along the [011] direction. In this Figure the 
magnified view of the TVO shell and its corresponding power spectrum are 
shown, in which slight differences between the cell parameters of the core and 
the shell can be found. To confirm the heterostructure composition, the power 
spectrum was frequency filtered (IFFT) where a clear interface between the 
SnO2 core (green) and the TVO (blue) shell is easily observed. The lower image 
exhibits (11-20) planes of karelianite TiVO3 lying on (01-1) planes of rutile 
SnO2. 

 

Figure 4.47 shows the Z-contrast or high-angle annular dark-field 
(HAADF) image of the SnO2/TVO core-shell heterostructure, in which an EELS 
spectrum profile was performed. EELS analyses revealed that the relative 

  
Figure 4.47 Z-contrast STEM image with line-scan EELS along the 
diameter of an SnO2@TVO core-shell NW 
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content of Ti and V on the shell is 50 at%, respectively. Computer simulations 
suggest that the TVO shell presents a crystal structure equivalent to the 
previously analyzed karelianite V2O3 shell structure (trigonal), which so far 
showed the best epitaxial relation with the cassiterite SnO2 NWs (tetragonal). 
According to literature, Ti atoms can substitute the position of the V atoms 
maintaining the karelianite structure.146,147

 

 As the relative content of V and Ti is 
equal (50%), the formation of rhombohedral (Ti0.5V0.5)2O3 structure is proposed 
(Table 4.3). 

 
Table 4.3 Mismatch values (%) between cassiterite SnO2 core and 
different shells: Ti2O, TVO, and V2O3 

 
SnO2@Ti2O  SnO2@(Ti0.5V0.5)2O3 SnO2@V2O3  

Front +2.28 +1.47 +0.06 

Side -0.63 -1.55 -1.48 

 
 
The epitaxial relationship between the proposed (Ti0.5V0.5)2O3 shell and the 

SnO2 core was modeled. Values of +1.47% and -1.55% were obtained for the 
mismatch in front and side views, respectively (Figure 4.48), which is in good 
agreement with the HRTEM results. Although the mismatch is not as low as in 
the case of pure trigonal V2O3, the epitaxial relationship has been improved 
comparing to pure trigonal Ti2O titanium oxide. The atomic models simulated 
reveal that by increasing the percentage of vanadium in the shell, the mismatch 
between the SnO2 core and TVO shell decreases. Even though Ti2O3 with 
trigonal structure was not empirically formed, atomic simulations were still 
performed to understand more clearly the formation of the TVO shell (see 
Figure 4.43). 

The theoretical mismatch calculated in the simulated model for Ti2O3 on 
SnO2 was found to be +4.32% in the front views from [0001]Ti2O3//[100]SnO2 
zone axis, and -4.22% in the side view from [-1100]Ti2O3//[011]SnO2 direction 
(Figure 4.43). Therefore, trigonal Ti2O evidently showed the best matching on 
SnO2 among all the studied titanium oxides, which supported its formation by 
CVD. However, the stabilization of this subvalent Ti phase is rather intriguing 
and is currently the subject of further investigations within our research. 



CHAPTER IV: COAXIAL NANOJUNCTIONS: MOX NWs 

229 
 

Summarizing, SnO2@V2O3 core-shell heterostructures show the best 
epitaxial relationship at the heterojunction. Although the Ti2O shell shows a 
partially good epitaxy with the SnO2 core, it does not show a smooth and 
homogeneous surface, as it is chemically unstable. Meanwhile, the mixed oxide 
shell which leads to the formation of SnO2@(Ti0.5V0.5)2O3 heterostructures 
shows a smooth structure with low mismatch in the heterojunction (+1.47% and 
-1.55% of mismatch in front and side view respectively), and it is expected to be 
more chemically and structural stable. 

4.3.3.5 SnO2 nanowires decorated with CuO nanoparticles 

On the one hand, SnO2 NWs were proved to be good candidates for gas 
sensing due to their suitable thermal and chemical stability, low electrical 
conductivity, and high selectivity. On the other hand, CuO is a suitable material 

 
Figure 4.48 Atomic simulation of the interfaces between rutile SnO2 NW 
core and different shells: (a) Ti2O, (b) (Ti0.5V0.5)2O3, and (c) V2O3. Top 
views show the [10-10]Ti2O//[0-11]SnO2 in the case of Ti2O on SnO2 and 
[11-20](Ti1-xVx)2O3//[0-11]SnO2 zone axis in the case of TVO and V2O3 on 
SnO2. Front views are visualized along the [0001]Ti2O/(Ti1-xVx)2O3//[100]SnO2 
zone axis in all the cases. Finally, the side view corresponds to the 
[-12-10]Ti2O//[011]SnO2 and [-1100](Ti12xVx)2O3//[011]SnO2 direction. In each 
case mismatch percentage is indicated under the model. 
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for H2S detection. In addition SnO2 is an n-type semiconductor, while CuO is a 
p-type. Therefore, a wise idea can be creating a heterostructure in order to take 
advantage of the properties of both materials, as their interface forms a p-n 
junction. CuO NP acts like a p-type semiconductor and SnO2 NW as an n-type, 
where a depletion zone appears in the interface. 

Before studying this heterostructure, it is worth to mention a few words 
about the behavior of CuO in gas sensing. Copper oxide which is the product of 
interaction of oxygen with copper has two different structures: CuO and Cu2O. 
Copper (II) oxide, or cupric oxide (CuO), is an intrinsically p-type 
semiconductor mainly due to Cu vacancies148

In the n-type semiconductors that follow surface sensing mechanism (such 

 with a narrow band gap of 1.2 eV. 
Copper (I) oxide or cuprous oxide (Cu2O) is a p-type semiconductor as well, and 
has an energy gap of 2.1 eV and a cubic crystal structure. 

 
Figure 4.49 CuO NWs, BF-TEM micrograph (top-left), SEM micrograph 
(top-right), and HRTEM analysis (bottom) associated with indexed power 
spectrum (bottom-right) 
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as ZnO, SnO2, In2O3), there is a decrease in conductance while they are exposed 
to oxidizing gases (e.g. NO2 or O3). Additionally in p-type semiconductors like 
CuO, electrical conductivity decreases in the similar condition, which is 
attributed to a decrease in the charge carrier (hole) concentration upon reaction 
between the oxidizing gas and the absorbed oxygen species.149,150 For copper 
oxide NWs (shown in Figure 4.49), as it is a p-type oxide semiconductor, the 
measured current decreased in presence of reducing gases (e.g. ethanol and 
methane) as shown in Figure 4.50. Their interaction with the metal oxide surface 
produces similar effect on the conductance of the sensing layer i.e. a reduction 
in the conductance. This phenomenon is due to a reduction of charge carrier 
(holes) concentration upon reaction between the target gas and the adsorbed 
oxygen species.151 However, sensing mechanism of CuO exposed to H2S gas is 
different. In Figure 4.50 (right) the behavior of CuO NWs towards various 
concentrations of H2S at different working temperatures is revealed. H2S 
interacts with CuO according to two different mechanisms152,153

(i) At low concentration adsorbed oxygen on the surface causes the 
oxidation of H2S via reaction:  

 depending on 
the gas concentration:  

2H2S(g) + 3O2
-(ads) → 2H2O(g) + 2SO2(g) + 3e- 

Released electrons recombine with holes on the semiconductor surface, 
resulting in an increase of the resistance. This process is easily recovered 
removing the gas and exposing the semiconductor surface to synthetic air flow.  

  
Figure 4.50 (Left) Dynamic response of CuO NWs at a working 
temperature of 400 °C towards 50 ppm square concentration pulses of 
Ethanol and Methane, (Right) Dynamic response towards 1, 5 and 10 ppm 
of H2S at 200, 300 and 400 °C20
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(ii) At high concentration another reaction occurs together with the previous 
one: 

H2S(g) + CuO(s) → CuS(s) + H2O(g) 

In the case of CuO NWs, this reaction causes the formation of CuS 
compound which covers the surface of CuO NWs. CuS, being metallic, 
enhances the connectivity between the neighboring NWs and the conductivity of 
the surface of each NW, which results in a decrease of the overall resistance of 
the samples and an increase of the conductance. This second mechanism is also 
reversible but it is much slower than the first one, and the reversibility is 
thermally activated. In the case of CuO NPs on SnO2 NWs, H2S absorption to 
the surface of CuO NPs/SnO2 NWs with the second mechanism, changes the 
CuO to metallic CuS. A schematic illustration of this mechanism is shown in 
Figure 4.51. In this figure, it is proposed that the main underlying sensing 
mechanism of p-CuO NP/n-SnO2 NW heterostructures upon exposure to H2S is 
the chemical transformation from p-CuO to metallic CuS which modifies the 
depleted region that is formed at the p-CuO/n-SnO2 interface and strangles the 
conduction channel inside the NWs in oxygen-rich atmosphere. After exposure 
to H2S, the breakup of the p-n junction effectively enlarges the conduction 

  
Figure 4.51 Scheme of p-CuO NPs on n-SnO2 NWs showing the sensing 
mechanism28
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section in the NW, leading to a significant improvement of the conductivity. 
Second order effects like the oxidation of H2S by adsorbed oxygen on CuO NPs 
may also contribute to the p-n junction modulation.20,26,154,155

In Figure 4.52 HAADF-STEM images of p-CuO NP/n-SnO2 NW 
heterostructure with an EDX elemental map are shown. One can see how the 
NPs decorate the NWs. The NPs, compared to the NW are relatively large and 
they have an interface which cannot be studied by HRTEM due to the big size of 
the NPs which cover the interface and the NW. 

 

Figure 4.53 shows the response of an individual p-CuO NP/n-SnO2 NW 
heterostructure to H2S pulses. Note that the dynamic response of the device is 
convoluted with the dynamic response of the gas chamber. The inset in this 
figure is an SEM image of the single NW sensor setup. It was prepared by 
focused ion beam (FIB) lithography. Pt is deposited in the two ends of the NW 

 
Figure 4.52 HAADF-STEM images of the p-CuO NP/n-SnO2 NW 
heterostructures, associated with EDX maps showing the positions of the 
elements: Cu (green), Sn (blue), and O (red) 
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for connecting the NW to the rest of the circuit. In the lower image of this 
figure, response of the above setup as a function of H2S concentration can be 
seen. This fact confirms the selectivity of the device in the case of H2S. 

Figure 4.54 (top) reveals the responses of the bare SnO2 NW and the p-CuO 
NP/n-SnO2 NW heterostructure to different gases, i.e. CO, NH3, and H2S. The 
response, S, is defined by Ggas/Gair where Ggas is conductance of the NW while 
exposed to the gas and Gair is the NW conductance in the air. A dramatic 
enhancement in sensing response to H2S gas is observed in the case of the 
heterostructure which is attributed to the aforementioned sensing mechanism 
which is different from the redox reactions that occur in the case of NH3 or CO. 

In all cases, gas responses were reversible since sensors completely 
recovered the initial conductance baseline in synthetic air for the applied H2S 
pulses with response and recovery time constants below 3 and 10 min, 

  
Figure 4.53 (Top) Response of an individual p-CuO NP/n-SnO2 NW 
heterostructure to H2S pulses (dynamic response of the device is 
convoluted with the dynamic response of the gas chamber, and the inset is 
an SEM image of the single NW sensor setup), (bottom) response of the 
above setup as a function of H2S concentration28
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respectively (see Figure 4.54 (bottom)). Optimal working conditions were 
observed between 200 °C and 250 °C, whereas smaller response values towards 
H2S were monitored at lower and higher temperatures (Figure 4.54 (center)). At 
high temperatures (T > 250 °C), a partial and fast regeneration of the 
thermodynamically more stable p-CuO from CuS during H2S pulses cannot be 
discarded, avoiding a complete breakup of the p-n junction.26 

4.3.3.6 Section summary 

In section 4.3.3 we used SnO2 NWs as reliable bases for different 
heterostructures. Both core-shell and NP-on-NW systems approaches were 
followed to improve the efficiency of the devices.  

  
Figure 4.54 (Top) Response of an individual p-CuO NP/n-SnO2 NW 
heterostructure to different gases, (center) comparison between sensing 
response of bare SnO2 NW and the one of p-CuO NP/n-SnO2 NW 
heterostructure to a 2 ppm H2S gas at different temperatures, and (bottom) 
enlarged response of the heterostructure to 2 ppm H2S at 200 °C. (response 
time: TR, recovery time: Trec)28
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Titanium oxide, vanadium oxide and the mixture of both was 
accommodated. Amongst,  SnO2@V2O3 core-shell heterostructures show the 
best epitaxial relationship at the heterojunction. Ti2O shell shows a partially 
good epitaxy with the SnO2 core, but it does not show a smooth and 
homogeneous surface. Meanwhile, the mixed oxide shell which leads to the 
formation of SnO2@TiVO3 heterostructures shows a smooth structure with low 
mismatch in the heterojunction, and it is expected to be more chemically and 
structural stable, while taking advantage of photocatalytic activity of the 
titanium oxide. 

On the other hand, p-CuO NP/n-SnO2 NW heterostructure dramatically 
enhanced sensitivity and selectivity of H2S gas sensing response as a dissimilar 
sensing mechanism is employed. The breakup of these p-n junctions at 
nanoscale gave rise to this improvement. It was another example for taking 
advantage of oxide-oxide nanojunctions which in this case were engineered for 
gas sensing devices. In general, both core-shell and NP-on-NW approaches 
showed their promise in functionality enhancement. 

4.4 Conclusion 

In this chapter we proved the importance of oxide-oxide nanojunction 
engineering which can make considerable changes in their properties. There is 
an ample range of semiconductor metal oxides synthesized in the form of NPs, 
NRs, NWs, etc utilized in different applications. Further, the possibility of 
having heterostructures, e.g. coaxial, heteroaxial, NP-on-NW, NW-on-NW can 
increase it exponentially. Therefore, a good understanding of the physics behind 
these structures associated with precise structural study leads us to better 
functionality, lower cost, higher yield, and higher reliability of the devices. Such 
approach is likely to end up with the next step, i.e. industrial mass production of 
high-tech devices which are relatively inexpensive to be utilized in daily life. 

In this chapter, oxide NWs were studied. After studying bare metal oxide 
NWs, their properties and advantages, we moved on to heterostructures in order 
to improve them. Three important 1D oxides were employed in the 
heterostructures as the core: ZnO, TiO2, and SnO2. ZnO NWs as appropriates 
core were covered with ZnS and TiO2 polycrystalline shells. Surface area of the 
NWs was increased and they revealed considerably better PEC properties. On 
the other hand, a thin hongqiite TiO shell on TiO2 NWs enhanced the 
photovoltaic efficiency of the material as DSCs. 



CHAPTER IV: COAXIAL NANOJUNCTIONS: MOX NWs 

237 
 

Furthermore, a precise study was conducted on crystal structure of titanium, 
vanadium, and titanium-vanadium oxides as shells on SnO2 NWs. Here, 
epitaxial relationship between the core and the shell played a paramount role in 
formation of structures that were seldom reported before. Formation of Ti2O 
shell was observed which in bulk is not chemically stable. Also, TiVO3 mixed 
oxide with karelianite structure was found which can be justified by mismatch 
study of TiVO3-SnO2 interface. 

Finally, p-CuO NP/n-SnO2 NW heterostructures were created in order to 
have p-n junctions at nanoscale. These nanojunctions exhibited a dramatic 
enhancement is H2S gas sensing response as they take advantage of two sensing 
mechanisms simultaneously. In the case of the second mechanism which is due 
to the formation of the heterostructure, breakup of the p-n junction causes the 
considerable change in electrical resistivity of the NW and thus sensing 
response. 
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5.1 Introduction 
In the previous chapters we studied different ways of nanoengineering, from 

chemical and structural manipulations to morphology changes and coaxial 
heterostructuring. In this chapter we play around with axial heterostructures in 
order to complete our nanoengineering study in functional nanostructured 
materials. In this context, III-V nanowires (NWs) are chosen as they are widely 
used in different devices. 

According to the importance of III-V NWs for many application especially 
optoelectronics, we will have an insight to these materials, particularly GaN 
NWs. Since early 1960s that III-V nitrides attracted the attention of the 
researchers, many efforts have been done so far to develop and control their 
growth, morphology, structure, and properties.1

An important issue in this scenario is polarity determination, as polarity has 
a strong influence on the properties of the materials and heterostructures, e.g. 
electronic, optical properties, morphology, etc.

 Still there is room for further 
improvement of these semiconductors as they still show their promise for novel 
applications. 

2- 5

5
 For instance, Kawaguchi et 

al.  show the influence of polarity on carrier transport in multi-quantum-well 
light-emitting diodes (LEDs), and de la Mata et al.6

6

 studied the influence of 
polarity inversions on the carrier transport in the ballistic regime in twinned 
NWs. Nowadays, aberration-corrected transmission electron microscopes 
(TEMs) allow us to determine the polarity directly from the micrographs while 
they even visualize the small differences in atomic number of the elements (e.g. 
Ga and As) or light atoms (e.g. N and O).  

In this chapter we study GaN NWs which are mostly used for 
optoelectronic applications. Therefore, we start with an introduction to III-V 
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NWs, optoelectronics as their main application, and growth mechanism. Then 
we will study two novel key systems in detail based on GaN NWs. These two 
systems consist on (i) GaN NWs grown on diamond, and (ii) GaN/ZnO axial 
heterostructure NWs. The former is an excellent platform in two ways: On the 
one hand, high-quality GaN NWs can be used for optoelectronic devices in UV 
range. On the other hand, the diamond in this heterostructure can be used for 
quantum computation7 and magnetometry.8,9

5.1.1 III-V nanowires 

 The latter system, nevertheless, 
provides an intrinsic polarity inversion, as we will see in this chapter, which 
may enrich the study of their resulting electronic band structures as p-n 
junctions. 

III-V semiconductors have been used for many applications in 
optoelectronics10,11 and microelectronics12,13

On the other hand, the form of one-dimensional (1D) structures like a NW 
offers further advantages due to their geometry, e.g. superior mechanic 
toughness, higher carrier mobility and luminescence efficiency, and lower lasing 
threshold.

 as they usually have wide band 
gaps. These materials, especially GaN, offer novel properties that can be used in 
devices such as white/color light emitting diodes (LEDs) for color displays or 
traffic lights, blue/violet laser diodes (LDs) for optical data storage or laser 
printing, UV detectors, and high power-high frequency transistors for radars and 
communication devices. 

14 In recent years, III-V NWs with binary and ternary compounds such 
as GaAs,15,16 InGaAs,17 GaSb,18 InAs,19 InSb,20 InAsSb,21 GaP,22 InP,23 GaN,24 
InN,25 AlGaN,26 and different heterostructures27,28 comprising two or more of 
them, and also their quantum structures29,30

In particular GaN in the form of NW is a quite promising material for 
optoelectronics as its wide band gap (Eg = 3.4 eV) can be tuned by impurities 
and heterostructuring in order to have emission with different wavelengths and 
colors from yellow to UV. GaN is capable of being doped with n-type and p-
type impurities,

 are widely investigated and 
employed for many different applications especially optoelectronics.  

31 and additionally it can also be heterostructured. For instance, 
by introducing Al in GaN structure we create ternary Al1-xGaxN where the band 
gap can be modulated by changing the Al content. This allows, for example, an 
enhancement of the green emission in AlGaN LEDs (previously the green-
emission efficiency of bare GaN was poor).32 
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In this chapter we focus on two novel approaches obtained by engineering 
the GaN-based heterostructures. In a first example, we will study the growth of 
GaN NWs on diamond substrates, and secondly, new axial p-n heterojunction of 
n-doped ZnO on top of a p-GaN NW will by studied. In this latter case, the 
polarity inversion observed across the GaN-ZnO junction will give interesting 
properties to the devices. 

5.1.2 Optoelectronics and optoelectronic devices 

Optoelectronic devices mostly consist of a p-type and n-type region, just 
like a regular p-n diode. The key difference is that there is an additional 
interaction between the electrons and holes in the semiconductor and light. This 
interaction is not restricted to optoelectronic devices. Regular diodes are also 
known to be light sensitive and in some cases also emit light. The key difference 
is that optoelectronic devices such as photodiodes, solar cells, LEDs and laser 
diodes are specifically designed to optimize the light absorption and emission, 
resulting in a high conversion efficiency. 

Light absorption and emission in a semiconductor is known to be heavily 
dependent on the detailed band structure of the semiconductor. Direct band gap 
semiconductors, i.e. semiconductors for which the minimum of the conduction 
band occurs at the same wavevector, k, as the maximum of the valence band, 
have a stronger absorption of light as characterized by a larger absorption 
coefficient. They are also the favored semiconductors when fabricating light 
emitting devices. Indirect band gap semiconductors, (semiconductors for which 
the minimum of the conduction band does not occur at the same wavevector as 
the maximum of the valence band), are known to have a smaller absorption 
coefficient. This striking difference is illustrated in Figure 5.1 and can be 
explained based on the energy and momentum conservation required in the 
electron-photon interaction. In the direct band gap semiconductor, which has a 
vertically aligned conduction and valence band, (Figure 5.1(a)), absorption of a 
photon is obtained if an empty state in the conduction band is available for 
which the energy and momentum equals that of an electron in the valence band 
plus that of the incident photon. Photons have little momentum relative of their 
energy since they travel at the speed of light. The electron therefore makes an 
almost vertical transition on the E-k diagram. However, for an indirect band gap 
semiconductor, as the conduction band is not vertically aligned to the valence 
band (Figure 5.1(b)), a simple interaction of an incident photon with an electron 

http://ecee.colorado.edu/~bart/book/book/chapter4/ch4_6.htm#fig4_6_1�
http://ecee.colorado.edu/~bart/book/book/chapter4/ch4_6.htm#fig4_6_1�
http://ecee.colorado.edu/~bart/book/book/chapter4/ch4_6.htm#fig4_6_1�
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in the valence band will not provide the correct energy and momentum 
corresponding to that of an empty state in the conduction band. As a result 
absorption of light requires the help a phonon. Since a phonon, has a relatively 
low velocity close to the speed of sound in the material, it has a small energy 
and large momentum compared to that of a photon. Conservation of both energy 
and momentum can therefore be obtained in the absorption process if a phonon 
is created or an existing phonon participates. The phonon assisted absorption 
processes are illustrated with Figure 5.1(b) and (c). Figure 5.1(b) illustrates the 
absorption of a photon aided by the simultaneous absorption of a phonon, while 
Figure 5.1(c) depicts the absorption of a photon, which results in the emission of 
a phonon. The minimum photon energy that can be absorbed is slightly below 
the band gap energy in the case of phonon absorption and has to be slightly 
above the band gap energy in the case of phonon emission. Since the absorption 
process in an indirect band gap semiconductor involves a phonon in addition to 
the electron and photon, the probability of having an interaction take place 
involving all three particles will be lower than a simple electron-photon 
interaction in a direct band gap semiconductor. As a consequence, one finds that 
absorption is much stronger in a direct band gap material.33

The most important optoelectronic devices which take advantage of photon 
absorption/emission are: photodiodes, solar cells, LEDs, and laser diodes (LD). 
In the following we briefly describe each one of them. 

 

 

Figure 5.1 Schematic illustration of (a) direct and (b), (c) indirect band 
gap, (b) photon absorption in an indirect band gap semiconductor assisted 
by phonon absorption and (c) photon absorption in an indirect band gap 
semiconductor assisted by phonon emission 
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5.1.2.1 Photodiodes and solar cells 

Photodiodes and solar cells are fundamentally the same as normal p-n 
diodes, with this difference that exposure of the photodiode to light results is an 
additional photocurrent due to photo-generation of electrons and holes as 
illustrated in Figure 5.2. The electrons and holes are pulled into the region where 
they are majority carriers by the electric field in the depletion region. The photo-
generated carriers cause a photo-current, thus, the device can be used as a photo-
detector as its resistivity changes when a photon is absorbed. 

Likewise, solar cells follow the same principles, but they are typically 
illuminated with sunlight and are intended to convert the solar energy into 
electrical energy. The solar energy is in the form of electromagnetic radiation, 
more specifically ‘black-body’. The spectrum of the sun is consistent with that 
of a black body at a temperature of 5800 K. The radiation spectrum has a peak at 
0.8 eV where a significant part of the spectrum is in the visible range of the 
spectrum (400-700 nm). The power density is approximately 100 mW/cm2. 
Even so, only part of the solar spectrum actually makes it to the surface of the 
earth. Scattering and absorption in the atmosphere, and the incident angle affect 
the incident power density. Therefore, the available power density depends on 
the time of the day, climate conditions, the season and the latitude of a specific 
location. Of the solar light, which reaches a solar cell, only photons with energy 
larger than the energy band gap of the semiconductor generate electron-hole 
pairs. In addition, one finds that the voltage across the solar cell at the point 
where it delivers its maximum power is less than the band gap energy in 
electron volt. The overall power-conversion efficiency of single-crystalline solar 

 

Figure 5.2 Schematic illustration of photo-generated carrier motion in a 
photodiode 
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cells ranges from 10 to 30 % yielding 10 to 30 mW/cm2. So it is important to 
enhance the absorption coefficient of the device in order to take maximum 
advantage of the solar energy. 

5.1.2.2 Light emitting diodes and laser diodes 

Light emitting diodes (LEDs) are p-n diodes in which the recombination of 
electrons and holes yields a photon (see Figure 5.3). This radiative 
recombination process occurs primarily in direct band gap semiconductors (such 
as GaAs, InP, and GaN) where the lowest conduction band minimum and the 
highest valence band maximum occur at k = 0, where k is the wavenumber. In 
indirect band gap semiconductors such as Si, Ge, and SiC, k ≠ 0.  

The radiative recombination process is in competition with non-radiative 
recombination processes such as trap-assisted recombination. Radiative 
recombination dominates at high minority-carrier densities. Using a quantum 
well, a thin region with a lower band gap, positioned at the junction, one can 
obtain high carrier densities at low current densities. These quantum well LEDs 
have high internal quantum efficiency as almost every electron injected in the 
quantum well recombines with a hole and yields a photon. On the other hand, 
the external quantum efficiency of planar LEDs is much lower than unity due to 
total internal reflection. As the photons are generated in the semiconductor, 
which has a high refractive index, only photons traveling normal to the 
semiconductor-air interface can exit the semiconductor. InGaN/GaN quantum 
well are typical compounds for this purpose.34,35 For GaAs with a refractive 
index of 3.5, the angle for total internal reflection equals 17° so that only a few 
percent of the generated photons can escape the semiconductor. This effect can 
be avoided by having NW semiconductor shape, which ensures that most 

 

Figure 5.3 Schematic illustration of photon generation in a LED 
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photons travel normal to the interface. The external quantum efficiency can 
thereby be increased to larger values. 

Laser diodes, as a matter of fact, are very similar to LEDs since they also 
consist of a p-n diode with an active region where electrons and holes recombine 
resulting in light emission. However, a laser diode also contains an optical 
cavity where stimulated emission takes place. The laser cavity consists of a 
waveguide terminated on each end by a mirror. Photons, which are emitted into 
the waveguide, can travel back and forth in this waveguide provided they are 
reflected at the mirrors. 

The light in the waveguide is amplified by stimulated emission. Stimulated 
emission is a process where a photon triggers the radiative recombination of an 
electron and hole thereby creating an additional photon with the same energy 
and phase as the incident photon as illustrated with Figure 5.4. This ‘cloning’ of 
photons results in a coherent beam. The stimulated emission process yields an 
increase in photons as they travel along the waveguide. 

5.1.3 Catalyst-free growth via molecular beam epitaxy 

Different NW growth methods and mechanisms were discussed in Chapter 
4. However it is important to point up the advantages of catalyst-free growth, as 
metallic impurities deteriorate the optical properties of the NWs. Catalyst-
assisted NW growth through VLS mechanism is a successful method. Gold as a 
catalyst plays an important role: it gathers the precursors which leads to higher 
sticking probability, and decomposes them preferentially In contrast, it can be 
significantly harmful for the properties of the semiconductor, as it diffuses to the 
structure quite fast. In addition, gold is prohibited in semiconductor fabrication 

 

Figure 5.4 Schematic illustration of stimulated emission in an LD 
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facilities. Although in this case some other metals, e.g. Al and Ti can be used as 
catalysts, catalyst-free NW growth methods seem to be more promising.36

Molecular beam epitaxy (MBE) is an ultrahigh vacuum technique 
appropriate for NW growth. Soon after it was invented in 1960s it was used 
mostly for deposition of single crystal and thin film growth with high quality.

 

37 
Nowadays it is used for growing III-V NW38 and creating heterostructures and 
quantum structures within the NWs.39 For GaN NW growth plasma-assisted 
molecular beam epitaxy (PAMBE) is used, because N2 is an inert gas and 
requires excitation to react with Ga2O3. It was also evidenced that for NW 
growth a very low III/V ratio is needed, otherwise GaN films show up instead of 
NWs.40

5.1.4 Structural study: polarity 

 Therefore, plasma excitation of nitrogen is crucial for GaN NW growth. 

Polarity is the concept of determining the relative charge residing on cation 
and anion sites in the lattice.41 It has a considerable influence on physical and 
chemical properties of the compounds which was observed decades ago.42 The 
so-called ‘dumbbell units’, which comprise a pair of atoms, a cation on one side 
and an anion on the other side, are important for polarity determination. The 
orientation of these dumbbell units causes ionicity in some surfaces and also 
determines the internal electric field of the crystal. For instance, in a prismatic 
GaN NW grown in [0001]B direction with (10-10), (1-100), and (01-10) lateral 
facets, the top and bottom surfaces, (0001)B and (0001)A, are N-polar and Ga-
polar, respectively, whereas the lateral surfaces are all non-polar. Recently it has 
been shown that in some semiconductors the growth direction of one-
dimensional nano structures such as NWs43

6
 and other non-planar structures such 

as tripods and tetrapods ,44

Because of their polar axis, III-V crystals grown on a heterosubstrate can 
have two inequivalent orientations along c-axis. In the specific case of GaN, 
these two orientations are referred to as Ga-/N-polarity, depending on whether 
the Ga atoms (N atoms) of the Ga-N bilayers forming the crystal are facing 
towards the sample surface. In Ga-polar samples, the crystallographic c-axis and 
the internal electric field point away from the substrate towards the surface, 
whereas the polarization has the opposite direction. The polarization-induced 
fixed lattice charges are negative at the surface and positive at the substrate 

 is driven by polarity (See also in Chapter 3 the 
growth mechanism of CCTSe quaternary chalcogenide tetrapods).  
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interface. For N-polar materials, all charges and directions are inverted.2 This 
concept will be further described in section 5.3. 

5.2 Experimental 

5.2.1 Synthesis 

Self-assembled GaN NWs were grown on diamond/silicon substrates by 
means of PAMBE. In the case of diamond substrates, they were single crystals 
grown by high-pressure/high-temperature (HPHT) synthesis. They had a (111) 
surface orientation and an offcut angle of about 5°. The surface was polished to 
an atomically flat level and the backside of the substrates was metallized with Ti 
(200 nm) and Pt (70 nm) to improve heat transfer from the radiative MBE 
substrate heater. Prior to growth, the diamond substrates were exposed to an 
oxygen plasma at 200 W for 5 min in order to ensure a well-defined and 
reproducible surface termination. Afterwards, they were immediately transferred 
into the ultrahigh vacuum (UHV) environment of the MBE system. A very low 
III/V flux ratio of about 0.01 was applied, as well as a high substrate 
temperature of 930 °C to ensure high adatom mobility.45

In the case of Si substrates for the p-GaN/n-ZnO NW heterostructures, the 
native oxide layer of low-resistive p-type Si (111) substrates was removed by a 
HF etching step advance. Subsequently, the nanowire growth was performed in 
an UHV environment, where Ga and Mg (for p-type doping of GaN)

 

46

In the case of p-GaN/ZnO heterostructures, as a second step, the Mg-doped 
GaN NWs were transferred to another PAMBE system for ZnO overgrowth, 
where UHV conditions had to be left for several minutes. A double-zone 
effusion cell was used for evaporating Zn while oxygen radicals were provided 
by an Oxford Applied Research RF plasma source operated at 400 W. The Zn 
and O fluxes were fixed. An elevated substrate temperature of 540°C was 
applied to ensure a high quality of the ZnO.

 were 
provided by standard effusion cells and nitrogen radicals were supplied by an 
Oxford Applied Research RF plasma source operated at 425 W. Additionally, a 
Mg dopant flux was applied to ensure a high acceptor concentration in the GaN 
NWs. The substrate temperature was adjusted to 775°C according to pyrometer 
measurement. The growth process was started by a nitridation of the silicon 
substrates for 10 minutes. 

47 
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5.2.2 Structural characterization 

The crystal quality, epitaxy, and faceting of the NWs were investigated by 
high-resolution transmission electron microscopy (HRTEM) and atomic 
resolution aberration-corrected high-angle annular dark-field (HAADF or Z-
contrast) scanning transmission electron microscopy (STEM) imaging. HRTEM 
was performed in a Jeol 2010F microscope, equipped with a field emission gun 
and operated at 200 keV, while HAADF-STEM was performed on a probe 
corrected FEI Titan 60-300 keV microscope operated at 300 keV. The latter was 
employed to carry out electron energy loss spectroscopy (EELS) and energy-
dispersive X-ray spectroscopy (EDX) with high spatial resolution. 

In parallel, we also performed direct polarity measurements on the grown 
GaN NWs, by means of the newly developed aberration-corrected annular 
bright-field (ABF) STEM imaging technique, which allows visualization of light 
elements. For cross-section analyses we prepared the samples by means of 
focused ion beam (FIB). Geometric phase analysis (GPA) was performed for 
strain analysis.48 3D atomic models were created by using Rhodius software 
package49 which allows creating complex atomic models.50

5.2.3 Optical measurements 

  

Photoluminescence was performed with a setup containing a continuous 
wave frequency-doubled Argon ion laser operating at 244 nm excitation 
wavelength and a DILOR double spectrometer with a helium cryostat for low-
temperature measurements. All spectra were recorded at an excitation power of 
20 mW/cm2. Cathodoluminescence (CL) analysis was carried out by means of a 
Jeol 2200FS microscope with Gatan CL detector at room temperature and liquid 
nitrogen temperature. Cryostat was used to cool down the samples to liquid 
nitrogen temperature (-182 °C) inside the microscope. 

5.3 Structure study 
In this chapter, as mentioned, we study interfaces and epitaxial relationships 

with GaN NWs. We will study two novel systems in detail: (i) GaN NWs grown 
on diamond, and (ii) p-GaN/n-ZnO axial heterostructure NWs. The former 
shows perfect epitaxial interface which is necessary for aforementioned 
applications. The latter provides an intrinsic polarity inversion further to the 
excellent epitaxy. It will be shown that the polarity inversion has a significant 
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influence on the electronic band structure of the interface. Optoelectronic 
properties of both systems are examined. 

5.3.1 GaN nanowires on diamond 

The first question that pops out from the mind is: “why diamond?” as it can 
be one of the most expensive substrates for GaN NW growth. Indeed it has 
many advantages. The paramount advantage is the high quality of GaN NWs 
which were obtained. The amount of structural defects is significantly less than 
the NWs grown on conventional substrates e.g. Si. At the same time, the growth 
is catalyst-free and no buffer layer forms in the interface between GaN NWs and 
diamond substrate. In the case of Si substrates, usually a relatively thick buffer 
layer (1-3 nm) made of amorphous SiN occurs,51

Diamond has an excellent thermal conductivity and is considered as a wide-
band-gap semiconductor with a band gap Eg = 5.47 eV

 however, in the case of 
diamond, GaN NWs grow directly on the substrate with epitaxial relationship 
subsequent to the possibility of some applications, for instance, UV-LEDs.  

52 which is sometimes 
considered as an insulator. However, it can be p-doped with boron, which in the 
vicinity of any n-type semiconductors forms a p-n junction useful for 
optoelectronic devices. Previously Stutzmann and coworkers53,54

Other possible applications of this p-diamond/n-GaN NW heterostructure 
can be single-spin magnetometry

 grew 
heteroepitaxial AlN thin films on diamond in order to fabricate heterobipolar 
diodes emitting in UV spectral range. Nevertheless, the performance of the 
device foundered on the numerous structural imperfections in the AlN especially 
in the interface. Moreover, the difference between the thermal expansion 
coefficient of AlN/GaN and the one of diamond, gives rise to cracking of the 
epitaxial film during the cooling-down process (800-930 °C to room 
temperature). Therefore, one can take advantage of NW morphology in order to 
avoid this problem. NWs do not suffer from thermal mismatch as they have 
smaller connecting surface with the substrate and there is some room between 
the NWs which allows the thermal strain to be released and let the 
heterostructure be relaxed. 

8,9 and quantum computation. Neumann et al.7 
show that diamond is a suitable material for hosting robust solid-state quantum 
registers, owing to their spin-free lattice and weak spin-orbit coupling. In fact, 
quantum logic elements can be realized by exploring long-range magnetic 
dipolar coupling between individually addressable single electron spins 
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associated with separate color centers in diamond. The strong distance 
dependence of this coupling was used to characterize the separation of single 
qubits (98±3 Å) with accuracy close to the value of the crystal-lattice spacing. 
As both electron spins are optically addressable, this solid-state quantum device 
can operate at ambient conditions and low temperatures. On the one hand, it is 
possible to introduce defects by ion implantation in order to create nitrogen-
vacancy defects in the diamond lattice,55,56 and on the other hand, photo-assisted 
single-spin readout techniques57,58 are available. Therefore, the charge of the 
nitrogen-vacancy defect (neutral or negative) can be optically read out.59

Figure 5.5 shows SEM images of the substrate after 20 minutes (Figure 
5.5(a)), 40 minutes (Figure 5.5(b)) and 180 minutes (Figure 5.5(c)). The highest 

 To 
electrically control single nitrogen-vacancy centers, GaN NWs are ideal local 
contacts for applying electric fields or for electrical read-out. To this end, the 
same lithography mask can be used for both position-controlled implantation of 
the nitrogen-vacancy centers and self-aligned selective area epitaxy of single 
NWs. 

 

Figure 5.5 SEM images of as-grown GaN NWs on diamond substrate after 
(a) 20 minutes, (b) 40 minutes, and (c) 180 minutes45
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NW intensity was obtained at 40 minutes, as after that the coalescence between 
them takes place. After 180 minutes the substrate is almost fully covered with 
NWs. 

Figure 5.6 reveals top view TEM and HRTEM micrographs on GaN NWs. 
According to the HRTEM analysis, GaN NWs have wurtzite structure with 
hexagonal symmetry belonging to P63mc space group, and they are grown in 
[0001] direction. Lateral facets, as indicated by red arrows, are (10-10), (-1010), 
(01-10), (0-110), (1-100), and (-1100) which are non-polar as at the surface 
always both Ga and N are present with same quantity. 

As discussed above, one of the advantages of diamond substrate is the 

 
Figure 5.6 HRTEM micrograph of a GaN NW from the top view showing 
the WZ structure, prismatic cross-section, and lateral facets 
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epitaxial growth of the GaN NWs with almost no buffer layer. To study the 
interface, a cross-section TEM sample was prepared. Diamond is a hardest 
material and it cannot be easily cut and polished by conventional cross-section 
TEM sample preparation methods. Therefore focused ion beam (FIB) sample 
preparation was a reasonable and appropriate method to this end. Figure 5.7 
shows a Z-contrast image of a NW associated with EELS compositional maps. 
Firstly, the map on the whole NW reveals the homogeneity of the chemical 
composition, and secondly, the magnified map of the interface shows that Ga 
and N abruptly start on the substrate. In the few first atomic monolayers both C 
and N can be seen which is attributed to the slope of the substrate due to the 5° 
offcut.  

Furthermore, we also performed cross-sectional HRTEM analysis. In Figure 
5.8 the interface is clearly seen. Right on diamond GaN starts to grow. The steps 

 
Figure 5.7 Z-contrast images of a GaN NW associated with EELS 
compositional maps 
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of the diamond monolayers due to the offcut are indicated with red arrows. It is 
observed that GaN adapts to these monoatomic steps and grows vertically. The 
power spectra in red and green refer to GaN and diamond, respectively. The 
overlap of these two power spectra reveals the relaxed structure of wurtzite 
GaN. The (2-20) planes reflection of diamond is quite close to (2-200) one of 
GaN. Plane distances in the case of (2-20)Diamond and (2-200)GaN are 1.261 Å and 
1.369 Å, respectively, which theoretically bring 7.89% mismatch, meaning 
within every 12 or 13 (2-20) planes we should have one misfit dislocation. This 
is in good agreement with the experimental results shown in Figure 5.9. The 
HRTEM micrograph at left is frequency-filtered by masking the obtained power 
spectrum in a way that only (2-20)Diamond and (2-200)GaN reflections remain. To 
assign different colors to different structures, these two reflections are taken 
separately. In this figure, the diamond/GaN interface is indicated by a dot line, 
coinciding (2-20)Diamond and (2-200)GaN planes by dash lines, and misfit 
dislocations with yellow arrows. 

In order to see whether the GaN structure is relaxed, we performed 
geometric phase analysis (GPA) as seen in Figure 5.10. The color of the GPA 
map on GaN is almost smooth, meaning no strain is observed. There are some 

 

Figure 5.8 Cross-sectional HRTEM analysis of GaN NW interface with 
diamond substrate 
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points that are indicated but white arrows which seem like strain points, but 
indeed, they are artifacts due to the overlap of the structure with the Pt particles. 
Pt particles come from FIB sample preparation process, deposited to protect the 
sample in front of the ion beam. In addition, in the interface also some strain-
like points are observed which are due to the presence of misfit dislocations. 

In Figure 5.11 this Interface is also studied with 3D atomic models created 
by virtue of Rhodius software package. As a matter of fact, the same mismatch 

 

Figure 5.9 Mismatch analysis on frequency-filtered HRTEM image of a 
GaN/diamond interface 

 

Figure 5.10 Geometric phase analysis (GPA) on the interface of a 
GaN/diamond interface 
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is observed in the interface. Besides, Ga-N pair orientation is visualized from 
two different zone axes, [11-20] and [1-210]. Here it is shown that the lateral 
facets are non-polar as Ga and N are present with equal quantity. In contrast, 
one can see (in both [11-20] and [1-210] zone axes) that the last atomic layer 
consists of only N atoms and Ga-N dumbbells are pointing upwards, meaning 
the NWs are N-polar. The major difference between these two zone axes is the 
way the dumbbells are seen. From [1-210] direction they are vertically oriented 
whereas from [11-20] direction they are oriented diagonally. The problem with 
vertically-aligned dumbbells is that firstly, it can hinder polarity determination 
as the distance between the anion and cation is shorter in the TEM images (0.63 
Å). In [11-20] maximum cation-anion distance (0.89 Å) can be seen. Secondly, 
twin defect cannot be observed and as a consequence wurtzite and zinc-blende 
structures are not distinguishable. In WZ GaN, the distance between a Ga atom 
and the four surrounding N atoms, d is 1.89 Å and the angle between the bonds, 
θ, is 109.48°. Therefore, the dumbbell length from [11-20] zone axis is: 

𝑑
2
𝑐𝑜𝑠𝜃 =  0.89 Å  

 

Figure 5.11 3D atomic models of a GaN NW grown on diamond substrate, 
general view, interface and polarity from [11-20] and [1-210] zone axes 
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and from [1-210] zone axis is: 

𝑑𝑠𝑖𝑛𝜃 = 0.63 Å 

Therefore, in order to determine the polarity by means of high-angle 
annular dark-field (HAADF) and annular bright-filed (ABF) techniques, one 
should use [11-20] (or [01-10] and [10-10] which are equivalent) zone axis. In 
Figure 5.12 we reveal an ABF-STEM image of GaN NW by means of an 
aberration-corrected microscope. ABF is a novel technique60 that allows 
visualizing light atoms such as H,61 O62 6 and N ,45 and thus polarity of 
compounds like ZnO and GaN with atomic resolution. One of the advantages of 
this technique is any polarity inversion within the atomic layers can be 
interpreted directly from the micrographs. 

GaN NWs grown on diamond substrate showed impressive optical 
properties. In Figure 5.13, the photoluminescence (PL) of an ensemble of as-
grown GaN NWs on diamond (Figure 5.13(a)) is presented which was recorded 
at liquid-helium temperature. The spectra are compared with the one of GaN 
NWs grown on Si (Figure 5.13(b) and (c)). Further, the spectra were recorded at 
different temperatures ranging from liquid-helium to room temperature.  

 

Figure 5.12 Annular bright-field (ABF)-STEM micrograph of a GaN NW 
showing N-polarity 
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The PL spectrum consists of a pronounced excitonic near-band-gap 
emission (NBE) at 3.4-3.5 eV, a sub-band-gap emission (SBE) at 3.2-3.3 eV and 
defect recombination forming midgap states. The yellow luminescence, which is 
a well-known problem in GaN films due to structural imperfections,63 is almost 
5 orders of magnitude weaker with respect to the NBE, undermining the 
qualitative superiority of NWs with respect to two-dimensional films. In recent 
years, PL spectra of GaN NWs on silicon substrates have been discussed in 
detail.64 Here the same discussion is used as it seems reasonable to assume the 
same recombination processes in GaN NWs grown on diamond with the 
exception of a different substrate/NW interface. Low-temperature PL spectra of 
as-grown GaN NWs on diamond (111) and silicon (111) substrates are 
compared in Figure 5.13(b) and (c). On silicon substrates, three contributions to 
the NBE can be distinguished which are highlighted in Figure 5b: 3.470 eV (1), 
3.452 eV (2), and 3.424 eV (3). These emission lines have been attributed to (1) 
excitons bound to neutral shallow donor impurities (D0X), (2) excitons bound to 
point defects induced by the N-rich growth conditions, for example, gallium 
vacancies, and (3) excitons bound to structural defects such as stacking faults 
from the bottom interface of the NW.65 Emissions (2) and (3) are not resolved, 

 

Figure 5.13 PL analysis of GaN NWs: (a) the entire spectrum, (b) NBE 
region of NWs grown on diamond (black) and Si (blue), (c) SBE 
comparison by shifting the NBW maximum, (d) spectrum shift at different 
temperatures due to GaN band gap shrinkage45
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suggesting a lower defect density as well as a highly ordered substrate/NW 
interface, as confirmed by HRTEM measurements. The origin of the emission at 
about 3.43 eV is so far unknown.45 

Figure 5.13(c) is a comparison between the intensity of SBE in PL spectrum 
of GaN NWs on diamond and the one of the NWs grown on Si. The spectra are 
fit by considering the maximum of the NBE at the same height. Thus, the 
reduction of SBE in the case of diamond substrate (over one order of magnitude) 
is explicitly shown. A well-known origin for SBE is formation of GaN with 
zinc-blende structure. However, following the HRTEM analysis, this structure 
with an excitonic band gap of 3.27-3.28 eV does not occur in the NWs,51 so it 
can be partially excluded as possible origin of this emission. It can be attributed 
to the twin defects in wurtzite structure which indeed create some zinc-blende 
atomic monolayers within the structure. Moreover, this emission can also be 
assigned to a donor-acceptor pair (DAP) recombination65 that is very 
pronounced due to a strong interdiffusion of silicon into the GaN NW, resulting 
in a highly n-type doped NW base.  

Finally, in Figure 5.13(d) temperature dependence of the emissions is 
shown by performing PL measurement in different temperatures ranging from 4 
to 270 K. By reducing the temperature, a redshift of the NBE position due to the 
temperature-induced shrinkage of the band gap occurs. The intensity drop of the 
exctonic NBE can be modeled by a two-step dissociation mechanism, consisting 
of (i) the release of excitons from localization centers and (ii) exciton 
dissociation, which both lead to a decrease in radiative recombination. As the 
NWs exhibit excellent structural quality, surface states are expected to act as 
localization centers for the excitons.45 

 In the end, cathodoluminescence (CL) measurement in TEM was 
performed in order to evaluate the optical properties with higher spatial 
resolution. The experiment was carried out in the temperature of liquid nitrogen 
(90 K) to reduce the noise and obtain clearer signals. This method is quite 
delicate as high potential of the electron beam can introduce defects in the 
structure in a way that no light will be emitted. Hence, the experiment was 
performed at 80 kV with cryostat sample holder to reduce the sample 
temperature to 90 K. 

In Figure 5.14 Z-contrast micrographs (left) are associated with 
corresponding CL spectra (center) and NBE intensity maps in color (right). The 
upper one shows CL analysis on a bunch on GaN NWs which are looking 
through the monitor, and the lower one refers to a GaN NW from the side view. 
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On the CL spectra three regions are indicated by numbers. Region 1 corresponds 
to the NBE region which has the maximum at 358 nm (equal to 3.46 eV), in 
good agreement with PL results. The colored maps correspond to this region. As 
observed in the upper image, luminescence is stronger in the case of bigger 
NWs. However, smaller NWs also emit. In the lower image, it is shown that the 
NBE intensity in the middle of the NW is much stronger than the regions close 
to the external surfaces. In both cases this can be attributed to Ga-vacancies as 
point defects in the surface which take place as a consequence of highly N-rich 
growth conditions which deteriorate the NBE and at the same time give rise to 
yellow-band emission (region 3).66,67

On the other hand, some studies have been performed on emission through, 
polar, semi-polar, and non-polar surfaces of GaN. As a matter of fact, we also 
observed that there are some differences between the spectrum taken from 
standing NWs (upper images in Figure 5.14) and the one related to the lying 
NW (lower images in the same figure). In the latter, the peak in the second 
region of the spectrum is significantly higher, which in the literature is attributed 
to the non-polar (11-20) surface of GaN.

 

67,68 Note that the CL detector has a 
concave mirror placed above of the sample holder with a hole to avoid 
obstructing the transmitted beam. Thus, only the emissions that come through 
the mirror are collected. This can account for the appearance of the peak of 
region 2 that is attributed to non-polar surfaces of GaN. In the second case, the 
NW is lying down on the carbon grid with a non-polar (11-20) surface looking 

 

Figure 5.14 CL analysis: Z-contrast images (left) associated with CL 
spectra (center) and CL intensity map from region 1of the spectra  
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directly through the mirror which enhances the peak of region 2. Additionally, 
strength of region 3 in the first spectrum is attributed to the emission of c-facets 
(i.e. (0001) and (000-1) facets) which are polar. As the NWs are not on the 
substrate, we cannot determine whether they are N-polar or Ga-polar. 

In general, CL in TEM is an advanced technique which can assist for some 
particular characterizations of different materials. For instance, it can be used to 
analyze radiative recombination properties of the sample and image material 
defects. However it has some disadvantages. The range of the materials that can 
be analyzed by CL is rather small, comprising the ones that emit photons when 
excited with high-energy electrons, so in other words, they should be 
nonmetallic. In the case of narrow-band-gap semiconductors or some insulators, 
it is rather complicated to obtain the desired results. Moreover, the phenomena 
of luminescence are extremely complex since the type and amount of impurities 
or defects have dramatic trace on luminescence properties of the material.69

To sum up, in this section we studied the structure and optical properties of 
high-quality GaN NWs grown on diamond substrates. These NWs were 
epitaxially grown on the substrate which makes them promising for novel 
applications in optoelectronic devices, or quantum computation and single-spin 
magnetometry. In optoelectronics, the high-quality GaN NWs can be used as 
UV-range LEDs, while in quantum computation and single-spin magnetometry 
nitrogen-vacancy defects in diamond play the main role. The novel properties of 
this heterojunction (NW/substrate) were proved by advanced structure study by 
means of newly developed TEM techniques. 3D atomic models revealed the 
situation of the interface corroborating the epitaxial growth and strain-free 
analysis performed in the experiment. Polarity determination was carried out 
directly from the ABF micrographs. This method provide straightforward and 
reliable results on polarity as it allows us to see even light atoms like O and N 
and consequently the polarity in every single atomic layer. 

 
Therefore, a precise and complete theoretical and experimental study is required 
in order to understand all the emissions in detail. 

Likewise, PL analysis showed the excellent quality of the NWs which 
proves their promise in the field of optoelectronics. A significant improvement 
in optical emission of the GaN NWs was observed which was in good 
agreement with CL analysis performed in TEM in liquid-nitrogen temperature. 

After analyzing bare GaN NWs, in the following section, heterostructures 
based on p-GaN/n-ZnO NWs will be studied. There an interesting phenomenon 
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takes place: polarity inversion; a phenomenon that seldom occurs and can cause 
dramatic changes in physical properties of the compounds if occurs. 

5.3.2 p-GaN/n-ZnO heterostructure nanowires 

In this section a study on axial p-GaN/n-ZnO heterostructure NWs is carried 
out. The idea was originally motivated by the desire to create an appropriate 
epitaxial heterostructure. GaN and ZnO NWs both usually have wurtzite 
structure with hexagonal symmetry in P63mc space group. Cell parameters of 
wurtzite GaN are: a = b = 3.162 Å and c = 5.142 Å, while wurtzite ZnO unit cell 
has rather similar size: a = b = 3.265 Å and c = 5.219 Å. The crystal structures 
are shown in Figure 5.15.  

As NWs of both structures grow in [0001] direction, it is assumed that 
(0001) planes of ZnO lie on the same planes of GaN, and thus epitaxial 
relationship occurs in (11-20) plane families. These atomic planes in GaN and 
ZnO are of 2.738 Å and 2.827 Å, respectively, and consequently 3.25% 
mismatch is expected. Therefore, the epitaxial relationship in this 
heterostructure is far better than the one of ZnO with usual substrates (e.g. Si 
and sapphire). On the other hand, although n-doping of ZnO is quite common, 
this material cannot be easily doped with p-type impurities and this fact confines 
its applications. Hence, GaN as a perfect p-type supplement can open new ways 
towards further applications. 

In order to create p-GaN/n-ZnO heterostructure, p-GaN nanowires were 
overgrown by intrinsically n-type ZnO to form a p-n junction which can be used 
as LED emitting in the UV-spectral range. A scheme is shown in Figure 5.16. 

 

Figure 5.15 Crystal structure of wurtzite GaN (left) and ZnO (right) with 
hexagonal symmetry belonging to P63mc space group  
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Here GaN is doped with Mg. 
Figure 5.17 shows scanning electron microscopy (SEM) images of GaN:Mg 

NWs deposited on p-type silicon (111) before (Figure 5.17(a) and (b)) and after 
(Figure 5.17(c) and (d)) deposition of n-ZnO cap. The dimensions of the highly 
p-type doped GaN NWs were determined to be 40 ± 8 nm in diameter and 360 ± 
30 nm in length. The heterostructure NWs were fabricated in a two-step growth 
procedure using two different MBE systems. After the second growth step, ZnO 
coverage can clearly be seen while maintaining the NW geometry by high axial 
and low radial growth rates. STEM studies reveal the formation of ZnO caps 

 

Figure 5.16 Scheme of p-GaN/n-ZnO heterostructure NWs as a UV-LED 

 
Figure 5.17 SEM micrographs showing the GaN NWs (a), (b) before and 
(c), (d) after being covered with ZnO cap  
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with a mean height of 200 nm observed on almost all polar GaN NW top facets. 
However, only a short part of the non-polar side facets are covered by a 
complete ZnO shell with thicknesses up to 20 nm, extending towards the bottom 
of the NW. Also in STEM images the formation of a homogeneous Ga2O3 layer 
(crystalline γ-Ga2O3 with cubic symmetry belonging to Fd3m space group) of 
several nanometers (1-5 nm) is observed which seems to prevent ZnO 
nucleation.  

Figure 5.18 reveals high-resolution STEM images of a GaN NW without 
ZnO cap associated with EELS compositional maps and power spectra 

     
Figure 5.18 High-resolution STEM images associated with EELS 
compositional maps and corresponding power spectra  
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corresponding to the Ga2O3 layer and the GaN NW in yellow and red, 
respectively. The power spectra in this figure shows that Ga2O3 layer has 
epitaxial relationship with the GaN NW: (0-11)[110]Ga2O3 // (0001)[11-20]GaN. 
In the EELS compositional maps of this figure one can see that some content of 
N can be found in the Ga2O3 layer. Therefore we believe that this layer can be a 
mixture of oxide and nitride. 

In Figure 5.19 STEM analysis associated with EDX compositional maps is 
performed in the interface between the GaN NW and the Si substrate. As 
mentioned in the previous section, a thin buffer layer made of amorphous Si3N4 
is formed in the interface between the as-grown NWs and the Si substrate. In the 
middle of the map, there is a zone that Si and N overlap in the absence of Ga. 
The stoichiometry of Si3N4 is confirmed by EDX quantification. 

A detailed analysis of the p-GaN/n-ZnO heterointerface is performed and 
presented in Figure 5.20. Here, a sample with thinner ZnO coverage was used 
for a better access to the interface region. The polar top facet of an exemplary 
GaN NW is covered with a ZnO cap which is larger in diameter. Interestingly, 
the ZnO cap does not sit exclusively on the GaN top facet, but surrounds the 
GaN NW for about 10 nm. The NW sidewalls are not covered with ZnO, but 
with a 1-5 nm thick crystalline Ga2O3 layer with a nitrogen content of up to 
20%. This indicates that the mobility of the impinging Zn atoms is high enough 
to reach the polar top facet of the GaN NWs, whereas the impinging oxygen 
radicals are incorporated also on the non-polar sidewalls and form Ga2O3. The 
heterointerface in the HAADF-STEM image is smooth and abrupt with no 

 
Figure 5.19 HAADF-STEM image of the interface between a GaN NW 
and the Si substrate, associated with EDX maps showing the formation of 
Si3N4 buffer layer 
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defects to be seen in the vicinity, what is clearly a result of the low lattice 
mismatch of the two materials.  

As discussed previously, it is of paramount importance to know the polarity 
configuration to model the electronic band structure across the heterostructure. 
To this end, the polarities of GaN and ZnO were determined directly by virtue of 
aberration-corrected ABF-STEM as described in the previous section. The 
results in Figure 5.21 reveal the characteristic atomic layers in polar direction 
where the single dumbbell units are clearly resolved. Accordingly, the polarity 
can be determined to be N-polar for GaN and Zn-polar for ZnO. This polarity 
inversion from anion to cation was found to occur for all investigated 
heterojunction NWs. The attempt to influence the ZnO polarity by the growth 

 
Figure 5.20 HAADF-STEM micrographs on p-GaN/n-ZnO heterostructure 
NWs, associated with EELS compositional maps 
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procedure, i.e. starting the growth with Zn or O pre-exposure, was investigated 
in two additional samples but showed no effect on the polarity configuration. 
This can be assigned to the high binding energy of the N-O bonds which seem to 
be responsible for the observed polarity inversion. Due to the overlap of ZnO 
cap on GaN NWs, it cannot be precisely observed where exactly the polarity 
changes, however, N-polarity in GaN and Zn-polarity in ZnO can be seen 
explicitly, in good agreement with previously-obtained results by the 
group.6,45,50 Figure 5.22 also reveals the same results although the attempt was to 
obtain O-polar ZnO caps and it failed. The only difference was the undesired 
morphology of ZnO cap which in some cases covered some of the lateral facets 
of GaN NWs. 

Additionally, theoretical study is performed on band structure taking into 
account the different possibilities of polarity in the interface. In other words, 
GaN: Ga- or N-polar, and ZnO: Zn- or O-polar give the combination of four 

 
Figure 5.21 Aberration-corrected ABF-STEM images of a GaN/ZnO 
heterostructure NW determining N-polarity and Zn-polarity in GaN and 
ZnO, respectively 
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different p-GaN/n-ZnO heterostructures: N-polar/O-polar, N-polar/Zn-polar, 
Ga-polar/O-polar, Ga-polar/Zn-polar. It is useful to add non-polar band structure 
as a reference. 

The electronic band structure of the p-GaN/n-ZnO heterointerface was 
simulated by means of the nextnano3 software package which is a simulation 
tool for prediction and understanding electronic and optical properties of 
semiconductor nanodevices.70

47

 The simulation sequence was started by the input 
of the strain tensor to evaluate piezoelectric charges as well as spontaneous 
polarization charges at the interface. Then the Schödinger and Poisson equation 
were solved self-consistently with applied Neumann boundary conditions 
𝜕𝜑/𝜕𝑧 =  0, where z is the growth direction, to enforce a vanishing electric 
field on both sides towards the bulk. The thermally activated free charge carriers 
are modeled according to an effective mass approach with Neumann boundary 
conditions. In all simulations, the Fermi energy (EF) is set to zero indicated by 
the green dash-dotted line.  

In Figure 5.23(a) the basic type-II band lineup of the two materials is 
shown, based on the theoretical valence band offset (VBO) of 1.3 eV71 (this 
parameter contains some uncertainty). Nevertheless, the theoretical value was 
used for the simulation, since the experimental reports do not account for 
interface effects. To form a p-n heterodiode the following doping levels were 
assumed: Mg acceptors in GaN with a density of and an activation energy of 
150 meV and intrinsic donors in ZnO with a density of 1017 cm-3 and an 

 
Figure 5.22 Failure in ZnO polarity change, aberration-corrected ABF-
STEM images of a GaN/ZnO heterostructure NW determining N-polarity 
and Zn-polarity in GaN and ZnO, respectively 
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activation energy of 35 meV, e.g. hydrogen. To account for the strain present in 
the vicinity of such a heterointerface, which induces piezoelectric charges, the 
growth of ZnO on GaN is considered here. Therefore, ZnO is assumed to grow 
pseudomorphically for the first monolayers and then relax its biaxial strain 
linearly over the following 100 nm. The strain tensor components for the growth 
in a polar direction can be seen in Figure 5.23(a). Note that in order to keep it 
simple, strain was not considered for non-polar directions, which is a reasonable 
assumption as no piezoelectric effect is present.47 

The calculated 1D band structure, namely the lowest conduction band 
energy level and the highest valence band (heavy hole), are presented together 

 
Figure 5.23 (a) Basic band lineup of a GaN/ZnO heterostructure with the 
valence band offset (VBO), (b)-(f) simulated 1D band structure and electric 
field for different polarity configurations of the heterostructure, where 
interface charges due to spontaneous polarization are additionally 
illustrated. The Fermi levels and depletion zones (DZ) are indicated by 
green and red lines, respectively.47
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with the electric field across the heterointerface in Figure 5.23(b)-(f) for 
different polarity configurations. First of all, the results obtained for a non-polar 
p-GaN/n-ZnO heterostructure are depicted in Figure 5.23(b). The interface in 
this heterostructure is dominated by the type-II alignment of the two materials, 
where CBO and VBO form energetic barriers for electrons and holes to cross the 
interface. As these barriers have nearly the same height, the depletion zone (DZ) 
is formed almost symmetrically on both sides of the heterointerface.  

The situation becomes more complicated for polar heterostructures as 
shown in Figure 5.23(b)-(f). As GaN can be either N-polar or Ga-polar and ZnO 
either O-polar or Zn-polar, interface charges occur due to both piezoelectricity 
and spontaneous polarization. The details of the simulations are revealed 
elsewhere.47 However, it is already sufficient for showing the high importance 
of polarity in physical properties of the heterostructures. 

As a conclusion, the theoretical analysis and simulation of the p-GaN/n-
ZnO heterointerface reveals various possibilities of the band structure, mainly 
depending on the polarity and strain of the two wurtzite materials. For potential 
applications it is therefore crucial to choose an optimal polarity configuration 
according to the particular requirements. The realization is then a matter of 
growth and certainly challenging, but not impossible. In any case, the realization 
of p-GaN/n-ZnO heterojunctions with all polarity configurations seems to be 
possible, thus a detailed understanding of the band alignments as presented 
above can be helpful to understand the experimental results. 

In order to obtain experimental proof of the assumption of strain, we 
performed geometric phase analysis (GPA) on the p-GaN/n-ZnO heterointerface 
and the region around which is revealed in Figure 5.24. Only one strain 
concentration point can be found in the interface (indicated by a yellow oval) 
and the rest of the interface seems to be defect-free. Therefore, ZnO structure 
tried to adapt to GaN and compensate the 3.25% mismatch due to the difference 
between (11-20) plane distances of GaN and ZnO ((11-20)GaN = 2.827 Å, (11-
20)ZnO = 2.738 Å). It starts with (11-20) plane distance almost the same as the 
one of GaN. Soon after, it starts to go back to relaxed (11-20) ZnO gradually 
along the growth direction. Nonlinear curve fit of the intensity profiles (red 
dash-lines on the intensity profiles of Figure 5.24) reveal that the GaN is relaxed 
as the intensity average of the GPA map is almost constant, whereas it starts to 
grow right from the overlap region till the top of the image. This gradual 
intensity increase is attributed to gradual relaxation along the growth direction. 
Note that in the fitting, the defect indicated by the yellow oval is excluded.  
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The optical properties of the heterojunction NWs were investigated by 
ensemble PL in backscattering geometry with an excitation wavelength of 244 
nm. The PL spectrum at liquid-helium temperature is presented in Figure 5.25(a) 
over a wide energy range, where only ZnO-related luminescence is observed 
due to a complete absorption of the excitation laser in the ZnO caps. The 
spectrum can be divided in two relevant regions: (i) an intense excitonic near-
bandgap emission (NBE, 3.2-3.4 eV) and (ii) defect-related luminescence bands 
in the energy range of 1.7-2.5 eV, often referred to as red, yellow and green 

 
Figure 5.24 Geometric phase analysis (GPA) on a p-GaN/n-ZnO 
heterointerface showing the relaxation of ZnO structure along [000-1] 
direction with intensity profiles 
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luminescence bands.72

PL spectra taken in different temperatures ranging from liquid-helium to 
room temperature are shown in Figure 5.25(b). NBE region is magnified in 
order to facilitate the visualization of various peaks within. Besides the energy 
position, the intensity quenching of a PL emission line is characteristic for the 
responsible recombination process. Intensity dependence to temperature is given 
by: 

 As deep states show an intensity over four orders of 
magnitude lower, a high crystalline quality of the p-GaN/n-ZnO NWs can be 
confirmed, in accordance with the HAADF and ABF-STEM results presented 
above. 

𝐼(𝑇) = 𝐼0
1+𝐶.𝑒𝑥𝑝 (−𝐸𝑎𝑘𝑇)

   (5.1)   

where Ea is the activation energy of the non-radiative process.73

The shift of the emission edge in II-VI compounds due to the change of 
temperature was investigated more than thirty years ago.

 Thus, by 
decreasing the temperature, luminescence and signal-to-noise ratio increase. 

74,75 At low 
temperatures, the most intense emission is located at 3.36 eV which shifts to 
3.29 eV at room temperature. This peak can be assigned to neutral donor-bound 

 
Figure 5.25 (a) Ensemble PL spectrum at 4.2 K of p-GaN/n-ZnO 
heterojunction NWs, (b) temperature dependence of the PL emission in the 
NBE region from 4.2 K to room temperature47
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exciton recombination (D0XA). Further detail of the peak assignments and 
attribution of defects in luminescence can be found elsewhere.47  

In summary, p-GaN/n-ZnO heterostructure NWs were systematically 
analyzed in this chapter. The high importance of the polarity determination in 
such heterostructures was proven by both experimental and theoretical studies. 
Polarity changes in heterostructures have dramatic influence on electronic band 
structure of the heterointerfaces and the regions around, which has to be 
precisely studied in order to understand their behavior in the devices. Such 
heterostructure NWs have an excellent promise to be used in UV-ranged LEDs 
or LDs. 

5.4 Conclusion 
In this chapter we proved the importance of epitaxial interfaces in III-V 

NW-based compounds and how they can be employed for novel applications. 
III-V NWs, particularly GaN NWs, are wide-band-gap semiconductors which 
nowadays are widely investigated for optoelectronic devices. They can be doped 
and heterojunctioned by appropriate materials such as diamond or ZnO and 
create suitable p-n junctions. GaN is capable of being either p-doped or n-doped, 
where this characteristic broadens the application possibilities of this material. 
Additionally, NW morphology has some unique advantages (self-purification, 
dislocation confinement, strain release, etc) that can bolster the material’s 
functionality.  

Epitaxially grown GaN NWs on diamond substrates create a p-n junction at 
nano scale which is proven to be encouraging for UV-ranged LEDs, quantum 
computation, and single-spin magnetometry. As the focus in this chapter is on 
optoelectronic applications, optical properties are measured and justified 
superior by photoluminescence. Further to optical property study, 
cathodoluminescence in TEM with higher spatial resolution was conducted and 
the results were in agreement with the ones of PL. 

On the other hand, elaborate structural studies confirmed the high quality of 
the material. The perfect epitaxial growth and relaxed structure of the GaN NWs 
were explicitly revealed and further confirmed with theoretical study by means 
of 3D atomic models. Moreover, GaN NW N-polarity was observed by 
visualization of GaN dumbbell units in ABF-STEM micrographs. ABF is one of 
the recently-developed methods that allow local polarity assignment directly 
from the micrographs with high accuracy and reliance. 
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In the second part, p-doped GaN NWs were used as the base for deposition 
of ZnO in order to produce axial GaN/ZnO heterostructure NWs, i.e. another p-n 
junction at nano scale comprising a p-GaN NW and an n-ZnO cap on top. 
Interestingly, the polarity of the heterojunction is inversed in the interface, 
meaning the Zn-polar ZnO cap accommodates on the N-polar GaN NW. As a 
matter of fact, the polarity influence on electronic band structure was 
theoretically studies by simulation of the band gap and strain contribution which 
was corroborated in practice. 
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6.1 Let’s sum up! 
After having three adventurous journeys towards the ‘nanoland’ (which was 

a kind of ‘wonderland’), through the ‘rooms at the bottom’, we sum up our 
achievements in a few pages. There is a lot to talk about, but this part is 
supposed to be kept short. So we avoid the details. 

In the first journey (Chapter 3) we went through the chemical, structural, 
and morphological details of the complex chalcogenides. Nanoengineering of 
the compounds, starting with the simple studies and ending with the challenging 
issues, was carried out by various TEM characterization methodologies. Cu-
based ternary and quaternary chalcogenide (CTSe, CZTSe, CZGSe, CHTSe) 
NCs with ZB-like structures were engineered in a way that the chemical 
composition changes led to structural defects (twin boundaries) and emergence 
of WZ or polytypic WZ-ZB structures (CGSe, CHGSe, CCTSe NCs). It was 
shown that such structural changes have a dramatic influence on physical 
properties of the compounds, and thus enhance their functionality in the 
applications such as thermoelectrics. Further, we studied different issues playing 
around with the crystal structure, chemical composition and morphology 
through synthetic routes, which may have influence on various properties of the 
compounds. Polytypism, branching, and ‘polytypic branching’, cation ordering, 
and polarity were the different aspects of our structural analyses. We proved 
how polarity determines the morphology and drives the branching mechanism. 
On the other hand, the influence of polytypism and cation ordering on the 
electronic band structure was studied. Ab-initio studies showed that the WZ 
branches, which do not have cation ordering, are metallic. 

In the same journey, the coaxial heterostructuring approach was utilized to 
produce core-shell NPs with two materials which are dissimilar but have close 
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crystal structures. In this way, epitaxial relationship can be achieved while 
taking advantage of chemical stability of the core and surface properties of the 
shell. PbTe@PbS core-shell NPs were used to create PbTe-PbS nanocomposites 
for thermoelectric devices and they showed dramatic improvement in the 
thermoelectric figure of merit comparing to bare PbTe and PbS structures. 

The latter approach was used in the second journey (Chapter 4), but this 
time for oxide NWs. In fact two different ways of heterostructuring were chosen 
in this chapter with the aim of functionality enhancemeent: core-shell (coaxial), 
and NP-on-NW. In the case of ZnO NWs, polycrystalline shells of ZnS and 
TiO2 improved the photocurrent density and PEC properties as well as the 
efficiency of DSC devices. The same results were obtained by accommodation 
of a hongquiite TiO shell on rutile TiO2 NWs. In this case perfect epitaxial 
relationship was found between the core and the shell which was in fact the 
reason that hongqiite TiO phase emerged. 

Furthermore, a precise study was conducted on crystal structure of titanium, 
vanadium, and titanium-vanadium oxides as shells on SnO2 NWs. Epitaxial 
relationship between the core and the shell played a paramount role in formation 
of structures that were seldom reported before. Ti2O shell with cubic structure 
was observed which in bulk is not chemically stable. Also, TiVO3 mixed oxide 
with karelianite structure was found which can be justified by mismatch study of 
TiVO3-SnO2 interface. The latter shell can be a good candidate for sensing 
applications as it has a quite low mismatch with the core and contains titanium 
oxide which is known for suitable photocatalytic properties. 

Moreover, in this chapter, p-CuO NP/n-SnO2 NW heterostructures were 
created in order to have p-n junctions at nanoscale. These nanojunctions 
exhibited a dramatic enhancement is H2S gas sensing response as they take 
advantage of two sensing mechanisms simultaneously. In the case of the second 
mechanism which is due to the formation of the heterostructure, breakup of the 
p-n junction causes the considerable change in electrical resistivity of the NW 
and thus sensing response. 

However, the story did not end here. In the third journey (Chapter 5) 
another heterostructuring approach, i.e. NW-on-NW or formation of axial 
heterostructure was followed where the heteroepitaxy in the interface played the 
key role. In this case, the heterostructures were based on III-V nanostructured 
materials, particularly on GaN NWs. GaN as a wide-band-gap semiconductor 
behaves nicely in optoelectronic devices. 
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Epitaxially grown GaN NWs on diamond substrates create a p-n junction at 
nano scale which is proven to be encouraging for UV-ranged LEDs, quantum 
computation, and single-spin magnetometry. As the focus in this chapter was on 
optoelectronic applications, optical properties are measured and justified 
superior by photoluminescence. Further to optical property study, 
cathodoluminescence in TEM with higher spatial resolution was conducted and 
the results were in agreement with the ones of PL. 

On the other hand, elaborate structural studies confirmed the high quality of 
the material. The perfect epitaxial growth and relaxed structure of the GaN NWs 
were explicitly revealed and further confirmed with theoretical study by means 
of 3D atomic models. Moreover, GaN NW N-polarity was observed by 
visualization of GaN dumbbell units in ABF-STEM micrographs. ABF is one of 
the recently-developed methods that allow local polarity assignment directly 
from the micrographs with high accuracy and reliance. 

In the second part, p-doped GaN NWs were used as the base for deposition 
of ZnO in order to produce axial GaN/ZnO heterostructure NWs, i.e. another p-n 
junction at nano scale comprising a p-GaN NW and an n-ZnO cap on top. 
Interestingly, the polarity of the heterojunction is inversed in the interface, 
meaning the Zn-polar ZnO cap accommodates on the N-polar GaN NW. As a 
matter of fact, the polarity influence on electronic band structure was 
theoretically studies by simulation of the band gap and strain contribution which 
was corroborated in practice. 

6.2 Outlook 
One can imagine that the mentioned approaches can open tones of new 

possibilities for further improvements. Still there is a lot of room for more 
structure nanoengineering. Many heterostructures with different approaches 
(axial, coaxial, NP-on-NW, NW-on-NW, quantum structures, etc) and different 
materials can be designed. Moreover, other physical properties and applications 
can be examined. 

In the case of copper-based chalcogenide NCs, their plasmonic properties 
can be studied. Such experiment can be carried out by means of low-loss EELS, 
where the plasmon peaks appear. 

Moreover, as the branching mechanism in CCTSe NCs is studied, same 
experimental situations can be applied in the case of other complex compounds 
in order to make them branch out. It can take place in the case of the compounds 
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that their WZ polytypes are thermodynamically and kinetically possible to 
occur. 

Study of polarity and ionicity of the other compounds is also in hand. Such 
investigation can lead us to a global conclusion on occurrence of cation-/anion-
polarity and whether polarity can confine/define the morphology of the NCs. 

Furthermore, we should limit the applications of these NCs to 
thermoelectric devices. Such semiconductors can be used for photovoltaics 
devices, and in some cases their plasmonic properties are quite promising. The 
CCTSe polypods can additionally be used as Schottky diodes as their branches 
are metallic. 

In the case of oxide NWs, the core-shell NWs can be used for gas sensing 
applications. It is expected to obtain better response from the core-shell 
structures. The challenge would be connecting a single core-shell NW by FIB 
where before Pt deposition some parts of the shell should be removed in order to 
have a direct contact with the core materials. On the other hand, multiple 
overlayers can further improve the response. An intermediate shell can facilitate 
the accommodation of a secondary shell on the system. Core-double-shell 
structures are in hand, and by playing around with the type of the shell materials 
and their thickness one can enhance the functionality of the devices. In this 
context, environmental TEM (ETEM) experiments are promising, as the 
behavior of the system and sensing mechanism can be studied online. 

Additionally, the NWs can be decorated with many different NPs including 
QDs, metallic and oxide NPs and expand their range of applications. With 
adequate QDs, one can improve the charge transfer in the surface of the system 
and fortify the electrical conductivity when exposed to the target gases and thus 
the sensing response.  

Finally, in the case of III-V NWs, beside GaN, there are other III-nitrides 
which are used for optoelectronics. For example GaN-AlN heterostructures of 
quantum structures can be useful for optoelectronic devices as their band 
structure can be engineered by the arrangements and thicknesses of each 
compound. Such structures can be precisely characterized by CL in TEM as the 
structures can be scanned with a reasonable spatial resolution. 

There are lots of possibilities. The periodic table is large enough and 
contains many elements. At the same time, powerful electron microscopes in the 
hands of researchers, have gradually improved and arrived to this point that 
provide information from different properties of the materials and allow us to 
visualize the structures at atomic scale.  New methods and technologies are 
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developed with high accuracy, and now they are more on hand than ever. The 
ways towards further studies are always open. It’s a never-ending story… 
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Abbreviations  

0D  zero-dimensional 
1D  one-dimensional 
3D  three-dimensional 
ABF  annular bright-field 
ADF  annular dark-field 
AES  Auger electron spectroscopy 
BF  bright-field 
BFP  back focal plane 
CBED  convergent-beam electron diffraction 
CBM  conduction band minimum 
CBO  conduction band offset 
CCD  charge-coupled device 
CCTSe  Cu2CdSnSe4 
CGSe  Cu2GeSe3 
CHGSe  Cu2HgGeSe4 
CHTSe  Cu2HgSnSe4 
CL  cathodoluminescence 
CLEN  clinoenstatite 
CTEM  conventional transmission electron microscopy 
CTSe  Cu2SnSe3 
CVD  chemical vapor deposition 

TACVD  thermally activated CVD 
PECVD  plasma-enhanced CVD  
PACVD  photo-assisted CVD 
LACVD laser-assisted CVD 
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FACVD  flame-assisted CVD 
MB-CVD  molecule-based CVD 
MOCVD metal-organic CVD 
EVD   electrochemical vapor deposition 

CZGSe  Cu2ZnGeSe4 

CZTSe  Cu2ZnSnSe4 
DAP  donor-acceptor pair 
DC  direct-current 
DF  dark-field 
DOS  density of state 
DP  diffraction pattern 
DSC  dye synthesized solar cell 
DZ  depletion zone 
ECU  electrically conducting unit 
ED  electron diffraction 
EDS  energy-dispersive X-ray spectroscopy 
EDX  energy-dispersive X-ray spectroscopy 
EEL  electron energy loss 
EELS  electron energy loss spectroscopy 
EFTEM  energy-filtered transmission electron microscopy 
EIS  electrochemical impedance spectroscopy 
EIU  electrically insulating unit 
EM  electron microscopy 
ETEM  environmental transmission electron microscopy 
fcc  face-centered cubic 
FEG  field-emission gun 
FET  field-effect transistor 
FFT  fast Fourier transform 
FIB  focused ion beam 
GIF  Gatan image filter 
GIS  gas-injection system 
GPA  geometric phase analysis 
HAADF  high-angle annular dark-field 
HCI  hollow-cone illumination 
hcp  hexagonal close-packed 
HPHT  high-pressure/high-temperature 
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HR-STEM high-resolution scanning transmission electron 
microscopy 

HRTEM  high-resolution transmission electron microscopy 
IFFT  inversed fast Fourier transform 
ICPE  incident photon to current conversion efficiency 
IR   infrared 
KS  kesterite 
LD  laser diode 
LED  light emitting diode 
MAADF  medium-angle annular dark-field 
MBE  molecular beam epitaxy 
 PAMBE plasma-assisted MBE 
MOX  metal oxide 
MSA  multivariate statistical analysis 
NBE  near-band-gap emission 
NC  nanocrystal 
NP  nanoparticle 
NR  nanorod 
NW  nanowire 
OREN  orthoenstatite 
PCA  principal component analysis 
PEC  photoelectrochemical 
PF   power factor 
PL  photoluminescence 
PLD  pulsed laser deposition 
QD  quantum dot 
RH  relative humidity 
SAED  selected-area electron diffraction 
SBE  sub-band-gap emission 
SE  secondary electron 
SEM  scanning electron microscope 
SK  Stranski-Krastanov 
SLS  solution-liquid-solid 
SPM  scanning probe microscope 
ST  stannite 
STEM  scanning transmission electron microscopy 
TE  thermoelectrics 
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TEM  transmission electron microscope 
TVO  TiVO3 

UHV  ultrahigh vacuum 
UV  ultraviolet 
VBM  valence band maximum 
VBO  valence band offset 
VLM  visible-light microscope 
VLS   vapor-liquid-solid 
VS  vapor-solid 
WZ  wurtzite 
XRD  X-ray diffraction 
ZB  zinc-blende 
ZT  thermoelectric figure of merit 

Notations 
(x y z)   crystallographic plane 
[x y z]   crystallographic direction 
{x y z}  crystallographic plane family 
xxx@yyy  core-shell structure, ‘xxx’ as core and ‘yyy’ as shell 

Symbols 
α   Seebeck coefficient 
δ   resolution 
ΔfSch   Scherzer defocus 

κ   thermal conductivity 
λ   wavelength 
Π   Peltier coefficient 
σ   electrical conductivity 
Cc   chromatic aberration 
Cs   spherical aberration 
(D/A)(0/+/-) neutral/ionized impurity (donor/acceptor) 
e-   electron 
Ec   conduction band energy 
Ef   Fermi level 
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Eg   band gap energy 
Ev   valence band energy 
ghkl   reciprocal lattice vector 
h+   hole 
Jsc   short-circuit current 
S   Seebeck coefficient 
Voc   open-circuit voltage 
X   free-exciton recombination 
Z   atomic number 
ZT  thermoelectric figure of merit 
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In this report novel materials for advanced applications are studied by 
means of the latest microscopy technologies and methodologies which have had 
a dramatic impact on progress in materials science. The aim was to study 
phenomena such as polytypism, unusual morphologies, polytypic branching, 
band gap engineering, cation ordering, polarity, epitaxial growth and interface, 
accommodation of a secondary structure on a base, etc, in order to find adequate 
explanations for the influence of the phenomena on the properties and 
applications such as thermoelectricity, p-n junction functionality, photovoltaic 
efficiency, optoelectronic properties, and sensing response. Various 
semiconducting materials, i.e. complex chalcogenides, metal oxides, and III-V 
nanostructures were characterized for this purpose. Here,  nanoengineered 
structures of functional materials at nanoscale are studied by means of advanced 
electron microscopy methods ranging from imaging and diffraction to 
spectroscopy techniques. 

Chapter 1 gives a brief introduction to the report; the main purpose of the 
work, state-of-the-art, challenges and possibilities. In chapter 2 the methodology 
is described. Chapter 3, 4, and 5 are the results, and chapter 6 is the general 
conclusions and the outlook. Note that each chapter of results (chapters 3 to 5) 
has its own introduction and conclusion. Therefore, chapter 1 consists of just a 
short introduction to the general idea of the study, its importance and the state-
of-the-art, and a preface of the thesis. 

In chapter 2, after a brief history and the basic concepts of EM (i.e. 
electron-matter interaction, diffraction, resolution, aberration and aberration 
correction), the TEM methodology is described; the advanced TEM techniques 
used to study the nanostructured semiconductors at atomic scale. In general, it 
consists of brief descriptions of basic principles of TEM, techniques, and the 
cons and pros to them. Note that in order to keep the report short, details are 
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avoided, hence excellent references are provided for further details. Each section 
starts with conventional use of the method(s) and ends with the state-of-the-art 
which is applied for novel materials science studies. As experimental results are 
corroborated by theoretical studies and simulations, these procedures (image 
processing, simulations, etc) are also described shortly. Here is a list of the 
described techniques: 

- Diffraction methods: SAED, 
- Imaging methods: BF-TEM, DF-TEM, HRTEM, ADF/HAADF-STEM, 

BF-STEM, ABF-STEM, 
- Spectroscopy methods: EELS, EDX, CL, 
- Quantitative analysis, image processing and simulation: GPA, MSA, 

Rhodius/Eje-Z, JEMS, 
- Specimen preparation methods. 

Chapter 3 is dedicated to nanoengineering crystal structure and morphology 
of nanocrystals of complex copper-based chalcogenide. Several materials are 
studied from binaries to complex ternary and quaternary compounds. In this 
chapter it is shown that there is a wide range of possibilities for engineering, as 
many elements can be substituted with the primary cations and anions, and each 
element has unique influence on the properties of the compound. Mostly these 
compounds are based on copper-selenide with additional cations substituting 
copper which are excellent candidates for thermoelectric devices. Advanced 
TEM studies are performed in order to figure out the physics behind the 
property modifications. Phenomena such as morphology change, polytypism, 
ordering, polarity, electronic band change, strain, etc are elaborately studied, and 
correlated to the physical properties such as thermoelectricity. 

The results section in this chapter starts with single-phased compounds: 
CTSe, CZTSe, CZGSe, and CHTSe NCs. Then we continue with multi-phased 
(polytypic) structures, CGSe, CHGSe, CCTSe NCs, and CCTSe polypods. And 
finally, we move on to the core-shell heterostructured NPs: FePt@PbTe, 
BiTe@PbTe, and PbTe@PbS core-shell NPs. In most of the cases 
thermoelectric properties of the compounds were measured and the 
improvement was observed. 

CCTSe polypods are the case of a complete structure study to understand 
the branching mechanism. Therefore, by means of an aberration-corrected TEM 
(with three Cc and Cs correctors) the polarity and cation ordering was 
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determined. Polarity-driven morphology and branching mechanism is explained. 
Moreover, electronic band structure in this polytypic structure is simulated. 

Chapter 4 is based on the study of nanojunctions in metal oxide 
heterostructured NWs, structures that can enhance the functionality of the 
targeted devices, such as photovoltaic cells, or gas sensors. Metal oxide 
semiconductors showed their promise since a few decades ago, and still a 
considerable amount of research is dedicated to them in order to optimize their 
properties. Production of nanojunctions is one of the most successful approaches 
in this context. In chapter 4 it is shown how coaxial heterostructuring of NWs, 
i.e. formation of core-shell structures and other types increase the efficiency of 
the solar cells or enhance the sensitivity and selectivity of the gas sensors. Here 
is a list of the materials that we studied in this chapter: 

- Bare ZnO NWs doped with Cl, and ZnO:Cl@ZnS and ZnO:Cl@TiO2 
core-shell NWs, 

- Bare TiO2 NRs and NWs, and TiO2(rutile)@TiO(hongquiite) core-shell 
NWs 

- Bare SnO2 NWs, SnO2@Ti2O, SnO2@V2O3, and SnO2@TiVO3 core-
shell NWs 

- SnO2 NWs decorated with CuO NPs 

In chapter 5 almost the same approach was followed, nevertheless, this time 
with III-V NWs. Also there the importance of axial heterostructures and fully-
epitaxial and relaxed structure are emphasized. The optoelectronic properties of 
the GaN NWs, such promising p-n junctions, are examined. Polarity issue, as a 
remarkably influencing parameter, is precisely studied in practice and also its 
effect on electronic band structure in the heterointerface is proven by the 
theoretical simulations. 

Two heterostructures are studied in this chapter: GaN NWs on diamond 
substrate, and ZnO caps on GaN NWs. Both systems can act like p-n junctions 
as they consist of a p-type and an n-type semiconductor with epitaxial interfaces. 
In the case of GaN NWs on diamond, besides the characteristics of GaN which 
make it a suitable candidate for optoelectronic devices in UV range, diamond 
can also be used for applications like quantum computation and spin 
magnetometry. In this chapter, nonetheless, we only focused on optoelectronic 
properties and examined them by means of PL and CL analyses. 

The interesting issue in the case of GaN/ZnO axial heterostructures was the 
inversion of polarity. ZnO caps were Zn-polar although they were 
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accommodated on N-polar GaN NWs. Therefore, the band structures of 
different possibilities of the interface, i.e. Zn-polar/N-polar, Zn-polar/Ga-polar, 
O-polar/N-polar, O-polar/Ga-polar interfaces of ZnO/GaN heterostructures were 
simulated. GPA is also performed in both cases in order to observe the strain at 
the interfaces. 

In the end, a general conclusion of the whole work and room for further 
study and future work is discussed in chapter 6. The ample freedom of structural 
nanoengineering in the materials, together with development of novel electron 
microscopy techniques, opens the way towards the new possibilities for the 
future work. On the other side, we mention some works in hand which have not 
arrived to the final results yet. They are in the way of nanoengineering as they 
seem quite feasible and encouraging for novel applications. 
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En este trabajo hemos estudiado materiales avanzados con las últimas 
tecnologías y metodologías de microscopía electrónica, las que tienen un 
impacto importante en el desarrollo de la ciencia de materiales. El objetivo 
principal ha sido estudiar fenómenos como el politipismo, morfologías 
inusuales, ramificación, ‘ramificación politípica’, manipulación de la estructura 
de banda, ordenación de los cationes, polaridad, crecimiento e interfase 
epitaxial, alojamiento de una fase secundaria en una base, etc. para razonar la 
influencia de aquellos fenómenos en las propiedades y aplicaciones, por ejemplo 
la termoelectricidad, el funcionamiento de unión p-n, la eficiencia de las celdas 
solares, las propiedades optoelectrónicas, la respuesta de los sensores, etc. 
Distintos semiconductores han sido caracterizados: nanopartículas de 
calcogenuros complejos, nanohilos de óxidos de metales, y nanohilos del grupo 
III-V. 

En este informe hemos estudiado los materiales funcionales en escala 
nanométrica por medio de métodos avanzados de microscopía electrónica 
incluyendo métodos de difracción, captura de imágenes (imaging) y 
espectroscopía. 

El capítulo 1 es una breve introducción a la tesis, en la que se exponen los 
objetivos principales del trabajo, los últimos avances (state-of-the-art), los retos, 
y las nuevas posibilidades. El capítulo 2 consiste en la descripción de la 
metodología. Los capítulos 3, 4, y 5 se componen de los resultados, y el capítulo 
6 incluye las conclusiones y la perspectiva del trabajo futuro. Se debe tener en 
cuenta que los capítulos de resultados (capítulos 3 a 5) contienen una 
introducción y conclusión completa. Por lo tanto, la introducción a la tesis 
(capítulo 1) y su conclusión (capítulo 6) no son muy extensas. El capítulo 1 
expone la idea general de este trabajo, su importancia, la última generación, y un 
prefacio de la tesis. 
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El capítulo 2 se inicia con los conceptos básicos de microscopía electrónica, 
concretamente la interacción de los electrones con la materia, difracción, 
resolución, aberración y corrección de aberración. Después de esto, se explica la 
metodología de microscopía electrónica de transmisión (MET o TEM), y los 
métodos avanzados utilizados para estudiar los semiconductores en la escala 
atómica, sus ventajas y desventajas. En general las descripciones son breves. No 
obstante, hemos provisto excelentes referencias en las que se puede encontrar 
información complementaria. En este capítulo, cada sección empieza con 
métodos convencionales y termina con la última generación apropiada para 
estudiar los materiales avanzados. Los resultados experimentales están 
corroborados con estudios teóricos y simulaciones. Por lo tanto, también 
explicamos estos procedimientos.  

A continuación se listan los métodos explicados en el capítulo 2: 
- Los métodos de difracción: SAED 
- Los métodos de captura de imagen: BF-TEM, DF-TEM, HRTEM, 

ADF/HAADF-STEM, BF-STEM, ABF-STEM 
- Los métodos de espectroscopia: EELS, EDX, CL 
- Análisis cuantitativo, procesar los imágenes y simulación: GPA, MSA, 

Rhodius/Eje-Z, JEMS 
- Métodos de preparación de muestras 
Estos son los métodos que se han utilizado para obtener los resultados de 

los capítulos 3, 4, y 5. 
El capítulo 3 está basado en el análisis de la estructura y morfología de las 

nanopartículas de calcogenuros complejos. Se estudian varios compuestos 
binarios, ternarios y cuaternarios. Se demuestra que hay un rango amplio de 
posibilidades para modular la estructura química de las nanopartículas porque 
hay muchos elementos en la tabla periódica que se substituyen en los sitios de 
los aniones y cationes. Y cada elemento tiene una única influencia en las 
propiedades físicas de los compuestos. La mayoría de estos compuestos están 
basados en el selenio de cobre, agregando más cationes que substituyen el cobre 
y forman compuestos ternarios y cuaternarios. De hecho, empleamos la 
microscopía avanzada para analizar y comprender la física detrás de estos 
cambios en las propiedades. Fenómenos como cambio de morfología, 
politipismo, ordenación de los cationes, polaridad, cambio de la posición de las 
bandas electrónicas, estrés, y las propiedades físicas correlacionadas como 
termoelectricidad.  
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La sección de resultados en este capítulo contiene tres partes. En la primera, 
los compuestos monoestructurados están analizados: nanopartículas de CTSe, 
CZTSe, CZGSe, y CHTSe. En la segunda parte se estudian los compuestos 
multiestructurados, politípicos con defectos cristalográficos: CGSe, CHGSe, 
CCTSe. Y finalmente se da un paso adelante y se estudian nanopartículas 
heteroestructuradas de tipo core-shell: FePt@PbTe, BiTe@PbTe, y PbTe@PbS 
core-shell nanopartículas. En la mayoría de los casos en las tres partes, la 
propiedad termoeléctrica de los compuestos se examina y la mejora de la figura 
de merito (ZT) queda demostrada. 

En caso de nanopartículas cuaternarias de  CCTSe, las nanopartículas 
ramifican y forman polipodes (dependiendo del número de las ramas forman 
monopodes, bipodes, trípodes y tetrapodes), que es el caso de un estudio 
elaborado porque el mecanismo de la ramificación es interesante. Por lo tanto, 
se estudia el material por medio de un microscopio con tres correctores de 
aberraciones y se justifica la morfología de pentatetrahedral y el mecanismo de 
ramificación con el concepto de polaridad. Además se llevan a cabo las 
simulaciones de la estructura de las bandas electrónicas en las dos situaciones en 
las que los cationes son ordenados o desordenados. 

En capítulo 4 se trabaja con los nanohilos de óxidos de metales que sirven 
para muchas aplicaciones como celdas solares o sensores de gas. Los 
semiconductores de óxidos de metal son definitivamente prometedores y han 
sido utilizados ampliamente durante estas últimas décadas. En nuestro caso, con 
el objetico de mejorar la funcionalidad de los aparatos, hemos estudiado 
heteroestructuras tipo core-shell, y nanohilos decorados con nanopartículas. En 
este capítulo se enseña que con esta aproximación se pueden crear 
heteroestructuras de óxidos distintos para optimizar el funcionamiento del 
aparato, por ejemplo la eficiencia de las celdas solares, la sensibilidad y 
selectividad de los sensores de gas, etc. A continuación se listan los materiales 
que han sido estudiados en este capítulo: 

- Nanohilos simples de ZnO dopados con Cl, y nanohilos de ZnO:Cl 
cubiertos con ZnS o TiO2: ZnO:Cl@ZnS y ZnO:Cl@TiO2 core-shell 

- Nanohilos simples de TiO2 NWs, y nanohilos de TiO2 rutilo cubiertos 
con TiO hongquiite: TiO2(rutile)@TiO(hongquiite) core-shell 

- Nanohilos simples de SnO2 rutilo, y nanohilos de SnO2 cubiertos con 
una capa de Ti2O, V2O3, o TiVO3: SnO2@Ti2O, SnO2@V2O3, y 
SnO2@TiVO3 core-shell 

- Nanohilos de SnO2 decorados con nanopartículas de CuO 
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En el capítulo 5 prácticamente la misma aproximación está escogida, pero 
esta vez con nanohilos del grupo III-V. Aquí hemos enfatizado la importancia 
del  crecimiento epitaxial de heteroestructuras, porque este asunto tiene un 
impacto muy fuerte en las propiedades. Este tipo de heteroestructuras se usan 
para crear uniones p-n, y como los nanohilos de GaN son muy prometedores en 
los sistemas optoelectrónicos, se han hecho las medidas ópticas. El asunto de 
polaridad en este caso tiene una influencia notable. Por lo tanto, el material está 
precisamente analizado ambos experimentalmente y teóricamente. Hemos 
estudiado el efecto de la polaridad, como un parámetro impactante en las 
interfases, en la estructura de las bandas electrónicas con simulaciones de ab-
initio. 

Dos heteroestructuras están estudiadas en este capítulo: nanohilos de GaN 
crecidos en substrato de diamante, y nanohilos de GaN con capuchas. En el 
primer caso, por un lado GaN funciona de forma excelente en los sistemas 
optoelectrónicos en rango de ultravioleta, y por otro lado, en esta unión p-n, el 
diamante puede ser utilizado para otras aplicaciones como computación quántica 
y magnetometría de espín. En este capítulo sólo nos enfocamos en las 
propiedades optoelectrónicas y las examinamos en medio de análisis de 
fotoluminiscencia y catodoluminiscencia. 

El aspecto más interesante en el caso de la heteroestructura de GaN/ZnO ha 
sido la inversión de la polaridad. Es decir, las capuchas de ZnO con polaridad 
Zn crecen sobre nanohilos de GaN con polaridad N. Por lo tanto, para ver la 
influencia de la polaridad, hemos simulado la estructura de las bandas 
electrónicas en la interfase en cuatro casos distintos: Zn-polar/N-polar, Zn-
polar/Ga-polar, O-polar/N-polar, O-polar/Ga-polar en la interfase de 
heteroestructura de ZnO/GaN. Además, hemos desempeñado el análisis 
geométrico de fase (GPA) para verificar si hay estrés en la interfase o si las 
estructuras están relajadas. 

Por último, en el capítulo 6 hemos hablado de las conclusiones generales y 
las perspectivas para la investigación futura. La amplia libertad de manejar la 
estructura química y cristalográfica, acompañada del desarrollo de los métodos 
nuevos y avanzados de la microscopía electrónica, nos abre las puertas hacia 
nuevas posibilidades de mejorar el funcionamiento de los sistemas avanzadas. 
Por otro lado, también hablamos de unos trabajos que aún no han llegado a los 
resultados finales. De todas formas, aún hay muchas oportunidades que parecen 
totalmente factibles para desarrollar nuevas aplicaciones y aumentar la 
eficiencia de los sistemas. 
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En aquest treball hem estudiat els materials avançats amb les últimes 
tecnologies i metodologies de microscòpia electrònica, les que tenen un impacte 
important en el desenvolupament de la ciència de materials. L’objectiu principal 
ha estat estudiar fenòmens com el politipisme, les morfologies inusuals, la 
ramificació, ‘ramificació politípica’, modulació de les bandes electròniques, 
l’ordenació dels cations, la polaritat, el creixement i la interfície epitaxial, 
allotjament d’una fase secundaria en un base, etc. per raonar la influència 
d’aquests fenòmens en les propietats i aplicacions, per exemple en la 
termoelectricitat, el funcionament de les unions p-n, l’eficiència de las cel·les 
solars, les propietats optoelectròniques, la resposta dels sensors, etc. Diferents 
semiconductors han estat caracteritzats: nanopartícules de calcògens complexos, 
nanofils d’òxids metàl·lics, i nanofils semiconductors dels grups III-V. 

En aquest informe hem estudiat els materials funcionals a escala 
nanomètrica per mitjà de mètodes avançats de microscòpia electrònica incloent 
mètodes de difracció, presa d’imatges (imaging) i espectroscòpia.   

El capítol 1 és una breu introducció de la tesi, on s’exposen els objectius 
principals del treball, les últimes novetats (state-of-the-art), els reptes i les noves 
possibilitats. El capítol 2 consisteix en la descripció de la metodologia. En els 
capítols 3,4 i 5 es troben els resultats i en el capítol 6 s’inclouen les conclusions 
i la perspectiva del treball futur. S’haurà de tenir en compte que els capítols de 
resultats (capítols 3 al 5) contenen una introducció i una conclusió complerta. 
Per tant, la introducció a la tesis (capítol 1) i la seva conclusió (capítol 6) no son 
excessivament extenses.  

Al capítol 1 s’exposa la idea general d’aquest treball, la seva importància, 
l’última generació i un prefaci de la tesi.     

El capítol 2 s’inicia amb els conceptes bàsics de la microscòpia electrònica, 
concretament amb la interacció dels electrons amb la matèria, la difracció, 



APPENDIX D: RESUM EN CATALÀ 

328 
 

resolució, aberració i correcció de l’aberració. Després d’això, s’explica la 
metodologia de la microscòpia electrònica de transmissió (MET o TEM) i els 
mètodes avançats utilitzats per estudiar els semiconductors a escala atòmica, els 
seus avantatges i desavantatges. En general les descripcions són breus. No 
obstant això, hem proveït el capítol d’excel·lents referències en les quals es pot 
trobar informació complementària. En aquest capítol, cada secció comença amb 
els mètodes convencionals i acaba amb l'última generació apropiada per estudiar 
els materials avançats. Els resultats experimentals estan corroborats amb estudis 
teòrics i simulacions. Per tant, també expliquem aquests procediments. 

A continuació es llisten els mètodes explicats al capítol 2: 
- Els mètodes de difracció: SAED 
- Els mètodes de prendre imatges: BF-TEM, DF-TEM, HRTEM, 

ADF/HAADF-STEM, BF-STEM, ABF-STEM 
- Els mètodes d’espectroscòpia: EELS, EDX, CL 
- Anàlisis quantitatiu, processar les imatges i simulació: GPA, MSA, 

Rhodius/Eje-Z, JEMS 
- Mètodes de preparació de mostres 
Aquests son els mètodes que s’han utilitzat per obtenir els resultats dels 

capítols 3,4 i 5.  
El capítol 3 està basat en l’anàlisi de l’estructura i la morfologia de les 

nanopartícules de calcògens complexes. S’estudien diferents compostos de 
binaris a ternaris i quaternaris. Es demostra que hi ha un ampli rang de 
possibilitats per modular l’estructura química de les nanopartícules perquè hi 
han molts elements a la taula periòdica que es substitueixen en llocs les 
posicions dels anions i cations. I cada element té una única influència en les 
propietats físiques dels compostos. La majoria d’aquests compostos es basen en 
el seleniur de coure, agregant més cations que substitueixen el coure i formen 
ternaris i quaternaris. De fet, realitzem l’anàlisi avançat de TEM per comprendre 
la física darrere d’aquests canvis en les propietats. Fenòmens com el canvi de 
morfologia, el politipisme, l’ordenació dels cations, la polaritat, el canvi de 
posició de les bandes electròniques, l’estrés i les propietats físiques 
correlacionades amb la termoelectricitat. 

La secció de resultats en aquest capítol conté tres parts. A la primera, els 
compostos monoestructurats estan analitzats: nanopartícules de CTSe, CZTSe, 
CZGSe i CHTSe. A la segona part s’estudien els compostos multiestructurats, 
politips amb defectes cristal·logràfics: CGSe, CHGSe, CCTSe. I finalment es 
dona un pas endavant i s’estudien nanopartícules heteroestructurades de tipus 
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nucli-capa (core-shell): nanopartícules nucli-capa de FePt@PbTe, BiTe@PbTe, 
i PbTe@PbS . En la majoria dels casos, a les tres parts, la propietat 
termoelèctrica dels compostos s’examina i la millora de la figura de merito (ZT) 
queda demostrada. 

En el cas de nanoparticules quaternàries de CCTSe, les nanoparticules 
ramifiquen i formen polipodes (depenent del número de rames formen 
monòpodes, bípedes, trípodes i tetràpodes), que és el cas d’un estudi elaborat pel 
gran interès del mecanisme de la ramificació. Per tant, s’estudia el material per 
mitjà d’un microscopi amb tres correctors d’aberracions i es justifica la 
morfologia de pentatetraedre i el mecanisme de ramificació amb el concepte de 
polaritat. A més es duen a terme les simulacions de l’estructura de les bandes 
electròniques en les dues situacions en les que els cations son ordenats o 
desordenats.  

Al capítol 4 es treballa amb nanofils d’òxids de metàl·lics que serveixen per 
moltes aplicacions com les cel·les solars o els sensors de gas. Els 
semiconductors d’òxids de metàl·lics són definitivament prometedors i han estat 
utilitzats àmpliament durant les últimes dècades. En el nostre cas, amb l’objectiu 
de millorar la funcionalitat dels dispositius, hem estudiat heterostructures del 
tipus nucli-capa, i nanofils decorats amb nanopartícules. En aquest capítol 
s’ensenya que amb aquesta aproximació es poden crear heterostructures d’òxids 
diferents per optimitzar el funcionament del dispositiu, per exemple l’eficiència 
de les celdes solars, la sensibilitat i selectivitat dels sensors de gas, etc.  

A continuació es llisten els materials que han sigut estudiats en aquest 
capítol: 

- Nanofils simples de ZnO dopats amb Cl, i nanofils de ZnO:Cl coberts 
amb ZnS o TiO2: ZnO:Cl@ZnS i ZnO:Cl@TiO2 core-shell 

- Nanofils simples de TiO2, i nanofils de TiO2 rutil coberts amb TiO 
hongquiite: TiO2(rutile)@TiO(hongquiite) core-shell 

- Nanofils simples de SnO2 rutil, i nanofils de SnO2 coberts amb una capa 
de Ti2O, V2O3, o TiVO3: SnO2@Ti2O, SnO2@V2O3, i SnO2@TiVO3 
core-shell 

- Nanofils de SnO2 decorats amb nanopartícules de CuO 
En el capítol 5 s’escull pràcticament la mateix aproximació, però aquesta 

vegada amb nanofils del grup III-V. Aquí hem emfatitzat la importància del  
creixement epitaxial d’heterostructures, perquè aquest assumpte té un impacte 
molt fort en les propietats. Aquest tipus d’heterostructures s’usen per crear 
unions p-n, i com els nanofils de GaN són molt prometedors en els sistemes 
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optoelectrònics, s’han fet les mides òptiques. L’assumpte de polaritat en aquest 
cas té una influència notable. Per tant, el material està precisament analitzat 
experimental i teòricament. Hem estudiat l’efecte de la polaritat, com un 
paràmetre impactant en les unions, en l’estructura de les bandes electròniques 
amb simulacions ab-initio. 

Dues heteroestructures s’estudien en aquest capítol: nanofils de GaN 
crescuts sobre un substrat de diamant, i nanofils de GaN amb caputxons de ZnO.  
En el primer cas, per una banda, el GaN funciona de forma excel·lent en els 
sistemes optoelectrònics en el rang ultraviolat, i per l’altra banda, en aquesta 
unió p-n, el diamant pot ser utilitzat per altres aplicacions com en la computació 
quàntica i la magnetometria d’espí. En aquest capítol només ens enfoquem en 
les propietats optoelectròniques i les examinem en mig de l’anàlisi de la 
fotoluminescència i la catodoluminescència. 

L’aspecte més interessant en el cas de l‘heterostructura de GaN/ZnO ha 
estat la inversió de la polaritat. És a dir, els caputxons de ZnO amb polaritat Zn 
creixen sobre nanofils de GaN amb polaritat N. Per tant, per veure la influència 
de la polaritat, hem simulat l’estructura de les bandes electròniques a l’unió en 
quatre casos diferents: Zn-polar/N-polar, Zn-polar/Ga-polar, O-polar/N-polar, 
O-polar/Ga-polar a la unió de l’heterostructura de ZnO/GaN. A més, hem 
realitzat l’anàlisi geomètric de fase (GPA) per verificar si hi ha estrès a la unió o 
si les estructures estan relaxades. 

Per últim, al capítol 6 parlem de les conclusions generales i les perspectives 
per a la investigació futura. L’àmplia llibertat de modular i/o manipular 
l’estructura química i cristal·logràfica, acompanyada del desenvolupament de 
nous mètodes avançats de la microscòpia electrònica, ens obre les portes cap a 
noves possibilitats de millorar el funcionament dels sistemes avançats. Per altra 
banda, també parlem d’uns treballs que encara no han arribat als resultats finals. 
De totes maneres, encara hi han moltes oportunitats que semblen totalment 
factibles per desenvolupar noves aplicacions i augmentar l’eficiència dels 
sistemes. 
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