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INTRODUCTION

In 1959, Richard Feynman gave a lecture at the annual American Physical Society

meeting at Caltech entitled "There’s Plenty of Room at the Bottom", where he con-

sidered the possibility of direct manipulation of individual atoms and molecules

for designing new materials with extraordinary properties and characteristics never

seen before. Some years later, this talk supposed a revolution in almost all scientific

scopes (physics, chemistry, medicine, biotechnology, ...), with the consequent increase of

publications and creations of specific magazines where these new properties and appli-

cations were investigated.

Thanks to this revolution, our daily life changed completely. The devices used nowa-

days are getting smaller and more powerful. The bulky mobile phones and computers

of a few years ago have given way to smaller and lighter terminals with increasing ad-

vanced features. The environment and the energy sector are also being favoured by ad-

vances in the energy collection system (solar cells, thermoelectric devices, ...). However,

the development of all these technologies require basic understanding of the properties

of the materials employed for its technological use. In other words, it is necessary a

perfect correlation between the basic knowledge and its implementation in a practical

situation. For example, the basic research on the optical properties of a given material

such as luminescence can be used for developing more efficient optical devices, leading

to higher brightness and stability of display and lighting devices. In this way cases as

Cree, Inc. can be found which was the first company to break 300 lm/W LED efficacy

barrier for white LEDs using the basic luminescence properties.
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CHAPTER 1. INTRODUCTION

Due to the great future prospects in the development of nanometric devices that

make use of these new physical properties and phenomena there are more than enough

reasons to work with nanostructured semiconductors (mainly nanowires). This work

will provide a small contribution on the understanding and study of the new basic phys-

ical phenomena that occur at the nanometer scale.

The field of semiconductor nanowires has become one of the most important and ac-

tive within the scientific community and like any other research area several subfields

have emerged within the field of nanowires such as electronics, photonics, energy conver-

sion and storage among others. Throughout this thesis known and unknown properties

of several one-dimensional materials will be studied trying to solve the new challenges

arising from the nanoscale contributing to the future development of photovoltaic, elec-

trical and thermoelectric devices.

1.1 Nanostructured semiconductors - Nanowires

The traditional semiconductor industry has given rise to one of the technological revolu-

tions in the 20th century. The discovery of the transistor, the research in light emitting

devices (LED), the fabrication of solid state lasers and invention of silicon integrated

circuits marked a breaking point in the industry. This made it possible to create new

qualified jobs and the development of new professional careers. At the moment, there

are far more chips on earth than people. Since the fabrication of the first semiconductor

chip their manifold properties have been expanded enormously due to the shrinking of

the structural sizes. Blue shift in the optical absorption, nonlinear optical effects and

size dependent luminescence are some examples of the new interesting properties ex-

hibited when the shrinking of the structural sizes goes down to the nanometer range.

This allowed the development of new and smart products with less cost such as smart-

phones, solar panels and portable computers that have given a twist in the way of life

for people around the world.

At the nanometer scale, the characteristics of the materials exhibits some unique

and remarkable physical properties that enable new applications compared to their bulk

counterparts. They become size-dependent in this range. For example, properties such

as fluorescence, melting point, chemical reactivity, magnetic permeability and electrical

conductivity are affected by the size, shape and aspect ratio of the nanomaterial [7–9].

In general, there are two basic approaches to the synthesis of nanomaterials and the

fabrication of different kinds of nanostructures; bottom up and top-down approaches.
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1.1. NANOSTRUCTURED SEMICONDUCTORS - NANOWIRES

In one hand, the top-down method uses larger initial structures (bulk) to create nan-

odevices, while bottom up approaches include the miniaturization of materials compo-

nents (up to atomic level) with further self assembly process leading to the formation

of nanostructures. Moreover, the top down approach implies that the nanostructures

are synthesized by etching out crystals planes which are already present on the ini-

tial material (bulk) which can lead significant crystallographic damage to the processed

patterns, and the imperfection of surface structure. These imperfections leads to extra

challenges in the device design and fabrication, increasing the development costs. In

addition, they are not suitable for large scale production because initially uses larger

structures where the building blocks are removed from the substrate to form the nanos-

tructure. For these reasons, bottom up self-assembly methods offer the most realistic

solution to overcame those limitations. Using self-assembly approach one can be able to

produce nanostructures with less defects and more homogeneous chemical composition,

being less expensive than top-down methods. Although bottom up is more favourable for

the fabrication of next-generation functional materials and devices this approach could

be overwhelmed as the size and complexity of the desired assembly increases.

A particular example of self-organized nanomaterials are semiconducting nanowires

which are attracting considerable attention due to their encouraging potential as the fu-

ture building-blocks for the next generation of high performance optoelectronic devices

and systems. Nanowires can be defined as nanostructures with cylindrical symmetry

with small diameters (in the nanoscale range) and several microns length. In many

cases, they are described as quasi-one dimensional nanostructures. There are several

reasons why this type of nanostructures are of great interest for the next generation

of light-emitting diodes, solar cells and thermoelectric devices [10–12]. If the nanowire

diameter is sufficiently small to be compared to the exciton Bohr radius (around ten

nanometers in GaN for instance) the motion of the electrons becomes limited because

they are quantum confined laterally. This confinement has an influence on the electronic

and photonic properties and can, for example, affect the excited electronic states by blue

shifting the energy, increasing the band gap [13, 14]. In addition, quantum confinement

in elongated nanowires can be useful to increase the hole mobility that enhances the

performance on field-effect transistors (FETs) [15].

Another peculiar characteristic of the nanowires are related to surface effects. The

influence of the large surface-to-volume ratio allows to enhance light confinement and

photosensitivity that makes nanowires ideal for wide range of optoelectronic devices

such as solar cells, optical switches, photodetectors and interconnects [16–21].
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CHAPTER 1. INTRODUCTION

1.2 Key challenges

A feature of the nanostructured materials is that many of their physical properties do

not have the same behaviour as observed in their bulk counterparts. For example, in

nanowires the characteristic diameters are less than a few hundred nanometers, and

therefore they are below the characteristic lengths of many physical phenomena; e.g.

wavelength of the photons, phonon mean free path, diffusion lengths of the excitons,

size of the magnetic domains etc. Moreover, the defects present in the structure such

as dislocations, impurities, surface roughness among others are more relevant on nano-

materials than in bulk solid materials [22]. That can also affect the development of

nanoelectronic devices due to the high non-uniform heat dissipation density. Thermal

conductivity of nanostructures (including nanowires) can be altered and reduced be-

cause of phonon scattering by interface roughness. Although the reduction in thermal

conductivity does not involve a substantial loss in the electrical transport qualities of

the nanowire[22–24].

It deserves mentioning the fact that the development of nanowire based electronic

and thermoelectric devices depends on the ability to grow nanowires with strict control

over properties such as crystal structure, optical properties, morphology and chemical

composition. The lack of control on the dimensions can affect the behaviour of charge

carriers in quantum electronic devices. Unintentional radial growth can be also problem-

atic for performance of nanodevices because material is deposited on the nanowire side-

walls and produces a non-uniformity composition along the length of ternary nanowires,

undesirable nanowire tapering and unintentional shell structures coating axial het-

erostructure nanowires. In addition it is worth to note that control over chemical compo-

sition (nanowires heteroestructures, intrinsic and doped nanowires,etc.) is relevant in

the development of emerging based-nanowires devices. Unfortunately, it is quite hard

to control the crystallographic phase purity of nanowires, in particular in III-V com-

pounds such as GaAs and InP nanowires [25]. For instance, the crystallographic phase,

whether cubic (zinc-blende) or hexagonal (wurtzite) has significant effects on the physi-

cal and optical properties (modification of bandgap) of the nanowires [26].

Another well-recognized challenge for the researchers is the difficulty to perform

an appropriate characterization for reproducing and validating experimental measure-

ments at the nanometer range scale. It is very common that some nanostructured mate-

rials present unique sample preparation, and not every research groups have access to

the tools needed to characterized properly these samples. In most of the cases, the multi-
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1.3. SCOPE AND GOALS OF THE THESIS

disciplinary nature of the Nanotechnology requires a knowledge beyond of the expertise

of the research groups. In many cases, this lack of information on nanostructured ma-

terials may create a sense of helplessness by researchers, who would like to either use

them for thermoelectrics, electronic, biomedical and energy applications, since their in-

complete characterization are viewed in many cases as a significant failure on the wide

part of the research community.

Finally, because nanowires and nanostructured materials in general offer such breath-

taking results in optoelectronics and phonon behaviour, their optical properties are of

great interest. Within the available tools provided in this work to characterize the sam-

ples, Raman spectroscopy is very suitable for studying the crystal structure, their purity,

composition, phonon behaviour and temperature because of its non-destructive nature

and micrometer resolution. This technique has been widely applied in the characteriza-

tion of nanowires semiconductors as indicated along the thesis. But, since the nanowires

present particular geometric characteristics in their shape and they can have a smaller

size than the wavelength and illumination area of incident laser light (spot from the

objective), the way of using this technique over them is still a challenge.

1.3 Scope and goals of the thesis

Optoelectronics has become an important part in modern life. For any device where light

is used to transfer information semiconductor devices are often necessary to convert

electrical current into optical signal and vice versa. Such devices include: photodetectors

used in digital cameras and safety systems; light emitting diodes for general lighting

and traffic signals; or laser diodes with a wide range of uses that include Blu-ray disc

and fiber optics communications among others. Moreover, semiconductors nanodevices

take advantage of their shrinking size to open new possibilities in modern optoelectron-

ics devices. The goal of this work will be the understanding of the properties of some of

the most commonly used semiconductor nanowires like GaN, InP and ZnO for their ap-

plication in modern optoelectronics and providing fundamental optical knowledge about

them.

Another key objective that will be studied in this thesis is related to basic knowledge

of the characteristics of nanomaterials with applications in the field of energy harvest-

ing. It is well-known the need to develop new technological products to contribute to

environmental and climate protection by saving energy and raw materials, decreasing

consumption of fossil fuels and making an efficient use of resources for reducing green-
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house effect. Materials such as Bi2Te3 and ZnO are of the great interest because they

can be employed for performing this kind of nanotechnological products and they are

generally used to carry out thermoelectric (in the case of Bi2Te3 material) and photo-

voltaic (ZnO) devices. For this issue their understanding and characterization are vital

for performing new energy harversting devices.

This thesis presents a detailed investigation of the optical properties of Bi2Te3, GaN,

InN, InP and GaN/AlN nanowires grown by different techniques for their application on

future optoelectronic and thermoelectric devices. The thesis also includes a prototype of

hybrid solar cell. The outline of the thesis is organized as follows: Chapter 1 presents a

bird’s eye view of the content of the thesis. Chapter 2 reviews basic notions of epitaxial

growth, fundamentals in the synthesis of the nanowires and experimental techniques

used for characterization and their underlying theory. Although several characteriza-

tion techniques are employed in this work, Raman spectroscopy is applied as the major

research method for this thesis. Concepts of Raman scattering theory as well as the

mainly used Raman setups are presented. The organization of the several chapters is

based on how Raman spectroscopy is applied for characterizing the samples. This is

reflected on Chapters 3, 4 and 5, where materials were studied in large part by non-

resonant, resonant and Surface Enhanced Raman Spectroscopy (SERS), respectively.

Chapter 3 is divided into two parts. On one hand, Chapter 3 reports the growth and

optical characterization of long single GaN nanowires. Surface modes characteristics of

these nanostructures are identified by Raman spectroscopy. On the other hand, it ex-

plains the appearance of extra peaks on Bi2Te3 tiny nanowires, which are erroneously

assigned in the literature as infrared (IR) activated forbidden Raman modes. Stochio-

metric and non-stochiometric Bi2Te3 nanowires ensembles are characterized. Optical

phonon modes are identified and compared with density functional theory (DFT) calcu-

lations. The measurements on Bi2Te3 nanowires are supported with additional experi-

ments on Bi2Te3 films.

Chapter 4 presents Resonance Raman Spectroscopy (RRS) of ultrathin GaN and

GaN/AlN nanowires in order to obtain information of the electronic structure and polar-

ity of the material. In the experimental characterization of the ensembles, anomalous

results appears; e.g. supplementary peaks attributed to forbidden silent mode and huge

Raman intensities. In order to shed some light into the physical origin of these obser-

vations DFT calculations of the lattice dynamics in GaN were discussed. A thorough

analysis of the different physical mechanisms allowing the forbidden mode to appear is

carried out for understanding the physics behind the experimental results.
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1.3. SCOPE AND GOALS OF THE THESIS

Chapter 5 shows the optical characterization of individual InN and InP nanowires.

In this chapter these nanowires are localized in a marked substrate and investigated

by means of Raman and SERS. In order to increase the Raman signal from SERS mea-

surements, gold nano-branched particles onto the nanowires are deposited. The signal

enhancement in the Raman spectra plus the possibility of accessing to forbidden modes

by SERS technique are discussed.

In Chapter 6, a novel prototype of hybrid solar cell using ZnO nanowires is per-

formed. This Chapter shows the growth of ZnO nanowires by Chemical Vapour Deposi-

tion, their optical characterization and the fabrication of the photovoltaic cell.

Finally, the major results of this thesis are summarized in Chapter 7.
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2
EXPERIMENTAL DETAILS

The objective of this chapter is to provide a short summary of the basic concepts of

epitaxial growth and fabrication techniques employed in this work. Parameters

concerning growth processes will be described in next chapters depending upon

the material grown. The second part of this Chapter is focused on the fundamentals

of the experimental techniques used for characterization of the samples. In particular,

basic notions on the interaction of light with matter will be detailed. That includes

the theoretical background of the Raman effect, explaining the selection rules for the

scattering process, resonant Raman spectroscopy and plasmonics on surface enhance

Raman spectroscopy. Because these techniques are highly complex and cannot be ex-

plained in detail the discussion is restricted to the basic principles and issues relevant

to this work. Fundamentals are based on the works of Cantarero, Yu and Cardona [27–

29]. The setups and the experimental equipment used are also described.

2.1 Synthesis techniques

2.1.1 Epitaxial growth

Before introducing the growth methods employed for developing the nanomaterials,

some fundamental concepts of epitaxial growth are presented. Epitaxy is described as

the ordered growth of one crystalline material on top of a crystalline substrate with a

similar lattice parameter [30]. This implies that the crystalline material grown will be

9



CHAPTER 2. EXPERIMENTAL DETAILS

influenced by the crystalline substrate which acts as a seed. Because of this, the de-

posited material may lock into one or more crystallographic orientations with respect

to the substrate crystal. When a crystal is grown epitaxially on a substrate of the same

material, epitaxy is termed as homoepitaxy. By contrast, if the grown material is dif-

ferent to that of the substrate, as a silicon film grown on sapphire or gallium nitride

grown on a silicon substrate, it is termed as heteroepitaxy. Nowadays, epitaxial growth

techniques are employed for the fabrication of electronic circuits, replacing bulk growth

techniques, such as massive semiconductors or wafers, since the devices are fabricated

with a size of only a few microns (or even nanometers). One of the major advantages of

epitaxy over bulk techniques is the accuracy to control the structure and composition

which may be better than the single atomic monolayer and the purity of the crystal.

There are several epitaxial techniques used for the growth of III-V, II-VI compound

semiconductors and other materials. The most common epitaxy techniques used for

obtaining high crystalline nanowires, which is the main subject of the present work,

are metal organic vapor phase epitaxy (MOVPE) and Molecular Beam Epitaxy (MBE).

These growth techniques provide nano-sized semiconductors grown with excellent crys-

tal quality, allowing mostly epitaxially determined orientations with respect to a tem-

plate. In the next subsection the main growth techniques utilized in this thesis will be

explained. In particular, it shall be described those techniques that were employed in

the growth of the nanowires.

2.1.2 Nanowire growth techniques

Information about synthesis techniques have been taken, in part, from the works of

Kimberly A. Dick and Jing-jing Feng et al. [30, 31].

The formation of nanostructured materials can be performed by a variety of tech-

niques. In the particular case of the 1-dimensional structures, the growth depends on

the suppression of the crystal growth rate in two dimensions. In general, there are

two main categories of nanowire growth: the template-assisted and the free-standing

one. Template-assisted growth limits the formed crystal to a predefined direction. This

method uses, for instance, prefabricated cylindrical nanopores as templates [32]. Then

nanopores are filled by the desirable material with a diameter predefined by the diame-

ter of the nanopore [33]. Among all ways to fill nanopores, electrochemical deposition is

a well-established, simple, versatile and low cost method, which has been successfully

utilized for fabricating nanowires for thermoelectric applications [34–38].

10
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In free-standing growth, nanowires are usually grown from a single nucleation point

and shrinking is achieved due to the relative growth rates of the different dimensions.

A large advantage of this method compared to the other one is the facility and versa-

tility to grow nanowires on different substrates and transfer them to other surfaces

after growth, which is useful for individual analysis and studies. In many cases, the

growth of free-standing nanowires is achieved by the vapor-liquid-solid (VLS) mecha-

nism first described by Wagner and Ellis for micrometer sized Si whiskers [39]. This

process requires a catalyst, which forms an eutectic * with the growth material having

lower melting point. The catalytic particles (typically, a metal as gold) are deposited

onto a substrate. Then, it is heated to a temperature above the eutectic point of the

system which is chosen between the catalytic particle and the target material †. Due to

the elevated temperature the catalyst forms nanometer sized droplets. Then the sam-

ple supplied from the gas phase is brought in contact with the melted droplet and forms

the eutectic solution. Finally, these liquid droplets supersaturates due to the continu-

ous feeding of the catalyst particle leading to nucleation of the nanowire material. The

material growth is assisted by the solid-liquid interface that acts as a sink causing the

continued material incorporation of semiconductor in the lattice leading to axial crystal

growth with the droplet riding on top as seen in Figure 2.1. The diameter and length of

the nanowire can be controlled by the size of the catalyst droplet and the time of growth

material vapour supply. The process can be visualized at Figure 2.1. This image is taken

from [41] which illustrates the VLS process for Sb2O4 nanowire growth.

We will be briefly described below the synthesis techniques employed for growing

semiconductors materials:

Electrodeposition is a process which a metal thin layer is deposited from a solu-

tion of ions onto an electrically conducting surface. This method is based on the principle

of electrosynthesis and is analogous to a galvanic cell acting in reverse. It uses electri-

cal current to reduce the cations of a desired material from an electrolyte and coat

those materials as a thin film onto a conductive substrate surface [42]. This technique

is quite versatile allowing its application to a wide range of potential uses in thermo-

electrics due to its capability in fabricating one-dimensional nanostructures [36, 43]. So

far, the most common electrodeposition used includes reaction deposition, co-deposition,

*An eutectic reaction is a three-phase reaction by which, on cooling (slowly) to the eutectic tempera-
ture, a liquid solution transforms into two solid phases at the same time that will remain stable as the
temperature is lowered [40].

†The temperature chosen is selected according to the binary phase diagram which is a temperature-
composition map that represents the equilibrium phases present at a given temperature and composition.
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Figure 2.1: Schematic illustration of VLS process for Sb2O4 nanowire growth. This pro-
cess can be divided into four main steps: First, catalytic particles are deposited on a
substrate to initiate the growth process (it could be Gold, Nickel, Indium...). Then a
gas that contains the growth material is brought in contact with the melted droplet, us-
ing techniques like Chemical Vapor Deposition (CVD), Chemical Beam Epitaxy (CBE),
MBE, etc.. After that, nucleation occurs when supersaturation is reached. And finally,
at the particle-wire interface, the nanowire grows.

and two-step deposition. For electrodeposition process current, voltage, temperature,

solvent concentration and solution pH should be taken into account. However electrode-

position depends on additional factors such as the solution ionic strength and electrode

surface state among other can complicate the process. In addition, it is relatively diffi-

cult to control the thickness and composition of films in complex compositions. Bi2Te3

nanowires (as well as Bi2Te3 films) were grown by electrodeposition.

Chemical vapor deposition (CVD) is a deposition method used especially in the

semiconductor industry to produce high-quality and high performance solid materials.

In this technique the wafer (substrate) is exposed to volatile precursors which react and

decompose (or both) on the surface of the substrate, and then the deposition is produced

on top of the wafer. Frequently, this is accompanied by the production of chemical by-

products that are removed out of the chamber by unreacted precursor gases. Because

of the wide range of applications and the large variety of materials deposited CVD can

be implemented in a variety of formats such as metalorganic chemical vapor deposi-

12



2.2. CHARACTERIZATION TECHNIQUES

tion (MOCVD), plasma enhanced chemical vapor deposition (PECVD), and low-pressure

chemical vapor deposition (LPCVD), which are usually different in the initialization of

the chemical reaction. GaN, InN and ZnO nanowires were synthesized in a CVD reactor.

Molecular Beam Epitaxy (MBE) is an ultra high vacuum (UHV) (low pressure ∼
10−8 - 10−10 Torr) based technique for producing high-purity nano-scale materials. The

growth material is deposited on a heated substrate in UHV environment typically us-

ing one or more beams of atoms or molecules incident upon the substrate’s surface. This

technique has many advantages over similar deposition methods like vapor deposition

e.g. arbitrarily sharp deposition resolution, significantly improved purity, and operation

at low temperatures. In addition, reflection high energy electron diffraction (RHEED)

is often used during operation for monitoring the growth of the crystal layers. How-

ever, the equipment involved is complex and very expensive because of the difficulty of

achieving clean materials which are liquid or solid in high vacuum conditions. Ultra-

thin GaN nanowires were grown via Plasma-assisted MBE (PA-MBE) which involves

the activation of molecular nitrogen in which active nitrogen is produced by catalytic

decomposition of ammonia at the surface of the substrate.

Chemical Beam Epitaxy is described as a hybrid of MOCVD and MBE [44] that

exploits the advantages of the beam nature of MBE and the control and use of an all-

vapor source of MOCVD. Metal alkyls (e.g., triethylgallium), as group III sources, and

hydrides (e.g., mine), as group V sources, are used to form the corresponding intermetal-

lic crystalline compound in an UHV chamber [45]. InP nanowires were synthesized us-

ing this process.

2.2 Characterization techniques

2.2.1 Raman spectroscopy

Raman scattering is a standard non-destructive contactless characterization technique

that provides access to the lattice dynamics and therewith delivers information on the

crystal and electronic structures, strain, temperature, phonon-phonon, and electron-

phonon interactions of the materials on an area spatially defined by the focal size of

the optical beam. This technique consists of using a laser light source to irradiate a

sample and generate Raman scattered light, which is usually detected through a charge-

coupled device (CCD).

In addition, Raman spectroscopy has numerous advantages over other analysis tech-
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niques because it requires no sample preparation and provides a high spatial resolution

up to sub-micron scale. Using this technique one can measure both organic and inor-

ganic substances, samples in various states (gas, liquid, solution, solid, crystal, emul-

sion) and transparent samples using a confocal optical system. Another significant ad-

vantage of Raman Spectroscopy is that it is a highly specific, like a chemical fingerprint

of a material.

Raman spectroscopy is based on the Raman effect which was first reported by C. V.

Raman and K. S. Krishnan [46], and independently by Grigory Landsberg and Leonid

Mandelstam, on 21 February 1928 [47]; although the inelastic scattering of light was

predicted by Adolf Smekal in 1923 [48].

2.2.1.1 Interaction of light with matter; the Raman effect

When light interacts with matter various processes can occur. In a semiconductor most

of the incident light is either reflected, absorbed, or transmitted; only a small amount

of incident light is scattered within a whole solid angle. The light scattered can be

scattered either elastically (Rayleigh or Mie scattering) or inelastically (Raman or Bril-

louin scattering). The light scattered elastically from small particles such as atoms or

molecules is named Rayleigh scattering*. The Rayleigh scattering is possible due to

the existence of defects (dislocations, vacations, etc...) in the sample; in a high-quality

crystalline material with translational symmetry, the elastic scattering is very low com-

pared to a material with defects [49, 50]. In contrast, the inelastic scattered is caused by

elemental excitations of the material; inelastic scattering by acoustic phonons is known

as Brillouin scattering, while inelastic scattering by other dynamic inhomogeneities

such as optical phonons in a lattice or molecular vibrations and plasmons is known as

Raman scattering. This work will be focused on the analysis of Raman scattering by

phonons†.

For spectroscopic Raman measurements the incident light must be monochromatic.

In addition, much more than 99% of scattered light still has the same wavelength after

scattering (Rayleigh scattering) and only a tiny amount of photons (several orders of

magnitude smaller than that scattered elastically) are spectrally shifted with respect

to the incident radiation due to inelastic scattering process (the outgoing photon has a

different frequency of the incoming one); for this reason the design of special spectrom-

*Mia scattering is an elastic scattering mechanism that predominates for particle sizes larger than
the incident radiation and the resulting scattered radiation is non-uniform.

†The scattering by electronic excitations or magnetic excitations are also Raman scattering [28].
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Figure 2.2: Jablonski energy diagram of the scattering processes of light with Rayleigh,
Raman and Resonant Raman scattering (Stokes and anti-Stokes shifts). The vibrational
or phonon energy is denoted by ℏΩ.

eters that eliminates strong Rayleigh light are needed. In a typical Raman spectrum

the intensity of the scattered light is plotted as a function of the scattered light (Raman

shift), I=I(ω), where ω is typically given in cm−1. Not all the vibrations can be observed

in a Raman experiment since the observation depends on symmetry and polarizabil-

ity of the molecule or phonon mode. The lower energy emission is called Stokes shift

and it is represented at the right of the laser line in a I=I(ω) plot, while the phonon

absorption is called anti-Stokes shift, represented at the negative x-axis. At low temper-

ature the number of phonons present in the material is very low and usually nothing

is observed in the anti-Stokes region, while at room and higher temperatures the anti-

Stokes phonons are observed, although the intensity is lower, much lower at a larger

frequency‡. In Figure 2.2 the elastic Rayleigh scattering and inelastic Raman scatter-

ing processes (Stokes and anti-Stokes) are illustrated in a Jablonski energy diagram.

The Resonant Raman scattering process is also shown, in which the energy of the laser

‡There are other techniques like stimulated Raman scattering where the most important region is
the anti-Stokes.
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matches with a real electronic transition of the studied system, causing the transition

between electronic states becomes real and the Raman signal increases orders of mag-

nitude. More information about these processes are given in the next subsections.

2.2.1.2 Principles of Raman effect

The inelastic Raman scattering process is governed by the laws of conservation of en-

ergy and momentum. This means that the light is frequency shifted to lower energies

(Stokes) or higher energies (anti-Stokes) with respect to the incoming light as a conse-

quence of a scattering event; a quasi-particle (phonon,plasmon or magnon) is created

or annihilated, respectively. The corresponding energies and momenta of a scattering

process in a crystalline solid are defined by the following Equations:

(2.1) ℏωs = ℏωi ±ℏωp

(2.2) ℏks = ℏki ±ℏkp

The energy transfer between the incident photon of energy ℏωi plus/minus (absorp-

tion/emission of a phonon, respectively) the phonon energy ℏωp must coincide with the

energy of the outgoing photon, ℏωs. However since the momentum of the incident and

scattered photons |kmax|⩽ 105cm−1 in the visible are rather small compared to the size

of the first Brillouin zone π/a0 ∼ 108cm−1, scattering mainly occurs close to the Γ point

(the center of Brillouin zone) where the phonons participating in the scattering process

are long wavelength phonons with q ≃ 0.

In a classical picture, the Raman scattering process can be explained using classic

theory of the electromagnetism. When a plane electromagnetic wave with frequency ωi

(laser light)

(2.3) E⃗(⃗r, t)= E⃗ i (⃗ki, r)ei(⃗ki r⃗−ωi t)

interacts with an infinite medium with electric susceptibility (χ), a sinusoidal polariza-

tion will be induced:

(2.4) P⃗ (⃗r, t)= ϵ0
←→χ (⃗ki,ωi)E⃗ i (⃗ki,ωi)ei(⃗ki r⃗−ωi t),
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the electrons of the constituent molecules are perturbed periodically with the same fre-

quency that the electric field of the incident wave. The electrical susceptibility can be

modulated by different elementary excitations. In the case of phonons or molecule vi-

brations, i.e., normal modes of atomic vibrations in the crystal with wave vector q⃗ and

frequency ωp, these elementary excitations can be represented as:

(2.5) Q⃗ (⃗r, t)= Q⃗(q⃗,ωp)ei(q⃗⃗r−ωp t),

where Q represents the phonon displacement. These atomic displacements modify the

electric susceptibility. If the characteristic frequencies ωi, which determine χ, are much

larger than ωp, the electric susceptibility can be expanded in a power series of the

phonon displacement Q⃗ (⃗r, t). Keeping only the first-order terms and assuming a plane

wave for Q⃗ (⃗r, t), results in:

(2.6) ←→χ (⃗kL,ωL,Q)=←→χ 0(⃗kL,ωi)+ ∂←→χ (⃗kL,ωL)
∂Q (⃗r, t)

∣∣∣∣
o
Q (⃗r, t)

If we replace the previous Equation in (2.4) the polarization of the medium can be

expressed as:

(2.7) P⃗ (⃗r, t,Q)= P⃗0(⃗r,t)+ P⃗in (⃗r, t,Q)

where

(2.8) P⃗0(⃗r,t)= ϵ0
←→χ 0(⃗kL,ωL)E⃗(⃗ki,ωi)ei(⃗ki r⃗−ωi t),

is the polarization vibrating in phase with the incident light, i.e. the term is responsible

for elastic light scattering and the term

(2.9) P⃗in (⃗r, t,Q)= ϵo
∂←→χ (⃗kL,ωL)

∂Q (⃗r, t)

∣∣∣∣
o
Q⃗(q⃗,ωq)E⃗ i (⃗ki,ωi)ei[(⃗ki±q⃗)⃗r−(ωi±ωp)t)

denotes a polarization varying with ωi ±ωp
†, an induced oscillation which generates

dipole radiation at the Stokes and anti-Stokes frequencies‡.

The intensity of the scattered radiation can be calculated from the time-averaged

power radiated by the induced polarizations (P⃗in (⃗r, t,Q)) into the solid angle,
†The frequency of the phonon involved in the dispersion is equal to the difference between the fre-

quencies of the incident radiation ωi =ωL and the scattered ωS .
‡The expansion to higher terms in Eq. 2.6 induces polarizations at higher frequencies giving rise to

second order Raman scattering or Raman overtones.
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(2.10) IS ∝ω4
S

∣∣∣∣⃗eL · ∂
←→χ (⃗kL,ωL)
∂Q (⃗r, t)

∣∣∣∣
o
Q⃗(q⃗,ωq) · e⃗S

∣∣∣∣2,

where e⃗L and e⃗S represent the polarization of the incident and scattered radiation, res-

pectively. Introducing the unit vector parallel to the phonon displacement (defined as

Q̂ = Q⃗/|Q|) the previous relationship can be rewritten as [29]:

(2.11) IS ∝ω4
S

∣∣∣∣⃗eL · ∂
←→χ (⃗kL,ωL)
∂Q (⃗r, t)

∣∣∣∣
o
Q̂ · e⃗S

∣∣∣∣2,

where

(2.12)
∂←→χ (⃗kL,ωL)

∂Q (⃗r, t)

∣∣∣∣
o
Q̂ =R,

is known as the Raman tensor. Since χ is a symmetric tensor, the Raman tensor is

taken as a symmetric tensor (if we neglect the difference in frequency of the incoming

and outgoing light)|| and has the same symmetry as the corresponding phonon [51].

The phonons observed in a Raman process, called active modes, depend on the crys-

tal symmetry. The active phonon modes observed in a Raman scattering experiment

also depend on the incoming and outgoing polarizations. The geometry and polarization

gives rise to the Raman selection rules. They will be given in detail for a couple of lattice

structures analyzed in this work.

In a quantum-mechanical description, a Raman scattering process involves elec-

tronic excitations§. The energy of a photon scattered by a phonon is changed by a dis-

crete value. In a Raman process, the coupling between the light and the phonon is via

virtual electronic states [51]. This is not the case of infrared scattering, which it is based

on the direct coupling of the electric field of the light and that of molecule or phonon vi-

brations. This can be illustrated by the Feynman diagrams corresponding to a first order

Raman process, see Figure 2.3. Since the energy is conserved between the initial and

final states (Fermi golden rule), the intermediate steps in the Raman process (virtual

||For this work magnetic semiconductors are excluded, which can introduce antisymmetric compo-
nents in the Raman tensor

§Equations 2.10 and 2.11 must be multiplied by a factor nB +1 for the Stokes contribution and by
nB for the anti-Stokes term. The term nB is the Bose-Einstein factor. These terms appear in a quantum
mechanical treatment of the Raman scattering.
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Figure 2.3: Feynman diagram for a first-order Raman scattering process in a semicon-
ductor. A photon with energy ℏωL creates an electron-hole pair. Then the electron emits
or absorbs an optical phonon of energy ℏωp and afterward the electron and hole recom-
bine emitting a photon with energy ℏωS. HE−R and HE−P correspond to the electron-
radiation and electron-phonon interaction Hamiltonians, respectively. In a complemen-
tary diagram the phonon can be emitted or absorbed by the hole.

electronic states) do not necessarily conserve energy, although the momentum is always

conserved.

Following the Feynman diagrams, the Raman process happens in three steps. Firstly,

an incident photon ℏωi creates an electron-hole pair by excitation of the material from

the ground state |0〉 to a virtual excited electronic state |e〉 (photon absorption). Secondly,

the electron-hole pair at the electronic state |e〉 is scattered to a second intermediate

virtual electronic state |e′〉 by the electron lattice interaction and a phonon with energy

ℏωq is created (Stokes) or annihilated (anti-Stokes). Finally, the electron-hole pair in

the state |e′〉 decays into the electronic ground state |0〉 under the photon emission, ℏωs.

The Raman scattering probability corresponding to Figure 2.3 (only the Raman

Stokes process is included) can be calculated with second-order perturbation theory [29].

The probability Pph of scattering for a system from the initial state (in this case in the

ground state|0〉) to the final state is then given according to Fermi’s golden rule [52]:

(2.13)

Pph[ωS]= 2π
ℏ

∣∣∣∣∑
e,e′

〈0|HE−R (ωS) |e′〉〈e′|HE−P
(
ωp

) |e〉〈e|HE−R (ωL) |0〉
[ℏωL − (Ee −E0)]

[
ℏωL −ℏωp − (Ee′ −E0)

] ∣∣∣∣2δ[
ℏωL −ℏωp −ℏωS

]
,

where E0, Ee, and Ee′ are the corresponding energies of the initial (|0〉) and intermediate
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(|e〉 and |e′〉) electronic states, respectively.

2.2.1.3 Raman Selection Rules

The intensity of the Raman process depends on the mode symmetry and the polariza-

tions of the incident e⃗L and scattered light e⃗S. From Equation 2.10 it follows that a

phonon mode is Raman active if it induces a change of the Raman polarizability while

is IR active (i.e. observable via infrared spectroscopy) if it induces a dipole moment. For

systems with inversion symmetry the rule of mutual exclusion indicates that IR active

vibrations are Raman inactive and vice versa. [53]. For a non centrosymetric crystal the

normal modes can be both IR and Raman active. When these modes present a dipole

moment are IR active and if the Raman polarizability is ̸=0 it is Raman active. Phonon

modes which are neither Raman nor IR active are usually called silent modes.

Considering that the Raman tensor R can be approximated by a symmetric tensor

of rank two and using Eq. 2.11 one can calculate the polarization dependence of the

scattered intensity, also referred to as Raman selection rules. Since most of the studied

samples were grown in the zincblende (ZB) or wurtzite (WZ) structure, the discussion

on the selection rules will be focused on these two special cases. The zone-center optical

phonons in the zincblende structure correspond to a triply degenerate three dimensional

representation, denoted in the literature as T2 or F2. The corresponding Raman tensor

of the three modes can be defined as:

(2.14)

R(T2(x))=


0 0 0

0 0 d
0 d 0

 , R(T2(y))=


0 0 d
0 0 0

d 0 0

 , R(T2(z))=


0 d 0

d 0 0

d 0 0

 .

These tensors correspond to the phonon vibrations along the coordinate axes of the

crystal x[100], y[010], and z[001] which form the {e1, e2, e3} basis. The triply degener-

ated zone-center optical phonon in the ZB structure splits for q ̸=0 into a longitudinal

optical (LO) (which pertains to the Raman tensor R(T2(x))) and doubly degenerated

transverse optical (TO) modes (related to the Raman tensors R(T2(y)) and R(T2(z))).

Notice that the elements d in the Raman tensor R are different for the LO and the

TO modes due to the macroscopic longitudinal electric field. For WZ structure with C4
6v

symmetry, the Raman tensors are given by ¶:

¶The details of how to extract the Raman tensors for both structures can be found in reference [29].
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Figure 2.4: Backscattering geometry for lying nanowires. The angle between the inci-
dent light polarization and the nanowire z axis is defined as θ in the z− y plane while
ϕ corresponds to the rotation angle around the z axis with respect to the x axis in the
x− y plane. The principal axes of the nanowire are x[110] ,y[112] and z[111].

(2.15) R(A1(z))=


a 0 0

0 a 0

0 0 b

 , R(E1(x))=


0 0 c
0 0 0

c 0 0

 ,

R(E1(y))=


0 d 0

0 0 c
0 c 0

 , R(E2)=


d d 0

d −d 0

0 0 0

 ,

These tensors are used to calculate the scattering selection rules for the ZB and WZ

structure. They are described using the Porto notation k⃗i (⃗e i, e⃗S )⃗kS, where k⃗i,S and e⃗ i,S

are the wave vector and the polarizations, respectively, of the incident i and scattered

S photons (see Figure 2.4)¶.

In the case of ZB structure, the selection rules of atomic displacements along the

nanowire principal axes‡ can be calculated transforming the Raman tensors of Equation

2.14. Firstly, the following transformation matrix is applied

¶The direction of the incoming and outgoing light gives us the geometry of the experiment (forward
scattering). Depending on the geometry and polarization, a mode can be observed in the Raman experi-
ment. All together is called Raman selection rules.

‡Notice that the principle axes of the nanowire are x[110] ,y[112] and z[111], forming the { e′1, e′2, e′3 }
basis.
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(2.16) M=


1p
2

−1p
2

0
1p
6

1p
6

−2p
6

1p
3

1p
3

1p
3

 ,

in order to get the Raman tensors assigned for phonon displacements along the nanowire

axes. Considering the facet x[110] as the upper surface of the nanowire (see Figure 2.4)

the Raman tensors of atomic displacements along the x, y, and z axis in the {e1, e2, e3}

basis can be estimated using:

(2.17) R′
e i
=

3∑
j=1

MRe j , i = 1,2,3

and the Raman tensors R̃e′i
in the {e′1, e′2, e′3} basis can be described by

(2.18) R̃e′i
=MR′

e i
MT .

Implementing the Raman tensors 2.14 in Equation 2.17 and 2.18 one can calcu-

late the Raman intensities of the zincblende structure for different configurations us-

ing Equation 2.11. It is worth mentioning that the scattering geometry determines the

phonon wavevector k⃗ and the optical phonon modes are assigned to their tensors ac-

cording to k⃗. For backscattering geometry, k⃗ is along x[110] in the laboratory coordinate

system used in this work (Figure 2.4). Hence the selection rules for the LO phonon

mode are determined using the relation IS ∝ |⃗eL ·Re′i
e⃗S|2. In the case of the TO phonon

mode the selection rules are determined by the sum of the intensities obtained for the

directions along y and z axis, respectively. The process to calculate them can be found

in [28]. The polarization e⃗ i of the incident radiation and the polarization e⃗S of the scat-

tered light are expressed according to the z axis (which corresponds to the axis along

the nanowire) in Figure 2.4 as

(2.19) e⃗ i =


0

sinθ

cosθ

 , e⃗⊥ =


0

1

0

 , e⃗∥ =


0

0

1


where e⃗⊥ and e⃗∥ are the scattered radiation perpendicular and parallel to nanowire z
axis. In this configuration, the LO phonon is forbidden in the case of a x[110] surface
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in a ZB material for both parallel and perpendicular polarization. This does not apply,

however, for a different surface facet. In order to examine the [112] surface facet one

needs to consider the upper surface of the nanowire as x[110]. Then, the rotation of 90◦

of the nanowire along the growth direction z[111] from the zincblende structure allows

to get the selection rules for x[112] surface. For this purpose, a rotation matrix S is

multiplied by M as:

(2.20) A = S· (ϕ)M

where ϕ (see Figure 2.4) is the rotation angle around the z axis and S the matrix rota-

tion about the nanowire axis z[111]. S can be defined as:

(2.21) S =


cosϕ −sinϕ 0

sinϕ cosϕ 0

0 0 1

 .

Consequently, when A is implemented in equations 2.17 and 2.18, this rotation will af-

fect the LO mode selection rules (the description of the polar intensity of the LO mode

according to ϕ can be found at the references [25, 54–56]. One can notice that in this con-

figuration the x[112] and x[110] directions correspond to ϕ= 0 and ϕ= 90◦, respectively.

In the case of the x[110] direction, the LO is allowed for parallel and perpendicular

polarization configuration, in backscattering. That has significant effects in a Raman

spectrum as discussed in Chapter 5.

In the case of WZ structure, the transformation of the Raman tensors is not required

because the scattered intensity for WZ nanowires grown in the [0001] direction§ does

not present any dependence on ϕ. Therefore, the allowed optical modes are represented

by their respective tensors (Equation 2.15). The vibration of the atoms, polarity and se-

lection rules for WZ structure are defined in Chapter 4 and 5 for GaN and InP nanowires.

A special case of the activation of a silent mode non reported in the literature will be

discussed in Chapter 4. The selection rules for different configurations and for ZB and

WZ crystals are summarized in Chapter 5 (Table 5.1).

§The unit cell along [111] from ZB structure is equivalent to the [0001] direction of the WZ structure
(Figure 2.4 )and its unit cell length is double with respect to WZ along these direction.
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2.2.1.4 Resonant Raman Spectroscopy

In Raman spectroscopy, the excited electronic states are virtual states while resonant

Raman Spectroscopy (RRS) takes place if the energy of the excitation (or scattering)

photons matches or is it very close to a real electronic transition (interband transition).

Thus, the Raman scattering probability in Equation 2.13 diverges if actual electronic

levels with energy Ee and Ee′ are real. In this case, the broadening or lifetime of the

electronic states must be taken into account adding a factor Γe or Γe′ in the energy

denominator of the Equation 2.13.

In general, at low temperatures the enhancement is larger because the broadenings

are lower. In addition, the cases where the incident light ℏωL or scattered light ℏωS

are close to Ee,e′ (energy of the real electronic states |e〉 and |e′〉, respectively) there

will be an intensification of the Raman scattering due to resonance, which is known as

incoming and outgoing resonances.

RRS has numerous advantages over the normal Raman Spectroscopy since it can

give information on surfaces and interfaces with monolayer sensitivity, allows to study

diluted nanostructures and it achieves higher material selectivity in multilayered struc-

tures. An important advantage is that some electronic properties of a sample can be in-

ferred by its resonance effect. An example for these advantages is displayed in Chapter

4. By RRS, several effects as isotopic disorder on ultrathin GaN nanowires are analyzed

and discussed in the course of this thesis, especially in section 4.1.5.

2.2.1.5 Experimental Raman setup

The essential parts of the Raman setup used in this work are: a laser to carry out the

excitation of the sample (from UV to visible wavelengths), a spectrometer to separate

the intensity of the light as a function of wavelength and a photodetector to measure

their respective intensities. In particular, the laboratory components used for the Ra-

man experiments were the triple Jobin Yvon T 64000 spectrometer (with the possibility

to choose gratings among 900,1800 or 2400 grooves/mm), four different lasers for visible

(Ar+/Kr+) and Ultra Violet (UV) wavelength, and a charge-coupled device (CCD) detec-

tion system with 1024 × 256 pixels cooled by liquid nitrogen. In addition, the system

contains a confocal microscope and a x− y− z microscope stage for micro-Raman experi-

ments. The spectrometer has three fundamental operation modes, simple and triple, in

this case in subtractive or additive. In simple mode only one grating (spectrograph) is

used and the signal from the sample passes through an edge or Notch filter that consid-
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Figure 2.5: Schematic of a triple stage Raman spectrometer Horiba T64000 (adapted
from Horiba).

erably reduces the Rayleigh scattering, coming from the laser line. In case of working

in triple configuration in subtractive mode, the laser filtering is performed by the first

two gratings (premono) of the monochromator system. The subtractive mode allows col-

lecting spectra of low frequency bands very close to the laser line (typically down to 20

cm−1) over a broad wavelength range and gives a high stray light rejection.

Since in many cases the Raman signal is very weak, the use of the lasers require the

filtering of any emission that is different from the laser excitation chosen, as for exam-

ple the spontaneous emission of the plasma lines. For this purpose specific holographic

filters (or prism monochromators) are used for certain excitation lines. By selecting the

appropriate filters, the laser is driven by the mirror combination to the objective of

the microscope, which focuses a spot on the sample surface of the order of a few µm

(for instance, using 514,5 nm laser line excitation and 100× objective the size of the

spot will be around∼ 1 µm). Then, the light scattered from the sample is collected in

the microscope in backscattering configuration and orientated by mirrors to the triple

monochromator. Finally, the spectrally dispersed light coming from the monochromator

enters into the CCD detector and the signal on the computer is visualized. The complete

process is controlled by the LabSpec software from Jobin-Yvon. To get a better under-

standing of the optical path and the different elements, the setup is illustrated in Figure
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2.5. The specific requirements for each experiment are detailed in their corresponding

subsection of the Chapter.

2.2.2 Surface Enhanced Raman Spectroscopy

Surface enhanced Raman spectroscopy (SERS) can be described as an extension of Ra-

man spectroscopy where metallic nanostructures are used to enhance the intensity of

Raman signal. Metal nanostrucutres (typically gold or silver) interacts with the light

when the sample is illuminated with a laser. Laser excitation of these metallic struc-

tures resonantly drives the surface charges creating a highly localized (plasmonic) light

field on the nearby molecules [57]. It should be taken into account that plasmonic prop-

erties of metallic nanostructures are strongly dependent on the geometrical parameters

and the surrounding media of the nanostructures and thereby the extent of enhance-

ment will depends on the shape and size of the metal nanoparticles. This technique

has numerous advantages such as: positive identification of a molecule in situ, little

sample preparation and present high levels of sensitivity compared with typical Raman

spectroscopy.

2.2.2.1 Background of Surface Enhanced Raman Spectroscopy

Considering a single molecule the total Stokes Raman signal PRS(ωS) in absence of

plasmonic nanoparticles can be approximated to

(2.22) PRS(ωS)= NσR
f reeI(ωL)

where N is the number of molecules in the probed volume [58], σR
f ree is the Raman cross

section of the molecule and I(ωS) is the excitation laser intensity. However, in the case

the molecule is in the vicinity of the metal nanostructure, the Stokes Raman signal may

be modified by two different effects, the enhancement of local electromagnetic fields and

the chemical enhancement*.

If the electromagnetic enhancement factors A(ωL) and A(ωS) are defines as the en-

hancement for the laser and the Raman scattered field, N ′ is the number of molecules

*Although the exact mechanism for the enhancement in SERS experiments is not clearly understood,
two sets of theory are accepted [59] by the scientific community; the electromagnetic and chemical theory.
The electromagnetic mechanism relies on the excitation of the localized surface Plasmon (LSP) on metal
surfaces, whereas the chemical theory proposes changes of the molecule electronic structure.
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Figure 2.6: Schematic illustration of a molecule at a distance d from the surface of the
metal sphere.

involved in the SERS process and σR
ads the new Raman cross-section after the chemical

enhancement, the total SERS signal can be described as:

(2.23) PSERS(ωS)= N ′σR
ads|A(ωL)|2|A(ωS)|2I(ωL)

Considering a small nanoparticle in the quasi-static approximation, the distribution

of the electric field Esp of a point dipole in the centre of the metal sphere is defined by

the following expression †

(2.24) Esp = εmetal(ω)−εmedium

εmetal(ω)+2εmedium

r3

(r+d)3 E0

When a molecule is at a distance d from the surface of the metal nanoparticle (Fig-

ure 2.6) it experiences a field Em (Em = E0+Esp), which is the sum of the incident field

E0 and the induced field Esp. Then, the field enhancement factor A(ω) can be defined

as the ratio of the total field at the position of the molecule to the incident field.

(2.25) A(ω)= Em(ω)
E0

∼ ε1(ω)−ε2

ε1(ω)+2ε2

r3

(r+d)3

Therefore, the total enhancement factor for the Stokes signal in the small particle ap-

proximation is given by

†Note that this equation is valid for the molecules oriented in the dipole orientation of the metal
sphere.
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(2.26) Gem(ωS)= |A(ωL)|2|A(ωS)|2 ∼
∣∣∣ ε1(ωL)−ε2

ε1(ωL)+2ε2

∣∣∣2∣∣∣ ε1(ωS)−ε2

ε1(ωS)+2ε2

∣∣∣2( r
r+d

)12

where the overall enhancement scales as the fourth power of the local field of the

nanoparticle and decreases with increasing distance by the factor 1/d12 (the decay of the

field of a dipole over the distance 1/d3 to the fourth power). By checking this equation

the possibility to obtain an enhancement of ≈ 1011 for the gap between two spherical

particles separated by 1 nm distance can be observed [58].

2.2.3 Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is a powerful contactless nondestructive technique

that allows the investigation of the band-structure of the semiconductors. This tech-

nique provides direct measurement of the bandgap energy and can be employed to de-

termine the presence of impurities, dopants and structural defects. The technique is

based on the radiative recombinations of photoexcited e− h pairs. When an e− h pair

is created by the absorption of an incoming photon with energy higher than that of the

band gap, the pair thermalizes quickly to the lower energy state and recombines radia-

tively by emitting a photon of lower energy ‡ (the emitted photon usually has an energy

equal to the band gap energy). In case these pairs are located at different energy states,

the photons emitted during their radiative recombination have distinct energies which

correspond to different transitions in the semiconductor. The setup employed in most of

the experiments is the same as for the Raman spectroscopy measurements. For µPL and

Macro-PL measurements on ZnO nanowires the setup installed at Solid-State group of

Carsten Roning at the University of Jena was employed, see Figure 2.7.

For macro-PL measurements the laser light is focused onto the surface of the sample

by means of Beam Splitter 2 (BS2) and mirror 4 (M4) whose intensity can be adjusted

using a variable neutral optical density filter (OD) and measured by the Si-power meter

2. The luminescence of the sample is collected with the lenses L1 and L2 and focused

onto the monochromator. The laser light reflected from the sample is eliminated with

the Ultraviolet blocking filter F1. For µPL measurements, the laser light is guided by

BS3 and focused by a 50× objective onto the sample. The luminescence is collected in

backscattering geometry, passes the BS3 and the long pass filter (F3) and is detected

either by a TV camera or the CCD detector for spectral acquisition.
‡In fact, the recombination of electrons and holes can be caused by band-to-band transitions, excitonic

transitions, free-to-bound transitions and donor-acceptor pair transitions. For more details, see Refs. [29].
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Figure 2.7: Scheme of the macro and µPL of Carsten group.

2.2.4 Atomic Force Microscope

Atomic Force Microscopy (AFM) is a type of Scanning Probe Microscopy (SPM) which

provides topographical information down to the atomic scale and allows to measure

local properties, such as height, friction, magnetism, with a mechanical probe. There

are two primary modes of operation for an atomic force microscope, the so-called contact

mode where the cantilever drags across the sample surface and it uses the deflection

of the cantilever to measure the contours of the surface of the sample, and the non-

contact mode where the tip does not contact the surface of the sample and vibrates

slightly above its resonance frequency. The use of AFM during this work is only focused

on the specific shape and dimensions of individual constituents. Furthermore, AFM

combined with a Raman spectrometer by the AFM-Raman system (NTEGRA spectra

PNL) was employed to measure simultaneously the topography and mapping phonon

displacements of individual InP nanowires in the same sample area.
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2.2.5 Scanning and Transmission Electron Microscopy

Morphology characterization and the study of surface properties of all samples were

performed using Scanning electron microscopy (SEM). In many instances, the diame-

ter of nanowires and SERS nanoparticles are typically below the Abbe resolution limit

of light microscopes and the electron microscope allows the needed resolution for struc-

tural characterization at nanometer scale since it provides a resolution limit in the order

of the DeBroglie wavelength of the electrons.

Electron microscope is a powerful magnification tool that utilizes focused high ki-

netic energy beam of electrons to generate a variety of signals at the surface of solid spec-

imens in order to obtain information. The signals that derive from the electron-sample

interactions provide topographical, morphological and compositional information. This

signals include secondary electrons (SE), transmitted electrons, back-scattered elec-

trons (BSE), specimen current, light and characteristic X-rays. For SEM characteriza-

tion SE are collected by various detectors installed in the SEM chamber and used for

surface imaging. More information about SEM technique are given in [60, 61]. SEM

images were taken in different groups. Most of the SEM measurements for structural

characterisation were performed with a JEOL JSM-6490 SEM equipped with a LaB6

thermal electron gun with a resolution down to 10 nm at the Jena University and S-

4800 (HITACHI) with spotlight of field emission (FEG) with 1.5nm to 30kV resolution

from the University of Valencia.

On the other side, for Transmission Electron Microscopy (TEM) a beam of high-

energy electrons is transmitted through an ultra thin specimen to form an image. For

this thesis, samples such as Bi2Te3 nanowires were transferred to a TEM subtrate

(which is made up of a copper grid with a carbon foil) by imprint and placed in a TEM

system. TEM investigations were at the performed Central Service for experimental

research at the University of Valencia using a TECNAI G2 F20 (FEI) with 0.24nm res-

olution (point resolution). This equipment allows making HRTEM images, diffraction

patterns of electrons and spectroscopic techniques such as EDS and mapping.

2.2.6 Energy dispersive X-ray scattering

Energy Dispersive X-Ray Analysis (EDX), also referred to as EDS or EDAX, is an ana-

lytical technique employed to identify the elemental composition of materials or chemi-

cal characterization of a sample. This technique was used in combination with Raman

Spectroscopy and TEM studies in Chapter 3 to investigate the elements and their stoi-
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chiometric composition (energy dispersive X-ray spectroscopy) in Bi2Te3 nanowires and

films. The capabilities of the EDX system is based on the fundamental principle of spec-

troscopy where each element has a unique atomic structure which allows a unique set

of peaks on its electromagnetic emission spectrum, in this case, through the analysis

of X-rays emitted from the matter in response to the stimulus of a high-energy beam

of charged particles. As a high-energy beam of electrons penetrates the samples, target

atoms can be ionized leading to holes generated on the core shells. Then bound elec-

trons of outer shells fill the holes and cause the emission of X-ray fluorescence lines

whose energy is characteristic for each element and transition.

2.2.7 Reflection high energy electron diffraction

Reflection high energy electron diffraction (RHEED) was used to monitor in situ the

surface of the ultrathin GaN nanowires samples during the growth. This system is

based on the electron diffraction of the crystal structure of the sample. The high energy

electrons beam is provided by an electron gun in a grazing angle (1-2◦) with respect

to the sample and images are captured by fluorescent screen installed at the opposite

side of the electron gun. This technique only reflects the surface of the sample since the

penetration of the electron beam is around one or two monolayers which is enough for

studying nanowires with 10 nm of diameter.
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3
OPTICAL CHARACTERISTICS OF GAN NANOWIRES AND

BI2TE3 NANOWIRES AND FILMS

This chapter study analyzes the structural and optical properties of GaN nanowires

and Bi2Te3 nanowires and films. For this purpose, the section is splitted into

two different parts for each material. In the case of GaN, surface optical phonon

modes related to surface effects were observed on individual nanowires. These nanowires

were grown by VLS using cobalt phthalocyanine as catalyst. For ensembles of Bi2Te3

nanowires the signature of stoichiometric as well as Te-rich samples in bulk and in

the form of nanowires are shown in the Subsection 2. Additionally Bi2Te3 films were

also characterized. Although several techniques were used to characterized the samples

structurally and morphologically, Non-Resonant Raman Spectroscopy was the main tool

employed.

GaN nanowires were synthesized and characterized in collaboration with Shivesh

Yadav and Subhabrata Dhar. The details of the synthesis and electrical characteriza-

tion have been published in [62]. The synthesis of Bi2Te3 nanowires were performed by

Cristina Vicente Manzano and Marisol Martín-González. Optical characterization was

investigated in close collaboration with Cristina Vicente Manzano. Total energy calcu-

lations were performed by Aldo H Romero. The characterization of stoichiometric and

non stoichiometric Bi2Te3 nanowires were published on [63].
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NANOWIRES AND FILMS

3.1 Motivation

One hand, Gallium nitride (GaN) has revolutionize the optoelectronic industry in the

last few years. The appearance of blue and violet light emitting diodes (LEDs) and lasers

[64] in the market not many years ago permitted a huge increase in the capacity of dig-

ital versatile discs (DVDs) and to lay the foundation stone towards the future white

illumination without Joule loses [65]. In addition, GaN in the nanowires form have at-

tracted considerable attention because of their potential for developing nanoscale elec-

tronic and optoelectronic devices, which offer new functionalities as compared to their

conventional bulk counterparts, as we have previously seen. For example, there are re-

ports on GaN nanowire based blue lasers [66], photodetectors [67, 68] light emitting

diodes (LEDs) [69, 70] high electron mobility transistors (HEMT) [71] and sensors [72]

showing the capabilities of the GaN nanowires.

One of the most characteristic features of GaN is its wide band gap. It has also

been demonstrated to have superior electrical performance and chemical stability at

high temperatures. These characteristics make GaN-based materials very interesting

for application in monolithic solar-thermoelectric energy cells. In addition, engineering

band gap of materials by doping and alloying are effective approaches to reduce the high

thermal conductivity and increase the electrical conductivity.

On the other hand, Bismuth telluride (Bi2Te3) is an exceptional material with a

great potential for different applications, especially used in thermoelectricity [73]. Bi2Te3

and its alloys are the best bulk thermoelectric materials known today. An enhanced

thermoelectric efficiency, usually measured by the dimensionless figure of merit ZT
(ZT =α2σ/k, where α is the Seebeck coefficient, σ the electrical conductivity and k the

thermal conductivity) can be increased when Bi2Te3 is combined with Sb2Te3 in the

form of superlattices or nanocrystals [74] due to the decrease of the lattice thermal

conductivity (ZT ∼ 2). The growth of Bi2Te3 in the form of nanowires also allows to in-

crease ZT due to the decrease of the thermal conductivity [75, 76]. On the other hand,

in Bi2Te3/Te heterostructures and Bi2Te3 nanoplates with Te nanocrystals in between,

a Seebeck coefficient 40 times larger than that shown in stoichiometric samples was ob-

tained (replacing Bi by Sb provides similar results) [77]. However, excess of uncontrolled

Te can lead to the degradation of the crystallinity of the material both −in nanowires

and films− decreasing the electron mobility and therefore also lowering the thermoelec-

tric power factor [78, 79]. A second interesting property of Bi2Te3 is the fact that its

surface can be conducting while the bulk material is an insulator. Bismuth telluride is
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actually a three-dimensional topological insulator [80, 81]. Other materials like Bi2Se3

[82] or Bi2Se3/Sb2Se3 heterostructures [79] are also well-known topological insulators.

There is a huge amount of work on this topic nowadays because of the vision of novel

applications, mainly in spintronics [83].

3.2 GaN nanowires

3.2.1 Growth and morphology of GaN Nanowires

It is reasonable that device based on nanowires should have high optical and transport

qualities because defects in the lattice limit light emission, introduce signal noise, and

lead to early device failure. In order to fully benefit from the advantages related to the

dimension of nanowires in electronic and optolectronic nanodevices, nanowires should

be grown with a good crystal quality and well-defined composition because a change in

crystal structure has significant effects on the physical properties of the nanowire [26].

Most of GaN nanowires are often synthesized using VLS or vapor-solid-solid (VSS)

mechanisms, where metal catalysts (Au, Ni, In...) are used for the nucleation and growth

[84–86]. These techniques offer a cost-efficient solution with high quality for synthesis.

Moreover, VLS growth can be carried out almost on any substrate. However, a draw-

back of VLS method is the risk of inclusion of the metal catalyst as impurity in the

nanowires, which can affect their optical and electrical properties. Additionally, more

metal complex materials have been employed as catalyst like ferrocene, iron phthalo-

cyanine, nickel phthalocyanine, and cobalt phthalocyanine [87]. In the present work,

GaN nanowires were synthesized using VLS technique with cobalt phthalocyanine as

catalyst.

GaN nanowires were grown on Si (100) substrates using VLS in a chemical vapor de-

position (CVD) reactor. High purity gallium (99.9995%) and ammonia (99.9995%) were

used as precursors and cobalt phthalocyanine (Co-Ph) (β-form, dye content 97%) was

used as catalyst [87]. Argon (99.999%) was used as the carrier gas. 100 mg of metallic

gallium was kept on a Si wafer, which was then placed inside a cylindrical quartz reac-

tor. 50 mg of cobalt phthalocyanine was dissolved in 1ml of toluene and casted on the Si

substrate, which was then dried under infrared (IR) light and placed beside the gallium

containing Si wafer. The reactor was purged with argon gas at a rate of 200 sccm for 20

min. The reactor temperature is then set to increase temperature. Ammonia flow was

opened when temperature reaches 300 ◦C and kept at 20 sccm (cm3/min in standard
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NANOWIRES AND FILMS

Figure 3.1: FE-SEM top view images for samples grown at 870 ◦C with ammonia flow
rates of (a) 10 sccm and (b) 40 sccm. The inset (a) shows the histogram plot for the
diameter distribution. Solid black lines represent fitting with a Gaussian function c)
HRTEM image displaying a portion of a nanowire grown at 920 ◦C with ϕNH3 = 20 sccm.
The inset of the Figure (c) represents the selective area electron diffraction (SAED)
pattern recorded for the region with [0002] to be the zone axis.

conditions for temperature and pressure) throughout the growth. Several samples were

grown with ammonia flow rate ϕNH3 ranging from 5 to 50 sccm and growth tempera-

ture TG ranging from 845 to 1010 ◦C. Growth was carried out for 5 h for all samples.

The structural and morphological properties of the nanowires were investigated using

HRTEM an field emission scanning electron microscopy (FE-SEM). Samples were dis-

persed in methanol and then drop casted on carbon coated TEM grids for the HRTEM

study.

Figure 3.1 shows the FE-SEM top view images for samples grown at 870 ◦C with

different ammonia flow rates. Several tens of micron long nanowires with diameter of a

few tens of nanometer are evident for both samples. Noticeably, wires are narrower in

sample grown with ϕNH3 = 10 sccm. Diameter distribution is obtained from line scan

analysis of various top view images recorded at different parts of these samples. Insets

of the respective panels show the histogram plots of the distribution. The distribution
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is shifted to smaller diameter (peaking at 34 nm) for the sample grown with ϕNH3 =10

sccm as compared to that (peaking at 65 nm) for the sample grown with ϕNH3 =40

sccm. It has to be noted that the wires with diameter smaller than 15 nm could be

found in ϕNH3 =10 sccm sample [note that the size estimation through SEM becomes

harder for the wires with diameter smaller than 10 nm]. However, small narrow wires

are hardly observed in 40 sccm sample. In fact, the average diameter has been found to

increase with ϕNH3 . It should be mentioned that nanowires are also grown at various

temperatures ranging from 845 to 1010 ◦C, keeping ϕNH3 fixed at 20 sccm. It has been

observed that the overall nanowire density decreases with TG but the average diameter

of the nanowires does not change.

Figure 3.1 (c) shows the HRTEM image displaying a portion of a nanowire grown

at 920 ◦C with ϕNH3 = 20 sccm. The inset of the figure represents the selective area

electron diffraction (SAED) pattern recorded with [0002] as the zone axis for the region.

Interplanar distances, which are determined from the SAED pattern as well as directly

from the micrograph, confirm the wurtzite phase for the wire. It is noticeable that the

growth direction of the wire is [1010] (non-polar m-plane).

3.2.2 Optical characterization of GaN nanowires

Photoluminescence spectroscopy was carried out at various temperatures ranging from

10 to 300 K. In PL, samples were excited with a 25 mW He-Cd laser (325 nm). Emission

was sent through a 0.5m focal length monochromator and detected using a Peltier cooled

CCD array from Andor. The Figure 3.2 (a) compares the normalized room temperature

PL spectra for samples grown at various temperatures keeping the ammonia flow rate

fixed at 20 sccm. All the spectra are featured by only a near band edge transition. More-

over, density of defects related to the yellow luminescence (YL) band (at 2.2 eV), which

are quite common in GaN [88], have hardly been observed in any of these samples. This

suggests that the density of defects related to yellow luminescence must be very low in

these samples. In the inset of the Figure 3.2 (a), near band edge profiles are shown in an

extended scale. Clearly, the peak shifts to higher energies as the growth temperature

increases. When examined closely, the band edge feature is found to be comprising of

two peaks. The near band edge feature is deconvoluted with two Gaussians for these

samples, which returns two peaks centered at 3.28 and 3.40 eV. Figure 3.2 (b) shows

the ratio of the integrated intensities of the high energy and low energy peaks Rhl as a

function of growth temperature. Evidently, Rhl increases with the growth temperature.

The apparent blue shift of the band edge feature is thus due to the enhancement of the
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Figure 3.2: (a) Normalized room temperature PL spectra recorded for the samples grown
at 845 ◦C (solid blue), 920 ◦C (red connected triangle), and 1010 ◦C (black dashed) with
fixed ϕNH3 = 20 sccm. The inset shows the band edge part of the spectra in an extended
scale. (b) The ratio of the integrated intensities of the high energy and low energy peaks
Rhl as a function of growth temperature.

relative intensity of the higher energy peak with increasing TG .

As can be observed, Figure 3.3 presents normalized PL spectra recorded at 10 [panel

(a)] and 300 K [panel (b)] for samples grown at different flow rates at a fixed TG of 870
◦C . These measurements allow to study the role of the ammonia flux on the lumines-

cence characteristics of the GaN nanowires. All of these samples were featured by the

near band edge transitions both at 300 and 10K. Neither YL nor any other transition

could be observed for these samples even down to the lowest photon energy of 1.85 eV

explored here. Twin peak structure of the band edge feature, which has already been

observed in Figure 3.2, is more prominently resolved at 10 K for 40 sccm sample [see

panel (a)]. The sharper feature, which appears at 3.478 eV, can be attributed to free
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Figure 3.3: Normalized PL spectra recorded at (a) 10K and (b) 300K for samples grown
at 870 ◦C with different flow rates.

excitons (FX) as its position matches very well with that reported for FX transition of

GaN [88]. While the peak appearing at 3.29 eV can be attributed to certain type of de-

fects (might be associated with the recombination of excitons trapped in certain defects

[62]). It is interesting to notice that at both temperatures, the intensity of this defect

feature (peak located at 3.29 eV) gradually decreases with respect to that of the FX

transition as the ammonia flow rate increases. Furthermore, the defect feature becomes

narrower with increasing the ammonia flow rate. These findings show that the density

of the defects responsible for this transition must be decreasing with the increase in

reactive nitrogen flux during growth. This in turn suggests that defects, which result

from nitrogen deficiency, might be responsible for this transition. Note that in Figure

3.2, the ratio of the higher energy to lower energy peak intensities Rhl has been found

to increase with increasing the growth temperature. This observation is in fact consis-

tent with that of Figure 3.3 as the flux of reactive nitrogen is expected to increase due

to higher dissociation rate of ammonia with increasing growth temperature.

Apart from photoluminescence studies, the samples were characterized by means
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Figure 3.4: 9 Optical modes of the wurtzite structure. The arrows indicates the instanta-
neous movement (a picture in the time). Purple and cyan circles are represented by Ga
and N respectively. There are two types of the E2 and B1 modes that are distinguished
by superscripts L (low) and H (high).

non-resonant Microscope Raman Spectroscopy. In principle, a Raman scattering process

give us information of the phonons at the Γ-point or zone center since the wave number

of the exciting light is basically zero (in the dipole approximation). However, through the

Raman scattering overtones more information can be extracted from Raman spectrum.

Overtones are modes at the border of the BZ (zone of Brillouin), which can be accessed

through two phonon process (k ≈ q1±q2) , where k is the wave number of the light and q1

and q2 the wave number of the phonons involved in the Raman process. Typically, there

is a whole structure at the background of a Raman spectrum called two-phonon density

of states (DOS) where many phonons can be involved (several examples of DOS will be

presented in the next section and in Chapter 4 fot Bi2Te3 and GaN, respectively). As

previously reported in the growth section GaN nanowires were obtained in the wurtzite

phase, where the growth direction of the wires was along [1010]. Following group theory,

the phonon modes in the wurtzite structure have the following decomposition [89]:

(3.1) Γ= 2A1 +2B1 +2E1 +2E2

The three acoustic modes are A1 +E2 , while the remaining 9 are optical. The E1 + A1

are polar modes, i. e. they split into TO and LO, while the E2 modes are non polar.

For Raman characterization GaN nanowires were mechanically transferred from the
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Figure 3.5: Raman spectra recorded on an individual GaN nanowire grown at 920 ◦C
with ϕNH3 =20 sccm. The Raman spectra was fitted with Lorentzians from each individ-
ual modes. The cumulative peak is represented by red colour.

growth substrates to marked substrates by simply dragging and dropping, then individ-

ual nanowires break and fall onto the marked substrate (see Appendix A.1). Raman

scattering measurements were carried out at room temperature in backscattering con-

figuration using the setup described in Chapter 2 (subsection 2.2.1.5). Excitation line

at 514.5nm was provided by an Ar/Kr laser focused onto the sample with a 100× micro-

scope objective having a numerical aperture of 0.90. To avoid sample heating during the

experiment a special care was taken. No polarizer was used in collecting the backscat-

tered light. Analysis of the phonon modes of GaN are limited to the spectral range from

350 cm−1 to 800 cm−1 . Raman measurements were performed on single nanowires.

Considering laser line excitation, x-direction, is set perpendicular to the nanowire axis

(nanowires are in lying position), LO modes are forbidden (more information about se-

lection rules in Chapter 2 and 5).
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Table 3.1: Optical phonon modes of the Raman spectrum compared with the reported
biography.

Phonon GaN NW (cm−1) a GaN NW(cm−1) b GaN NW(cm−1) Bulk GaN (cm−1) c

mode (data reported) (data reported) (this work) (data reported)
ZB 252 254 −− −−
ZB 421 421 410 −−

A1(TO) 537 533 534 533
E1(TO) 562 560 562 561

Eh
2 569 569 573 569

A1(LO) 728 725 −− 735
SO(A1) −− 652 687 −−
SO(E1) −− 691 −− −−

aReference [87]
bReference [90]
cReference [91]

Figure 3.5 shows a typical Raman spectrum recorded at room temperature in backscat-

tering geometry for single nanowire. Eh
2 , ATO

1 , and ETO
1 Raman modes are located at

573, 534 and 562 cm−1 respectively, which are associated with the wurtzite phase of

GaN, in agreement with the literature [90, 92, 93].

When the phonon modes in the Table 3.1 are carefully examinated, these peaks are

found to be similar to that of bulk crystals. However, three additional modes are ob-

served at 410, 687 and 746 cm−1, all of which are not identified by the C4
6v (P63mc)

space group in first-order Raman scattering at the zone centre. Possible mechanisms

that could bring these peaks are discussed below. It is worth mentioning that these

peaks were observed at different spots and places of the individual GaN nanowire sam-

ples. Thus, the possibility of any impurity contaminant effect is highly implausible in

the present analysis. The peak at 410 cm−1 was assigned by Sahoo to a zone bound-

ary (ZB) [90]. The peak centered at 746 cm−1 is described at the literature as a forbid-

den E1(LO) Raman mode induced by the Fröhlich interaction or quasi-LO mode (QLO)

[94, 95]. However, no resonance measurements were performed on these samples be-

cause the laser excitation of 2.41 eV (514.5 nm) was far below the GaN band gap of

3.47 eV. Therefore, this mode mode was assigned as a quasi-LO mode which originate

from the interaction of phonons belonging to the A1 and E1 symmetry groups [94–96].

Finally, the broad feature appearing at 687 cm−1 had already been previously reported

as a surface optical (SO) phonon modes [71, 97]. The elongated shape of nanowires gives

rise to a large surface-to-volume ratio, resulting in the appearance of new vibrational

modes related to the oscillation of surface atoms which are characteristic vibrations of
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the free surface of polar semiconductors, as GaN. The characteristics of SO modes will

be explained in the next subsection.

3.2.2.1 Surface optical phonon modes

In a crystal, the number of phonon modes depends on the number of atoms in the unit

cell. Very thin nanowires have translational symmetry only along the nanowire axis. We

can suspect the presence of confined modes in the plane perpendicular to the nanowire.

But, as it has been previously shown, phonon confinement is produced if the dimensions

are below 3-4nm. Otherwise the confine modes overlap an finally they contribute to the

asymmetry of the Raman peak. Nanowires of the order of several tens of nanometers

could be considered a bulk material. The only difference from bulk will be the appear-

ance of a surface or an interface (core/shell nanowires) mode which are called in the

literature surface optical (SO) modes.

The concept of surface phonon is similar to the ordinary lattice vibrations in bulk.

However, surface phonons are exclusively related to lattice vibrations of a solid surface

and the atoms involved in their propagation are confined to the near-surface region of

the material. Since the atomic amplitudes of SO decay exponentially with the distance

from the surface they could not be observed in bulk materials. The contribution to the

intensity of bulk phonons masks the possible existence of SO modes. They are only ob-

servable in very thin films or other kind of nanostructures. As is well known, lattice

vibrations depends on the symmetry of the crystal structure, while surface vibrations

arise from the abrupt termination of the crystal. This causes surface vibrations be of

interest in semiconductor nanomaterials (such as two-dimensional or one-dimensional

nanostructures), because they can couple with electrons and thereby affect the electri-

cal and optical properties of semiconductor devices. There are numerous studies that

reveals that these modes are influenced by the shape, roughness or any perturbation on

the surface potential (defect density, surrounding medium...) capable of absorbing the

phonon momentum [87, 98–100].

Although many techniques have been proposed to analyze SO phonons, such as high

resolution electron energy loss spectroscopy and He-atom scattering (Ibach and Mills,

1982; Benedek and Toennies, 1994), Raman scattering spectroscopy is also an effective

tool for the investigation of SO modes. The resolution and sensitivity of modern Raman

equipments allow the observation of Raman signals generated by SO phonons as can

be appreciated in Figure 3.5. In general, since the signal is very weak as compare to

other phonon modes, these phonons are difficult to observe. There are only a few reports
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available where SO phonons are studied by Raman in GaN nanowires[94, 101–103].

SO phonons are generated and propagated along the interface and depend on the

dielectric function of the semiconductor as well as on the material, e.g. air, oxide, or

any liquid in contact with the surface and their frequency depend on the wave vector q

measured along the surface. The SO frequency corresponds to wave numbers in between

the TO and LO phonon modes.

Considering a single cylindrical semiconductor nanowire with a radius r, the calcu-

lated SO mode frequency for r → 0 can be obtained by the expression:

(3.2) ω2
SO = ε0 +εm

ε∞+εm
ω2

TO

where ωTO is the frequency of the TO phonon which is connected with the LO phonon

frequency by the Lyddane-Sachs-Teller relation: ω2
LO/ω2

TO = ε0/ε∞. Details about this

expression are well-described on Ref. [28]. In order to estimate the frequency of the

surface optical modes in GaN, the high frequency dielectric constant ε∞ is taken to be

isotropic and equal to 5.35 [104], the dielectric constant of the surrounding medium (air)

is taken as 1 and the frequency of the longitudinal modes are taken from the Ref. [90].

The LO-TO splitting of E1 and A1 mode gives a static dielectric constant ε0 of 9,55 and

9,9, respectively. The theoretical SO phonon gives a value of ωSO(A1) = 698 cm−1 and

ωSO(E1) = 722 cm−1. However, the calculated surface phonon modes are far from the

experimental measurements for small radius of the GaN nanowires. The Lorentzian fit

of the peak gives a shift of 11 cm−1 respect to the result presented in Table 3.1. The atri-

bution to a surface mode in a Raman spectrum is still ambiguous due to the challenges

in measuring individual and isolated nanowires with r → 0 (very small radius), which

is limited by the optical resolution of the objective. In Appendix A.1, a Raman spectrum

of a single nanowire with largest diameter (around 400nm) is presented where the SO

modes are located at 641 and 684 cm−1 for A1 and E1 respectively, which are more

comparable to the reported values given in Table 3.1 [90]. That corrobates the fact that

SO modes strongly depend on the diameter [28]. Furthermore, Equation 3.2 establishes

that the position of the SO phonon mode is related with the dielectric constant of the

surrounding medium. An interesting experiment would be to measure SERS or Tip-

Enhance-Raman Spectroscopy (TERS) on isolated nanowires surrounded by different

dielectric media and distinct radius (from 10 to 200nm).
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Figure 3.6: Image taken from the Ref. [3]. SEM micrographs of the AAO anodized in the
presence of 50 wt % of ethylene glycol. (a) Large view where the polydomain structure
can be observed (magnification: 100 000×); the inset corresponds to the Fourier trans-
form (FT) of an image taken at 50 000×. (b) High-magnification SEM micrograph of
the hexagonal cell from which the pore diameter has been directly measured. (c) Pore
diameter distribution diagram obtained from the digitally analyzed image shown in the
inset. (d) Detailed view of the cross section where the parallel pore walls can be clearly
seen. (e) Total thickness of one of the templates (∼50 µm).

3.3 Bi2Te3 Nanowires and films

3.3.1 Growth of Bi2Te3 Nanowires

Bi2Te3 nanowires were grown by pulse electrodeposition according to a previously pub-

lished work from Marisol Martín González and Cristina Vicente-Manzano [36]. A con-

ventional three vertical electrode cell and a potentiostat-galvanostat (Eco Chemie, Model

AUT302.0) were used to perform the electrodeposition process. Pt wire, an Ag/AgCl

electrode, and anodic alumina oxide (AAO) templates were introduced in the cell as

a counter electrode, a reference electrode, and a working electrode. These AAO tem-

plates were made by a two-step anodization process in 10 wt. % sulfuric acid, it was

also described in previous works by Cristina et al. [3, 105]. Different concentrations of

Bi (99.999% from Aldrich Co.) and Te (99.99% from Alfa Aesar) were dissolved in 1M

HNO3 aqueous solution in order to obtain different composition in the nanowires from

stoichiometric Bi2Te3 to Te-rich Bi2Te3 . Te film was also prepared at constant poten-

tial by electrodeposition for comparison reasons. In this case, the working electrode was

changed by 150 nm of Au on top of 5 nm of Cr above Si. The solution used was 10−2M

Te in 1M HNO3 aqueous solution.
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3.3.2 Structural and optical characteristics of stoichiometric
and Te-rich Bi2Te3 nanowires

Bi2Te3 belongs to the R3m space group with rhombohedral symmetry, like Bi2Se3 [106]

(Bi2Se3 belongs to the Pnma space group [107]). It contains a formula unit inside the

primitive cell (the structure is shown in Figure 3.7). There are two non-equivalent Te

atoms (Te1 and Te2), drawn in different colors in the figure. The Te1 is bonding two

Bi atoms, while the Te2 planes are limiting the layers, i.e. they are bonded by van der

Waals forces. This compound has 12 optical modes, which split, due to the center of in-

version, into gerade (even) and ungerade (odd) modes. The gerade modes do not show

a dipole moment while they present a change in the polarizability, i.e. they are Ra-

man active phonons, and the ungerade modes, where a dipole moment is present, are

infrared (IR) active phonons. Thus, the Raman active modes are six, 2Ag + 2Eg (the

Ag modes are one-dimensional, with the atoms vibrating along the [111] direction in

the rhombohedral cell, and the Eg modes are two-dimensional, vibrating in the plane

perpendicular to the [111] direction), while the IR active are the remaining six, 2Au

+ 2Eu. In a center-symmetric crystal the Raman and IR modes are exclusive, i.e. if a

mode is Raman active, this mode cannot appear in an IR spectrum and the other way

round. Nevertheless, there are many works where the mode located around 117cm−1 is

assumed to be an IR mode which appear due to the lack of symmetry and the authors

claim that the appearance of this mode is the fingerprint of one or two quintuple layers

of (Te2-Bi-Te1-Bi-Te2) [108–111]. However a Raman spectrum shows the one-phonon

DOS when the translational invariance is lost. Thus the existence of well defined peaks

in a Raman spectrum is a proof of the existence of translational invariance.

Figure 3.8 shows the total DOS corresponding to Bi2Te3 (solid, black line), the par-

tial DOS corresponding to Te (dotted line-blue online) and Bi (dashed line-red online).

The contribution of Bi, with a mass approximately twice as that of Te is larger at lower

frequencies, while the opposite happens for Te. Bismuth telluride can be grown as BiTe

(in a cubic and hexagonal phase), as Bi2Te3 (the rhombohedral phase), or even in more

complex phases richer in Bi [112]. Probably, this is the reason why it is not so simple to

grow Bi2Te3 in a stoichiometric way.

The Bi2Te3 structure is similar to that of many other layered materials like Bi2Se3

[113], InSe, GaSe and GaTe [114], In3Se3 [115] or MoS2 and WS2 [116], where the group

VI elements are bonded through van der Waals forces giving rise to the layered struc-

ture. Recently, Zhang et al. [117] have shown the existence of Te clusters in Bi2Te3
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Figure 3.7: A quintuple layer from the rhombohedral Bi2Te3. The Te1 atoms are bonded
with two Bi atoms, while the Te2 are bonded with a Bi on one side. They are limiting
the layers.

nanowires. In fact, the authors claim that the figure of merit of their samples is in-

creased because of the presence of Bi2Te3/Te nanowires heterostructures. Unfortunately,

they did not present the Raman scattering data of their samples. In this work, the Ra-

man data of stoichiometric Bi2Te3 and Te-rich nanowires are presented. The spectra of

the stoichiometric samples contain several Raman peaks corresponding to bulk Bi2Te3,

while that of the non-stoichiometric (Te-rich) samples show additional Raman peaks,

related to the Te clusters. HRTEM measurements reveal the absence of clusters in the

stoichiometric samples, while in the Te-rich samples one can found clusters of differ-

ent sizes corresponding to the bulk Te-Te interatomic distance, confirming the results

presented by Raman Spectroscopy.

The chemical composition and structural characterization of the Bi2Te3 nanowires

embedded in the alumina matrix were performed by TEM combined with EDX. These

measurements were carried out on a Tecnai G2 F20 (FEI) operating at 200 kV. In order

to quantify the Te content within the Bi2Te3 nanowires the parameter δ is defined in

such a way that δ= 0 corresponds to the stoichiometric material. As a function of δ, the

chemical formula can be expressed as Bi2Te3(1+δ). δ has been obtained experimentally

through TEM-EDX measurements with low magnification, which provide the average

of the Te content in the different samples of Bi2Te3 nanowires embedded in the alumina

template. Figure 3.9 shows a HRTEM image of a Te-rich Bi2Te3 nanowire (a), as well

as its Fast Fourier Transform (FFT) (b). A piece of nanowire was removed from the
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Figure 3.8: Total (solid line) and partial phonon DOS corresponding to Te (dotted line,
blue online) and Bi (dashed line, red online) calculated for stoichiometric Bi2Te3. The
symbols are the values obtained from the ab initio calculations, as explained in Ap-
pendix A.2 , while the lines are a β-spline to show a curve.

sample quantified previously with δ= 0.71. The bright spots in Figure 3.9 (b) correspond

to the diffraction planes in Figure 3.9 (a). The green arrows indicate spots that can

clearly be attributed to planes belonging to Te clusters (d = 1.93±0.01 Å) [1]. The region

corresponding to the Te cluster [green over-layer in Figure 3.9 (a)] can be inferred by

performing an inverse Fast Fourier Transform (IFFT) using a mask to select only the

relevant peaks.

The local elemental composition was further studied by EDX as shown in Figure

3.10. The regions probed by the electron beam are represented by the thin lines in the

left-hand side panels (Figures 3.10(a)-(c)) for the nanowires brunches (embedded in the

alumina) with different stoichiometry while the measured Bi and Te content profiles

are shown in the respective right-hand side panels (Figures 3.10(d)-(f)). The profile of

Figure 3.10 (d) for the stoichiometric sample shows a homogeneous content distribution
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Figure 3.9: (a) HRTEM of a single nanowire sample of Bi2Te3(1+δ), with δ = 0.71. The
dashed lines (green colored online) areas illustrate the planes reconstructed via the
inverse fast Fourier transform of the bright spots indicated in (b) by the arrows. (b) The
fast Fourier transform of the image shown in (a).

close to the expected values (indicated by the horizontal dotted and dashed lines) of

molar percentages for Bi≈ 40% and Te ≈ 60%. When the Te regions appear, the profile

becomes inhomogeneous (Figure 3.10 (e)-(f)). The regions with clusters correspond to

the Te content equal to 1 (see Figure 3.10 (f)). As can be visualized, the clusters are of a

few nanometers (10-30 nm) in size.

The Raman scattering measurements were carried out at room temperature in a

backscattering configuration in the Jobin Yvon T64000 spectrometer (previously de-

tailed in Chapter 2). The excitation line (647.1 nm) was provided by an Ar/Kr laser

focused onto the sample with the 100 × microscope objective. The experiment was per-

formed in the subtractive mode, in order to go below 80 cm−1. To avoid the sample heat-

ing during the experiment, special care was taken, limiting the power down to a few

µW , focused on a ∼ 1µm spot. Previous to all measurements a Si sample was measured

and the phonon was checked to be at 519.5 cm−1 [118]. After measuring the Si phonon,

the spectrometer was not moved from its position, thus the experimental values have

an uncertainty smaller than 0.5 cm−1.

Figure 3.11 shows the Raman spectra of several samples with different Te content

as measured by HRTEM-EDX. From the upper to the lower panel, the Raman spectrum

of a stoichiometric sample, of a sample with δ = 0.42,δ = 0.56,δ = 0.71 and a Te thin

film are presented. In the sample with higher Te content three additional peaks can be

visualized at 88, 117 and 137 cm−1, corresponding to the E1, A1, and E2 optical modes,

respectively, of Te. The position of these additional Raman peaks can be compared with
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Figure 3.10: (a)-(c) TEM images of Bi2Te3 nanowires ensembles embedded in alumina
with (a) stoichiometric Te content, (b) 29% Te excess, and (c) 36% Te excess. (d)-(f) Re-
sults of the EDX line scan profiles taken at the regions indicated by the thin lines in
their respective left-hand side panels. The data showing a Te content of 1 correspond to
the nano-sized clusters.
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Figure 3.11: Room-temperature Raman-scattering spectra of Bi2Te3 nanowires for sam-
ples with different Te content. Measurements on stoichiometric Bi2Te3 nanowires as
well as a pure Te film are also included for comparison. The amount of Te in excess
(δ) as measured by EDX is indicated in the panels. The best Lorentzian fit for the in-
dividual peaks are shown. The vertical dashed and dotted lines correspond to the peak
positions for the Te and Bi2Te3, respectively.
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Figure 3.12: Integrated area of the Te peaks measured by Raman spectroscopy normal-
ized by the total integrated area as a function of Te excess (δ). The dotted line is a guide
to the eye.

that of the Te film (bottom panel). Clearly, these peaks cannot be attributed to the IR

active modes of Bi2Te3 as demonstrated here and also because of the physical reasons

given before. The Raman spectrum, even in the sample with a higher Te content, cannot

be compared with that of a disordered sample (without translational invariance), since

there is no similarity with the graph shown in Figure 3.8.

Because of the clear increase of the Raman intensity of the additional peaks in the

samples with a higher Te content the correlation of the Te content with the area of the

peaks was performed. The y-axis of Figure 3.12 represents the ratio between the area of

the additional peaks related to the excess of Te divided by the total area of the Raman

spectra, in order to normalize them. This ratio has been represented as a function of

δ. Although they have been measured with two laser lines, 514.5 and 647 nm only the

spectra measured with the 647 nm line has been selected. The dashed line is a guide

to the eye. In this range of Te contents, and within the experimental variations, the

correlation is clearly linear, although in a broader range of Te content there is no reason

for the linearity. The Raman efficiency of the Te film is clearly larger (at this wavelength)

than that of Bi2Te3.
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Table 3.2: Comparison of vibrational modes corresponding to Bi2Te3 with different val-
ues published in the literature (cm−1). The first row shows the phonon values provided
by the ab initio calculations (see methods in Appendix A.2), the second row indicates
the experimental data. Other values published in the literature are supplied for com-
parison. The last row of data corresponds to the phonon modes of the Te film measured
as a sample control.

Bismuth telluride
E1

1g A1
1g E1

1u E2
1u A1

2u E2
1g A2

2u A2
1g Ref

44.29 69.96 73.26 101.57 107.56 114.89 131.54 144.52 a

57.8± 0.2 100.5 ± 0.2 127.6 ± 0.4 b

40.7 102.3 132.4 [111]
40.2 60.2 100.8 133.2 [119]

60 101 133 [120]
62.5 50 95 94 103 120 134 [121]

37 62 102 135 [122]
34.4 62.1 101.7 134 [123]

Tellurium film
E A1 E
88 117 137
aPhonon frequencies calculated in the present work
bData measured in the present work

Table 3.2 shows the optical modes of Bi2Te3 and Te. The upper part of the table

shows the Bi2Te3 data while in the lower part, the data measured in the Te film are

supplied. The first row of Bi2Te3 data corresponds to the phonon frequencies calculated

in the present work (see Appendix A.2), while the second are the Raman modes observed

experimentally (the E1
1g is at very low frequency and it mixes with the Raman coming

from the air, a typical problem of the Jobin Yvon T 64000). The remaining data have

been extracted from the literature for comparasion. There are important discrepancies

in the literature, as can be observed in the Table 3.2. As previously commented, the

Raman shift of the Si phonon was used to calibrate the data. The uncertainty extracted

from the curve fitting was smaller for the A1
1g and E1

1g modes and larger for the A2
1g

mode due to the larger broadening. The position of the A2
1g is around up to 4 cm−1

smaller than other literature data. There is a smaller discrepancy in the case of the

E1
1g mode, only 2 cm−1 lower. These discrepancies may be sample dependent, probably

due to defects, impurities, vacancies, etc. The calculated values (see Appendix A.2) are

systematically higher, of the order of 10%, than that measured by Raman. In the case

of the IR data obtained by Richter et al [121], the errors can be attributed to the sample

quality; probably the sample were highly doped. Doped Bi2Te3 used to have a high
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Figure 3.13: SEM of the Bi2Te3 stoichoimetric and with excess of Tellurium.

electron concentration either due to residual impurities or vacancies [124]. The Te film

has been measured in order to compare the phonon modes with that which appear in the

Te-rich samples. The modes are both Raman and IR active. There is no LO-TO splitting,

since the Tellurium is covalent.

3.3.3 Growth and morphology of Bi2Te3 films

Bi2Te3 films were grown by electrodeposition due to its capability to inexpensively yield

thermoelectric materials at room temperature, which can potentially be advantageous

for scalable manufacturing. The growth process was performed with pulsed electrodepo-

sition at a constant potential over 0.1 s and zero current density over 0.01 s. The applied

potential was + 0.05 V relative to a Ag/AgCl reference electrode [125].

3.3.4 Structural and optical characteristics of stoichiometric
and Te-rich Bi2Te3 films

For the identification of Te excess on the Bi2Te3 films, different techniques have been em-

ployed. The chemical composition and structural characterization of the samples were

performed by TEM. An advantage of TEM over other techniques such as SEM is the

possibility to obtain diffraction patterns from the sample under observation. Diffrac-

tion patterns give information of the separations of crystallographic planes which is

important to identify the crystal structure. In addition, it also provides structural de-

tails enabling the localization of defects in the crystals. This technique is an excellent

complement to energy dispersive X-ray spectroscopy (EDS).
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Figure 3.14: a) HRTEM of Bi2Te3 and b) Fast Fourier Transform of image (a), which
shows interatomic distances.

TEM measurements were carried out on a Tecnai G2 F20 (FEI) operating at 200

kV. Modification and analysis of HRTEM images, FFT, Fourier mask filtering and IFFT

calculation were performed using the software program Digital MicrographTM . As can

be observed in Figure 3.14, a high quality Bi2Te3 crystal was characterized in order to

compare its diffraction pattern with that of a sample with a high Te content.

The resolution of the HRTEM image allows discerning the lattice spacing between

the well-known and characteristic quintuple building blocks of Te2-Bi-Te1-Bi-Te2 which

are separated by Van de Waals forces. The separation between layers is approximately

of d ∼ 0.4 nm and it is caused by the weak Te2-Te2 bond between the quintuple layers

of Bi2Te3. As can be appreciated, no observation of Te clusters are present in Figure

3.14, indicating the morphology of a high quality crystal of Bi2Te3. That can be corrob-

orated taking the FFT of Figure 3.14 (a) and measuring the planes distances along the

[111] direction (see Figure 3.14 b). Interatomic distances of Bi2Te3 extracted from the

literature are presented for comparison in the Table 3.3.

However, the diffraction patterns in the case of the Bi2Te3 with high Te content

have substantive differences compared to the stoichiometric Bi2Te3 (see Table 3.3). For

a detailed analysis an exhaustive study in different forms (films and nanowires) of the

material is performed with the purpose of extend the defects identification for any crys-

talline structure. Figure 3.15 (a) presents the HRTEM image of Bi2Te3 film with the

presence of Te-defects. Unlike diffraction pattern of pure Bi2Te3 of Figure 3.14 (b), this
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Table 3.3: Bi2Te3 with experimental and reported d-values.

d-value experimental (Å) d-value literature *(Å)
5.048 5.0733
1.9022 1.8994
1.879 1.884
1.6201 1.6202
1.607 1.6137

1.57034 1.5681

Table 3.4: Experimental and reported values of interplanar distances on Bi2Te3 and Te
material for different form of the structure (films and nanowires). For comparing with
the literature additional d-values are presented in the Table for Te [1] and Bi2Te3 [2].

Powder pattern of Bi2Te3 with excess of Te
Films Nanowires

Selected points d-value Å error Material d-value Å Selected points d-value Å error Material d-value Å
(this work) (literature) (this work) (literature)

1-1 1.94 0.03 Te 1.93 1-1 1.93 0.01 Te 1.93
2-2 3.87 0.03 Te 3.86 2-2 2.35 0.03 Bi2Te3 2.38

Te 2.35
3-3 3.26 0.03 Te 3.23 3-3 3.21 0.03 Bi2Te3 3.23

Te 3.23
4-4 2.25 0.02 Bi2Te3 2.24 4-4 2.70 0.02 Bi2Te3 2.69

image shows a combination of planes belonging to Bi2Te3 structure and Te clusters.

These d-values are marked with red arrows (see Figure 3.15 (b)) and are gathered in

the Table 3.4. Superposing images of the reconstruction from image b) via IFFT and

Figure 3.15) (a) one can observe the presence of Te in the films in the Figure 3.14 (c),

where the green color indicates the presence of Te clusters.

A similar characterization by HRTEM was previously reported in "similar" NWs.

But, in this case, additional measurements (see Figure 3.16) in order to compare the

interplanar distances of the films and nanowires is presented. In the case of nanowires

many of the Bi2Te3 d-values are closed to the reported distances of Te, which can lead to

misunderstanding. As can be observed in the Table 3.4, the unique interatomic distance

that can be unambiguously assigned to Te is the value d ∼ 1.93 (see Table 3.4) which

has the same value as the previously reported d-space published by Carlos Rodríguez-

Fernández and et. al. [63]. In both cases the presence of Te clusters can be identified,

nevertheless, segregation of Tellurium is more evident between the layers of Bi2Te3 (see

Table 3.4).

On the other hand, the observations of Te clusters were supported by Raman spec-

56



3.3. BI2TE3 NANOWIRES AND FILMS

Figure 3.15: a) HRTEM of Bi2Te3 film with the presence of Te-defects b) FFT of the
image (a) whose bright sports represents a combination of d-values of Bi2Te3 structure
and Te clusters c) Combination of (a) and IFFT from b) where green colour represents
the reconstruction for d-values corresponding to Te.

troscopy measurements. Figure 3.17 displays Bi2Te3 samples (nanowires and films)

with excess of Te. The Raman spectrum of the nanowires was taken from the Section

3.3.2. The Te film was grown with the purpose of comparing with Te clusters. In thin

films well defined peaks centered at 88, 118 and 137 cm−1 were assigned to the phonon

modes E1, A1 and E2 respectively of Te crystal whose lorentzian fits are representative

lattice vibrations, while three peaks located to 59, 98 and 130 cm−1 were assigned to

optical modes A1
1g, E2

1g and A2
1g of Bi2Te3. If we compared films and nanowires one can

observe that the peak located at 118 cm−1 from the films is shifted approximately ∼1.4

cm−1 respect to the nanowires ,which could suffer stress due to the shape and size of

the nanowire (diameter average around 40-60 nm).
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Figure 3.16: a) and b) TEM images of Bi2Te3 nanowires embedded in the alumina
template c) HRTEM of a selected area from nanowires where green colour illustrates
Te clusters. Image has been reconstructed by performing an IFFT using a mask to select
only the points 1-1, which pertain to interatomic distance of Te (see Table 3.4).
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Figure 3.17: Upper and middle panel show room temperature Raman scattering spectra
of Bi2Te3 (with approximately 36% excess of Te in both cases) for nanowires and films
respectively. Bottom spectrum includes pure Te film for comparison.

3.4 Summary

In this chapter, PL and Raman scattering results have been presented for GaN nanowires,

which were synthesized using the VLS technique with cobalt phthalocyanine as catalyst.

Normalized PL measured at different positions revealed the value of the near band

edge transitions for GaN nanowires, which was deconvoluted with two Gaussian peaks

centered at 3.28 and 3.40 eV. The PL spectra do not present the typical yellow band,

showing the high crystal quality of the nanowires. In Raman, the spectra from GaN,

four modes appeared in agreement with literature values [90, 92, 93]: the allowed QLO,
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Eh
2 , E1(TO) and A1(TO) modes were observed at 746 cm−1, 573 cm−1, 562 cm−1, 534

cm−1 respectively. An extra peak seen at 410 cm−1 in GaN nanowires were attributed

to the zone boundary phonons, as previously reported [90]. These peaks were observed

at different spots of GaN nanowires. Additionally a peak centered at 687 cm−1 was as-

signed to the SO mode which is exclusive for nanomaterials and thin films with large

surface-to-volume ratio. Effects related to the shape of the nanomaterial can become

significant compared with their bulk counterparts. In nanowires, in particular GaN, the

surface represents a mechanical boundary where the atoms experience a different local

field than that from the bulk. This has consequences in the Raman spectrum since is

possible to observe the propagation of an optical phonon related to surface vibrations.

Additionally, surface optical phonon can be tuned within the frequency gap between the

TO and LO phonons by modifying the shape, size, and the dielectric constant of the

surrounding medium, introducing new opportunities in the design of GaN-based optical

phonon devices.

In addition, a throughout Raman characterization in stoichiometric and non-stoi-

chiometric Bi2Te3 nanowires and films was performed. The Raman signal in the range

of 116-120 cm−1 has been attributed to a forbidden Au mode (IR active) of Bi2Te3, which

would become allowed due to the lack of translational symmetry when there are only a

few layers of this material. Thus, the presence of this mode is considered as a signature

of the reduced number of layers. However, in this section were shown that the appear-

ance of extra peaks located at 88, 117 and 137 cm−1 in the Raman spectrum of Te-rich

Bi2Te3 is clearly related to the existence of Te clusters. In order to show this relation,

stoichiometric Bi2Te3 nanowires as well as Te-rich nanowires were grown. The absence

of these peaks in stoichiometric nanowires, even in those with the smallest diameter,

shows that they are not related to confinement effects or the lack of inversion symme-

try, as stated in the literature, but to the existence of Te clusters. This is because the

lack of translational invariance instead of allowing the appearance of IR phonons in the

Raman spectrum, would give rise to a spectrum similar to that given by the one-phonon

DOS. After an accurate analysis, Te clusters were found in non-stoichiometric samples

by HRTEM, while they were absent in stoichiometric samples. Additionally, a linear cor-

relation between the Raman intensity and the excess of Te in the Bi2Te3 samples was

found, (see Figure 3.11). Finally, the experimental data and ab initio calculations of the

phonon values obtained in this section for Bi2Te3 nanowires were compared with other

data from the literature. In conclusion, the existence of peaks in a Raman scattering

experiment is a proof of the existence of translational invariance. Thus, in a Raman
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spectrum consisting of well-defined peaks corresponding to lattice vibrations, the se-

lection rules are satisfied. In any case, an IR active mode cannot appear in a Raman

scattering experiment because the physical mechanisms are different.

The results obtained in nanowires were further complemented with the characteriza-

tion of Bi2Te3 bulk films. In this case, for the quantification of Te excess on Bi2Te3 sim-

ilar characterization techniques were employed. The chemical composition and struc-

tural characterization of the Bi2Te3 films were performed by TEM. TEM images were

analysed by a software from Digital MicrographTM . Performing FFT of the TEM im-

ages it was possible to obtain interplanar distances for Te as well as Bi2Te3 indicating

the presence of isolated Te clusters. These results were corroborated with Raman spec-

troscopy experiments for the identification of Raman peaks corresponding to excess of

Tellurium, as made before for the characterization of nanowires. The presence of Te

clusters in bulk and nanowires could be complemented in the future with an optical

characterization of flakes with few quintuple layers of stoichiometric and non-stoichio-

metric Bi2Te3.
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4
OPTICAL CHARACTERIZATION OF III-V

NANOSTRUCTURES BY MEANS OF RESONANT

MICRO-RAMAN SPECTROSCOPY

In the previous chapter, semiconductor nanowires were analyzed by means of non-

resonant Raman spectroscopy. This technique was employed to study the stoi-

chiometry of the material and analyzed surface effects on different nanowires.

Throughout this chapter, new features in nitride nanostructures will be studied by RRS

technique.

For this purpose, ultrathin GaN nanowires and nitride-based nanostructures were

grown on a silicon substrate by plasma assisted molecular beam epitaxy (PA-MBE)

and monitored in-situ by Reflection High Energy Electron Diffraction (RHEED). High-

resolution field emission scanning electron microscopy (HR-FE-SEM) and HRTEM were

used for the morphological characterization of the sample. Structural and optical anal-

ysis were performed by X-ray diffraction (XRD) patterns and Raman spectroscopy.

The novelty of this chapter compared with the previous one is the fact that the ob-

servation of the silent mode, namely the B1l mode, was possible by means of RRS in the

ultraviolet, where the 325 nm laser light is in resonance with the electronic states of the

GaN crystal. But the B1l modes are forbidden in Raman scattering and IR reflectivity,

and therefore, these modes cannot be observed in a Raman spectra. The most impres-

sive fact is that the reason of the appearance of the B1l mode in Raman scattering is

not a dimensionality effect, or surface effect, but the crystalline perfection and isotopic
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disorder. In addition, due to the breaking of the symmetry rules, or the mixing of the

symmetry of degenerate modes, the B1l mode is not silent anymore, while the B1h mode

is.

GaN and nitride-based nanostructures were synthesized by M. Almokhtar and H.

Asahi. W. Ibarra-Hernández and A. H. Romero did the theoretical model of lattice dy-

namics using DFT. The optical characterization was performed in close collaboration

with M. Almokhtar. This work was published in Nano Letters [126].

4.1 Ultrathin nitride Nanowires

4.1.1 Motivation

As indicated already in the preceding chapter the interest in nitride semiconductors has

been kept during the last years due to the appearance of new physical phenomena and

applications [127–130]. In particular, semiconductor nanostructures based on GaN, AlN

and their alloys are highly attractive for the next generation of advanced electronic and

photonic nanodevices due to their potential application in short-wavelength optoelec-

tronics and high-temperature electronics [131–134]. Especially, quasi-one dimensional

nanostructures called nanowires can offer new advantages as compared to bulk or thin

film, which suffer of the lattice mismatch due to the lack of a suitable substrate. The

first advantage is the phenomenon called self-purification. It appears due to the diffu-

sion or segregation of point defects to the nanowires surface, which disappear during

growth from the nanowire core [135]. This phenomenon is obviously more important

in thin nanowires. In addition, the free surface of the nanowires permits the elastic

relaxation of the strain and, therefore, dislocations are expected to be confined at the

interface between the substrate and the nanowires basis [136].

As seen in Chapter 2, RRS is a non-destructive optical characterization technique

that enable to extract information on the electronic structure when the electronic tran-

sitions are close or below the laser excitation energy [54, 137–140]. Under resonant con-

ditions, the Raman spectra of polar optical phonons are dominated by Fröhlich electron-

phonon interaction, associated with the electrostatic interaction between the polar phonons

and the virtual electron present in the Raman process as an intermediate state [138].

Fröhlich interaction is inversely proportional to the wave vector, which is close to zero

in first order Raman scattering and, in resonance, it becomes dominant when compared

to the mechanical deformation potential (DP) electron-phonon interaction. The DP is a
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short distance interaction, but since the Fröhlich electron-interaction depends on the

electrostatic potential (it goes as 1/r), it is a long distance interaction and it is thus

more effective when there is a perfectly aligned crystal with translational symmetry

(high crystalline perfection). In RRS experiments, new features have been observed in

nitride nanowires, some of them not well explained [141], and some others clearly re-

lated to the surface (surface optical modes), like those shown by Prasana et al[142] or

to the phonon density of states (DOS) [143].

4.1.2 Growth of ultrathin GaN Nanowires

GaN nanowires with designed diameter and length of 12 and 100 nm, respectively, have

been grown on Si(111) substrates by PA-MBE. Prior to the GaN growth, the substrates

were cleaned by a solution of SPM (Sulfuric Acid Peroxide Mixture). The Si substrates

with native oxides were thermally outgassed at 750 ◦C for 10-15 min without plasma-

enhanced nitrogen irradiation in the PA-MBE growth chamber. Elemental Ga, Al and

RF plasma-enhanced N2 were used as sources. The Ga flux was fixed at 5.2×10−8 Torr,

the N2 flow rate was fixed at 1.0 sccm and the RF plasma power at 300 W. The growth

is started with a GaN buffer layer grown for 40 sec at 450 ∼ ◦C followed by a thermal

annealing at 800 ◦C for 10 min in a plasma-enhanced N2 atmosphere to produce GaN

nanoclusters. RHEED patterns show a reconstructed surface pattern (7×7) for the Si

substrates. Then, GaN NRs were grown at 800 ◦C for 30 min under N-rich conditions

with a Ga/N ratio of 1/3. The maximum growth rate was fixed at 200 nm/h.

4.1.3 Structural and microscopy analysis of GaN

In-situ monitoring of the growing GaN nanowires by RHEED patterns is shown in

Fig 4.1 a). The RHEED shows broken-ring patterns indicating that hexagonal-GaN

nanowires were grown with the c-axis (0001) perpendicular to the substrate surfaces.

In addition, the XRD patterns image in Fig 4.1 b) were recorded using θ-2θ scans for

the structural identification. No peaks other than the diffraction peaks from GaN (0002)

and Si (111) are detected, proving again that the GaN nanowires are grown along the

c-axis direction. HR-FE-SEM and HRTEM were used for the morphological characteri-

zation of the sample, see Fig 4.1 c) and d) respectively. TEM images were taken for the

GaN nanowires separated from the substrate in ethyl alcohol. The SEM image clearly

depicts the vertical c-oriented nanowires grow perpendicular to the SiO2/Si substrates.

Ultrathin GaN nanowires present a small size with an average diameter of 12 nm and
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Figure 4.1: a) The RHEED pattern shows the GaN nanowires grown along the c-axis.
b) XRD scans of the GaN nanowires grown on Si(111). c) SEM image of GaN nanowires
grown on a Si substrate. d) HRTEM image showing the single crystalline structure of
the GaN nanowires.
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a length of 120 nm. Due to the small size, defects energetically prefer to migrate to

the nanowires surface and disappear during growth (self-purification). Furthermore the

HRTEM image confirms the high quality single crystalline structure of the nanowires.

4.1.4 Resonant Raman Spectroscopy and Fröhlich interaction
on ultra-thin GaN nanowires

Gallium nitride, AlN and their alloys belong to the C4
6v (P63mc) space group, with two

formula units per primitive cell and all atoms occupying C3v sites. As discussed in Chap-

ter 3 (Equation 3.1) the wurtzite structure presents three acoustic modes (a one dimen-

sional A1 and a two dimensional E1 mode) and nine optical modes (the polar modes

E1 + A1, the non polar E2 and the two silent B1 ). Since the P63mc space group does

not have a center of inversion, the polar modes (E1 + A1) are both Raman and infrared

active. The E2 mode has a change in the Raman polarizability but it does not carry

dipole moment [27], it is thus only Raman active. On the other hand, the B1 modes are

silent (nor Raman nor IR active), they can be observed, in principle, by means of hyper-

Raman scattering; however as far as we know they have never been clearly observed

[144]. There are a few publications where B1 modes are supposed to be observed in sev-

eral wurtzite materials, but there are several discrepancies between them (they appear

at different frequencies) and the reported spectra show a very broad signal around or

close to the predicted modes, resembling more a maximum in the DOS than a phonon

at the Γ−point [145]. Nevertheless, reviewing the literature, the clearest example of

the observation of the silent B1 mode, in wurtzite GaN, was given by T. Ruf et al [6]

using Synchrotron inelastic x-ray scattering. These measurements indicate that these

phonons are rather important input parameters for the comparison with theoretical

models. Additionally, there are discussions in the literature where the indication of a

broad peak can be also related to vacancies or impurities that can fall in the region

around the expected phonon frequency. In that respect, there should be a systematic

dependence study of the phonon line-width or even the peak position with respect to

temperature, impurity density, etc [146].

The Raman back-scattering spectra of these nanowires were thoroughly studied us-

ing different laser lines excitations at room temperature (Figure 4.2). The setup was

similar to that shown in Chapter 3, using Jobin Yvon T64000 spectrometer equipped

with a liquid-nitrogen cooled charge-coupled device (CCD camera). The excitation line

of 325 nm was provided by a He/Cd laser focused onto the sample using a 40× objec-
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Figure 4.2: From the upper to the lower panel, the Raman spectrum of GaN nanowires
covering the wide range of interest are shown, using the laser lines excitations 325, 488,
514 and 647 nm for comparison.
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tive microscope with a numerical aperture (NA) of 0.50 while laser lines of 488, 514

and 647 nm were supplied by an Ar/Kr ion laser focused onto the sample with a 100×
objective having a NA of 0.90. This setup focuses the light on an area around 1.5-2 µm

for laser line of 325 nm and ∼ 1µm for the Ar/Kr laser on top of the nanowire ensem-

bles. The optical characterization was performed either using the triple spectrometer

in subtractive mode (325 nm) or in single mode (visible lines with an edge filter). All

measurements were calibrated with a silicon and diamond sample using the charac-

teristic phonon peaks at 520 and 1332 cm−1 respectively. The Raman peaks were fitted

with Lorentzians in order to find the contributions from individual modes with accuracy.

The solid line (red online) is the cumulative fit of the Raman spectra. In backscattering

geometry with the light along the nanowire c−axis, z̄(−,−)z, only the A1(LO) and E2

modes can be observed [27, 54, 147]. The E1 mode is observed only in crossed polariza-

tion geometry or 90◦ scattering [27].

Figure 4.2 shows the Raman scattering spectra measured with different laser lines,

from the red to the ultraviolet. The peak at 520.0± 0.5 cm−1 corresponds to the Si

substrate, which has the maximum strength at the green (514 nm). The E2h phonon

mode of GaN appears at 567.1±0.5 cm−1, indicating that the nanowires are unstressed.

The reference position to consider the GaN unstressed is 567.5 cm−1.[148] The non-

existence of stress confirms the high crystalline quality of the nanowires. Only in the

upper spectrum, obtained with a laser excitation of 325 nm (3.8 eV, above the GaN

gap), under resonance conditions, there are two additional peaks. The first one is the

A1(LO) mode located at 734.1±0.5 cm−1, while the second is the B1l mode, in principle

forbidden, but observed due to its small dipole moment and resonance effects (Fröhlich

electron-phonon interaction). The B1l mode appears at 320.4± 0.5 cm−1, close to the

value measured by inelastic x-ray scattering [6], 329 cm−1 and the theoretical calcula-

tions (334 cm−1). The theoretical calculations of Ref. [6] gives a value of 339.2 cm−1 for

the B1l mode and it was multiplied by 0.97 in order to be coincident with the experimen-

tal value. The resonance conditions are demonstrated through the enhancement of the

A1(LO) mode. As it is known, the A1(LO) mode is strongly coupled to the electrons via

the electron-phonon Fröhlich interaction (the Fröhlich Hamiltonian is diagonal).

The B1l and B1h mode activation is usually ascribed in the literature to a naive

and uncorroborated argument: the relaxation of the translational invariance due to the

presence of defects, impurities and structural disorder caused by ion implantation or

mechanical damage [143, 146, 148–152]. This argument is controversial since in the

case of lack of translational invariance the one phonon DOS must be observed instead
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Figure 4.3: One phonon density of states (
∑

qδ(ω−ω(q))). The area has been normalized
to the number of phonons.

of the phonons at the Γ−point [63], i.e. some structure similar to that shown in Figure

4.5. Since this is not the case, the origin of the broad structures shown in Refs. [143,

146, 148–152] must be found in the two phonon DOS (see Appendix B).

In the present work, GaN nanowires were grown by PA-MBE which is known to be

a clean method to grow high purity structures with very good crystalline quality [153–

156], thus the existence of any phonon mode associated with lattice disorder, breakdown

of the translational symmetry or defects can be excluded. Since the B1l mode appears

only under resonant conditions, this mode may be attributed to a Fröhlich allowed reso-

nant mode, although group theory indicates that this is a silent mode. The reason why

this silent mode becomes Raman allowed due to Fröhlich electron-phonon interaction

will be given below. First, possible interpretations to explain the appearance of this

mode in Raman will be analyzed and the reasons why they are not plausible will be

given.
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4.1.5 Activation of B1l by Fröhlich interaction on high quality
GaN nanowires

To address with some detail the observed vibrational response, theoretical calculations

were performed within the framework of density functional theory (DFT)[157, 158] and

density functional perturbation theory (DFPT) [159] as implemented in the Abinit code

[160–162]. The calculations were performed by W. Ibarra-Hernández and A. H. Romero.

They used the generalized gradient approximation to describe the exchange-correlation

energy with the Perdew-Burke-Ernzerhof (PBE) formalism [163, 164]. The reciprocal

space is discretized with a regular k−point mesh of 12×12×6, while a cut-off energy for

the expansion of plane-waves of 50 Ha (1360 eV) has been selected. This optimization

ensures that the system is fully relaxed with forces between atoms no larger than 10−4

Ha/bohr and that the stress of the crystal cell is as low as 10−2 GPa. For the calculation

of the dynamical properties (phonons), DFPT with a regular q−point mesh of 4×4×2

was used. The anaddb postproccessing utility provided with the Abinit code allowed to

extract the two phonon density of states (DOS), which is a histogram of all possible

phonon events with q1 ± q2 = 0, from a Fourier interpolated phonon grid of 40×40×20.

The diagonalization of the interatomic force constants provides also the eigenvectors

which are then analyzed within the symmetry utilities present in the Abinit code, in

particular, for the center zone phonon modes.

First of all, the possibility of the appearance of a dipole moment due to the well

known mixing between the B1 modes will be discussed. By examining the eigenvector

of the B1h mode,

(4.1) e(B1h)=


0.03951459

−0.03951459

−0.70600167

0.70600167

≈


0.00000000

0.00000000

−0.70710678

0.70710678



it can observed that the value is very close to what group theory predicts. Actually,

the relative displacements of Ga and N are, respectively, 0.330 and 2.642 arb. units

(the actual values are temperature dependent[165]). The N planes move one against

the other, while the Ga planes move out of phase in comparison with the Ga planes,

suppressing any possible dipole moment.
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Figure 4.4: Several atomic layers showing the propagation of the B1h phonon along the
z-axis.

In the case of B1l mode a similar result can be observed.

(4.2) e(B1l)=


0.70600167

−0.70600167

0.03951459

−0.03951459

≈


0.70710678

−0.70710678

0.00000000

0.00000000

 ,

which is also close to what group theory predicts. Taking into account the calculated

eigenvectors, the relative displacements of the Ga planes are one against the other, like

the N planes, but in that case, the Ga and the N planes within the unit cell move in

phase. The result gives again the absense of dipole moment. The B1l mode, even when

the small N displacement is include, is still a silent mode. The combination of the silent

modes gives rise to two new silent modes.

A second possible explanation for the existence of a dipole moment is the lack of

translational symmetry due to the existence of a surface. Clearly, the asymmetry of the

atomic movements in the surface gives rise to a small dipole moment. The problem of

this explanation is that the contribution of the surface to the Raman signal is very small,

even in very thin nanowires, as it is the case. If the diameter of these nanowires is 12

nm, the perimeter is 12×π≈ 37.7 nm. If the bond lengh is around 0.15 nm, the number

of atoms along the surface is roughly 250. However, the area of the circle is πd2/2≈ 113

nm2. The number of atoms in the circle is around 5000. Thus, the contribution of the

surface, as compare to the bulk, is very small, even in very thin nanowires. Thus the
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Figure 4.5: Several atomic layers showing the propagation of the B1l phonon along the
z-axis.

dipole moment is small and the contribution to the surface is small, concluding that the

effect of the surface is negligible.

The third possibility is the breakdown of the selection rules due to the lack of trans-

lational symmetry produced by the existence of a impurity. Impurity-induced Raman

scattering has been studied in the past [140] and it is obviously proportional to the im-

purity concentration. In these high purity nanowires this option must be discarded. In

heavily doped crystals impurity-induce scattering is effective, but the peak must become

very broad. However, the effect would be the same for the two B1 modes.

A fourth possibility is that the observed peak is due to the density of two phonon

states. From the lattice dynamics calculations the two phonon DOS is obtained (see Ap-

pendix B), for both the sum and the difference of energy between the phonon branches,

and in any of them appears a peak around the frequency of the B1l mode.

However, there is a peak at 320 cm−1, only observable at resonance, i.e. due to Fröh-

lich interaction, which means that this phonon must have, compulsorily, a dipole mo-

ment. Where this dipole moment comes from? If one looks at the periodic table of ele-

ments and pays attention to the isotopic composition of Ga and N the following data

are found: Ga has two stable isotopes, 69Ga, with a mass of 68.925580(3) a.m.u. and a

natural abundance of 60.108(9)%, and a second one, 71Ga with 70.9247005(25) a.m.u.

and 39.892(9)% of natural abundance§. The atomic displacement is proportional to the

§Data are taken directly from webofelements.com
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eigenvector times the square root of the mass. There will be displacements where two
69Ga atoms are involved, two 71Ga or one of each one (isotopic disorder). This difference

in the displacements produce a lack of symmetry in the vibrations and the appearance

of a small randomly distributed dipole moment. Although the dipole moment is small,

due to the large abundance of the isotopes, most of the lattice contribute to the dipole

moment and since Fröhlich is a long distance interaction, in a high quality crystal the

mode can be observed. Now, can be checked if this explanation would be consistent with

the absence of the B1h mode in the Raman spectra. Looking again at the periodic ta-

ble, N has also two stable isotopes, 14N with 14.0030740052(9) a.m.u. and a 99.632(7)%

of atomic abundance, and 15N, with 15.0001088984(9) a.m.u. and 0.368(7)% of natu-

ral abundance. The small isotopic disorder in the N, responsible for the movement in

the B1h mode, makes the contribution due to isotopic disorder negligible. It is worth

comment the effect of isotopic disorder on the broadening. In a work of J. M. Zhang et

al.[166] there is a careful study of the peak position and broadening of several Ge iso-

topes, natural Ge and a superlattice made by 70/76Ge. The broadening is very similar in

all the cases, i.e. the isotopic disorder does not contribute much to the broadening.

The activation of the B1l mode for high-quality GaN nanowires could be extrapolated

to other highly crystalline polar materials, like ZnO (Zn has 5 stable isotopes but three

of them have 49, 28 and 19% natural abundances). This is not the case of InP, since

natural In is composed in a 95% by 115In.

4.1.6 Ultrathin GaN/AlN nanowires

As seen before, one feature of the highly crystalline polar materials is the appearance

of the silent B1l mode under resonance conditions. The growth of "perfect crystal" could

be employed for the design of more complicated nitride-based nanostructures, e.g the

growth of Aluminum Nitride (AlN) on top of high quality ultrathin GaN nanowires. AlN

is an important material for optoelectronic devices and has many attractive character-

istics due to its large room temperature direct band gap of 6.2 eV which is the largest

band gap among III-nitride compounds [167]. Due to its wide direct bandgap, AlN and

Al-rich AlGaN alloy materials are suitable for deep ultraviolet (DUV) optoelectronic

devices [168]. Besides, AlN shows high piezoelectric response [169] for applications in

surface acoustic waves (SAW) devices [170] for instance, and present excellent thermal

conductivity [171].

As noted throughout the thesis, the growth of nanowires can reduce drastically the

dislocation/defect density with respect to bulk counterparts. However, AlN nanowires
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usually exhibit extremely poor structural and optical properties. In addition, it is well-

known that the optical quality (or the intensity ratio of the band-edge to the deep level

impurity transitions) is strongly correlated with the growth conditions.

In order to overcome defect density on AlN structures, GaN nanowire arrays were

first grown by PA-MBE, as described before. GaN nanowire arrays serve as a template to

promote the formation of AlN nanowires, providing a better control of the AlN nanowire

size, quality and density compared with the direct nucleation of AlN on top of Si or

dielectric layer SiOx [172]. Furthermore, this heterostructure is compatible with pro-

cesses for achieving DUV devices on a Si-platform. [173]. In this case, the growth condi-

tions for the AlN nanowires included a nitrogen flow rate of 1 sccm, a plasma power of

350 W, a growth temperature around of ∼ 860 oC and an Al flux of 6×10−8 Torr.

Raman measurements were performed using the same setup and conditions given

in Section 4.1.4, where the micro-Raman spectra of ultrathin nanowires (see Figure

4.6) were recorded along the c-plane of the wurtzite samples. No significant broadening,

peak shift, or decrease in intensity was observed during data acquisition, indicating

that thermal heating effect can be excluded. As the incident laser polarization is set

parallel to the nanowires axis, only the E2 phonon peaks and the polar A1(LO) are

allowed by selection rules. Furthermore, in the same spectrum it is possible to visualize

the Si peak at 520 cm−1 which is related to the substrate of the sample. Regarding

ultrathin GaN/AlN nanowires non-polar E2h modes of wurtzite GaN and AlN can be

located at 569 cm−1 and 649 cm−1 respectively. This vibrational non-polar mode refers

mainly to the vibration of N atoms in plane, perpendicular to the c-axis and it is known

to be a good indicator of the strain in the samples. The E2h phonon mode corresponding

to GaN is in accordance with reported values of unstrained wurtzite GaN [91]. In the

case of AlN it is possible to note a small shift compared with literature [148, 174]. This

is due to AlN has smaller unit cell than GaN. Thus, when AlN is grown on top of GaN,

it will experience a strain which affect the Raman peak corresponding to the non-polar

E2h mode.

Additionally, the longitudinal A1(LO) modes from GaN and AlN can be observed

at 735 and 889 cm−1 respectively. As it can be discerned, Raman spectra is dominated

by the polar A1(LO) mode of wurtzite-GaN. The reason for this is that GaN is under

resonance (it was explained before) when the 325nm laser excitation is used. Neverthe-

less, the most important contribution to the Raman effect at resonance is the Fröhlich

electron-phonon interaction produced by the interaction between the polar mode and

the virtual electron created by the photon in the Raman process at long distances. As
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Figure 4.6: Raman spectrum of AlN/GaN nanowires at 325 nm laser line.

mentioned before, the electron-phonon Fröhlich Hamiltonian is inversely proportional

to qph = kl −ks (the wave number of the laser light minus the wave number of the scat-

tered light) and the phonon wave number is nearly zero. In resonance, this interaction

produces a huge enhancement in the Raman polarizability in the case of polar materials

as can be appreciated in the strong signal of the longitudinal A1(LO) phonon mode of

GaN. This is not the case of AlN. Finally, the high crystal perfection combined with res-

onant conditions allows to visualize the B1l mode at the Raman spectrum for GaN. The

B1l mode is a clear peak, with more intensity than the E2h mode and with less broad-

ening than that of the A1(LO). As it was previously discussed, the B1l mode presents a

dipole moment due to isotopic disorder which is enhanced due to Fröhlich interaction.

4.2 Summary

Wurtzite semiconductor compounds have two silent modes, the B1l and B1h. A silent

mode is a vibrational mode that does not carry neither dipole moment nor Raman polar-

izability. Thus, they are forbidden in both infrared reflectivity and Raman spectroscopy.
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However, an additional well defined peak at 320 cm−1 was observed in the resonant Ra-

man spectrum of high quality ultrathin GaN nanowires, corresponding to the frequency

of the B1l mode. The observation of this phonon mode is usually ascribed to the appear-

ance of defects, impurities or even to disorder activated Raman scattering. But in all

those cases a broader and not well-defined peak was shown in the Raman spectrum

which probably was related to the DOS. Defects and impurities in thin diameter GaN

nanowires (of 12 ∼nm) were unfavourable due to the self-purification mechanism. Un-

shifted E2h mode indicated that GaN nanowires were free of strain and confirmed with

other structural and optical characterization techniques the high crystalline perfection

of the GaN nanowires.

The Raman experiments were performed using several laser lines, from the red to

the UV, a wavelength where Raman becomes resonant on GaN. The B1l-mode was ob-

served only in resonance, indicating that the appearance of this mode is related to Fröh-

lich electron-phonon interaction, i.e. a dipole moment emerges in the B1l silent-mode.

On the other hand, the B1h mode does not appears, i.e., it remains silent since either no

dipole moment is present in this mode or it is negligible when compared to that of the

B1l mode. The resonant interaction of the Raman scattering was demonstrated by the

enhancement of the A1(LO) phonon mode.

To shed light onto the physical origin of these observations, DFT calculations of

the lattice dynamics in GaN and analysis of the phonon eigenvectors were discussed.

Furthermore, a careful analysis of the different physical mechanisms that allow the for-

bidden mode to appear to explain the physics underlying the nonzero dipole moment

in the B1l mode was performed, and the reason why this dipole moment is not present

in the B1h mode. After a thorough analysis, it was explained that the appearance of

a visible silent mode under resonant conditions is because of isotopic disorder causes a

lack of symmetry on the atomic vibrations of this mode. The difference in the atomic dis-

placements due to isotopic disorder produce a small dipole moment, which is enhanced

due to Fröhlich electron-phonon interaction. In short, the high crystalline quality of the

nanowires and the appearance of a small dipole moment due to isotopic disorder makes

the B1l silent mode to appear as a Raman allowed mode due to Fröhlich electron-phonon

interaction. The existence of the B1l mode is vital in developing new measurement

methodologies to perform a better characterization of polar materials that contribute

to improvement of the phenomenological lattice-dynamical models.

Additionally, PA-MBE technique was employed to growth more complexed nitride-

based nanostructures such as AlN/GaN nanowires. The high crystal quality of GaN
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nanowires achieved during the growth process served as template to grow AlN on

top of GaN nanowires arrays. Optical characterization were performed on AlN/GaN

nanowires by means of RRS .The quality was preserved for GaN allowing to visualize

the B1l under resonant conditions. Raman measurements showed the AlN could suffer

strain by the small shift present in the non-polar E2h.
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5
SURFACE ENHANCED RAMAN SPECTROSCOPY ON

INDIVIDUAL INP AND INN NANOWIRES

The previous chapters has been primarily concerned with the fundamental char-

acterization of the electronic, structural and optical properties of nanowires by

means of Resonant and Non-resonant Raman spectroscopy. The present chapter

focuses on the characterization of single InP and InN nanowires by Surface enhanced

Raman Spectroscopy using branched gold nanoparticles surface plasmons, also known

as nanostars (NSs), multipods or nanoflowers.

This technique provides the same information that traditional Raman spectroscopy

does but with a greatly enhanced signal. Although the spectra of most SERS experi-

ments are similar to the non-surface enhanced spectra, there are often differences in

the number of optical modes present. Additional modes not allowed by selection rules

for InP nanowires are presented in the SERS spectrum. In addition, throughout the

chapter it will be possible to discern the observation of the enhanced signal of surface

optical (SO) phonon in InN nanowires. Another point of interest that will be covered in

detail along this chapter will be the characteristic and well-known WZ/ZB polytypism

along InP nanowires. The different phases of the material are observed more easily be-

cause of the enhancement of the intensity in the Raman signal when branched gold NPs

are used.

InN and InP nanowires were growth by Subharata Dhar and Monica Cotta, respec-

tively. Recio synthesized branched gold nanoparticles. Josep Canet Ferrer did the the-

79



CHAPTER 5. SURFACE ENHANCED RAMAN SPECTROSCOPY ON INDIVIDUAL
INP AND INN NANOWIRES

oretical simulation of the the nanoparticle polarizability considering the excitation of

its plasmonic modes (details are explained in Appendix C). The samples were optically

characterized in close collaboration with Viviane Almeida.

5.1 Motivation

Surface-enhanced Raman scattering (SERS) spectroscopy is a highly sensitive method

to obtain vibrational and chemical information from materials, whose enhancement is

produced when nanometer sized nanoparticles are attached. The research on SERS has

progressed from bulk samples studies to more complex and challenging analysis such as

the detection of a single molecule [58, 175]. These highly sophisticated studies are possi-

ble by the amplification of electromagnetic fields generated by the excitation of localized

surface plasmons (LSP). This permit overcoming the limitations of traditional Raman

spectroscopy which consists of the inelastic scattering of the light where only one photon

out of 107 is actually inelastically scattered. Normal Raman scattering does not supply

enough signal in the case of small nanostructures like semiconductor nanowires where

long acquisition times are necessary to avoid sample heating or any other alteration of

the material by thermal or photochemical effect, leading to severe problems in obtaining

reproducible spectra. For this reason, during the last decade a large number of works

have been published based on the development of functional SERS substrates that pro-

duce extremely strong Raman signal even at low concentration of matter, in particular

nanostructured materials as it is the case of nanowires. However, only a few number of

works has investigated the SERS approach for non-resonant Raman characterization

on isolated nanowires [176, 177].

An important challenge in a SERS experiment is the choice of substrates providing

reproducible results. Currently, great efforts have been focused on developing different

architectures using metal nanoparticles (typically, silver or gold) [178–181]. The advan-

tages of these types of SERS substrates are well known and include stability, high re-

producibility, tailoring of the substrates with various shapes and sizes of the particles in

any geometry, easy fabrication and good detection of analytes, besides of covering most

of the visible and near infrared wavelength range where most Raman measurements

take place. Among gold nanostructures the synthesis of highly branched nanoparticles

(NPs), also called nanoflowers, multipods or nanostars (when tips are symmetric), are

particularly singular because are formed by a central body and arms or tips protruding

from it. Because of this, the have a broader plasmons band than others NPs such as
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gold nanorods due to the plasmon modes that are formed by hybridization of plasmons

associated with the core and the tips [182]. In addition, this type of NPs displays higher

enhancement factors (EFs) at the resonance wavelength than those for sphere or rod

NPs [183].

Group III-V semiconductors such as GaAs, InP, InAs, or III-nitrides are in the fo-

cus of attention for their applications in optoelectronics, including light emitting diodes

[187], lasers [188], solar cells [189] and photodetectors [190]. Among all III-V com-

pounds, InP and InN nanowires are of special interest because their excellent electronic

and optical properties. In the case of InN, it has the smallest direct bandgap among all

nitrides (around ∼0.7 eV) [184], which can be varied up to 6.2 eV by changing chemical

composition of InGaAlN alloy, at the same time that addition of Al reduce the stress of

the nitrides with the substrates [185]. The quaternary compound is a very interesting

(suitable) material for the production of efficient solar cells because it covers almost

the entire solar spectrum. Furthermore InN is an interesting material for high speed

electronics because It possesses the lowest electron effective mass among all group III-

nitrides [186]. On the other hand, InP nanowires are one of the most attractive materi-

als because of its low gap (1.4 eV) suitable for infrared detectors, excellent carrier mo-

bility, relatively efficient optical emission and wave-guiding characteristics [191–193].

InP, as many other zincblende semiconductors, grows in the wurtzite instead of the

zincblende phase when they form nanowires. They can also present a mixture of both

crystal phases which actually can be controlled to form homojunction quantum wells in

a wire [194].

5.2 Branched Nanoparticles (NPs)

The synthesis and functionalization of NPs have aroused the interest of researchers

due to their particular optical properties that can be manipulated by modifying size

and shape of the NPs. In particular, gold NPs with sharp features generated strong elec-

tric fields at their tips upon absorption of incident light in the visible-near IR region

[195, 196]. Their characteristic morphology makes branched NPs ideal towards appli-

cations such as LSPR and SERS sensing. Besides these nanostructures have generated

attention because of their sharp edges and the correspondingly high localization of any

surface plasmon modes. The electromagnetic spectrum of these NPs (see Figure 5.1)

typically displays a plasmon band in the 600-1200 nm region, corresponding to plas-

mon modes confined at the tips. Furthermore a smaller band around 500-600 nm can
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Figure 5.1: Image taken from [4] where is shown (A) TEM image of AuNSs synthesized
with three different sizes. (B) Absorbance spectra of the corresponding NSs of (A) tested
in SERS detection

visualized which is related to a mode localized at the central body [4].

Therefore, LSPR in AuNSs can be adapted by changing aspect ratio between tips and

central body as can be observed at the reference paper of Reguera et.al. [4]. In addition,

this work revealed theoretically and experimentally an extremely high electromagnetic

field enhancement at the tips, corresponding to a low energy dipolar plasmon mode.

That could have an influence at the near field and polarization of the incident light over

the nanowire.

Typically, branched Au NPs have been successfully synthesized through the growth

of Au seeds with the help of several directing agents including a surfactant [197], va-

por phase polymerization [198], electrochemical method [199], hydrothermal technique

[200] and seedless in situ growth method [201]. The NPs used in this work were synthe-

sized by María José Recio Carretero as is described in her thesis [203].
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5.2.1 Synthesis PVP Gold Nanostars (PVP-NSs).

Synthesized starting from a Au seed (the seeded growth process). Gold seeds and PVP

coated seeds were prepared for SERS experiments.

Gold seed nanoparticles were prepared by adding 12.5 ml of 1% citrate solution to

2.5 ml of boiling 50 mM HAuCl4 solution under vigorous stirring. After 15 min boiling

the solution was cooled down to room temperature and then stored at 4◦C for long-term

storage [202].

Figure 5.2: a) The red tube shows 13 nm gold seeds synthesized by standard citrate
reduction and blue tube 55 nm Au-NSs synthesized through the reduction of HAuCl4.
b) Representative TEM image of Au NSs synthesized through reduction of HAuCl4 in a
PVP/DMF mixture, in the presence of preformed Au seeds,

Gold PVP coated seeds NPs were prepared by adding 0.122 g of PVP in 6 mL of

water. After 15 min sonicating 50 mL of citrate seeds were added and was stirred at

room temperature during 24 h. After that, it was centrifugated during 90 min at 6000

rpm and redispersed in EtOH. In a typical synthesis, 54.6 µL of an aqueous solution

of 50 mM HAuCl4 was mixed with 1.0 mL of 10 mM poly(vinylpyrrolidone) (PVP) (MW

10000) solution in 10 mL of N,N-dimethylformamide (DMF). After complete disappear-

ance of the Au+3 28.6 µL of the PVP coated seeds were added to the solution. In order

to obtain middle size (mAuNS∼ 50nm) of PVP-NSs, 500 µL were added to the solution

with LSPR bands at 790 nm. It must be cleaned at least five times to eliminate the

excess of PVP for Raman measurements (more details can be found in Ref. [203].)

83



CHAPTER 5. SURFACE ENHANCED RAMAN SPECTROSCOPY ON INDIVIDUAL
INP AND INN NANOWIRES

5.3 InP nanowires

5.3.1 Growth and morphology of InP nanowires

Figure 5.3: SEM image

of a typical as-grown InP

nanowire ensemble.

InP nanowires were grown by the VLS method in a CBE

system using 25 nm size Au nanoparticles as catalyst. The

nanowires were grown on (001) GaAs substrates. After ap-

proximately ∼12 minutes the substrate was cleaned with

deionized water. Nanowires were grown at 420 ◦C using as

growth precursors three different trimethyl-indium (TMIn)

fluxes, 0.15, 0.3 and 0.45 sccm. All nanowires were grown

along the [111] (zinc-blende) and [0001] (wurtzite) direction,

respectively.

To characterize the nanowires, SEM measurements us-

ing a S-4800 (HITACHI) at operating voltages of 5 kV were

performed. In Figure 5.3 a high density of random ensem-

bles InP nanowires can be observed. SEM image of a typi-

cal as-grown InP nanowire ensemble at side view shows the

homogeneous coverage with nanowires up to 20 µm length. In addition, InP nanowires

exhibits a larger diameter than InN nanowires allowing the coupling of the NPs over

nanowire. For SERS experiments InP nanowires were transferred mechanically from

the as-grown substrate by imprint onto a pre-patterned Si/SiO2 substrate as is indi-

cated in Appendix A.1.

5.3.2 Surface Enhanced Raman Spectroscopy on isolated InP
nanowires

Different concentrations of gold NPs over nanowires were deposited by drop-cast method

(Figure 5.4 c) and d)). As can be appreciated in the case b), branched NPs can stick

together coating completely the nanowire. After deposition morphology of the NPs is

preserved in shape and size (see 5.4 d) where Nanoparticle’s tips are randomly oriented.

However, the nanowires that showed the best conditions for SERS experiments were

those which had been entirely and uniformly surrounded by branched NPs. That can be

appreciated through image manipulation using DigitalMicrographTM program where

branched NPs over the single nanowire were remarked. A wide perspective of an in-

dividual nanowire with branched NPs can be visualized on Figure 5.4 c). AFM image
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Figure 5.4: a) and b) Different kind of coating where a) is partially coated and b) is
completely coated c) Atomic force microscope topographical image of a well isolated InP
nanowire deposited on a patterned substrate covered with branched NPs e) Single NP
over individual nanowire showing the shape and tips are conserved d) SEM image ma-
nipulated with DigitalMicrographTM program to remark the zone of interaction among
branched NPs over isolated nanowires.

shows that the individual nanowires are monodisperse and well separated from one an-

other on the substrate. Figure 5.4 also reveals that the diameter of the surrounded InP

nanowires is approximately of 370 nm and has a length greater than 10 µm. Additional

NPs around the wire can also affect on SERS experiments since near field region is in

the order of λ (more details about the interaction of the nanowires with the electromag-

netic field of NPs are given in the Appendix C).

All Raman measurements were carried out in back-scattering configuration (i.e. par-

allel wave vectors of the incident and the scattered light) with a triple-grating Jobin

Yvon T64000 spectrometer equipped with a liquid-nitrogen-cooled charge-coupled de-

vice. The excitation line at 647.1nm was provided by an Ar/Kr laser focused onto the

sample with a 100× microscope. In order to assure the system is not undergoing a res-

onance Raman effect and avoid any enhancement of the Raman scattering caused by

photon energies closed to the electronic transition of InP, SERS spectra were collected

for non-resonant excitation. That allows to distinguish the "real" enhancement provided

for by the NPs whose unique resonance is closed to the LSP. The silicon peak was used

as reference for calibration of the Raman measurements. Prior to the Raman measure-

ments, the nanowires were located on a pre-patterned Si/SiO2 substrate by imaging the

surface with a charge-coupled device.

Figure 5.5 a) depicts the typical Raman spectrum of the measured samples for an

isolated InP nanowire with branched NPs (at the upper panel) and without NPs (bot-

tom panel). As can be observed significant differences can be appreciated at the two
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Figure 5.5: a) Non-Resonant Raman spectroscopy of individual nanowires with and
without branched gold NPs where the colored range is represented by the Raman map-
ping of the phonon modes selected in the a) panel. c) Non-Resonant Raman scattering
spectra of two isolated nanowires where is possible to identify at upper panel the E1(TO)
phonon mode which is forbidden for parallel polarized configuration and lower pannel
the E1(LO) mode which is not allowed for backscattering configuration.

spectra in using or not NPs. At the lower panel, two clear peaks were assigned to the

transverse-optical (TO) mode and the longitudinal-optical (LO) mode at 301.9 and 341.9

cm−1, respectively, in agreement with literature [204]. These optical phonon modes are

related to the [111] of the zinc-blende structure. However, by means of SERS measure-

ment an additional peak located at 307 cm−1 is shown at the upper panel. This mode

does not pertain to the optical mode of the InP zinc-blende structure, but to the E2h of

the wurtzite structure. In general, arsenide and phosphide compounds can crystallize

in both hexagonal and cubic crystal structures, being the zinc-blende structure the most

stable in the bulk form. Nevertheless, these compounds can also crystallize in a hexag-

onal structure in the form of nanowires due to the lack of strain, i.e. because of surface

relaxation [205], or even both phases can coexist depending on the grown conditions of

the nanowires as in the present research, as previously commented. This lead to the

appearance of extra peaks in the Raman spectra related to the optical phonon modes

of wurtzite structure. It has been already reported that these additional modes can be
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depicted by simply folding the Γ-L path of the Brillouin zone of the zinc-blende phase

along the [111] direction to the to the phonon dispersion (Γ-A path) of the wurtzite struc-

ture along [0001] since unit cell length of the zinc-blende structure along the [111] axis

is double with respect to the wurtzite along the [0001]. Therefore a combination of the

phonon modes of zinc-blende and wurtzite structures should be visualized at the Raman

spectra [25, 56]. In Table 5.1, the experimental values of the wurtzite and zinc-blende

modes at the Γ−point are given. The uniqueness of the SERS measurement lies in the

fact that wurtzite structure of a single InP nanowire can be easily identified because of

the enhancement factor (with a higher intensity of up to two orders of magnitude com-

pared to current Raman scattering experiment) avoiding long data acquisition times

and sample heating.

Considering that the laser line excitation along the x-direction is set perpendicular

to the nanowire axes only phonon modes corresponding to x(y, y)x and x(z, z)x polariza-

tion configuration from wurtzite structure are allowed (see Table 5.1) as no polarizer

was used in collecting the back-scattered light. In the case of zinc-blende structure LO
and TO are clearly visible in the Raman spectrum (Fig. 5.5). However, selection rules

indicate that the LO mode is only allowed in crossed polarizations x(y, z)x in backscat-

tering configuration [28]. The appearance of the LO phonon mode for parallel configu-

ration is explained by the presence of high density of stacking faults. This occurs dur-

ing growth since it is very frequent alternations between the ABCABC... sequence for

the zinc-blende phase along the [111] axis to the ABAB... stacking sequence for the

wurtzite phase along the [0001] axis [206, 207]. Thus the nanowires presents differ-

ent facets groups which can be rotated atomic layers and induce the appearance of the

forbidden LO mode [25]. In contrast TO mode is allowed for all backscattering configu-

rations when the axis of the nanowire is perpendicular to the laser line excitation, i.e.

the x-direction. The combination of the respective modes from different structures were

characterized by SERS mapping.

AFM-Raman mapping measurements were taken using an AFM-Raman system

(NTEGRA spectra PNL) with a 633 nm laser. Uncoated silicon tips with a force con-

stant between 25N/m to 95N/m and a resonance frequency of 200-400kHz were used to

check the profile and shape of the isolated surrounded nanowires in semi-contact mode

(tapping mode). AFM scan was performed on a 15×15 µm area, with a scan resolution of

256×256 points, a rate of 0.5 Hz, gain constant of 1.45 and a Setpoint of 5.000 nA. Map-

ping of the nanowires was performed in an area of 300 µm2 by recording step-spectra

at every 150 nm with an integration time of 1 s using a 200× Mitutoyo objective. AFM
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and mapping data were processed by Gwyddion software. By intensity integration of

the [298-303 cm−1] and [304-309 cm−1] spectral domain around the TO (301.9 cm−1)

and LO (341.9 cm−1) mode respectively, the intensity of the Raman signals over the full

nanowire is investigated for zinc-blende structure (colored region bands selected in Fig.

5.5 a) are represented by Raman mapping in b)). The images show a lateral resolution

better than 200nm, with an acquisition time of about 4 hours per image. The middle im-

age (Fig. 5.5 b)) is obtained by integration of the Eh
2 mode at 307.3 cm−1 [304-309 cm−1]

which corresponds to the phonon mode of wurtzite structure. For the TO, LO and Eh
2 ,

the Raman signal is maximum where nanobranched particles are close to the nanowire.

Table 5.1: Phonon modes in wurtzite and zinc-blende. The polarization configurations
for which Raman measurements are possible is indicated for wurtzite InP.

Wurtzite Structure
Modes ω (cm−1) ω (cm−1)a Pol. configurations
A1(TO) −− 302,1 x(y, y)x, x(z, z)x
E1(TO) 304,3 302,4 x(z, y)x, x(y, z)y

E2h 307,3 306,4 x(y, y)x, x(z, z)x, z(y, x)z, z(y, y)z
A1(LO) −− 341,9 z(y, y)z
E1(LO) 346,1 347,3 b x(y, z)y

Zinc-blende structure
Modes ω (cm−1) ω (cm−1)c Pol. configurations

TO 301,9 303,7 x(−,−)x
LO 341,9 345 x(y, z)x

aExperimental values of the optical phonon modes of wurtzite structure [208]
bCalculated phonon mode [208]
cExperimental values of the optical phonon modes of zinc-blende structure [204]

Apart from those modes, extra peaks have appeared on various Raman spectra (see

in Figure 5.5 c)). These peaks were deconvoluted by Lorentzian fits for each one in or-

der to extract the best position with accuracy. The peaks are located at 304.3 and 346.1

cm−1. The peak at 304.3 cm−1 can be erroneously assigned to Eh
2 phonon mode. Nev-

ertheless, this peak is shifted 3 cm−1 respect to the Eh
2 mode [208]. The Eh

2 mode was

located at 307.3 cm−1 in many individual nanowires with an accuracy of ≈ 0.5 cm−1.

For this reason, we exclude this peak corresponds to Eh
2 mode. We could attributed this

phonon to A1(TO) mode but it is shifted 2.2 cm−1 compared with reported values. At the

literature, the closest value is attributed to the E1(TO) mode (see Table 5.1) which is for-

bidden for both x(y, y)x̄ and x(z, z)x̄ polarization configuration from wurtzite structure.
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Figure 5.6: a) The configuration needed to activate both E1(LO) and E1(TO) phonon
modes corresponds to x(y, z)y.The corresponding light polarizations are denoted e i and
es, respectively. The wave vector of the incident and scattering light is represented by
ki and ks. For backscattering measurements the only configurations allowed are those
where the incident and scattered light are parallel to each other since no polarized is
used to rotate the polarization of the light b) Non-backscattering pol. configuration to ac-
cess to forbidden modes that are not allowed for backscattering configuration. The wave
vector of the electric field generated from the NP, ka, is propagated along Y axis and is
polarized perpendicular to the nanowire. Scattered light is amplified by the branched
NPs and collected by the microscope with a polarization configuration parallel to the
nanowire. This configuration is equivalent to x(y, z)y.

In the same way, it is possible to appreciate a big shoulder of the LO mode in Figure 5.5

c). The deconvolution of the spectrum shows a clearly visible peak at 346.1 cm−1. This

peak matches with the previosly calculated E1(LO) phonon mode [208]. However, no

reported experimental values are given at the literature in nanowires since this phonon

mode is completely forbidden for any backscattering polarization configuration (Table

5.1). But why this phonon mode is activated when the nanowires with gold branched

NPs are measured? In order to explain this phenomenon in a simple way we performed

an approximation considering the excitation of plasmonic modes in a NP as the result

of electrical dipole in a sphere (see Appendix C). Note that the plasmon electric field at

the location of the absorbed molecule could be greater considering more complex NPs

shapes (with edges and tips) such as our branched NPs [209]. Therefore NPs can gen-

erate an electric field dipole at near field along the y or z axis, i.e. they can propagate

the wave vector of the incident light along the y and z direction. For example, if we

consider that the wave vector of the incident light (ki) is propagated along y-direction

with light polarized along x-axis through electric field generated at the NP (ki will now
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be perpendicular to both the nanowire and the microscope, i.e. the z and x-direction,

respectively) and the wave vector of the scattering light is collected at the microscope

we could measure Raman modes that are only allowed for x(y, z)y which is equivalent

to y(x, z)x polarization configuration as we can observed in Figure 5.6. It is important

to notice that the wave vector of the scattered light must be polarized parallel to the

axis of the nanowire in such a way that surrounded nanowires by NPs will have more

probabilities to access to this polarization configuration. Thus forbidden phonon modes

such as E1(LO) and E1(TO) which are not accessible under our current excitation con-

figuration could be allowed through the near-field excitation of electric dipolar modes in

different conditions. This case only represents an extra polarization configuration but

different extra backscattering and non-backscattering polarization configurations could

be achieved by positioning the NPs at the desired configuration.

5.4 InN nanowires

5.4.1 Growth and morphology of InN nanowires

InN nanowires were grown on Au coated quartz substrates by CVD method using VLS

technique. The investigation of the growth parameter and their optimization for differ-

ent thicknesses of gold layer substrates is described in the Appendix (chapter B.1). Gold

layers were deposited by four target electron beam evaporator. These coated substrates

were placed side wise along with high-purity indium metal (99.99%) in a quartz boat.

The boat was then kept at the centre of a quartz tube furnace. Argon (purity 99.999%)

and ammonia (purity 99.999%) were introduced into the reactor through mass flow con-

trollers (MFCs). Samples were grown at different temperatures ranging from 500 to

650 ◦C for a fixed time of 8 h (see Appendix). The argon and ammonia flow rates were

adjusted to 20 and 40 sccm during the growth process. Prior to the growth, quartz tube

was purged with argon for 20 minutes.The morphology and structural properties of

these nanowires are investigated using SEM (JSM-7600F JEOL) and HRTEM (JEM-

2100F JEOL). Wires were thoroughly dispersed in methanol and casted on the carbon

coated copper grid for HRTEM study.
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Figure 5.7: a) SEM micrograph of InN grown on 15 nm Au coated quartz substrate at
550 ◦C and b) schematic diagram of multiple nucleation of nanowires.

Fig. 5.7 (a) shows the SEM micrographs of InN grown on 15 nm Au coated substrate

at 550 ◦C. It shows a high density of InN nanowires grown throughout the substrate.

The nanowires have an average diameter of 20 nm and lengths of a few tens of microns.

Interestingly, in this case, most of the nucleation sites have been found to act as the

origin of several nanowires. This is termed as multi-nucleation growth mode [210]. Upon

heating at 550 ◦C, 15 nm thick Au catalyst layer form bigger droplets as compare to 3

nm Au catalyst case. These droplets result in the formation of bunches of nanowires as

shown schematically in Figure 5.7 (b). Inset of Figure 5.7 (b) shows the SEM image of a

portion of the sample where the growth of a bunch of nanowires from a single nucleation

center is clearly visible. Additionally, in Fig 5.8 can be observed TEM micrographs of

InN nanowires grown on 15 nm Au coated substrate at 550 ◦C. The width of these

nanowires are found to be ≈20 nm. Note that the excitonic bohr radius of InN is ∼ 10

nm [1], which could mean that quantum confinement of carriers is in principle possible

in these wires. Color contrast at the wire tips represents Au droplets. Inset of Figure

5.8 (a) shows a selected area electron diffraction (SAED) pattern along the [0002] zone

axis for a wire. Hexagonal symmetry of the spotty diffraction pattern suggests that

these nanowires are single crystalline in nature. Figure 5.8 (b) represents the bright

field high resolution transmission microscope image of a wire, showing clear lattice

fringes. (0002) and (1120) planes of wurtzite InN can be identified from corresponding

interplaner spacing of 2.8 and 1.7 Å (as indicated in the figure). These results suggest

that InN nanowires are grown along the [1120] direction (a-plane).
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Figure 5.8: (a) High-resolution transmission electron micrograph of a few InN
nanowires grown on 15 nm Au coated quartz substrate at 550 ◦C. Inset: selected area
electron diffraction pattern of one of the nanowires and (b) High-resolution TEM image
showing lattice planes.
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5.4.2 XPS measurements

Figure 5.9: XPS profiles recorded at the valence band edge for InN nanowires grown
on 15 nm Au coated quartz substrate at 550 ◦C, Inset: schematic representation of the
band bending at the surface of a wire.

Figure 5.9 shows XPS spectra recorded at the valence band edge for the InN nanowires

grown on 15 nm Au coated quartz substrate at 550 ◦C. Note that the zero energy of

the spectra represents the position of the surface Fermi energy. The position of the

valence band maximum (EV ) is estimated to be 1.61 eV below the surface Fermi level

(EF S). InN has a band gap of 0.7 eV at room temperature [211], which means that

the surface Fermi level is located 0.91 eV above the conduction band minimum (EC) in

these samples as shown schematically in inset of Fig 5.9. This in turn implies that the

electrons are the majority carriers in the sample. This surface pinning of fermi level

above conduction band suggests accumulation of electron on the surface of nanowires

which has also been reported earlier in InN thin films [212].
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5.4.3 Surfaced enhanced Raman Spectroscopy on single InN
nanowires

For SERS analysis InN nanowires were transferred to the substrate with the technique

described in Appendix A.1, and branched NPs were deposited onto nanowires by drop

casting. Unlike InP nanowires, InN nanowires are not completely surrounded (see Fig-

ure 5.10) since the small diameter does not enable gold NPs cover the whole width (in

many occasions the diameter of the nanowire is around the size of the NP). However, in

this case the shape of tips from the NPs are clearly more visible over the sample.

Raman measurements on single nanowires located at the mark substrate before to

deposit NPs were performed. After deposition the nanowires were measured at the same

power intensity and same polarization configuration in order to obtain an enhanced

Raman spectrum without any additional effects provided by the configuration of the

system, as in the case mentioned above for InP nanowires. The Raman setup employed

was the same as InP nanowires (see subsection 5.3.2).

Figure 5.10: SEM images of InN nanowires coated with Au branched NPs where can be
observed surface roughness of the nanowire and the shape of the NPs.

In Figure 5.11 two Raman spectra of an individual InN nanowire can be visualized.
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The bottom/upper spectrum pertains to InN before/after depositing Au NPs. For this

material, the enhancement is not so strong as InP nanowires due to low number of NPs

adhered to the sample. Nevertheless, there is a significant evidence of improvement of

the Raman signal (× 6 respect to the original spectrum). No additional modes in the

enhanced Raman spectrum for the different samples measured were found. As InN be-

longs to C6v group symmetry, as GaN, AlN and their alloys, the wurtzite InN structure

presents the polar A1 and E1 modes which split into LO and TO optic components

resulting a total of six Raman active modes. The configuration polarization used in

these measurements is the same as the InP nanowires characterization. Therefore, only

A1(TO) and E2h phonon modes are allowed in the spectra range from 400 to 650 cm−1.

These modes are located at 449 (A1(TO)) and 490 (E2h) cm−1 in agreement with the liter-

ature [213, 214]. However, the broad spectrum presents additional modes with different

intensities. In order to analyzed this spectrum, the peaks were fitted by Lorentzians

as is reported throughout this work. Two unclear peaks at the position of 577 and 588

cm−1 were located. These Raman peaks were attributed at E1(LO) and A1(LO) by com-

paring the observed frequencies with those of reported Raman data for InN. In addi-

tion these modes appear at lower frequencies, than those of bulk InN [213, 214] due

to confinement effect [215]. But these assignments are ambiguous since selection rules

predict these modes are forbidden for the configurations used x(y, y)x and x(z, z)x. In

many cases these modes are assigned to longitudinal modes due to the relaxation of

the selection rules in the lower quality m-face. Unlike InP nanowires, these nanowires

were grown by CVD technique which is known to present inferior crystal quality of the

grown samples compared to MBE, as can be observed by the comparison of the band-

edge emission of PL spectra from a sample grown by both methods [216]. Therefore,

InN material grown by CVD may contains an abundance of defects and impurities or

even indium oxide in some cases and they can affect the InN electronic transitions. For

instance, an enhancement of the Raman instensity of the polar A1(LO) phonon mode in

InN under 830 nm (1.49 eV) excitation has been reported [217] due to electronic tran-

sitions related to defects and impurities, which are present in many of the current InN

nanowires. That opens the possibility of the appearance of forbidden modes in the Ra-

man spectra under resonant condition as for example is observed in InAs nanowires

[54]. Although the analysis of the Raman spectrum is not straightforward and further

analysis are needed.
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Figure 5.11: Raman spectroscopy of individual nanowires with and without Au
branched NPs. The roughness of the nanowire allows to observe clearly the SO modes
related to the surface of the sample which intensity is enhanced by the excitation of
plasmonic modes in a NP as the resulting electrical dipole.

Additionally two intense peaks are observed at 528 and 560 cm−1 which may be

attributed to surface optical modes. It has already been reported in a few cases that
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when phonon is confined to the surface of the nanowire, the nanowire presents a clear

evidence of the roughness and has small diameter oscillations of the nanowire (as can

be displayed in Figure 5.10) the Raman spectra can exhibit high intensities of surface

optical phonons in polar semiconductor nanostructures [213]. In addition, this becomes

more evident when the signal is enhanced by SERS substrate. The high intensities of

the SO modes arise due to a substantial fraction of atoms of InN nanowires reside on

the surface in comparison with the interior of the nanowire.

5.5 Summary

In this chapter, branched gold NPs were synthesized and deposited onto nanowires.

SERS measurements on InN and InP nanowires with an enhancement up to two orders

of magnitude were performed. For InP nanowires the resolution of the Raman spectra

allowed distinguish between the known polytipic structure of InP. Additionally, extra

phonon modes were accessible by means SERS experiments which are forbidden for

backscattering or perpendicular configuration. This analysis opens up the possibility

to a new field of study where Raman polarization is analyzed with controlled SERS

substrate. In the case of InN nanowires, an enhancement of all phonon modes visible

at Raman spectrum was observed, specially SO phonon modes related to surface vibra-

tions. These nanowires presented a visible roughness confirmed by SEM measurements

that allowed to observe high intensities of the SO modes, whose Raman intensity was

enhanced by SERS substrates. However, in this case no additional modes respect to the

original Raman spectrum were found. Further studies would be needed to clarify elec-

tronic transitions in InN material due to defects and impurities. A solution might be

to measure Raman scattering intensities of doped InN nanowires as a function of laser

excitation wavelength in order to find InN samples that are under resonant conditions

close to LSP from the SERS substrate. That would allow to distinguish clearly the elec-

tronic transitions by RRS whose signal is enhanced by SERS on individual nanowires.

In short, the simple approach for the fabrication of highly efficient branched gold

NPs is expected to have numerous opportunities in integrating SERS with other nanos-

tructure materials. One of the important future challenges in the efficient application

of SERS in nanowires is the study of the polarizability of the NPs-dipoles that open new

chances for developing SERS substrates that enable to access to specific polarization

configurations.
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6
DEVICES FOR HARVESTING APPLICATIONS

In this Chapter, a proof of concept Hybrid Solar Cell made of ZnO nanowires with

PEDOT:PSS [Poly(3,4 -ethylenedioxythiophene)-poly(styrenesulfonate)] is presented.

The main objective is to go beyond of theoretical and experimental characteriza-

tion of the samples and obtain a real application for energy harvesting.

In photovoltaics, nanostructured materials are being used to develop high efficiency

solar cells due to their capabilities to improve light trapping. With this purpose, high-

quality n-type ZnO nanowires were synthesized on Silicon substrates. The selection

of ZnO, instead of a semiconductor with the gap in the visible range, was due to the

facilities to grow high quality n-type ZnO nanowires in an n-doped substrate (Si). These

nanowires were growth upstanding to process a hybrid solar cell using PEDOT:PSS as

p-type material.

Synthesis and optical characterization of the nanowires were performed at the Friedrich-

Schiller-University Jena, in close collaboration with the group of Prof. Dr. Carsten Ron-

ning. Additional polymerization experiments were carried out in collaboration with Ál-

varo Seijas. Since it is only a proof of concept, if the resulting n-p type solar cell has a

good I(V ) characteristics under illumination, this would be an excellent result.
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6.1 Hybrid Solar Cell using ZnO nanowires

6.1.1 Motivation

One of the most important efforts has been devoted to the development of new mate-

rials or semiconductors nanostructures for the production of low cost and highly effi-

cient solar cells. In particular, nanowire-based solar cells are currently being investi-

gated for next-generation of photovoltaics (PV) architectures and for powering devices

at nanometer scale [218, 219] as a means of lowering cost [220] through the fabrication

of nanowires arrays [221]. One-dimensional nanostructures as nanowires have multi-

ple benefits for PV applications due to their geometrical structure which provide di-

rect electrical pathways that allows to ensure the rapid collection of carriers generated

throughout the device.

ZnO is one of the most popular materials that could be incorporated in solar cell

devices due to its excellent properties and numerous advantages such as non-toxicity,

easy synthesis, good electrical properties, high exciton binding energy (60 meV), high

room temperature mobility (115-155 cm2V−1s−1) and high breakdown strength, in addi-

tion to being one of the hardest materials among II-VI group semiconductors. However,

ZnO has a direct band gap of 3.3 eV, which makes it insensitive to visible light with

absorption only in the UV range. Typically, most of ZnO materials present n-type [222]

characteristics and its work function energy is very suitable for forming heterojunctions

with organic materials. In addition, they can be grown as nanowire arrays with the ap-

propriate dimensions for development efficient hybrid solar cells.

6.1.2 Background

A simple solar cell can be considered as a p-n junction diode where the current will

flow only in one direction in forward biased conditions . The schematic of this device

has been depicted in Figure 6.1. When a p-type material is placed in contact with a

n-type, the electrons in the Conduction Band (CB) from the n-side migrate to the p-

side while in the Valence Band (VB) the holes from the p-region move to the n-region.

Close to the boundary of the p-n junction these charges recombine (electrons diffuse

across to combine with holes) creating a "depletion zone", also called space charge layer

or depletion layer, where no mobile charge carriers are present. This depletion layer

acts like a wall (Coulomb barrier) between the p-type and n-type semiconductor that

opposes the flow of free electrons and holes. In order to overcome this barrier potential,
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the application of enough voltage that allow to move freely the charge carriers across

the p-n junction is needed.

Figure 6.1: Image taken from Principles of Electronic Materials - S.O. Kasap. [5] a) Two
separated n- and p-type semiconducors of the same bulk material b) p-n junction with
no external bias. Radiation is absorbed in the space charge layer (SCL) and produce
electron and holes. The Fermi level is uniform and in equilibrium.

In order to characterized the performance of solar cells some fundamentals are

needed. The basic principles are extracted from the book of "Principles of Electronic

Materials" from S.O. Kasap [5]. More detailed informations can be found elsewhere

[223].

The behaviour of a diode can be defined by the Shockley ideal diode equation:

(6.1) I = I0

(
e

qV
ηkBT −1

)
Where I is the total current through the diode, I0 is the "reverse saturation cur-

rent", also called the dark saturated current, V is the applied bias voltage, T is the

temperature and η is the ideality factor which is equal to 1 in an ideal diode. Actually,

η determines the quality of the diode. In a solar cell the total current is defined by the

following equation:

(6.2) I = I0

(
e

qV
ηkBT −1

)
− Iph

where Iph is photocurrent, which is generated due the separation of charge carriers

through photon absorption within the volume enclosing the SCL and is opposite to the
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short circuit current ISC. The short circuit solar cell current in light is given by ISC =
−Iph = K IL, where ISC is the current of a circuit when the external load resistance is

zero i.e. the current through the device without any applied bias voltage, K is a constant

that depends on the particular device and IL is the light intensity. The shift of the

current in Equation 6.2 gives rise to another important parameter to characterize the

performance of a solar cell, the open circuit voltage VOC. It is defined as the value of

the bias voltage when the net current in the circuit is zero and can be calculated approx

using the Equation 6.2.

Iph = I0

(
e

qVOC
kBT −1

)
, I = 0

(6.3) VOC ≈ kBT
q

ln
[ Iph

I0

]
In order to better characterized the solar cells the short-circuit density current JSC

rather than ISC is used in this work. This parameter defines the current density at

zero bias. The product of JSC × VOC gives the theoretical power at short-circuit current

and open-circuit voltage and represents the desirable goal in power delivery for a given

solar cell [5]. Since the real maximum power of a solar cell is Pm = Jm ×Vm which is

the rectangular area under the curve corresponding to Jm and Vm (see Figure 6.2), the

figure of merit for the solar cell can be defined as:

(6.4) FF = Pm

JSC ×VOC

where FF is the filling factor and allows to compare the maximum power with the de-

sirable goal in power delivery. From this value it is possible to appreciate that, as the

quality of the solar cell increase, the FF approaches 1 although the exponential I −V
curve characteristics of a p-n junctions prevent that (this can be observed in Figure 6.2).

By combining of the main parameters the power conversion efficiency ηphotovoltaic of a

solar cell device can be calculated, which is defined as the ratio of generated electric-

ity (output electric power density) to incoming light energy (input light power density

Pl ight). In this work, a solar simulator has been used to control the input light power

density.
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(6.5) ηphotovoltaic =
JSCVOCFF

Pl ight

Finally, a parameter widely used for characterizing solar cells is the external quan-

tum efficiency EQE, which gives the ratio between the number of charge carriers col-

lected by the solar cell and the number of all the incident photons on the device active

area at a given wavelength. In other words, it indicates the amount of current that the

cell produces when irradiated by photons of a particular energy. Note that the quantum

efficiency of photons with energy below the band gap of the involved materials of the

processed solar cells will be zero.

Figure 6.2: J −V curve for a solar cell. The maximum power output corresponds to
highest power density of solar cell. Adapted from Principles of electronic materials [5].
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6.1.3 Growth,morphology and optical characterization of
upstanding ZnO nanowires

Figure 6.3: Temperature profile in the 3-zone furnace.

Relatively dense ZnO nanowires were synthesized using thermal transport technique

in Jena in a three-zone-furnace (3ZJ). Close to the hottest point of the 3ZJ, the source

material is placed and vaporized (see Figure 6.3). The temperature at this point was

around 1050 ◦C. The source material consisting of a mixture (1 : 1 molar) of ZnO and

carbon (Alfa Aesar: 99.99%) powder for carbonassisted growth (CAG) within an alumina

boat. The aim of CAG is to reduce the sublimation point by the reduction of ZnO (it

sublimes at 1800 ◦C) to Zn (Boiling point at 907 ◦C):

(1) ZnO+C ⇒ ZnO+CO, (2) ZnO+CO ⇒ ZnO+CO2, (3) CO2 +C ⇒ CO

The source material was transported downstream to a colder point of the tube by Ar

carrier gas (Ar and O2 flow 10 sccm each and the base pressure was 5 mbar). Then, the

nanowires grow upstanding onto a Si substrate with a ≈ 500 nm layer of sputtered Al

doped ZnO (AZO) on top. The substrates are placed at 10-12 cm from the source. The

nanowires were characterized by SEM, some representative images are shown in Figure

6.4. The growth condition in the 3ZJ provides ZnO nanowire batches with nanowire

diameters between 100-400 nm and several µm length.
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Figure 6.4: SEM images of the samples where the hexagonal structure of a single
nanowire, diameter, length and density of the ZnO nanowires can be visualized.

For the macro and µ-PL measurements at room temperature, the setup installed

at the Solid-State group of Prof. Carsten Roning at the University of Jena has been

used (see section 2.2.3). The excitation line of 325 nm was supplied by a He-Cd laser

with a maximum output power of 50 mW for macro PL measurements. Using this laser

line, one can excites the ZnO nanowires with a photon energy above the band gap. The

macro PL configuration provides a fast characterization of as-grown nanowire ensem-

bles (see Figure 6.5 a)). This spectrum shows the survey luminescence spectrum of the

ZnO nanowires and the underlying ZnO background structures which enclose a sharp

peak corresponding to the near band edge emission (NBE) centered at 3.28 eV in the

UV region and a broad structure centered at 2.32 eV related to the deep level emis-

sion (DLE). The origin of the DLE band are recombination processes via deep levels in

the band gap of ZnO and can be related to the nanostructures below of the nanowires,

however it is often explained as a consequence of oxygen vacancies and Cu-related im-

purities during the growth of the material [224–226].
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Figure 6.5: a) Macro andµ-PL spectra of as-grown ZnO nanowire ensembles compared to
single nanowire transferred in a Si-substrate. b) Normalized PL spectra of a single ZnO
nanowires measured under different excitation intensities. c) NBE and DLE intensities
of ZnO nanowires as a function of the excitation power intensity.

The luminescence of individual ZnO nanowires transferred to a clean Si substrate

(similar to the transferred technique explained in Appendix A.1) was studied in Jena

using µPL under different excitation power (Figure 6.5 b)). For power intensity depen-

dence measurements, the laser excitation intensity was progressively increased and

the PL spectra of the ZnO nanowires were collected by the CCD. The spectra show

that the defect emission at low power intensity is comparable to the NBE, while the

NBE becomes more relevant at higher excitation power. Nevertheless, the presence of

the strong DLE at low excitation conditions and the sharp peak related to the NBE of

ZnO nanowires at higher excitation power intensities should not be taken as a reliable

indicator of the crystalline quality since the absolute PL intensities under calibrated

excitation conditions should be compared [227]. In Figure 6.5 c) the NBE and DLE in-

tensities are compared, which gives a linear dependence with excitation power for the

excitonic emission, while the DLE scales sublinear. Therefore, it is reasonably safe to

conclude that ZnO nanowires were grown by VLS process with a good crystal quality.

Once I return to Valencia, a Raman characterization has also been performed. As

GaN, ZnO with wurtzite structure belongs to the C4
6v (P63mc) space group. In backscat-

tering geometry only the E2 and A1(LO) are allowed when the incident light is parallel

to the c-axis (more details can be found in Chapter 4). In Figure 6.6 we can see the

Raman spectrum of an ensemble of as-grown ZnO nanowires on a Si/SiO2 substrate il-

luminated with an excitation wavelength of 532 nm using a 20 × objective. Beside the

peak at 519.5 cm−1, which is assigned to the optical Raman mode of the Si substrate, an

intense sharp peak is observed at 438 cm−1 corresponding to E2h high non-polar optical
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Figure 6.6: Raman spectra of ZnO nanowires ensembles.

phonon mode of the ZnO. The observation of this prominent peak indicates that the sam-

ple has a high crystal quality (existence of defects would result in a broadening of the

E2h mode). Moreover, the peaks which are assigned to E2l and A1(LO) were observed

at 331 and 575 cm−1, respectively.

6.1.4 Processing of hybrid nanowire solar cell devices

After obtaining uniform arrays of ZnO nanowires on Si, a hybrid solar cell using PE-

DOT:PSS as p-type hole-transporting donor material and ZnO nanowires as n-type

electron-transporting channels ihave been processed. PEDOT:PSS (Sigma-Aldrich) was

spin coated in air on the ZnO nanowire arrays at 4000 rpm for 40 s to form a homoge-

neous layer. This film was heated at 100o during 10 min, immediately after spin coating,

for trapped solvent removal. For the front contact a gold thin film of around ≈ 7-10 nm of

thickness was deposited by means of fine coater (JFC-1200). In the case of back contact

an InGa alloy was employed in contact with the Si substrate of the sample over a copper

path. In Figure 6.7 d), the cross-section SEM micrograph of a typical hybrid solar cell
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structure without back contact is shown.

Figure 6.7: a) Morphology after coating with the PEDOT:PSS solution; b) Gold sputter
coating; c) and d) Resulting ZnO nanowire/PEDOT:PSS hybrid solar cell.

Current-voltage characteristics of the hybrid solar cell devices were recorded by two

and four-point probe configuration (see Figure 6.8 a)) using a computer-controlled Keith-

ley 6487 picoammeter. A 150-W solar simulator with an Air Mass (AM) 1.5 global filter

was used as a light source for providing 100 mW/cm2 onto the hybrid solar cells in stan-

dard conditions.

The results show a diode behaviour in the processed solar cells. In Figure 6.8 b)

and c) the J −V characteristics and EQE measurements of the hybrid solar cells are

depicted. With a FF of around 0.52, a small current under illumination is generated.

However the maximum power conversion efficiency of the hybrid solar cell achieved was

around ηphotovoltaic = 0,4% which is far from the reported solar cells based on nanowires

[228–230]. Promising results were found in measuring the EQE. Figure 6.8 c) presents

the EQE response of two different solar cells processed by spin-coating.
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Figure 6.8: a) Setup for measuring J −V characteristics. b) Photovoltaic J −V curves
and c) EQE response of the hybrid solar cell based on ZnO nanowire.

It shows a sharp change in the curve at around ∼ 380 nm corresponding to the

previous measured band gap from the ZnO nanowires (3.28 eV). In this point, the device

starts to collect the photons with a quantum efficiency of 35%. Nevertheless, it should

be underlined that the maximum absorbance were found in the green zone (≈ 500-550

nm) with a maximum efficiency of 54% which matches with the DLE as a consequence

of oxygen vacancies and impurities during growth [224–226] .

One of the problems of the hybrid solar cells is that the PEDOT film only covers

the upper part of the nanowires (Figure 6.7). Once the film has been made, the space

between the nanowires cannot filled in and the total efficiency is very low. Since the

rougher and poorer contacts of the nanowire/polymer confine the recombination of the

devices they decrease their efficiency. In a recent work [230], Ruiyuan Liu et.al. re-

ported a processed hybrid silicon nanowire/PEDOT:PSS heterojunction solar cell with

high performance by precise control of the nanowire parameters via metal-assisted

chemical etching with nanosphere lithography and modification of the wire surface by

a solution-based passivation process which lead to better penetration of the polymer
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over the nanowires and has therefore better contact between nanowires and polymer.

In order to improve the nanowire/PEDOT:PSS contact (with no-Methylation Process

and no-nanowire-surface modification) electrochemical polymerization of EDOT over

ZnO nanowires based in the technique reported by Mario Culebras et.al is being inves-

tigated. [231]. These experiments are in progress. The first results obtained are highly

promising.

Poly(3,4-ethylene dioxythiophene) [PEDOT] was synthesized electrochemically over

the nanowires by constant density current and different constants potential methods

under the following electrolytic condition: Working electrode, Zinc oxide nanowire sub-

strate; counter electrode; platinum plate (2 × 2 cm2); reference electrode, Ag/AgCl; elec-

trochemical cell, undivided glass beaker cell; temperature, 25±2 ◦C; EDOT monomer

and electrolytes variable as a function of potential method§. In the first method a solu-

tion of 0.01 M EDOT and 0.1 M LiClO4 was prepared in acetonitrile at 1,5 mA/cm2. The

results of the electrochemical polymerization by this technique are shown at Figure 6.9

a). Although the nanowires were fully covered by PEDOT, due to the oxidation during

the electrochemical process PEDOT becomes opaque (with a strong dark blue color) for

the Sun radiation which leads to a non transparent photo-active layer.

Figure 6.9: a), b) and c) SEM images of ZnO nanowires polymerized with the monomer
EDOT at different conditions.

In order to solve these inconvenient, different electrodeposition processes at differ-

ent conditions have been tasted. The results are shown in Figures 6.8 b) and 6.8 c). Both

processes were performed using a 1 M solution of LiClO4 in acetonitrile (100 mL). First

case (Figure 6.8 b)) was carried out with the following conditions: EDOT monomer 2

mM, 90 cycles of 50 second at +1,44 V vs Ag/AgCl (reference electrode) and 5 second

at 0 V vs Ag/AgCl. Although the film was transparent, only the nanowire surface was
§3,4- Ethylenedioxythiophene [EDOT] and Lithium perchlorate (LiClO4) were purchased from Alfa

Aesar. Acetonitrile was purchased form VWR chemicals, it was used as a solvent for the electropolymer-
ization.
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coated. Another trial using a 5.6 mM solution of EDOT,24 cycles of 45 second at +1,44 V
vs Ag/AgCl and 5 second at 0 V vs Ag/AgCl. The result is shown in Figure 6.8 c). A trans-

parent PEDOT film introduced in the space between the nanowires can be observed in

the SEM image. However, these conditions are still unreliable since the electrochemi-

cal process cause several damage on the sample. A further optimization process is in

progress in order to improve the polymerization over nanowires and provide a more

efficient ZnO nanowires hybrid solar cells.
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7
SUMMARY AND CONCLUSIONS

This section includes the main results and major accomplishments reached in

the PhD thesis entitled "Optical characterization of nanostructures for optoelec-

tronic devices and energy harvesting".

Along this work a wide spectrum of measurements using different techniques for

characterizing the unique properties that exhibit the nanostructures have been per-

formed. In particular the nanomaterials have been studied by means of Raman scat-

tering and, in particular, resonant Raman scattering and SERS. The nanostructures

characterized (particulary 1-D nanostructures such as nanowires) are materials widely

employed for developing thermoelectric, photovoltaic and optoelectronic nano-devices

as reported along the dissertation. The following highlights the important aspects and

results of this work:

Systematic characterization of nitride nanowires which show Surface modes
related to surface-to-volume ratio by Raman and SERS

Structural, electronic and optical properties of GaN and InN nanowires were system-

atic studied using HRTEM, FESEM, PL, Raman and XPS techniques. These nanowires

were grown by the group of Prof. Subhabrata Dhar along the [1010] and [1120] direction,

respectively, which is a non-polar direction.

In GaN samples the average wire width is found to decrease from 65 nm to 34 nm

when III/V ratio increases. In the PL measured in this work the typical yellow band

of GaN is not present, confirming the high quality of the samples. The InN nanowires,
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however, were found to be several tens of micrometer long and as small as 20 nm wide.

In addition, they were found to be degenerate n-type semiconductor. This was reflected

in the observation of the blue shift of the band edge in photo-absorption spectroscopy. In-

vestigation of the surface Fermi level position in these wires using XPS suggests the ac-

cumulation of electron on the surface of the nanowires. Furthermore, nitride-materials

were characterized by Raman spectroscopy. The special feature of both materials was

that they presented SO modes, which couldn’t be observed in bulk since they are re-

lated to structures with large surface-to-volume ratio. The SO phonons are confined to

the near-surface region of the material and their amplitudes decay exponentially with

distance from sample surface of the nanostructure. Moreover, as seen in Chapter 3 they

are strongly influenced by the diameter, surrounding medium, roughness and the defect

density, whereupon can affect to the optical and electrical properties of the materials

[98–100].

The fingerprint of the stoichiometric and non-stoichiometric Te-rich Bi2Te3

nanowires and films.

The optical properties and the structural and chemical composition of stoichiome-

tric and non-stoichiometric Te-rich Bi2Te3 nanowires and films were investigated by

HRTEM, EDS and Raman Spectroscopy techniques. Chapter 3 shows that the appear-

ance of extra peaks in the Raman spectrum of Te-rich Bi2Te3 is clearly related to the

existence of Te clusters, rather than because of IR phonon modes become allowed when

translational symmetry is lost (when there are only a few layers of Bi2Te3). In addi-

tion, this Chapter presents a linear correlation between the Raman intensity and the

excess of Te in the Bi2Te3 samples which confirms the findings of this study. The results

were further discussed with ab initio calculations and with other data supplied in the

literature.

Appearance of the silent B1l mode in a Raman spectrum under resonant condi-
tions due to isotopic heft presented in ultrathin high quality GaN nanowires
and GaN heterostructures.

An extra peak with a small linewidth appeared in the Raman scattering spectra un-

der resonant conditions. This peak was identified as a vibrational silent B1l mode. How-

ever, the silent modes cannot appear neither in Raman nor in infra-red spectroscopies.

Furthermore, no presence of the B1h mode was found in any spectra. The simulltane-

ous appearance of the A1(LO) and B1l in the UV region indicates: a) that the B mode
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is related to a resonance effect, i. e. Fröhlich interaction plays a role and b) the mech-

anism allowing the appearance of the B1l does not allow the observation of the B1h.

After performing density functional theory calculations and discarding several options

we concluded that the only difference between both modes is the Ga isotopic disorder.

While Ga, which contributes to the B1l mode, has mainly two isotopes, 69Ga and 71Ga,

N, the main contributor to the high frequency mode, has basically one isotope, 14N, i.e.

it is isotopically ordered. The isotopic disorder generates a small dipole moment due to

the lack of symmetry on the atomic vibration of this mode and the intensity of Raman

peak is enhanced and clearly visible on the spectra because of Fröhlich electron-phonon

interaction when the sample is measured by means of RRS.

SERS characterization of In-nanowires and identification of E1(LO) forbidden
mode in backscattering configuration

Multipod Au NPs with single crystalline tips were deposited onto InP and InN

nanowires. These nanowires were characterized by Raman Spectroscopy technique be-

fore and after deposition of the SERS substrate. A strong enhancement of the Raman

signal was found in both materials allowing the identification of the SO modes for InN

nanowires and new extra peaks on InP materials.

In the case of InP the Raman spectra enhanced by SERS NPs enabled to distinguish

between the polytype structure of InP (wurtzite and zinc-blende structure) through the

identification of the E2h (wurtzite) and TO and LO phonon mode (zinc-blende). Further-

more, extra peaks were assigned to E1(TO) and E1(LO) modes. These modes are forbid-

den for the polarization configuration used in the experiments. The case of E1(LO) is

specially remarkable since this mode is not allowed for backscattering or perpendicular

configuration. However the specific orientation of the NPs allowed to obtain additional

polarized configurations that provided access to these forbidden phonons.

Development of a photovoltaic device based on nanowires

Last Chapter presents the developing of a photovoltaic device based on ZnO nanowires.

Firstly, n-type nanowires with high crystalline quality were grown by CVD at the Uni-

versity of Jena. These nanowires were used for processing hybrid solar cells in combina-

tion with p-type PEDOT:PSS. The deposition of PEDOT over nanowires was performed

by spin-coating. But no commercial performance was achieved. However, the polymer-

ization of p-type PEDOT over intrinsic n-type ZnO nanowires by electrochemical de-
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position open new opportunities to exploit surface-to-volume ratio of the upstanding

nanowires.

In conclusion, an exhaustive optical characterization in nanostructured materials

such as 1-D systems of Bi2Te3, InP, GaN and InN has been performed, whose electrical

and optical properties are suitable for future design of nanodevices with thermoelec-

trical, optical and electrical applications. In addition, Raman Spectroscopy and some

specific techniques (RRS and SERS) have proved to be powerful tools for studying the

properties of the semiconductors nanomaterials. This has enabled to extend their ap-

plications for future researches on the characteristics, stoichiometry and qualities of

the structures at the nanometer scale. The processing solar cell opens new possibilities

in the fabrication of new photovoltaic devices for harvesting energy. Finally, with the

work in ultra-thin GaN nanowires, an important step towards the understanding of the

Raman scattering interactions in isotopic disorder with wurtzite structure in polar ma-

terials has been achieved, which can be extrapolated to a other highly crystalline polar

materials with isotopic disorder like ZnO and used on improvement the phenomenolog-

ical lattice-dynamical models.
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APPENDIX A

A.1 Localization and measure of individual
nanowires

For many experiments performed on single nanowires (Chapter 3 and 5) the nanowires

were transferred to a marked substrate via imprint. The nanowire growth substrate is

carefully slid in one direction over a pre-patterned Si/SiO2 substrate in order to achieve

a preferential orientation of the transferred nanowires. Pattern was made using Ti/Au

(20/200nm) or Al-coating squire marks by optical lithography. SEM, Raman and PL ex-

periments were carried out using these marked substrates. That allows working with-

out charging the nanowires on SEM measurements. Furthermore, the marked substrate

has been used to black the background signal of the growth substrate (Sapphire or Sili-

con) in order to prevent the appearance of the Raman modes that overlaps the weakest

signals of phonon modes from the individual nanowire.

An example is shown on Figure A.1. GaN nanowires were growth on a Si (100) sub-

strate (see section 3.2.1). The Raman signal from Si substrate, which may overlaps to

the transverse A1(TO) and E1(TO) phonon modes, is completely removed from the Ra-

man spectrum. This allows to ensure that the Raman signal is only originated from the

individual nanowire. In this case, two additional modes located at 641 and 684 cm−1

were attributed to the SO phonon modes [90]. The nanowire can be observed by optical

microscope due to the its long shape.
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Figure A.1: a) b) and d) Localization of a single GaN nanowires with about 300nm of
diameter in a marked substrate by SEM images d) Raman spectroscopy of the individual
Nanowire.
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A.2 Total energy calculations

Total energy calculations were performed within the framework of the density func-

tional theory and the projector-augmented wave (PAW) [232, 233], method as imple-

mented in the Vienna ab initio simulation package (VASP) [234, 235]. The used elec-

tronic configurations in the PAW pseudopotentials for each atom are as follows: fifteen

valence electrons for Bi (5d106s2 6p3) and six electrons for Te (5s25p4). The reciprocal

space has been discretized by a Monkhorst-Pack k-point mesh [236] of (9 × 9 × 9) for

the rhombohedral unit cell and the plane wave expansion has been limited by an en-

ergy cut-off of 520 eV. These convergence parameters were needed in order to have a

resolution on the force smaller than 10-4 eV/ and an energy resolution smaller than

0.1 meV. The exchange and correlation energy was described within the generalized

gradient approximation in the Perdew-Burke-Ernzerhof functional [163].

Due to the presence of layers with very weak interaction for this crystal structure,

has been considered a non-local correlation functional as proposed by Dion et al [237]

to correct the basic exchange correlation functional and that approximately accounts

for dispersion interactions. The implementation in VASP has been reported in [238]

and in particular the exchange functional version used in this work corresponds to the

one reported by Klimes et al [238]. Vibrational properties were computed through the

formalism of the density functional perturbation theory with a 3 × 3 × 3 supercell as

implemented in VASP and post-processed with the Phonopy code [239].
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APPENDIX B

B.1 The calculated Phonon dispersion curve and
two phonon DOS of GaN

In Figure B.1, the calculated phonon dispersion curve of the wurtzite phase of GaN is

shown along several high-symmetry lines in the Brillouin zone together with available

experimental data. Is needed to remark that, is also calculated the phonon dispersions

and the eigendisplacements with other ab-initio codes as the Quantum Espresso pack-

age [240] and the Vienna Ab-Initio Simulation Package (VASP) [234, 235, 241, 242].

Was obtained very similar results with the three different codes, with small differences

that can be attributed to the pseudopotential choice or the flavor of the approximation

to the exchange-correlation energy. For practical purposes, here just report the results

obtained with the Abinit package. In the work of Ref. [6] they used a scale factor of 0.97

to have a better fit with the experiment, which is not needed.

In Figure B.2 in Chapter 4 is shown the two phonon DOS calculated using the

anaddb post-processing code coming with the Abinit package. Since one phonon can

emit two phonons in an anharmonic process, the two phonon DOS is related to the

phonon population, actually[243]

(B.1) Γ(ω)∝ ρ(ω) [n(ω1)+n(ω2)+1]

is giving us the contribution of the anharmonicity to the different phonons which ap-

pear in a single Raman spectrum. If a phonon is close to a maximum of the 2 phonon
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Figure B.1: Phonon dispersion relation of GaN along the most important symmetry
directions. Black dots are experimental measurements of X-ray scattering extracted
from Ref. [6], while gray diamonds at Γ are Raman experimental measurements of this
work. Red and blue bands correspond to displacements dominated by Ga and N atoms,
respectively.

DOS, the phonon broadening will be large. If there are no states at the phonon position,

the broadening will be the spectral broadening. Of course we have additionally to the

anharmonicity the elastic scattering due to isotopes or impurities. All these processes

are temperature dependent through the phonon occupation.
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Figure B.2: Two phonon density of states, Σq1Σq2δ(ω−ω(q1)±ω(q2)), of GaN calculated
as explained in the Chapter 4. The area of the curve has been normalized to N(N −1),
N being the number of phonons.
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APPENDIX C

C.1 Near-field from an electric dipolar resonance.

The electric field around a resonant nano-structure can be decomposed in a range of

electric and magnetic dipoles. However, in the case of plasmonic nano-antennas the

magnetic dipolar contribution is just observed in few particular geometries, and hence,

it can be neglected in most cases. Based on this, and for the sake of generality, we can

consider the excitation of plasmonic modes in a NP as the resulting electrical dipole.

A clear relation is found in the case of nano-rod NPs which elongated symmetry since

it enables different electric dipolar resonances: one along the longitudinal (low energy

mode) and another one along the transversal axe (high energy mode), as illustrated in

Figure C.1. As well in the case of spherical NPs cross-polarized electrical dipoles can be

distinguished by means of y- and z-polarized light excitation, respectively.

In the case of the nano-stars (NSs) the description would be qualitatively similar

with quantitative differences among the different kinds of star-like geometries that can

be synthesized. In general, the nano-star size tends to be the more relevant parame-

ter since it clearly determines the energy of the localized surface plasmon resonance

(LSPR). It is also well-known that the geometries with narrower peaks would lead to

higher field enhancements, as suggested in few theoretical works [244]. More experi-

mental and theoretical details about the influence of the shape, size, tip sharpness and

number of peaks on the enhancement can be found in Refs. [182, 245]

By the hybridization of plasmon modes associated with the central body and the
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Figure C.1: Longitudinal a) and transversal b) modes in a nanorod. Y- c) and X-polarized
d) resonances in a nanosphere.

tips of the NPs they are able to generate an electric field dipole along x, y, or z-direction

(is just a question of statistic). It would depend on the number of NPs per unit area

to find a properly aligned one. In the case studied in Chapter 5, may be interested on

those NSs with a sharp tip pointing to the center of a nanowire, in parallel to the y-

axis (based on the description of the axis represented in Figure 5.6). In the far-field the

polarization response of light scattered by those particular NSs would not differ from

a common y-polarized excitation light source. However, in this work we demonstrated

that the high intensity from the samples measured is due to surface enhanced Raman

scattering which occurs in the near-field of the NSs.

To discuss about this, in Figure C.2 the field square distribution of a y-polarized

electric dipole was plotted. It turns out that the near-field considered clearly breaks

with the constraints attributed to far-field sources in terms of polarization. Accordingly,
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Figure C.2: Electric field square at the origin generated by an electric dipole at 632 nm
wavelength located on the plane Xo =−50nm

the nominally forbidden phonon modes which are not accessible under our current ex-

citation configuration are enabled through the near-field excitation of electric dipolar

modes in different conditions. This is illustrated in Figure C.3 which shows the electric

and magnetic field generated by an electric dipole Py= -Poûy ( = 632nm) when located in

different points of the space, i.e. xo ϵ [-100] 100 nm, yo ϵ [-100] 100 nm and zo = -50 nm

with important contributions in all the directions of the space. This fits to the scheme

of Figure 5.6 from the main text, with the origin (0,0,0) at the nanowire surface (of 300

nm diameter) and because of the different height (consider NSs of about 55 nm diame-

ter) the electric dipoles attributed to the NSs would be laying in the zo= -50 nm plane.

In this situation, we can identify a point of high relevance for our discussion which is

labelled as P1. When the electric dipole is located at P1 (yo = 30 nm and zo=0) the elec-

tric field in the origin is polarized in the x-direction E=-Eoûx with the magnetic field

pointing to H=-Hoûz. This is equivalent to excite from the far-field with a x-polarized

plane wave traveling along the y-direction. This enables the nominally forbidden modes

E1(TO) and E1(LO) in our current far-field configuration. Notice that we focus in P1

since we thought the it offers a clear picture of the issue since the electric and magnetic

are aligned with the reference axes. However, there is a range of locations where an

electric dipole would efficiently excite the nanowire in similar conditions. For example,

at y0 = 80 nm and z0 = 50 nm the electric dipole would also produce a strong x-polarized

component as required to excite those phonons.

Finally, in Figure C.4 Ex is plotted for three different xo planes. The evolution of

the Ex with xo illustrates the patterns in Figure C.3 are expanded or compressed as

xo increases or decreases, and hence, counterparts of P1 can be found at any plane for

xo < 0. Importantly, at the planes closer to the dipole position (low xo values) the near
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Figure C.3: Electric and magnetic fields at the origin generated by an electric dipole
located at 632 nm wavelength located on the plane xo = −50nm, each component is
normalilzed to its maximum. At the point P1 [(yo = 30nm), (zo = 0), (xo = −50nm)] the
electric field is polarized along the x-direction (E = Exûx) with the magnetic field in
parallel to the z-axis (H = Hz ûz).

field is enhanced into a small volume. Roughly speaking, close to electric dipoles all the

excitation configurations are allowed. This means that in SERS measurements where

the excitation occurs at the very near-field, e.g. the dipole in touch with the nanowire

surface, the vibrational modes are allowed.

Figure C.4: Electric field at the origin considereing a Y-polarized electric dipole at three
different planes: (a) xo-5nm, (b) xo-50nm and (c) xo-100nm
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To sum up, not only the modes E1(TO) and E1(LO) will be excited by means of

y-polarized dipoles but also by means of any dipole with a relevant y-component. More-

over, is has not discussed about the possibilities of Z-polarized dipoles which may also

enable additional excitation possibilities. It is also worth to note is has not considered

the influence of the nanowire on the electric field distribution around the nano-star.

Firstly, should not be expected a huge effect from the due to the dielectric character

and size of the nanowire. In general terms, LSPR just redshifts after being attached to

a surface with refractive index higher than air. Secondly, an accurate structural char-

acterization of the nanowire and NSs would be required in order to identify particular

conditions such as additional polarizability resonances, new modes on the semiconduc-

tor, hot spot, etc. This study would be out of the scope of this work and the situations

described would not be representative of the measurements presented in the thesis. The

last but not the less reason is that the above considerations will make more difficult to

point out the phenomenon under discussion: the excitation at near-field of nominally

forbidden modes.
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Cuando en 1959 Richard Feynman dio una charla en la reunión anual de la "Ameri-
can Physical Society" sobre la posibilidad de poder manipular moléculas y átomos
de manera individual para el diseño de nuevos materiales con extraordinarias

propiedades, nadie podía imaginar que esta primera verbalización pública de los princi-
pios teóricos de la nanociencia supondría una revolución en los campos de la física, la
medicina, la química y la biotecnología en la década de los 90 con el auge de la nanotec-
nología. Gracias a esta revolución nuestro estilo de vida cambió. Los dispositivos que
usamos ahora son más pequeños y potentes. Por ejemplo, los teléfonos y ordenadores
de hace unos años han dado paso a terminales más pequeños y livianos con mayores
características y funcionalidades. También el medio ambiente y el sector energético se
han visto favorecidos en los sistemas de recolección de energía como las células solares
y los dispositivos termoeléctricos.

Si esto le sumamos la tradicional industria de semiconductores, que en el siglo XX
dio lugar a una de las mayores revoluciones tecnológicas con el descubrimiento del
transistor, los LEDs, la fabricación de láseres de estado sólido y la invención de cir-
cuitos integrados de silicio, tenemos como resultado una mejora de las características
y propiedades de estos dispositivos al poder incorporar mayor tecnología en un espacio
mucho más reducido. Desde la fabricación del primer chip semiconductor, sus múltiples
propiedades se han ampliado enormemente debido a la reducción de los tamaños es-
tructurales. Entre algunos de los ejemplos claros de las propiedades que exhiben estos
materiales cuando se reduce los tamaños en el rango del nanómetro podemos encontrar
el desplazamiento al azul en la absorción óptica, efectos ópticos no lineales del mate-
rial y luminiscencia dependiente del tamaño entre otros. Además propiedades como la
fluorescencia, el punto de fusión, la reactividad química, la permeabilidad magnética
y la conductividad eléctrica del material se ven afectadas por el tamaño, la forma y la
relación de aspecto del nanomaterial (por ejemplo en un nanohilo con una mayor lon-
gitud que diámetro) [7–9]. Esto permite el desarrollo de nuevos productos inteligentes
con un menor coste de producción como los teléfonos inteligentes, los paneles solares o
los ordenadores portátiles que han dado un giro en la vida diaria de la gente.

Uno de los nanomateriales más prometedores y que está atrayendo una atención
considerable son los nanohilos semiconductores debido a su potencial como futuros com-
ponentes para la próxima generación de dispositivos y sistemas optoelectrónicos de alto
rendimiento. Los nanohilos se pueden definir como nanoestructuras con simetría cilín-
drica de diámetros pequeños (en el rango de nanoescala) y varias micras de longitud.
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Hay varias razones por las que este tipo de nanoestructuras son de gran interés para el
desarrollo de diodos emisores de luz, células solares y dispositivos termoeléctricos, pero
la más importante reside en su particular simetría y tamaño [10–12]. Especialmente
son atrayentes los nanohilos semiconductores del grupo III-V tales como los nanohilos
de InN, GaN y AlN (y en general nitruros del grupo III). La alta calidad cristalina al-
canzada gracias al desarrollo de las técnicas de crecimiento como la epitaxia de haces
moleculares, ha dado lugar a un interés creciente en la investigación de sus propiedades
físicas, debido a su potencial uso en aplicaciones de optoelectrónica (LEDs, diodos lásers,
transistores...). En concreto, los nanohilos de materiales InN, GaN y AlN revisten espe-
cial interés por sus variados gaps, del infrarrojo lejano (0.67 eV para el InN), pasando
por el ultavioleta cercano (3.5 eV para el GaN), hasta el ultravioleta lejano (6.2 eV
para el AlN), que combinados apropiadamente pueden, por ejemplo, cubrir totalmente
el espectro de energía del sol. Asimismo, si el diámetro de la nanohilo es lo suficiente-
mente pequeño como para compararlo con el radio de Bohr del excitón (alrededor de
diez nanómetros en GaN, por ejemplo), el movimiento de los electrones entonces estará
limitado ya que estos se encuentran confinados lateralmente. Este confinamiento tiene
una influencia directa en las propiedades electrónicas y fotónicas y puede, por ejemplo,
afectar a los estados electrónicos excitados mediante el desplazamiento hacia el azul de
la energía, incrementando con ello el band gap del material [13, 14]. Además el confi-
namiento cuántico en nanohilos largos puede ser útil para incrementar la mobilidad de
huecos que mejora el rendimiento en FETs [15].

Otra peculiar característica de estas nanoestructuras es aquella relacionada con los
efectos de superficie. La influencia de una mayor superficie en relación con su volumen
permite mejorar el confinamiento de la luz y la fotosensibilidad, lo que hace que los
nanohilos sean ideales, como hemos comentado, para una amplia gama de dispositivos
optoelectrónicos, como células solares, interruptores ópticos y fotodetectores [16–21].

Por otra parte los defectos presentes en las estructuras en los nanohilos como las im-
purezas, las dislocaciones y la rugosidad de la superficie tienen un mayor impacto y son
más relevantes que sus contrapartes más voluminosos [22]. Eso también puede afectar
al desarrollo de dispositivos electrónicos debido a la no-uniformidad en la disipación del
calor. Por ejemplo, la conductividad térmica en un nanohilo que se use en la fabricación
de un dispositivo electrónico se puede alterar y reducir modificando la rugosidad del
material. Esto influye sobre la dispersión fonónica y, aunque su conductividad térmica
varíe, esto no implica una pérdida sustancial en las cualidades de transporte eléctrico
del material [22–24].

El objetivo de este trabajo será comprender las propiedades de algunos de los nanohi-
los de los semiconductores más utilizados, como el GaN, el InP y el ZnO, para su apli-
cación en dispositivos optoelectrónicos, además de proporcionar un estudio óptico com-
pleto sobre ellos. Otro objetivo clave que se ha desarrollado en esta tesis está relacionado
con el estudio de las características de los nanomateriales con aplicaciones en el campo
de la recolección de energía. Materiales tales como el Bi2Te3 y el ZnO acaparan una
emorme atención en la comunidad científica porque pueden emplearse para realizar
este tipo de productos nanotecnológicos. Por ejemplo los nanohilos de Bi2Te3 son los
materiales nanoestructurados más prometedores para el desarrollo de nanodispositivos
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termoeléctricos con alta eficiencia termoeléctrica. Así como los nanohilos de ZnO están
siendo investigados para el diseño y fabricación de dospositivos fotovoltaicos. Su estudio
y comprensión serán vitales para el desarrollo de este tipo de productos.

La parte más extensa de la tesis está centrada en la investigación de las propiedades
de los nanohilos mediante espectroscopía Raman y las distintas variantes de esta téc-
nica como por ejemplo la espectroscopía Raman Resonante (RRS) y la amplificación
Raman por plasmones superficiales (SERS). La dispersión Raman consiste en la disper-
sión inelástica de la luz por fluctuaciones dependientes del tiempo de las propiedades
del material (como los modos vibracionales), proporcionando así, información química
y estructural de casi cualquier muestra mediante el estudio de la energía y polariz-
abilidad de la luz dispersada. Esto permite diferenciar estructuras químicas, incluso
si están formadas por los mismos átomos con estructuras diferentes. Asimismo, al dar
acceso a la dinámica vibracional del material, o dinámica de red, se puede obtener in-
formación sobre las estructuras electrónicas, la tensión del cristal, la temperatura del
material y las interacciones electrón-fonón y fonón-fonón de un material en una área
cuya resolución vendrá dada por el tamaño del spot del haz de luz (suele ser de varias
micras usando micro-Raman). Además, la espectroscopia Raman tiene numerosas ven-
tajas sobre otras técnicas de análisis, ya que normalmente no requiere preparación de
la muestra (excepto SERS), es una técnica de no-contacto y no daña las muestras.

En el Capítulo 3 se estudiaron nanohilos de GaN crecidos mediante el método vapor-
liquid-solid (VLS) a través del proceso de Deposición Química de Vapor o CVD (de sus si-
glas en inglés Chemical Vapor Deposition) usando ftalocianina de cobalto (Co-Ph) como
catalizador del proceso. Se crecieron varias muestras variando el flujo de ammonia y la
temperatura de crecimiento. Para la caracterización de las propiedades estructurales y
morfológicas de estos nanohilos se realizaron medidas mediante microscopía electrónica
de alta resolución (HRTEM) y microscopía electrónica de barrido (SEM). En la Figura
C.5 se puede observar las imágenes obtenidas mediante ambas técnicas. Como puede
verse en las imágenes SEM, los nanohilos presentan diámetros en torno a unas dece-
nas de nanómetros. Además su tamaño permanece prácticamente inalterado cuando se
varía la temperatura de crecimiento (aunque sí que está influenciado por el flujo de
ϕNH3 , incrementando el diámetro cuando este lo hace). Sin embargo, la temperatura de
crecimiento sí que influye en la densidad de hilos presentes en las muestras. Estas mues-
tras fueron dispersadas, además, en metanol para facilitar el traspaso de los nanohilos
a una cuadrícula-plantilla cubierta de carbono que permitiera la localización de los hi-
los mediante HRTEM. Como se puedo observar en la imagen C.5 c) los nanohilos fueron
crecidos con una alta calidad cristalina con estructura wurtzita en la dirección [1010]
(non-polar m-plane).
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Figure C.5: Imágenes SEM de los nanohilos crecidos a una temperatura de 870 ◦C con
flujos de amoniaco de (a) 10 sccm and (b) 40 sccm. El inset de las imágenes muestra
la distribución del diámetro siendo la línea negra el ajuste Gaussiano del histograma
b) Imagen de HRTEM donde se representa una porción del nanohilo. El inset de esta
imagen muestra el patrón difracción de electrones del área selecta (SAED).

Estas muestras fueron caracterizadas ópticamente mediante fotoluminiscencia (PL)
y espectroscopía Raman. Los diversos estudios de PL fueron llevados a cabo variando la
temperatura de crecimiento con un flujo constante de ϕNH3 = 20 sccm (Figura C.6 a) y
b)) y manteniendo la temperatura de crecimiento a 870 ◦C con distintos flujos (Figura
C.6 c) y d) variando la temperatura de 10K a 300K. Como puede verse los nanohilos
apenas presentan algún pico amplio en la región amarilla relacionado con la sub-banda
prohibida correspondiente a los defectos típicos producidos durante el crecimiento en
GaN. En todas las temperaturas se encuentra que el espectro de PL está dominada por
el pico de emisión característico (ajustado mediante dos Gaussianas centradas en 3.28
eV y 3.40 eV). Sí que puede observarse que la proporción entre los picos de alta y baja
energía Rhl aumenta conforme aumenta el crecimiento de la temperatura.

Por otra parte el espectro Raman medido en varios nanohilos individuales a temper-
atura ambiente y en configuración de retrodispersión muestra los picos característicos
correspondientes a los fonones de la estructura wurtzita de GaN (ver Figura C.7). Estos
picos están localizados en 573, 534 y 562 cm−1 y corresponden a los modos Raman vibra-
cionales Eh

2 , ATO
1 , and ETO

1 , respectivamente, de acuerdo con la literatura [90, 92, 93].
Además de estos modos es posible apreciar nuevos picos en el espectro Raman localiza-
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Figure C.6: (a) Espectro de PL normalizado a temperatura ambiente de muestras creci-
das a 845 ◦C (línea sólida azul), 920 ◦C (triángulos rojos), and 1010 ◦C (línea intermi-
tente negra) a un flujo constante de ϕNH3 = 20 sccm. El recuadro muestra la banda de
emisión del espectro ampliada (b) Muestra la proporción de las intensidades integradas
de los picos de energía alta (banda de emisión del GaN) y baja energía (banda de emisión
relacionada a los defectos) como función de la temperatura de crecimiento c) Espectro
de PL normalizado tomado a 10 K y d) 300 K para muestras crecidas a una temperatura
de 870 ◦C con diferentes caudales de amoniaco.

dos en 410, 687 and 746 cm−1, los cuales no están permitidos en el grupo espacial C4
6v

(P63mc) del proceso de dispersión Raman de primer orden de la zona central.
El pico situado en 410 cm−1 fue asignado anteriormente por Sahoo [90] al límite

de zona de GaN, mientras que el pico en 746 cm−1 es descrito en la literatura como un
quasi-modo LO cuyo origen está asociado a la interacción de los fononnes pertenecientes
a la simetría de grupo de los modos A1 y E1 [94–96]. Respecto al pico ancho que aparece
centrado en 687 cm−1 ha sido asignado a un modo óptico de superficie (SO) [71, 97].
Estos modos superficiales son exclusivos de materiales con mayor relación de superfice
que de volumen y están ligados a las oscilaciones de los átomos de la superficie de los
materiales semiconductores polares. Por esa razón no pueden ser observados en materi-
ales bulk. Por lo tanto, la superficie del nanohilo representa un nuevo límite mecánico
donde los átomos de la superficie están menos unidos y experimentan un campo local
diferente al de un material bulk.

Además en este Capítulo se estudiaron también nanohilos estequiométricos y no es-
tequimétricos de Bi2Te3 crecidos mediante electrodeposición por Cristina Vicente Man-
zano y Marisol Martín González. Estos nanohilos fueron caracterizados mediante EDS,
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Figure C.7: Espectro Raman de un nanohilo individual de GaN. Los picos están ajusta-
dos mediante Lorentzianas para mostrar con la mayor precisión posible su posición en
el rango de medida.

TEM y dispersión Raman. La peculiaridad de este trabajo reside en la aparición de
nuevos modos ópticos con el exceso de Teluro, los cuales habían sido erróneamente
asignados a modos prohibidos infrarrojo cuando existe ruptura de simetría en estruc-
turas nanométricas de Bi2Te3. Las muestras no estequiométricas fueron crecidas con
exceso de Teluro en diferentes concentraciones. Como puede observarse en la imagen
C.8 se realizó mediante EDS un perfil del exceso de Teluro en los diferentes conjun-
tos de nanohilos de las muestras localizadas por TEM. Estos conjuntos de nanohilos
fueron posteriormente caracterizados por espectroscopía Raman (ver Figura C.9). Como
se puede apreciar en el espectro Raman correspondiente a las muestras estequiométri-
cas se puede visualizar los modos ópticos A1

1g, E2
1g y A2

1g de Bi2Te3 localizados en 57.8,
100.5 y 127.6 cm−1, respectivamente, de acuerdo con la literatura [119, 120, 122], mien-
tras que las no estequiométricas contenían tres modos adicionales localizados en 88, 117
and 137 cm−1 correspondientes a los clusters de Teluro.

La señal Raman que aparece en el rango de 116-120 cm−1 ha sido atribuida con-
stantemente al modo Au (IR activo) del Bi2Te3 como una seña de identidad de este
material cuando hay solamente una pocas capas atómicas de Bi2Te3. Sin embargo el
Bi2Te3 pertenece al espacio R3m con simetría romboédrica. Al poseer centro de simetría
sus 12 modos ópticos átomos se dividen en modos pares e impares según si presentan
un cambio en la polarizabilidad o tienen momento dipolar, respectivamente. Los modos
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Figure C.8: (a)(c) Imágenes TEM de conjuntos de nanohilos de Bi2Te3 encajados en una
plantilla de aluminio con (a) contenido de Teluro estequiométrico, (b) 29% de exceso de
Teluro, y (c) 36% de exceso de Te. (d)(f) Representa los resultados del perfil del scan EDS
correspondientes a las regiones medidas del lado izquierdo. Los datos que muestran un
contenido de Teluro de 1 corresponden a clusters de Teluro de tamaño nanométrico.

pares son Raman activos mientras que los impares son IR activos y son excluyentes
entre sí, es decir, los Raman activos son IR activos y al revés. Por lo tanto, este modo es
prohibido según las reglas de selección. Además la ausencia de este modo en los nanohi-
los estequiométricos, incluso en aquellos con el diámetro más pequeño, muestra que no
están relacionados ni con los efectos de confinamiento, ni tampoco aparecen debido la
falta de simetría de inversión, como se indica mayoritariamente en la literatura, sino
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Figure C.9: Espectros Raman de nanohilos de Bi2Te3 con diferentes concentraciones de
Teluro. Las medidas en nanohilos estequiométricos de Bi2Te3 y Teluro puro también
fueron incluidas para comparar con las no estequiométricas. El valor de δ corresponde
a la cantidad de Te en exceso respecto a la muestra estequiométrica y fue medida por
EDS. Las líneas discontinuas verticales y punteadas corresponden a las posiciones de
los picos del Te y del Bi2Te3, respectivamente.

que su apararición está ligada a la existencia de clusters de Teluro como puede aprecia-
rse en la imagen C.9. Estos resultados fueron corroborados con medidas en películas de
Bi2Te3 con diferentes estequiometrías.

En el Capítulo 4 fueron caracterizados nanohilos ultrafinos de GaN mediante es-
pectroscopía Raman resonante. En la espectroscopia Raman, los estados electrónicos
excitados son estados virtuales mientras que la espectroscopia Raman resonante tiene
lugar si la energía de los fotones de excitación (o dispersión) coincide o está muy cerca
de una transición electrónica real (transición entre bandas), aumentando, de esta man-
era la intensidad de la señal Raman. Esta variante de la espectroscopía Raman tiene
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Figure C.10: a) El patrón de las imágenes mediante RHEED muestra que los nanohilos
de GaN fueron crecidos a lo largo del eje c (0001) perpendiculares a las superficies del
sustrato. b) Scan de la muestra mediante XRD. c) Imagen SEM de los nanohilos de GaN
crecidos sobre el sustrato de silicio. d) Imagen mediante HRTEM donde se muestra la
estructura cristalina de los nanohilos de GaN.
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numerosas ventajas respecta al Raman "normal". Por ejemplo, puede proporcionar in-
formación sobre superficies de materiales con una sensibilidad de una o unas pocos
monocapas, permite estudiar nanoestructuras diluidas y se puede conseguir una mayor
selectividad en materiales con múltiples capas de diferentes estructuras. Una ventaja
importante de la espectroscopía Raman resonante es que algunas de las propiedades
electrónicas de las muestras pueden inferirse por su efecto de resonancia.

Bajo condiciones de resonancia los espectros Raman de los modos ópticos polares
como el GaN están dominados por la interacción de Fröhlich entre el electrón y el fonón.
La interacción de Fröhlich es inversamente proporcional al vector de onda, el cual es cer-
cano a cero en la dispersión Raman de primer orden y que, en resonancia, se vuelve dom-
inate cuando lo comparamos con la interacción mecánica electron-fonón del potencial de
deformación (DP). La DP es una interacción a corta distancia, pero como la interacción
de Fröhlich depende del potencial electrostático (con 1/r), se trata de una interacción de
larga distancia y, por lo tanto, es más efectiva cuando se tiene materiales con una alta
simetría cristalina.

Los nanohilos ultrafinos de GaN fueron crecidos en un sustrato de silicio mediante
PA-MBE (epitaxia de haces moleculares asistido por plasma) y monitorizado in-situ me-
diante RHEED (difracción de electrones de alta energía con reflexión) como puede verse
en la imagen C.10. Además fueron analizados estructuralmente y morfológicamente me-
diante XRD, SEM y HRTEM.

En la imagen C.10 b) mediante XRD la posición de los picos expresada en valores
de θ-2θ. Los nanohilos de GaN no presentaron picos distintos a los picos de difracción
de GaN (0002) y Si (111) (ver imagen C.10). En las imágenes SEM se puede apreciar
que los nanohilos fueron crecidos perpendicularmente a la superficie del sustrato. Estos
nanohilos presentaron un tamaño de alrededor de 120 nm de largo y 12 nm de diámetro.
Debido a su reducido tamaño, los defectos se suelen situar en la superficie de los nanohi-
los y desaparecer durante el crecimiento, un fenómeno conocido como autopurificación
(los cristales con menor número de átomos son más estables cuanto mayor sea su pureza
y la difusión de la impureza es menor en el material semiconductor). Además, la imagen
HRTEM confirma la alta cristalinidad de los nanohilos de GaN.

El espectro Raman resonante mostraba variaciones respecto al espectro Raman nor-
mal (ver imagen C.11). Un pico extra de pequeña anchura aparecía en el espectro Ra-
man bajo condiciones de resonancia (con la línea láser de 325nm). Este pico fue iden-
tificado como el modo vibracional silencioso B1l . Sin embargo, los modos silenciosos
no pueden aparecer mediante espectroscopía Raman ni IR. Además, no se encontró el
modo silencioso B1h en ninguno de los espectros. La simultánea aparición de los modos
A1(LO) y B1l en la región UV indica por una parte que el modo silencioso está rela-
cionado con un efecto de resonancia y por lo tanto la interacción de Fröhlich tiene un
rol importante en su aparición, y por otra parte, que el mecanismo físico o químico que
activa su aparición no permite la observación del B1h. Después de discutir varias op-
ciones que explicaran estos resultados se concluyó que la única diferencia entre ambos
modos silenciosos era la composición isotópica. Mientras que en el modo B1l contribuye
principalmente el Galio, el cual tiene dos isótopos 69Ga y 71Ga, el Nitrógeno es el princi-
pal contribuyente al modo B1h, el cual tiene básicamente un isótopo, 14N, es decir, este
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Figure C.11: En el panel superior se muestra el espectro Raman resonante medido con la
línea de láser de 325 nm, la cual está en condiciones energéticamente resonante con los
nanohilos de GaN. En el panel inferior se muestra el espectro Raman de los nanohilos
de GaN con la línea de láser de 488 nm para comparar.
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Figure C.12: a) Imágen TEM de las nanoestrellas de oro. b) Imágen SEM de las NPs
sobre el nanohilo de InN, c) y d) espectros Raman de nanohilos individuales de InP con
y sin NPs de oro.

modo está isotópicamente ordenado. En conclusión la aparación del modo silencioso B1l
se debe a que el desorden isotópico genera un pequeño momento dipolar debido a una
pérdida de simetría en la vibración atómica de este modo y cuya intensidad es aumen-
tada en el espectro Raman debido a la interacción de Fröhlich de electrón-fonón cuando
la muestra es medida bajo condiciones de resonancia (RRS).

En el Capítulo 5 se sintetizaron y depositaron nanopartículas (NPs) de oro con forma
de estrellas sobre nanohilos de InP y InN (ver imagen C.12). Estos nanohilos fueron car-
acterizados mediante espectroscopía Raman antes y después de la deposición de las NPs
lo que permitió observar un aumento significativo en la señal de los espectros debido a
los plasmones de superficie que están cerca de la resonancia de la energía del láser de
excitación. Esta variante de la técnica Raman se conoce como SERS. El fuerte aumento
de la señal mediante SERS propició la identificación de los modos ópticos de superficie
en los nanohilos de InN y la aparición de nuevos modos ópticos en los nanohilos de InP.

Particularmente, en el caso de los nanohilos de InP, el aumento de la señal permitió
distinguir entre las estructuras wurtzita y zinc-blenda del material a través de la iden-
tificación de los modos E2h (wurtzita) y los modos fonónicos TO y LO (correspondientes
a la estructura zinc-blenda), las cuales se forman durante el crecimiento de la muestra
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Figure C.13: a) Morfología de los nanohilos después de depositar el polímero PE-
DOT:PSS b) Recubrimiento de oro sobre la heterounión p-n c) y d) Resultante de la
célula solar híbrida usando ZnO con el polímero PEDOT:PSS.

[25, 208].
Además, fue posible acceder a modos prohibidos usando las NPs ramificadas (como

por ejemplo el modo E1(LO) que es prohibido Raman según las reglas de selección para
un nanohilo tumbado en configuración de retrodispersión) gracias a la posibilidad de
obtener configuraciones de polarización adicionales a las permitidas para un nanohilo
individual cuando mides mediante espectroscopía Raman normal.

Por último en el Capítulo 6 se intentó desarrollar un nuevo dispositivo fotovoltaico
basado en nanohilos de ZnO de tipo n. Estos nanohilos fueron crecidos en la Universidad
de Jena y presentaron estructura hexagonal. Para la fabricación de la célula solar los
nanohilos de ZnO fueron crecidos perpendicularmente a la superficie del sustrato. Para
que crecieran completamente verticales se depositó una capa de Aluminio dopado con
ZnO sobre la oblea de Silicio. Después los nanohilos se sintetizaron mediante deposición
del vapor en un horno de tres zonas (3ZJ) usando como material fuente ZnO mezclado
con C. Los nanohilos crecidos tenían un diámetro de entre 200 y 400 nm y más de 10
µm de longitud.

Estos nanohilos de tipo n fueron recubiertos mediante spin coating usando el polímero
Poly(3,4-ethylenedioxythiophene)-poly(stryrensesulfonate) como capa de tipo p (acep-
tor), formando así el resultante de una heterounión p-n. Para los contactos frontales se
depositó una capa de 10 nm de oro sobre la resultante heterounión. Todo ello se puede vi-
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RESUMEN

Figure C.14: a) Dispositivo para medir las curvas características J-V. b) Diagrama que
representa las curvas carácterísticas de la célula solar fotovoltaica medida c) Medidas
de eficiencia quántica externa de la célula solar procesada.

sualizar en la imagen C.13. Sin embargo y a pesar de presentar comportamiento diódico,
no mostraron el suficiente rendimiento para su implementación en un futuro desarrollo
comercial (ver imagen C.14).

Uno de los inconvenientes de depositar el polímero mediante spin coating es la di-
ficultad de recubrir completamente la superficie de los hilos. Por lo que resulta compli-
cado beneficiarse de las propiedades que estos poseen a escala nanométrica, como por
ejemplo la mayor relación de superficie con relación al volumen de estas estructuras y el
consiguiente aumento de captación de luz respecto a materiales con mayor volumen. Por
ello se siguen investigando nuevas maneras de depositar el polímero sobre los hilos (por
ejemplo mediante electrodeposición o polimerización del PEDOT directamente sobre los
nanohilos de ZnO) de tal manera que puedan recubrirlos completamente sin opacarlos.

Finalmente, es necesario puntualizar que este trabajo ha permitido entender algu-
nas de las características más importantes de los nanohilos para el desarrollo de sis-
temas optoelectrónicos y sistemas de recolección de energía (y que se pueden aplicar
también en otras nanoestructuras como nanorods, nanotubes, nanoflakes e incluso pelícu-
las delgadas). Se han caracterizado nanohilos de nitruro que presentaron modos super-
ficiales mediante Raman y SERS. Se estudió la estequiometría de nanohilos de Bi2Te3
estequiométricos y no estequiométricos con mayor composición de Teluro (también en
películas delgadas) y cuáles son sus características más relevantes a través de la es-
pectroscopía Raman. También se observó por primera vez que el desorden isotópico en
materiales con una elevada calidad cristalina influye en las vibraciones atómicas de
este, provocando que aparezca un pequeño momento dipolar en un modo silencioso bajo
condiciones de resonancia. Y por último se desarrolló un dispositivo fotovoltaico basado
en nanohilos de ZnO.
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