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Abstract
Ultrafast Carrier Dynamics and Transport Properties in
Semiconducting Nanowires
Demetra Georgiou Tsokkou, University of Cyprus, submitted in partial fulfilment of the
requirements for the degree of Doctor of Philosophy

One-dimensional semiconducting nanowires (NWs) have great potential for
applications in the fields of optoelectronic and sensor devices, mainly due to the remarkable
electronic and optical properties that they exhibit. The key for the future of semiconducting
NW-based devices is the detail understanding of their carrier relaxation and transport
processes. The main objective of this research work is the detail understanding of ultrafast
carrier dynamics in GaN, In2O3 and SnO2 NWs, due to their attractive potential in various
optoelectronic applications. This has been accomplished through the use of the powerful
techniques of ultrafast transient differential absorption and THz spectroscopy.
Atmospheric pressure chemical vapour deposition has been utilized for the synthesis
of GaN, In2O3 and SnO2 NWs grown via the vapour–liquid-solid method. Optimization of
these NWs has been accomplished through scanning electron microscopy, x-ray diffraction
and steady state transmission spectroscopy. Transient differential absorption spectroscopy
has been used as the key ultrafast characterization technique for the investigation of carrier
dynamics on a sub-picosecond time scale in these NWs. Measurements as a function of
various parameters including photon energy, incident pump fluence and probing wavelength
provided invaluable information on carrier relaxation. It appears that defect-related states play
a crucial role in the relaxation of the photogenerated carriers. Intensity dependent
measurements revealed the role of Auger recombination in these nanostructures. Following
the experimental findings, schematics of the band diagrams, which incorporate carrier
dynamics are presented. Furthermore, THz transmission spectroscopies have been used to
investigate the transport properties of SnO2 NWs. A transient THz transmission spectroscopy
based on the pump-probe technique has been developed for measuring the complex response

VII

function of the nanostructures in equilibrium state or following excitation with ultrashort
pulses. Analysis of the conductivity measurements in these NWs have been achieved using
the Drude-Smith model. These measurements reveal localization of carriers in the NWs and
strong suppression of long transport.
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Περίληψη
Δυναμική των Φορέων και Ιδιότητες Μεταφοράς σε Ημιαγωγικά Νανονήματα
Δήμητρα Γεωργίου Τσόκκου, Πανεπιστήμιο Κύπρου, υποβάλλεται στα πλαίσια εκπλήρωσης
απαιτήσεων για την απόκτηση Διδακτορικού τίτλου
Στις μέρες μας, ο τομέας της νανοτεχνολογίας παρέχει νέες και εξαιρετικές
προοπτικές και αναμένεται να δώσει ώθηση για πρόοδο σε ένα ευρύ φάσμα τομέων. Τα
ημιαγωγικά νανονήματα συγκεντώνουν ιδιαίτερο ερευνητικό ενδιαφέρον εξαιτίας των
πιθανών εφαρμογών τους σε οπτοηλεκτρονικές συσκευές, αισθητήρες και φωτοβολταϊκά με
σκοπό την αντικατάσταση των εκτεταμένων ημιαγωγών και λεπτών υμενίων. Για να γίνει
εφικτή η εμπορευματοποίηση τέτοιων συσκευών πρωταρχική ανάγκη είναι η λεπτομερής
μελέτη των θεμελιωδών τους ιδιοτήτων, οι οπτικές τους ιδιότητες, η αποδιέγερση των
φορέων και οι ιδιότητες μεταφοράς σε αυτά τα υλικά. Η οπτική φασματοσκοπία με τη χρήση
υπερταχέων παλμών είναι η μοναδική τεχνική που προσφέρει τη δυνατότητα μελέτης της
αλληλεπίδρασης μεταξύ ακτινοβολίας και ύλης με χρονική διακριτική ικανότητα
femtoseconds καθιστώντας την ένα ισχυρό εργαλείο για την κατανόηση των θεμελιώδων
ιδοτήτων στα GaN, In2O3 και SnO2 νανονήματα.
Η σύνθεση των GaN, In2O3 και SnO2 νανονήματων έχει γίνει μέσω της τεχνικής
χημικής εναπόθεσης ατμών σε ατμοσφαιρική πίεση μέσω του μηχανισμού αέριας-υγρήςστερεάς φάσης. Η βελτιστοποίηση των χαρακτηριστικών των ημιαγωγικών νανονημάτων έχει
πραγματοποιηθεί με τη χρήση των τεχνικών ηλεκτρονικής μικροσκοπίας σάρωσης,
περίθλασης ακτίνων Χ και φασματοσκοπία μετάδοσης.
Η ενδελεχής μελέτη και κατανόηση της δυναμικής των φορέων στα υπό μελέτη
νανονήματα έχει πραματοποιηθεί μέσω της τεχνικής της χρονικής εξέλιξης της απορρόφησης
μεταβάλλοντας διάφορες πειραματικές παραμέτρους όπως την ένταση της δέσμης διέγερσης,
το μήκος κύματος της δέσμης διέγερσης και της δέσμης ανίχνευσης. Η συσχέτιση των
πειραματικών αποτελεσμάτων και η προσαρμογή θεωρητικών μοντέλων στα πειραματικά
δεδομένα οδήγησαν στην εύρεση των μηχανισμών και χρόνων αποδιέγερσης των φορέων.
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Από τα πειραματικά δεδομένα φανερώνεται η παρουσία και ο ρόλος των ενεργειακών
καταστάσεων λόγω ατελειών και η επίδραση τους στους μηχανισμούς αποδιέγερσης. Επίσης,
μετρήσεις της χρονικής εξέλιξης της απορρόφησης συναρτήσει της έντασης της δέσμης
διέγερσης φανερώνουν την παρουσία του φαινομένου Auger. Περαιτέρω, χρησιμοποιώντας
τα πειραματικά αποτελέσματα που έχουν προκύψει, έχουμε σχηματιστεί τα ενεργειακά
διαγράμματα των GaN, In2O3 και SnO2 νανονήματων.
Για την περαιτέρω μελέτη των θεμελιωδών ιδιοτήτων των νανονημάτων και
προσδιορισμό των ιδιοτήτων μεταφοράς στα SnO2 νανονήματα, η πειραματική διάταξη της
τεχνική φασματοσκοπίας ΤΗz μετάδοσης έχει κατασκευαστεί και ευθυγραμμιστεί. Μέσω
αυτής της τεχνικής έχουν πραγματοποιηθεί πειράματα χρονικής εξέλιξης των φορέων, ενώ η
καταγραφή της κυματομορφής του ηλεκτρικού πεδίου ΤΗz έδωσε τη δυνατότητα της μελέτης
των οπτικών ιδιοτήτων και των ιδιοτήτων μεταφοράς στα SnO2 νανονήματα, είτε μετά από
διέγερση του δείγματος από υπερταχείς παλμούς είτε στην κατάσταση ισορροπίας. Ανάλυση
της αγωγιμότητας, αλλά και της φωτοαγωγιμότητας, στα SnO2 νανονήματα είναι εφικτή
μέσω του μοντέλου Drude-Smith. Οι πειραματικές μετρήσεις φανερώνουν τον χωρικό
περιορισμό των φορέων στα SnO2 νανονήματα.
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Introduction

The technological interest on the progressive reduction in the size of electronic and
optoelectronic devices has establish the necessity for the development of the area of
nanotechnology and nanoscience. Semiconductor nanowires (NWs) have attracted a great deal
of interest over the past few years due to their potential application in the areas of electronics,
optoelectronics, sensing and thermoelectrics, mainly because of the interesting properties that
these structures exhibit in the nanometer scale. To fully understand the future potentials of
these nanostructures, a deep insight into the fundamental optoelectronic properties is required.
Some key interactions in materials and especially semiconductors occur on a picosecond or
femtosecond time scales, making ultrafast spectroscopy an ideal technique to investigate these
processes and in general these materials. These methods provide detail understanding on how
carrier relaxation occurs following photoexcitation. Pump-probe techniques may provide
information on carrier transport properties and carrier relaxation time constants. The main
goal of this work is an in-depth investigation of the carrier relaxation processes in
semiconducting GaN, In2O3 and SnO2 NWs.
In this Chapter, a brief introduction to nanotechnology and nanoscience will be given
followed by NWs synthesis. Furthermore, an overview of what is included in this and the
following chapters is presented. Following this, various topics needed to give a clear view of
the ultrafast spectroscopy, such as the nonlinear optics, the characteristics of ultrashort pulses;
the sources of the amplified laser pulses and the pump-probe technique are described. Then,
the methods used in this work for the ultrafast characterization are presented. Finally, carrier
dynamics in semiconducting materials are discussed.
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1.1 Nanoscience and Nanotechnology

The invention of silicon based transistor device made in 1947 at Bell Laboratories, by
John Bardeen, Walter Brattain and William Shockley, has triggered a subsequent tremendous
development in the area of technology and miniaturization. Since then, an enormous amount
of applications in many sectors of everyday life have been attributed to optoelectronic
devices, where semiconducting materials play a crucial role. Nowadays, billions of transistor
devices are produced per second worldwide with consistently improved performance and
characteristics.
In 1959, Richard Feynman presented his inspiring lecture titled, "There’s Plenty of
Room at the Bottom", where he has been wondering: "Why cannot we write the entire 24
volumes of Encyclopedia Britannica on the head of a pin?".1 Back then, considering the
known physical laws, he predicted that manipulation of nanoscale materials and atoms would
offer new technological perspectives. At that time, his speech was completely theoretical and
seemingly imaginary. It took more than twenty years for microscopes to be developed, to
allow that pioneering vision to be realized and enable scientists to both see and manipulate
matter at the atomic scale.
The last thirty years, major progress has been accomplished in the fields of
nanoscience and nanotechnology. Specifically, nowadays these areas become a reality,
emerging fast with evolutionary new products already on the horizon and with a variety of
novel applications. The area of nanoscience involves research in discovering new structures
and understand the behaviors and properties of nanomaterials with at least one of its
dimensions been less than a few hundreds of nanometers (nm). Nanomaterials give rise to
unique electrical, optical, magnetic, mechanical and chemical properties and thus are very
promising as building blocks in diverse applications, in areas such as electronics,
optoelectronics, sensing, thermoelectrics, catalysis and medical cures. Therefore, it is essential
for the optical and electronic properties of these nanostructures to be extensively explored and
a deep insight on their fundamental properties to be given. Ultrafast spectroscopic methods
are ideal to be used for investigating the optoelectronic properties of many kinds of different
materials due to the plethora of information extracted and therefore are of paramount
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importance to be utilized in order to fully understand the future potentials of the
nanostructures.
Nanoscience serves as the basis of nanotechnology, which includes the area of
nanostructured material application in devices. The semiconducting device miniaturization,
the possibility of developing complex organizational patterns, the potential for very high
packaging densities and the requirement of reducing energy consumption are few of the
perspectives in nanotechnology advancement.2 For example, due to the miniscale size of
nanostructures, manufacturers could fit millions more transistors on a single microprocessor.
As a result, a significant increase in computer operation speed will be achieved.
The first requirement that is needed to be fulfilled in the area of nanotechnology is the
development of simple, reproducible and controllable growth strategies for the synthesis of
nanostructures. Several methods have been employed to synthesize nanosized structures with
various morphologies and properties. An essential challenge in synthesis is to control the
structure characteristics and achieve high yield of nanomaterials. Initially, synthesis was
achieved using a "top down approach". It includes lithographic technique and etching, where
bulk material is selectively processed to form nanostructures. However, the spatial resolution
of this approach is limited and true nanostructures are difficult to produce. Furthermore, the
quality of nanostructures is usually poor, and in addition to the high cost associated with these
techniques, the possibility for widely commercial use is limited. More recently "bottom up
approach", and especially chemical synthesis, has expanded the growth of nanostructures.
The most widely used methods for chemical synthesis are the chemical vapor deposition
(CVD) techniques and the molecular beam epitaxy. Advantages of these techniques are their
simplicity, the improved synthesis control and the low cost, in comparison to top down
techniques.
There are several reasons why nanomaterials are so technologically interested,
especially due to the novel properties that they exhibit in the nanometer scale.3 For example,
bulk silicon (Si) is a poor photoluminescence emitter, due to its indirect energy band gap. As
a consequence the application of Si in photonic devices is prohibited. This property changes
in the case of Si nanocrystals with size on the order of a few nm.4 Additionally, it is observed
that one can control the emitted photon energy by changing the nanocrystal size. Such
behavior is attributed to modifications in the electronic structure of the nanomaterial due to
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quantum confinement effects. This effect is characterized by an increase in the energy band
gap of the semiconducting nanostructure. As the nanostructure size decreases, it is expected
that the energy levels become more discrete and widely spaced. These effects become evident,
as the size of nanostructures becomes as small as the exciton Bohr radius of the material.4–6
For most semiconductors, this characteristic quantity typically varies between few nm to some
dozens of nm, while for metals is in the 1-2 nm range.
Another important consequence is the dramatic increase of the ratio of surface to
volume of the material. Therefore, many properties of the nanomaterials are expected to be
strongly influenced from the nanostructure surface. In any crystalline material, atoms at the
surface usually have unsaturated bonds, such as dangling or impurity bonds, able to adsorb
atoms from the environment. As a consequence of the large number of surface atoms in the
nanostructures, new localized states are formed in the effective band diagram, the so called
surface states. These states can strongly affect carrier dynamics in a material and usually act
as non-radiative centers. The role of the surface has been investigated in the case of Si
nanocrystals with diameter of few nm. It is found that for Si nanocrystals to
photoluminescence, surface bonds have to be passivated.7 No luminescence was observed for
unpassivated Si nanocrystals following ultraviolet excitation. The increment in surface area is
significant in applications where the surface to volume ratio assumes a critical role, such as in
chemical catalysis8 and sensing.9
Furthermore, lattice mismatch between the substrate and the material is an important
drawback in the deposition of thin films. As a result, surface roughness and defects including
dislocations, cracks, stacking faults and point defects are induced and do not give access to
high purity materials. These defects often act as nonradiative recombination centers and the
application of such materials results in electronic and optoelectronic devices with lower
efficiencies. However, the smaller dimensions of nanostructures allow for largely lattice
mismatch materials to grow on the substrate and higher crystalline materials are expected to
grow. This will result in superior electronic properties and drastically enhance the device
performances.
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1.2 Nanowires

Nanomaterials are classified into different categories according to the number of
dimensions that are spatially confined. One-dimensional (1-D) nanostructures are defined as
the systems where the electrons and holes are confined in two dimensions.10 1-D
nanostructures are the smallest structures that can efficiently transport electrical carriers. This
property allows them to be used in applications where electrical conduction, rather than
tunneling transport, is required.
Among 1-D nanostructures, NWs have attracted the greatest interest in recent years.
NWs are solid, usually of cylindrical cross section that have diameter ranging from few to
hundred of nm and length from one micron up to several tens of microns. In most cases, NWs
are quasi-1-D structures, since their smaller dimension is in the nanoscale range, but generally
they are too large to give rise to quantum confinement effects. Therefore, their band structure
can be approximated by that of the bulk material.
Except from the usual cylindrical shape, NWs have also been grown in different
shapes, including: squared cross-section,11 V-shaped,12 T-shaped,13 core-shell and axially
modulated heterostructure NWs.14 In the last ten years, a variety of inorganic elemental and
compound NWs have been synthesized and their growth conditions have been extensively
investigated. Such systems include Si,15 germanium (Ge),16 zinc oxide (ZnO),17 indium oxide
(In2O3),18 tin oxide (SnO2),19 gallium oxide (Ga2O3),20 aluminum nitride (AlN),21 gallium
nitride (GaN),22 indium nitride (InN),23 tin nitride (SnxNy),24 indium arsenide (InAs)25 and
gallium arsenide (GaAs).25 In fact, there are only a few systems that have not been
synthesized in the NW form. Even in the case of magnesium nitride (Mg3N2) that it has been
very difficult to produce in bulk form, since it breaks down in the moisture of the atmosphere;
Hu et al. solved the problem by growing Mg3N2 NWs inside carbon nanotubes.26
Some of the advantages that NWs exhibit in comparison to other species of
nanostructures are the ease of growth and relative good control of their characteristics.
Furthermore, NWs are usually easier to fabricate in high yield than the respective nanotubes
and quantum dots. In addition, it is possible to precisely control doping in the synthesis of
these nanostructures. A large lattice mismatch along the interface is tolerated, so
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heterostructure NW are able to be synthesized, thus substrates with large difference atomic
constants can be utilized. As a result, NWs generally have fewer defects than their thin film
counterparts and possess superior optical properties.
Semiconducting NWs have attracted most of the interest amongst the different
material NW structures, since they are expected to play an important role as interconnects and
active components in fabricating electronic devices. NWs are being explored as building
blocks for various important miniaturized photonic devices, including light emitting diodes
(LEDs) with tunable wavelength and photodetectors. Additionally, since NWs are
characterized by a large surface to volume ratio; they show high sensitivity to changes in the
surface due to its surroundings making them ideal for application in sensing devices and
catalysis, where the surface is the active area.
Different mechanisms responsible for the NWs growth have been proposed. The
vapor-liquid-solid mechanism (VLS mechanism) was first reported to explain the growth of
Si whiskers by Wagner and Ellis in 1974.27 Whiskers have the same shape as NWs, but have
larger diameters between 200 nm to few μm. In this process, a vapor phase reactant silicon
iodide (SiI2) and a liquid gold (Au) catalyst were used to produce Si whiskers. VLS process
was the primary mechanism cited to describe the presence of a metal at the end of the NW.
Much more recently, in 2004 another mechanism was proposed when metal particles were
involved in the growth of NWs, the vapor-solid-solid mechanism (VSS mechanism) in order
to explain the growth of GaAs and InAs NWs.28,29 They have shown that the catalyst particle
may exist in the solid phase when growth occurs. From in situ TEM images during growth of
NWs via VSS mechanism, it was observed that the growth rate is at least one order of
magnitude lower relative to the rate of NW growth via VLS mechanism.16 Furthermore, there
are cases that no metal is needed for the NW growth. In this case, two different mechanisms
may be responsible, the vapor-solid mechanism,2 where no catalyst is needed and the self
catalysis mechanism,30 where the source material plays the role of the metal catalyst.
Nowadays, synthesis of NWs is most often achieved via the VLS mechanism, which is
a catalyst assisted process.2,30–32 As it is denoted by its name, in this model three different
phases are involved. The source material is in vapor phase, the catalyst nanosized droplet is in
liquid phase and the NW that grows in solid phase. Various types of NWs have been
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synthesized using this approach. Some examples are Si,33 Ge,34 ZnSe,35 nitrides, as GaN36 and
AlN,37 and oxides,38,39 including ZnO, In2O3, Ga2O3 and SnO2 NWs.

Figure 1.1. The different steps of the VLS mechanism are shown. In Step I, metal nanoparticles are
deposited onto the substrate. In Step II, alloying occurs at elevated temperatures, as the source
materials are absorbed by the nanoparticles. In Step III, supersaturation of the alloy droplets takes
place and NWs start to grow at the edge of the nanoparticles. Finally in Step IV, NWs with appropriate
length are formed and as the temperature decreases the metal catalyst solidifies at the NW edge.

The different steps that take place in the NW growth via VLS mechanism are shown in
Fig. 1.1. In Step I, metal nanoparticles are deposited onto the substrate and serve as the
nucleation sites for the NW growth. At elevated temperatures, alloying of the nanoparticles
starts and atoms of the source materials in vapor phase, are absorbed by the metal
nanoparticle to form a liquid eutectic (Step II). As the eutectic continues to absorb source
material atoms, it becomes supersaturated, since the concentration of absorbed source material
exceeds the solubility in the metal catalyst. Then, nucleation occurs and NW growth in solid
phase begins at the eutectic/NW interface (Step III). As the source material continues to be
supplied into the system, the NW length will increase. As the system cools down, the alloy
droplet solidifies at the end of the NW (Step IV). The NW diameter is mainly determined by
the size of the metal nanoparticles40 and therefore smaller nanoparticles result in thinner NWs,
while their length depends on the growth rate and time.41
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Figure 1.2. Phase diagram of Au:Si. Different stages of the VLS mechanism for Si NWs growth are
also shown. A liquid alloy droplet is formed at a temperature above the eutectic point (I). As the
concentration of Si increases, supersaturation (II) and growth of Si NWs (III) starts.42

A common procedure used to obtain metal nanoparticles is to deposit a metal thin film
onto a substrate. When these films are annealed, small nanometer droplets of the metal are
formed onto the substrate.43 A disadvantage of this method is the uncontrolled agglomeration
of the film, resulting in nanoparticles with varying diameter randomly distributed on the
substrate. The metal chosen as a catalyst should be physically active, but chemically stable.
Therefore, to select an appropriate metal the equilibrium phase diagram between metal and
source material can be initially consulted. As an example, the growth of Si NWs can be
explained by using the phase diagram between Au and Si, which is shown in Fig. 1.2. A
necessary condition is that the metal forms an alloy with the synthesized material in liquid
phase and the synthesized material should also exist in solid phase at the same temperature.44
The phase diagram of Au/Si has a eutectic point at 363 °C at about 18.6 % concentration of
Si. When the growth temperature is above the eutectic point, Si is dissolved into the Au to
form liquid Au:Si droplets (Step I). As the concentration of Si into the alloying droplet
increases (Step II), supersaturation occurs and solid Si NWs can grow (Step III), when the
synthesis temperature is between the eutectic and the melting point of the material.
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The most common catalyst choice is Au. This metal is chemically inactive, but it
becomes physically active when small droplets with nanometer size are formed. Also, Au
forms a eutectic with many materials at low temperatures. Catalytic growth can be achieved
by using many different metals,45 such as silver (Ag), transition metals nickel (Ni), indium
(In), iron (Fe), etc. An advantage of using Au is that the probability of its incorporation in the
NW is usually lower than for other metals.

1.3 Motivation and Thesis Organization

Despite all the potential applications that the semiconducting NWs may have and the
fact that some sophisticated device structures based on NW systems have already been
realized, many questions concerning the fundamental properties of these nanomaterials
remain unanswered. Questions regarding the benefits of including semiconducting NWs in
device performances rely heavily on our basic knowledge of semiconductor nanomaterials
properties, such as electronic structure of the material, impact of defects and impurities on
electronic properties, recombination mechanisms, relaxation carrier times and carrier
transport. Given the potentials that the NWs may have in electronic and optoelectronic
applications, it is necessary for the optical, electronic and transport properties of the NWs to
be establish, before any further application of these nanostructures in devices. The objective
of this research work is to provide an insight into the fundamental properties of GaN, In2O3
and SnO2 semiconducting NWs using ultrafast spectroscopy.
The interesting properties of the GaN are well known. Group III-nitride compound
semiconductors, especially GaN, InN and AlN, and their ternary or quaternary alloys, have
proven to be useful for electronic and optoelectronic devices and have been investigated
extensively over the past decade.46–50 Most notably, the ability to tune the bandgap of GaN,
which is a wide band gap semiconductor (Eg = 3.4 eV at room temperature) by alloying with
In or Al is very promising for applications in solar cells. GaN epitaxial layers are an
interesting material for optoelectronic devices emitting in blue and ultraviolet regions and
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have already been utilized in commercial light emitting diodes and lasers.51–53 GaN is also
promising for the fabrication of UV photodetectors due to its wide direct band gap.54 In
addition, GaN has been used in high temperature power electronic devices,55 such as field
effect transistors.56,57 Electronic properties of GaN are strongly dependent on the structural
and point defects formed in this material. In particular, yellow luminescence is often observed
in GaN, which is detrimental for the device performance. In the case of NWs, the lattice
mismatch between GaN and the substrate on which they are grown is not so much of a severe
constraint as in the case of homo- or heteroepitaxial growth of GaN. As a consequence,
improved control on the formation of defects is feasible, which will potentially lead to
nanodevices with enhanced performance and the possibility of direct integration with
mainstream Si devices. It is expected that the miniaturization and efficiency improvement of
blue light sources will lead to greater portability and broader applications. Although a lot of
work has been done to characterize this material in the bulk form, work must still be done in
nanometer scale to reveal its potential applications.
In2O3 and SnO2 are considered important n-type wide band gap semiconductors. In2O3
has an energy band gap between EG = 3.5–3.75 eV at room temperature, while SnO2 has an
energy gap at EG ≈ 3.6 eV. These metal oxides have received a great deal of attention over the
past few years mainly due to its high transparency in the visible part of the spectrum and high
electric conductance, which make it technologically important for the fabrication of
optoelectronic devices, such in use in transparent conductive electrodes for solar cells, field
effect transistors, and flat panel displays.58–65 Moreover, metal oxide semiconductor sensors
are the most promising devices among the solid state sensors. Furthermore, in recent years,
the field of semiconducting metal oxides has benefited a great deal due to the development of
1-D nanostructures such as NWs and nanorods and their interesting properties arising from
their small size and high surface-to-volume ratio.10,66 For example, the large surface to
volume ratio of atoms in NWs and nanoparticles is significant in order to observe changes in
the electric conductivity, as gas molecules are adsorbed or desorbed from the nanomaterial
surface. Therefore, SnO2 and In2O3 NWs are of interest to the sensing communities, since they
have demonstrated greater room temperature sensitivity and selectivity than their commercial
thin film counterparts. In2O3 NWs are suitable for detection of toxic gases such as NO2, NO,
and NH3.67–69 On the other hand, SnO2 NWs have been proposed for the detection of CO, NO
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and C2H5OH.70–72 Up to now SnO2 NW-based nanodevices such as field effect transistors,73
field emission devices,74 ultraviolet sensors75 and gas sensors76–78 have been successfully
fabricated in the laboratories. In view of these, there has been growing interest in the synthesis
of In2O3 and SnO2 NWs and the study of their fundamental electronic and optoelectronic
properties.
The primary goal of this thesis is to give an insight onto the behavior of photoexcited
carriers in semiconducting GaN, In2O3 and SnO2 NWs. The synthesis conditions of In2O3,
SnO2 and GaN NWs using atmospheric pressure CVD and their structural and optical
characteristics are also determined. Until now, there has been no detailed investigation using
time resolved spectroscopic techniques in these NWs, which can provide information on the
dominant relaxation mechanisms, a detailed understanding on the nature of the electronic
states and the carrier transport properties. In particular, time resolved absorption spectroscopy
measurements were performed for the three systems to give an insight onto the behavior of
photoexcited carriers and therefore we have undertaken a detailed investigation of the carrier
dynamics and relaxation mechanisms in these semiconducting NWs.
The precise control on the density and uniformity of the SnO2 NWs provided the mean
of developing transient THz spectroscopy and its application to determine transport properties
in NW systems. Therefore, a complex time resolved THz transmission optical setup had to be
designed and aligned for these experiments. Next, many different sectors of the THz
generation, propagation and detection in these experiments had to be conceived and taken into
consideration, until satisfactory results for the obtained reference THz electric field, including
time duration and intensity, were achieved. From these measurements, the intrinsic
conductivity and photoconductivity spectrums of the SnO2 NWs were determined that give an
insight on very important information, including mobility and carrier density. In addition,
time resolved THz transmission spectroscopy was used as a complementary method to
investigate carrier recombination mechanisms and times.
This thesis is organized in seven chapters, providing a theoretical background and
further presenting and discussing extensively the experimental results. In Chapter 1, the
minimum background necessary for an understanding of this work is given. Specifically in the
next section, some aspects of ultrafast laser spectroscopy are reviewed. Given the importance
of non-linear optical effects due to the high peak powers generated with ultrafast pulses, a
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brief overview of this subject is presented. Following this, a brief introduction on ultrashort
pulses generation and amplification is presented. Afterwards, a description of the various time
resolved experimental techniques used in this thesis, namely time resolved absorption
spectroscopy, time resolved THz transmission spectroscopy and time domain THz
transmission spectroscopy is given. Lastly, in an attempt to give the reader a more complete
picture of the various processes that may occur following ultrafast short pulse excitation, the
various recombination mechanisms that take place in semiconducting materials after the
photoexcitation with ultrashort pulses are discussed.
Chapter 2 describes the experimental methods used in this thesis. Initially,
atmospheric pressure CVD technique utilized to synthesize the samples is presented. Then,
the different techniques used to characterize the NWs are discussed. This includes scanning
electron microscopy (SEM), the x-ray diffraction (XRD) method and the steady state
ultraviolet/visible/infrared (UV/VIS/IR) transmission spectroscopy. Finally, the experimental
setups of time resolved absorption spectroscopy and time resolved THz transmission
spectroscopy; key experiments for the ultrafast characterization of the NWs, are presented.
Chapter 3 covers the analytical tools required to interpret the experimental data
obtained from ultrafast characterization. Initially, the interpretation for the experimental data
from the time resolved differential absorption spectroscopy, as well as the rate equations used
to extract the relaxation mechanisms are explained. Furthermore, the interpretation for the
THz spectroscopy experiments, as well as the analysis followed for the derivation of the
optical constants and intrinsic conductivity spectrum are presented. At the end of the chapter,
the process followed on the time resolved THz spectroscopy data for the derivation of
photoconductivity in the NWs is given.
The next three chapters present the results obtained from the various time resolved
ultrafast measurements for each material under investigation. Chapters 4 and 5 are devoted to
the synthesis and ultrafast characterization of GaN and In2O3 NWs, respectively. Each chapter
contains the details of the process followed for the synthesis of the NWs via atmospheric
pressure CVD and the important experimental parameters that influences the synthesis. Also,
the experimental results from scanning electron microscopy (SEM), x-ray diffraction (XRD)
and steady state transmission spectroscopy measurements used to characterize the samples
and provide information about their morphology, crystal structure and transmission spectrum,
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respectively are presented and discussed. Following this initial discussion, the main part of the
chapter is devoted on ultrafast characterization of the NW system. Transient absorption
measurements using a non-degenerate pump-probe technique with above and below band gap
excitation are presented. The experimental results of these measurements are extensively
discussed. Findings are explained in detail, in addition to the extraction of the various carrier
relaxation times following photoexcitation of the carriers in the NW system.
Similarly, in chapter 6 the synthesis process and characterization of SnO2 NWs are
discussed. The results for carrier dynamics of SnO2 NWs obtained from the time resolved
absorption spectroscopy and time resolved THz transmission spectroscopy experiments are
presented and explained. The optical constants for the SnO2 NWs from time domain THz
experiments are derived. Finally, time domain and time resolved THz transmission
spectroscopy techniques are used to calculate the intrinsic and photoconductivity spectrums of
SnO2 NWs in THz region, respectively. The results from these techniques are presented and
analyzed.
Finally, chapter 7 summarizes the findings of the work of this thesis, along with an
outlook and suggestions that could extend the experimental findings for future research.

1.4 Tools of Ultrafast Laser Spectroscopy

The availability of ultrafast laser pulses has opened new and extremely fascinating
areas of scientific research. They gave access to time resolved spectroscopy measurements,
which provide information on the carrier behavior in photoexcited materials in very small
time scales that could not be achieved by other means. To help the reader comprehend the
work that has been carried out is this thesis; different fundamental tools, which are involved
with ultrafast laser spectroscopy are discussed.
Initially, nonlinear optical effects are described. These effects are important in
ultrafast laser spectroscopy due to the high peak power achievable with ultrashort laser pulses.
In general, nonlinear optical effects are present and have a non-trivial contribution when
amplified ultrashort pulses interact with matter. Furthermore, one of the advantages of
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nonlinear optical effects is their use in ultrafast spectroscopy to convert the fundamental
pulses wavelength to other wavelengths. Following the basic introduction to nonlinear effects,
the characteristics of ultrashort pulses and the amplifier laser systems are described. The
principles of the pump-probe technique that the basic experimental arrangements of the
ultrafast spectroscopy utilized here are also discussed.

1.4.1 Nonlinear Optical Effects

The invention of lasers was firstly demonstrated by Maiman in 196079 and has enable
the observation of nonlinear optical effects.80 Various new phenomena that could not be
experimentally observed with the use of conventional optical sources were realized. Such
effects include the generation of new frequencies that are not contained into the initial laser
beam. In 1961, for the first time Franken et al. had observed a nonlinear optical effect.81 They
focused an intense beam from a Ruby laser onto a quartz crystal, resulting in a doubling of the
initial frequency of the beam. This effect is known now as second harmonic generation.
Many different nonlinear optical effects are often needed for ultrafast spectroscopy
measurements. Such effects take place in the generation of ultrashort pulses, the wavelength
modification of the pulses, the generation and the detection of THz pulses, all needed for the
purposes of this thesis. In this section, a brief description of the issues that concern the area of
nonlinear physics follows.
Linear and nonlinear optical effects can be understood in terms of polarization, which
is experienced by a dielectric medium as an optical beam propagates through it. In linear
optics, the induced polarization in a medium is directly proportional to the external optical


electric field and can be expressed as, P


0

, where ε0 is the vacuum permittivity and χ is

the electric susceptibility of a medium. In isotropic materials this relationship is scalar. In
general, crystals are anisotropic (i.e. different directions have a different response) and linear
susceptibility becomes a 3×3 matrix. The linear relation between polarization and electric
field is valid only for low intensities of light. When higher intensities of light are used,
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polarization dependence on the electric field acquires higher order terms as shown by
equation 1.1,

Pi

(1)
ij

0

( 2)
ijk

Ej

i

where

(1)

( 3)
jkl

Ei E j

ij

Ei E j E k
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...

ijk

is the first order susceptibility responsible for linear effects and

(i )

are the ith

order nonlinear susceptibilities (i > 1) and are described by tensors. For sufficiently high light
intensities, the higher order terms may become important and are responsible for the nonlinear
optical effects.
To understand few of the consequences arising from the equation shown above, let us
consider the second order induced polarization of two plane waves ( E1 (t )
E2 (t )

E02 ei

2t

E01ei 1t ,

) that propagate at the same direction, have the same polarization and different

frequencies ω1 and ω2, both incident on a nonlinear medium. For second order nonlinear
effects to occur, the crystal should be noncentrosymmetric - no inversion symmetry -, in order
for the second order susceptibility not to vanish. For simplicity, the spatial dependence of the
electric fields and the different values that second order susceptibility may have in different
directions are ignored. Then, the second order induced polarization into the nonlinear medium
is given by equation 1.2.
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It is observed that the induced polarization contains components oscillating at various
frequencies. Therefore, the second order polarization will act as an electromagnetic radiation
source at these frequencies. The first and the second terms in the above equation oscillate at
frequencies twice the frequency of the initial components. This effect is referred as second
harmonic generation. The third term is oscillating at a frequency equal to the summation of

15

Chapter 1: Introduction
the initial frequencies (

3

1

2

) , an effect known as sum frequency mixing. In the next

two terms the resulted frequency is the difference between the two initial frequencies
(

3

1

2

) , an effect referred as difference frequency mixing. The last two terms are

independent of the frequency of the initial waves, so a static (dc) electric field is induced to
the medium. This effect is called optical rectification.
However, only one of these frequency components is usually intensified in each case,
since phase matching condition should also be fulfilled in nonlinear optical effects. This is
crucial for an effective coupling to occur in the nonlinear crystal. For that, the initial and
generated electric fields should be in phase as they propagate through the nonlinear medium,
so that waves generated in different spatial points of the crystal to interfere constructively. For
this to occur, the wave vector mismatch


k between the generated and the initial waves

should be zero. In this case the waves are phase matched. It can be achieved by properly
selecting the polarization of the incident electric fields and the orientation of the nonlinear
crystal. Thus, for different orientations of a crystal a different nonlinear effect may be
intensified.
Usually, dispersion of the light occurs in most of the materials and different frequency
components propagate with different phase velocities in the medium, since they experience a
different refractive index ( u( )

c / n( ) ). Consequently, the relative phase between the

interacting waves will change and a phase mismatch is generated. An important parameter for
a nonlinear effect to be evident in dispersive materials is the coherence length lc (= π/Δk). It is
the distance over the beams propagates in a medium before the phase difference between the
initials and the generated waves becomes equal to π and then destructive interference will
start to occur. Therefore, coherence length is the maximum nonlinear crystal thickness that
can be tolerated for an efficient output to be produced, when nonlinear effects take place.
The phenomena described above are not the only ones that can be observed. Second
order nonlinear phenomena are also the optical parametric amplification and Pockel effect.
Optical parametric amplification may occur when a high intense beam at frequency ω1
interacts with a weak beam at frequency ω2 in a nonlinear medium. As
matching condition is fulfilled, photons with frequency

3

1

2

1

2

and phase

can be generated. On the

other hand, Pockel effect, also called and linear electro-optic effect may occur when a dc
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electric field and an optical beam are both present in a nonlinear crystal. The coupling of the
two fields in a second order nonlinear crystal does not change the frequency of the optical
beam, but causes a change in the amplitude and phase of the optical field that show a linear
dependence on the dc electric field.

1.4.2 Ultrashort Pulses

Six years after the demonstration of the first laser, De Maria et al. produced the first
pulses with sub-nanosecond time duration.82 The development of pulsed laser sources was of
paramount importance for measuring extremely short time intervals and study various fast
processes. Due to the short duration of pulses and the fact that the time resolution of
experiments that uses them reaches down to few femtoseconds, this field of research is known
as ultrafast science.83–85 Nowadays, ultrashort pulses with time duration below 10 fs are
routinely achieved.86 The shortening of ultrashort pulses increased the laser radiation power
and gave the opportunity to generate high peak powers up to the petawatt (PWatt) regime.
For someone to realize what an ultrashort pulse is, a continuum plane wave with a
sinusoidal electric field ( E (t )

E0 ei

0t

) and a pulse can be consider, as seen in the Fig. 1.3

(a). In time domain, the difference between an ultrashort pulse and a plane wave is that an
ultrashort pulse contains only a few cycles of a sin wave, as it is seen on the right of Fig. 1.3
(a). In this case, a pulse with a Gaussian shape is taken into account, which closely
approximates many real laser pulses. Thus, an ultrashort pulse (black line) is the product of a
sin wave (grey dash line) and a pulse envelope function (red line), as described by the
equation 1.3,

E (t )

E0 e i

0t

t2

(1.3)

where ω0 is the central frequency of the pulse. Γ is the shape factor, which is related to the
pulse duration t 0

2 ln 2 .
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Figure 1.3. (a) Time evolution of the electric field of (I) a monochromatic plane wave and (II) a
Gaussian pulse. On the right, a Gaussian pulse (black line) is shown to be the product of a plane wave
(grey dash line) with a Gaussian pulse envelope (red line). (b) Frequency dependence of a (I)
monochromatic plane wave and (II) a Gaussian pulse, derived after performing a Fourier transform on
the time domain electric fields.

Due to the small duration of pulses new issues arise. The differences in time profiles
of the two different beams have an impact on their spectral bandwidth. The time and
frequency domain representations are related by Fourier transforms, given by the following
equations 1.4.

E (t )

1
2

E ( )e i t d

E( )

,

1
2

E (t )e

i t

dt

(1.4)

Performing a Fourier transform at the time domain electric fields of a continuum plane
wave and an ultrashort Gaussian pulse, different results arise as shown in the Fig. 1.3 (b). It is
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seen that a delta function is obtained for the continuum plane wave, which corresponds to
monochromatic waves ( E ( )

E0 (

for a Gaussian ultrashort pulse E ( )

0

) ), whereas another Gaussian function is derived

E 0 exp

(

0

4

)2

. This means that an ultrashort

pulse has a much wider bandwidth. For example, for a pulse with duration of 100 fs, a
bandwidth of approximately Δλ ≈ 10 nm is required. Additionally, it can be shown that shorter
pulses lead to a broader spectral bandwidth. This is derived also from the quantum mechanical
uncertainty time-energy principle described by the equation 1.5.

E

t 

(1.5)

Therefore, for an ultrashort pulse of a few femtoseconds the corresponding spectral width is a
few hundreds of nm. The equality is valid for pulses with Gaussian time and spectral
envelope.

Figure 1.4. Time distribution of output intensity for eight modes (a) with random phases and (b) with
the same phase.
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Generation of ultrashort pulses is achieved in an oscillator cavity via mode-locking
technique. This technique, given the choice of an appropriate gain medium, it provides the
ability to generate pulses with duration as short as few femtoseconds.87 The gain medium
must have a broad bandwidth to allow a large number of longitudinal modes (~ 104 – 105
modes) to oscillate simultaneously into the cavity. Further, the set of allowed wavelengths
depends on the oscillator cavity length, while successive modes have a frequency spacing of
v c / 2L , that satisfies the condition of standing waves into a laser cavity.

The time distribution of intensity, when different modes interfere, depends essentially
on the phase relations existing between them. An example of this is shown in the Fig. 1.4,
where the interference of eight different modes is shown. The time distribution of the output
intensity when different longitudinal modes with random distributed phases to each other are
used, is shown in Fig. 1.4 (a). It is observed that the output intensity randomly fluctuates with
time. To obtain femtosecond laser pulses, many different longitudinal modes should be phaselocked, i.e. the phase difference between adjacent modes has to be the same. This results in a
constructive interference of the different modes that last for few femtoseconds, while they are
destructively interfere elsewhere. An example of the output intensity of interference of eight
modes with zero difference phases to each other is shown in Fig. 1.4 (b). If the modes
maintain the same phase relation as they travel into the cavity, they will circulate and extract
the optical cavity as pulses. When the number of different modes increases, the duration of the
generated pulses becomes smaller and their intensity increases. Phase locking between
different modes can be achieved, by introducing additional components into the oscillator
cavity, such as acoustic-optic modulator -active mode locking-88 or a saturable absorber passive mode locking.89
Nowadays, generation of ultrashort pulses in a cavity oscillator is accomplished via
Kerr-lens mode-locking technique (or self-mode locking technique),90 which is a type of
passive mode-locking. In this case, the nonlinear properties of the gain medium are taken in
advantage to decrease losses of the stronger intensity peaks. Thus, for high intensities, Kerr
effect which is a third order nonlinear effect becomes apparent and is responsible for changes
in the material refractive index, which become linearly dependent on the light intensity. For
third order nonlinear effects to be observed, a centrosymmetric crystal should be chosen, so
that no second order susceptibility to be zero, since usually χ(2) >> χ(3). Due to the Gaussian
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spatial shape of the beam, its different parts experience a different refracting index as they
propagate through the medium. Centre parts of the beam feel a larger refractive index which
progressively decreases for the outer parts of the beam. Therefore, the gain medium acts as a
converging lens. The higher intensity parts of the beam will be strongly focused, while the
weaker parts will experience a negligible focus. The intensity dependence of refractive index
is also responsible for the shortening in the time pulse duration. Due to the finite duration of
the pulse, the refractive index change is also time dependent. As a consequence, the pulse
phase is temporally modified, which in turn broadens its spectrum and can result in pulses
with shorter duration. This effect is called self-phase modulation.

1.4.3 The Source of Ultrafast Pulses

Ultrafast pulse sources are of primary importance for applications in such diverse
fields as ultrafast optoelectronics and ultrafast spectroscopy. The most common source of
ultrafast pulses for time resolved spectroscopy is an ultrafast amplifier laser system.
A typical ultrafast amplifier laser system consists of two laser cavities, a mode locked
oscillator and a regenerative amplifier, as shown by a simplified schematic diagram in Fig.
1.5. The most common choice of a gain medium in an ultrafast laser cavity is a titaniumdoped aluminum oxide (Ti:Sapphire – Ti3+:Al2O3) crystal, because it exhibits an optical gain
bandwidth over an exceptionally broad wavelength ranging from 650 nm to 1100 nm.91 This
broadband emission spectrum allows the generation of pulses in the femtosecond range,
which has led to the commercialization of ultrafast mode-locked lasers in the early 1990s.
Generally, a mode-locked oscillator consists of a laser cavity, where its gain medium is
pumped by a continuous laser to achieve population inversion and emit radiation at
wavelengths corresponding to its emission bandwidth. For a Ti:Sapphire mode-locked
oscillator, a second frequency neodymium-doped yttrium vanadate (Nd:YVa) continuous
laser with an output at 532 nm is a convenient choice, since Ti:Sapphire has a wide absorption
band between 400-600 nm and a maximum at ≈ 500 nm.91 Due to dispersion effects that are
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created mainly in the laser crystal and optical components or self-phase modulation effects,
the pulses do not have the desirable duration and need to be further compressed. Therefore, a
sequence of prisms is included in the path of the optical cavity to compress the pulses. A slit
is also placed within the optical cavity to produce lower loss in the mode-locked operation by
blocking the weaker continuum outer part of the beam. In a Ti:Sapphire oscillator, pulses are
centered at ≈ 800 nm, possess a few nJ in energy and have a repetition rate typically on the
order of 100 MHz depending on the cavity length.

Ti:Sapphire mode locked oscillator
CW Solid
State Laser

Slit
Output
Coupler

Ti:Al2 O3

~ 800 nm
~MHz
~ nJ/pulse

P2

Highly
Reflective
Mirror

P1

Grating Pair

~ 800 nm
~ kHz
~ mJ/pulse

Grating Pair

Q-Switched
Solid State
Laser

Ti:Al2 O3

Pockel
Cell-2

λ/4
Pockel
waveplate Cell-1
Ultrafast Regenerative Amplifier

Figure 1.5. A schematic diagram of an ultrafast pulsed amplifier system consisted of a femtosecond
mode-locked Ti:Sapphire oscillator pumped by a continuum solid state laser and a Ti:Sapphire
regenerative amplifier pumped by a Q-switched solid state laser.
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To take advantage of the non-linear optical effects in ultrafast laser spectroscopy,
higher energy pulses are usually required; therefore pulses from the oscillator must be
amplified by several orders of magnitude. A simplified diagram of the arrangement of
different components that consists a regenerative amplifier is shown in Fig. 1.5. Amplification
of pulses is similar to the process followed for pulses generation. Briefly, pulses are initially
expanded in time to acquire time duration up to some hundreds of picoseconds to avoid
damaging the gain medium and optical components in the amplifier. This process is achieved
utilizing grating pairs in an antiparallel configuration to induce a chirp on the pulse, since
different wavelength components will follow different paths. These temporally broad pulses
are sent into the amplification stage in an optical cavity, where Pockel cells and polarizers are
used to inject and reject pulses from the cavity. A medium that can support all the
wavelengths contained into the initial pulse is required, thus Ti:Sapphire is used again as a
gain medium. It is pumped by a Q-switched second harmonic neodymium-doped yttrium
lithium fluoride (Nd:YLF) laser at 527 nm. The pulse circulates in the optical cavity for
several times (around 20 passes), gaining additional energy in each round trip, until saturation
gain occurs. When pulses are injected from the cavity, are compressed into their initial pulse
width before leaving the amplifier. Compression of the pulses is usually achieved by an
additional grating pair in a parallel configuration that compensates the chirp of the pulses. In a
typical amplifier, pulses gain energy up to ~106 and the repetition rate is of the order of ~ kHz.

1.4.4 Pump – Probe Technique

For the investigation of very fast relaxation processes that occur in the femtosecond
timescale, there is a lack of detectors with a fast enough response time. Only exception is
streak cameras which have a time resolution of some hundreds of femtoseconds, but they are
very costly. Therefore, to overcome this problem an experimental apparatus based on pumpprobe technique seems to be the best choice.92 All experimental setups used in this work for
time resolved absorption or terahertz spectroscopy experiments, are based on this technique,
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which is schematically presented in Fig. 1.6. In this technique, a small part of the ultrashort
pulses is used for detection purposes.

Pump Pulse
Beam Probe Translation
Splitter Beam stage

Pump
Beam

Probe Pulse

Δt

Δt

Sample

Δt
Sample
Detector

Figure 1.6. A schematic diagram of a typical non-collinear pump-probe configuration. In the inset of
the figure, a pump beam incidents onto the sample to photoexcite carriers, while the probe beam
reaches the sample with a time delay Δt to detect the changes that pump beam has induced.

In a pump-probe configuration, the incident laser pulse is split into two pulses with
different intensity, a pump and a probe pulse. Pump pulse possesses the majority part of the
intensity of the initial pulse (~ 96 %) and is responsible for the excitation of the sample. On
the other hand, probe pulse is much weaker than the pump pulse in order to ensure that it will
not perturb the sample properties. It is used to detect the changes induced to the sample by the
pump pulse.
The two pulses follow different optical paths and a translation stage with a
retroreflector is placed in the pathway of the probe beam to induce an adjustable time delay Δt
with respect to the pump pulse. The probe beam changes when interacting with the sample
due to changes in the sample properties induced by the incident pump beam. The
modifications depend clearly on the temporal delay Δt of the probe beam with respect to time
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zero, which corresponds to the arrival time of the pump beam, because the sample response
function is time dependent. For times Δt < 0, probe beam reaches the sample before the pump
beam and no changes are detected. For Δt > 0, the probe beam experiences the pump-induced
changes on the sample. This modified probe beam is collected and measured by a
photodetector.
In this type of experiments, a spatial overlap between pump and the probe pulses is
important to ensure that the probe beam detects a uniformly excited area. Therefore, the pump
pulse is spatially controlled to have a diameter at least twice the diameter of the probe beam.
In the case that the two beams incident onto the sample in a different (same) angle, as seen in
the Fig. 1.6, the setup configuration is named non-collinear (collinear). The time resolution of
these experiments is limited by the pulse width, and therefore, time resolved measurements
can be carried out with femtosecond resolution. Finally, a macroscopic parameter, such as the
reflection or/and transmission signals, which changes due to the ultrafast excitation, are
monitored using phase sensitive techniques.

1.5 Ultrafast Spectroscopic Techniques

In this section, the ultrafast spectroscopic techniques used to investigate the
fundamental properties of semiconducting NWs in this work are presented. Time resolved
absorption spectroscopy and time resolved THz transmission spectroscopy are described in
different sections. The use of these techniques on semiconducting NWs will give a plethora of
information on the behavior of photoexcited carriers in these materials.
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1.5.1 Time Resolved Absorption Spectroscopy

Many kind of experiments based on the pump-probe technique have been proposed for
investigating the ultrafast response of semiconducting materials. The main experimental
technique utilized in the investigation of ultrafast carrier dynamics is time resolved absorption
spectroscopy. This technique has been widely applied for the characterization of different
types of materials over the past two decades including inorganic or organic compounds,
metallic and semiconducting materials in bulk and more recently in nanostructures.92–94 In this
work, time resolved absorption spectroscopy is utilized to study the dynamic behavior of
carriers in semiconducting NWs following femtosecond pulse excitation.
Here, the sample is excited by the pump pulse and the induced changes are detected by
a delayed probe pulse in a non-collinear configuration. Transmission and reflection changes
of the probe pulse are detected as a function of time delay between the two pulses, and
subsequently are used to determine the temporal evolution of absorption change. Details about
the experimental setup of this technique and the analysis of the experimental data are given in
chapter 2.
Absorption changes in semiconducting material are induced due to strong resonant
excitation, where carriers from the valence band are excited to higher energy states, such as
conduction band and defect states. Since the pulse duration used is longer than the dephasing
times of carriers in semiconducting materials, coherent effects –discussed in section 1.6- are
neglected and the system response corresponds to the population of states by carriers.
Quantitative information, such as relaxation times and qualitative information on the kind of
transitions that take place or the kind of states that are involved can be obtained.
There are two types of time resolved absorption measurements that can be carried out.
In its simplest form, degenerate absorption change measurements are taken, where the pump
and probe pulses have the same wavelength. In this case, the pump beam excites carriers into
higher energy states and the probe beam detects the evolution of carriers at the same states.
More detail information of the carrier dynamics maybe obtained utilizing non-degenerate
absorption change measurements, where the two pulses have different wavelengths. In the
lateral case, the excited and detected states are located at different levels of the material
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energy band structure. Thus, if a variety of different probe wavelengths are used, then the
evolution of carriers from different states of the band diagram can be scanned and information
about the photoexcited carrier relaxation over the whole band diagram can be obtained.
Time resolved absorption measurements may be carried out as a function of various
parameters including photon energy to excite carriers in different energy levels, incident
fluence of the pump beam to generate different density of photoexcited carriers and probing
wavelength to detect carriers at different energy levels. The limit to the time resolution of
these experiments is the temporal pulse width from the ultrafast laser.
The fundamental wavelength of the pulses from an ultrafast amplifier is often not
convenient for the study of many semiconducting materials. Furthermore, it is necessary to
have access to a very broad spectral range for both pump and probe pulses to obtain a
complete information about the carrier dynamics of the semiconducting NWs investigated
here. Thus, nonlinear optical effects are employed for the modification of the wavelength of
both pump and probe pulses.

Train of phase locked
pulses at 800 nm

Train of phase locked white
light continuum pulses

Sapphire crystal

Figure 1.7. White light pulses generation on a quartz crystal.

A convenient choice that makes available wide range of wavelengths is the generation
of supercontinnum white light generation.95,96 For femtosecond pulses, white light can be
easily created by strongly focusing a few μJ of energy into a variety of materials, such as
quartz and sapphire, as it is shown in the Fig. 1.7. White light generation is based mainly on a
nonlinear optical effect, known as self phase modulation. As referred above, the temporal
evolution of the refractive index of the nonlinear material when an ultrashort pulse propagates
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through it, it causes phase modulation and results in the generation of new frequencies that
broadens the bandwidth of the pulse. We should point out that more effects are present in
white light generation, such as self-focusing and multi-phonon absorption, whose relative
contributions depend on beam focusing and material parameters.
The modification of the pump pulse wavelength can be achieved via several nonlinear
optical effects. For example, the easiest method to convert the initial wavelength of the optical
near-IR pulses is to use a second harmonic crystal and generate pulses at 400 nm.
Alternatively, in order to have the ability to modify the wavelength over a broad bandwidth of
spectra, an optical parametric amplifier (OPA) is needed. Its operation is based on several
non-linear optical effects, such as white light generation, optical parametric amplification and
second harmonic generation.97 When the beam is directed onto the OPA, a small part of the
energy is used for the generation of white light continuum. The remainder energy is split into
two parts. In the pre-amplification step, the first part of the beam is temporally and spatially
overlapped with the white light continuum in a different nonlinear crystal. Using optical
parametric amplification effect, two wavelengths from the white light continuum called
"idler" and "signal" are amplified. The amplified output wavelength is determined by the
angle between the beam and the axis of the crystal, which is tuned appropriately by rotating
the nonlinear crystal. In the second amplification stage, the previous process is repeated in
another nonlinear crystal for the "idler" and "signal" wavelengths to acquire sufficient energy.
Then, by using one or two second harmonic generation crystals, wavelengths from the UV to
the mid-IR region can be generated.
Finally, it is important to note that transient absorption spectroscopy gives information
on radiative, but also non-radiative mechanisms that is not possible with other techniques,
such as time resolved photoluminescence (PL). Therefore, carrier dynamics may also be
investigated in indirect band gap semiconducting materials where radiative processes are not
present.
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1.5.2 Time Resolved and Time Domain Terahertz Transmission Spectroscopy

Time resolved terahertz (THz) transmission spectroscopy (TRTS) and time domain
THz transmission spectroscopy (TDTS) are experimental techniques that use ultrashort pulses
and their experimental arrangement is based on pump-probe configuration.98 These techniques
have attracted a lot of attention due to the variety of information that can be obtained for the
materials under investigation. It has been used to characterize different kind of materials, such
as semiconducting crystals, gases, solutions and superconductors. The generation and the
detection of THz pulses use difference frequency mixing effect and free-space electro-optic
sampling technique, respectively. These techniques are described below.
THz radiation covers frequencies, ranging between 0.3-10 THz (λ = 30 μm-1 mm),
filling the gap between the far-IR and the microwave region. It started to extensively being
explored only in the last few decades, due to lack of THz sources and detectors. Nowadays,
there are two different methods that are widely applied for the generation of broadband THz
pulses when using femtosecond pulses centered at 800 nm, via transient photoconductivity in
narrow band gap semiconducting materials99,100 and difference frequency mixing in noncentrosymmetric crystals.101,102 The second method is mostly preferred when amplified laser
systems are used since the potential of damaging the crystal, due to the high excitation
fluences, is much lower. An additional advantage is that difference frequency mixing is a nonresonant method; therefore time duration of resulted pulses is independent of the material
response time and is limited only by the width of the excitation laser pulse. Therefore, this
technique results in the generation of shorter pulses.
Difference frequency mixing, as referred in section 1.3, is a second-order nonlinear
optical effect that occurs in noncentrosymmetric crystals. During this effect, difference
frequency mixing between different frequency components ν1 and ν2 of the ultrashort pulse
are combined, due to a generation of a nonlinear non-stationary polarization in the crystal that
propagates in the nonlinear crystal with the group velocity of the pulse. Due to the frequency
bandwidth of the ultrashort excitation beam, the pulses result in the THz region with time
duration in the picosecond time scale. Evidently, THz pulses with larger frequency bandwidth
can be achieved when broader spectrally optical pulses are used. Due to the small frequency
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difference between the different frequencies that are mixing, the process is sometimes called
optical rectification. In first approximation, the spectrum bandwidth of THz pulses is identical
to that of the optical pulses. This is true for a crystal with an infinitely thin thickness.
Otherwise, dispersion effects in the nonlinear medium must be taken into consideration that
eventually constrains the spectrum of THz pulses.
An important characteristic of a favorable crystal for THz pulse generation via
difference frequency mixing is the high second order susceptibility to show strong nonlinear
behavior. It has to exhibit a low absorption coefficient in optical and THz region, in order for
resonant effects or optical phonon resonances not to take place, respectively. Lastly, phase
matching condition is important to be fulfilled in the crystal.
The most convenient material choice to use for the generation of THz pulses by
difference frequency mixing in time resolved THz spectroscopy is zinc telluride (ZnTe),
which has a high second order nonlinear susceptibility,

( 2)

90 pm/ V .103 Furthermore, it

exhibits a low absorption coefficient in the visible region due to its large band gap,
Eg

2.4 eV

104

and its high crystallinity. The bandwidth of THz pulses in a nonlinear crystal

is mainly determined by the frequency bandwidth of optical pulses, although the upper
frequency is confined by the transverse-optical phonon resonance at 5.3 THz,105 which is a
limited factor expected to constrain the bandwidth of the pulses below 4 THz. Also, ZnTe
crystal shows excellent phase matching properties.106 In the case of THz radiation and optical
pulses at 800 nm, perfect phase matching occurs at frequencies near ~ 2 THz.106 The
coherence length is in the millimeter scale and remains high for frequencies below 3 THz.
Therefore, broadband THz pulses can be generated. THz pulses produced in a ZnTe crystal
via difference frequency mixing have a bandwidth extending from 0.1 to 3 THz.
To detect THz radiation pulses free space electro-optic sampling, a coherent detection
technique is used.106,107,108 An important advantage of this technique is that it provides
information not only of the amplitude of the electric field, but it is also on the phase. The
technique is based on the second order nonlinear effect called Pockel effect. For the THz
detection two different beams, the THz pulse and a near-IR probe beam at 800 nm, incident
onto a noncentrosymmetric crystal. Since THz pulse is significantly longer than the optical
pulse, it can be approached as a static field biasing the crystal, inducing a change in the
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refraction index of the nonlinear crystal, which is proportional to the applied THz electric
field. When the optical group velocity of the near-IR pulse matches the phase velocity of the
THz pulse into the crystal, phase matching condition is fulfilled and the optical pulse
experiences a constant electric field while propagating. The useful characteristics of a ZnTe
crystal for THz generation, such as optical transparency, phase matching condition near 800
nm along with the high non-linearity, indicates that it is also a suitable material for the
detection of THz pulses.
(a)

ZnTe detector
crystal

λ/4
waveplate

Wollaston
prism

Balanced
detector

Probe
pulse
s-polarized component

TH z
pulse

p-polarized component

(b)
Without
TH z
pulse

Figure 1.8. A scheme of the electro-optic sampling technique in a ZnTe crystal for the detection of
THz pulses. Also, the changes in polarization of an initially linearly polarized optical pulse in (a) the
presence and (b) the absence of THz pulse in different steps of the detection technique are shown.

A schematic diagram of the detection technique is presented in Fig. 1.8. In this
technique, a linearly polarized near-IR probe pulse at 800 nm and the generated THz pulse
incident collinearly onto a ZnTe detector crystal. As a result of the birefringence induced in
the crystal due to the presence of THz pulse, a phase shift between horizontal and the vertical
parts of the initially linearly polarized near-IR beam is created and converts its polarization to
slightly elliptical as shown in Fig. 1.8 (a). The phase shift on the near-IR beam, is described
by the equation 1.6,80
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c

where ω the probe frequency (

(n y

2 c

n x )d

d
c

n 3 r41 ETHz

(1.6)

, λ = 800 nm), n = 3.22 the refractive index of ZnTe

at 800 nm,109 d the crystal thickness, c the speed velocity in vacuum and the electro-optic
coefficient of ZnTe is r41

110
4.04 pm / V . To determine the phase change, a quarter wave

plate that introduces a phase shift of π/2 between the two orthogonal components of the
optical beam is used and the slightly elliptical polarization of the beam is converted to almost
circular. Then, a Wollaston prism separates the initial beam into two orthogonal polarization
components, which are subsequently directed into a balanced differential photodetector.
The magnitude and sign of the ellipticity induced by the THz field is recorded as a
change in the voltage of the two orthogonal polarization components. For small changes in
phase, which is usually valid for time resolved THz experiments, the difference voltage signal
( V

V2 V1 ) measured between the two polarization components is linearly proportional to

the phase shift and consequently to the total THz electric field in the ZnTe crystal. The most
frequently used sensor is the (110) oriented ZnTe crystal. In this case, the difference voltage
between the polarization components ΔV is given by equation 1.7,111

V

Vo n 3 r41 ETHz

d
(cos a cos 2
2c

2 sin a cos 2 )

(1.7)

where V0 is the voltage detected by each of the detectors when they are illuminated with the
probe beam and no THz field is applied, α the angle between the THz polarization and the
crystal axis and φ the angle between the probe polarization and the crystal orientation. By
adjusting the arrival time between THz beam relative to the probe beam, time domain of THz
electric field can be derived by using the expression described by equation 1.8,

V (t )
V0

n 3 ETHz (t ) r41 d
2c

(1.8)

32

Chapter 1: Introduction
As it is seen in Fig. 1.8 (b), no birefringence is induced in the absence of the THz pulse and
probe beam polarization is converted to circular when it propagates through the quarter wave
plate. Therefore, the signal in the detector is zero since the two polarization components are
equal.
In TRTS experiments three different pulses are needed, a pump pulse which excites
the sample, a THz pulses that probes the changes caused by the pump pulse and the probe
pulse, which is used for the detection of the THz pulse. In TRTS experiments, the properties
of photo-excited materials are investigated. Different kind of experiments can be done to
investigate either the carrier dynamics of the system or to study the temporal evolution of the
photoconductivity with subpicosecond resolution.112,113 To study the carrier dynamics of the
semiconducting NWs, the change at the THz maximum signal due to the excitation of the
sample by a pump pulse, is recorded as a function of time delays between the pump and THz
pulses. Photoconductivity spectrums of a photoexcited sample can be derived by appropriate
treating the experimental data -is explained in the chapter 3- when scanning the temporal
signal of the changes induced in the THz electric field due to photoexcitation of the sample by
the pump pulse in reference to the temporal signal of the THz electric field without pumping.
From photoconductivity data information on the transport properties of photoexcited carriers
in the NW systems can be derived.
In TDTS experiments, only the THz and the probe pulses are used. In TDTS, the
modifications in THz electric field as it propagates through an investigated material are
measured, along with a reference THz pulse. The temporal behavior of the THz electric field
is achieved by changing the temporal delay between the THz and the probe pulses. Analysis
of these measurements gives access to the material optical and transport properties in THz
region. Since a coherent detection method is used, it is able for complex refractive index, the
refractive index and the absorption coefficient to be estimated in THz region. This is
important because the data can be used further to calculate the complex intrinsic conductivity
of the material, transport mechanisms can be studied, scattering times and carrier density of
the material in equilibrium state can be estimated.
An essential advantage when using these techniques in nanostructures is that THz
spectroscopy is a non-contact method. Therefore, no electrodes are needed at the edge of the
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nanostructures, which is a difficulty that is needed to overcome when performing
measurements with other conventional techniques.

1.6 Carrier Dynamics in Semiconductors

Femtosecond laser pulse excitation provides the required temporal resolution for the
time resolved spectroscopy measurements providing an important insight into the relaxation
of photo-generated carriers. In the next few pages, a brief description of the processes
following carrier excitation from ultrashort pulses is given.

Relaxation Processes

Characteristic
Times (s)

Carrier-carrier scattering

10-15-10-12

Intervalley scattering

> 10-14

Intravalley scattering

≈ 10-13

Carrier-optical phonon thermalization

>10-12

Optical phonon-acoustic phonon interaction

≈ 10-11

Auger recombination

≈ 10-10

Radiative recombination

> 10-9

Non-radiative recombination

> 10-6

Table 1.1. Relaxation processes and characteristic times that may occur in semiconducting materials
after photoexcitation.92

When a semiconducting material is photo-excited, photon energy is transferred to the
carriers, resulting in a generation of non-equilibrium carriers with elevated temperatures and
with a well-defined phase relation among them and the electromagnetic field of the pulse.114
These photogenerated carriers will undergo several stages of energy relaxation and spatial
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redistribution before they return back to equilibrium state. Table 1.1 summarizes the
processes that take place in semiconducting materials following photoexcitation, along with
their characteristic times. These processes are temporally resolved using various ultrafast
spectroscopic techniques.
The evolution of photogenerated carriers back to equilibrium may be divided into four
different regimes, a) the coherent regime, b) the non-thermal regime, c) the hot-carrier
regime and d) the isothermal regime.92,115 It should be pointed out that different regimes
might be temporally overlapped. Carrier relaxation times depend strongly on parameters such
as the energy band structure, the carrier density and the lattice temperature. Schematic
diagrams of the carrier distribution in coherent and non-thermal regimes are seen in Fig. 1.9.
Relaxation mechanisms (Mechanism I-V) included in the hot-carrier and isothermal regimes,
are shown in Fig. 1.10.

(a)

Conduction
Band

(b)

f(E)

Carrier
Thermalization

Ephoton
Eg

Valence
band

E

Figure 1.9. Carrier distribution of photo-generated carriers by an ultrashort pulse in (a) coherent
regime and (b) non-thermal regime are shown. In non-thermal regime, the occupation probability of a
state described by Fermi-Dirac distribution is included.
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a) Coherent Regime
In coherent regime, the excitation of a semiconducting material via ultrashort pulses
induces a macroscopic polarization of the system, which initially has a defined phase
relationship with the electromagnetic field of the pulses. Then, a momentum relaxation starts
on a femtosecond time scale via elastic and inelastic scattering between the carriers, which
results in destroying the phase relations and correlation among carriers causing decoherence,
as seen in Fig. 1.9 (a). The dephasing or decoherence time is normally in the range of tens to
hundreds of femtoseconds for semiconducting materials.

Conduction
Band
Satellite valley

(I)
(II)

Shallow donor
states
(IV)

(III)

(V)
Midgap states

Deep acceptor
states
Valence band

Figure 1.10. Different relaxation mechanisms are shown, (I) intraband relaxation, (II) interband
transition, (III) excitonic recombination, (IV) band-to-band recombination and (V) donor-acceptor
recombination.
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b) Non-Thermal Regime

Following the coherent regime, carriers will acquire excess energy resulting in a nonthermal distribution between carriers; therefore they cannot be described by Fermi-Dirac
statistics with a defined temperature. In non-thermal, carrier-carrier and carrier-phonon
scattering lead to redistribution of the carriers within the valence and the conduction band,
causing thermalization between carriers. Then, carriers are characterized by a finite
temperature and electrons can be described by Fermi-Dirac distribution in time ~10-13 s, as
seen in Fig. 1.9 (b). The thermalization times depend on carrier concentration and the lattice
temperature.

(c) Hot-Carrier Regime

The processes that take place in non-thermal regime results in a thermalized
distribution between carriers, carrier temperature is higher than that of the lattice, and carriers
are called "hot". Then in the hot-carrier regime, the carriers lose their excess energy through
carrier-phonon interaction, which is an intravalley scattering process (Mechanism I). In
addition, intervallley scattering can be observed in this time scale denoted as Mechanism II in
the Fig. 1.10. In the case of phonon scattering, optical phonons are emitted when subband
spacing is above the longitudinal optical photon energy in times in the order of 1-2 ps.
Alternatively, carriers may relax via emitting acoustic phonons, which are observed in much
longer time scales between 10-100 ps.

(d) Isothermal Regime
Following the non-thermal regime, carriers and lattice are described by the same
temperature, in isothermal regime the electron-hole pairs recombine through radiative or nonradiative processes and finally carriers return back to equilibrium. Excitonic recombination
(Mechanism III) or band to band recombination (Mechanism IV) occur in the nanosecond
regime for direct band gap semiconductors. In indirect band gap materials, carriers recombine
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via non-radiative processes in a time that reaches values in the microsecond (μs) or even
millisecond (ms) range.
Additional states are formed due to defects, such as point defects (vacancies,
interstitials and antisites) and planar defects (dislocation and stacking faults), which are
usually positioned energetically below the gap. These states are assorted as shallow donor
states, midgap states and deep acceptor states and affect significantly the recombination
mechanisms in the material. The energy levels of different kind of states are denoted in the
Fig. 1.10.
It is well known that the radiative efficiency of a direct band gap semiconductor from
the band edge is suppressed at room temperature, predominantly due to increment of the nonradiative centres. Additionally, extrinsic radiative recombination can also be responsible for
prohibiting band edge photoluminescence. These transitions usually take place between
shallow donor states and deep level states (donor-acceptor recombination - Mechanism V).
For radiative recombination processes from the band edge to occur at room temperatures, high
quality crystals are required.
The efficiency of radiative recombination is also affected by the presence of Auger
recombination, which is a non-radiative process and strongly depends on carrier density.116
Auger recombination involves three free carriers where an electron leaves an energy state and
relaxes to a hole in a lower state, thereby transferring its energy to another electron.
Therefore, Auger recombination rate R in the case of optically excited carriers is proportional
to the cubic of carrier density, as described by, R

C Auger n 3 , where CAuger is the Auger

coefficient and n the carrier density. Clearly, Auger recombination becomes more important
with increasing carrier densities. As pump fluence increases shorter relaxation times are
observed due to the presence of Auger recombination, which eventually can lead to
suppression of radiative recombination processes. Therefore, Auger effect is an important
parameter that affects the performance of the materials in optoelectronic devices.
Furthermore, surface states formed in nanostructures play a significant role in the carrier
dynamics in nanomaterials and usually prohibit radiative recombination.
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Chapter 2

Experimental Methods

The objective of this research work is the detail understanding of ultrafast carrier
dynamics in three key semiconducting NW systems, namely GaN, In2O3 and SnO2 NWs.
This work begins with the synthesis and structural characterization of the NWs under
investigation providing a mean of controlling and optimization of the nanostructures. The
NWs studied in this work have been grown using CVD and then studied structural using x-ray
diffraction (XRD) technique. The morphology of the products deposited onto the substrate are
studied using scanning electron microscopy (SEM), while optical measurements used to
estimate the energy gap of these NWs carried out using steady state transmission
spectroscopy.
The main objective of this research work has been accomplished using ultrafast
characterization techniques, which are described in detail in this chapter. Time resolved
absorption spectroscopy experimental setups with an optical parametric amplifier, have been
designed and aligned thus providing ultrashort pulses at a wide spectral region for the
photoexcitation of the samples. At the same time, white light continuum pulses have been
utilized for probing the samples over a wide spectral bandwidth. Time domain and time
resolved THz spectroscopy measurements have been accomplished following the designed
and alignment of a complex optical setup. For these experiments, the initial beam is divided
into three different components, to provide the pump beam, the THz beam and the probe
beam. The different optical elements that consists each path and non-linear optical effects that
take place in the different parts of the experimental setup are described.
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2.1 Synthesis and Characterization Methods

Initially, in this chapter the experimental technique used for the NW growth will be discussed.
Subsequently, characterization techniques are briefly described. In this work, morphology,
crystallinity and optical properties of the NWs have been investigated by using scanning
electron microscope (SEM) images, X-ray diffraction (XRD) studies and steady state
transmission spectroscopy, respectively.

2.1.1 Atmospheric Pressure Chemical Vapor Deposition

Synthesis of In2O3, SnO2 and GaN NWs was achieved via atmospheric pressure CVD
(APCVD) at Nanostructured Materials & Devices Laboratory of the Department of
Mechanical and Manufacturing Engineering at the University of Cyprus.
APCVD is widely used for the synthesis of thin films and nanostructures, such as
NWs, nanotubes and nanocrystals and is a synthesis process in which chemical reactions play
a crucial role. The reactions occur at elevated temperatures, as reactants are in vapor phase.
Growth conditions, such as growth temperature, source materials and flow rates of gases are
controlled properly to obtain products with specific characteristics. A horizontal CVD furnace
system is used as the synthesis setup is made by Atomate. It is consists of a 25 mm quartz tube
heated by resistive coils capable of reaching 1100

o

C. A simplified scheme of the

experimental apparatus is described schematically in Fig. 2.1.
For the NW synthesis, a proper source material in solid state (precursor) is selected
and placed in a quartz boat next to the substrate, such as small pieces usually 8 mm x 8mm
pieces of silicon, quartz or sapphire wafers. Afterwards, the quartz boat is introduced into the
center of the quartz tube, next to the thermocouple that is used to detect the temperature at the
center of the reactor. The quartz tube is surrounded by a zone heating element that offers
temperature control of the system. The quartz tube has two vacuum seals one on each side to
prevent gas leakage during growth. The operation of the reactor is computer controlled and
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gives the ability to control and monitor simultaneously different deposition parameters, such
as ramp rate, growth temperature, flow rates of introducing gases and duration.

Exhaust

Gas Flow
Boat
Quartz Tube
Heater

Source Material
Mass Flow
Controllers

Substrate

PC

Figure 2.1. A simplified scheme of the horizontal APCVD furnace system used for the synthesis of
nanomaterials.

Generally, in a synthesis process a high flow of a chemically inactive gas, usually
argon (Ar) or nitrogen (N2), is used as a carrier gas to eliminate oxygen and moisture from the
tube before heating. Then, the furnace temperature is increased with a selected ramp rate
under the continuous flow of a properly chosen gas. As the chamber temperature elevates, the
source material melts and its vapor pressure increases. Finally, the system reaches an elevated
growth temperature that remains constant for specified time interval under the continuous
flow of gases. During the growth process, a chemical reaction takes place between the
evaporated source material and the introduced gases. The system is equipped with four mass
flow controllers that can control and monitor independently the selection of desirable gases
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and flow rates used in each step of the experiment. Typical gases used in the CVD system are
argon (Ar), nitrogen (N), oxygen (O2), ammonia (NH3) and a mixture of nitrogen/hydrogen
(N2/5% H2). The products are deposited onto the substrate in solid phase, while gaseous byproducts are exhausted out of the tube on the other side of the system. Product characteristics,
such as shape, size and density on the substrate, are optimized by changing the experimental
parameters or the reaction chemistry, such as growth temperature, growth time, gases, gas
flow and source material, until a satisfactory result is achieved.
APCVD has many advantages over other fabrication techniques, mainly because of
the simplicity of operation and lower cost. Additionally, higher deposition rates are
accomplished when using APCVD in compared with the MBE method. It is also significant
that no ultra-high vacuum is needed. It has the capability of producing highly dense and pure
materials and also offers flexibility of choosing different kind of precursors. The morphology
of the products changes by controlling the growth parameters. Nevertheless, the main
disadvantages of this technique are the high deposition temperatures and the fact that many
precursors used are toxic or/and expensive.

2.1.2 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is utilized for the structural sample
characterization, especially the study of material morphology. SEM operation is similar to an
optical microscope, although it uses a high energy electron beam, instead of photons, to
accomplish larger magnifications. In the case of an optical microscope, magnification is
limited to ~1000x and spatial resolution reaches down to 0.2 μm. The use of electrons in the
SEM microscope leads to an improved magnification up to ~10000x corresponding to
resolution of few nm. SEM is used to identify the deposited product structures, their
homogeneity and density over a substrate. The SEM used in these experiments was a Tescan
Vega LSU manufactured by Tescan.
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Figure 2.2. Typical SEM images of In2O3 nanocrystals on silicon substrate synthesized via APCVD.

Typical SEM images of In2O3 nanocrystals on Si substrate synthesized via APCVD at
900 oC under continuum flow of O2 at 100 sccm are shown in Fig. 2.2. From the SEM image
at the left (Fig. 2.2 a), it is revealed that there are two types of In2O3 nanocrystals observed
with different size and density. From the SEM image shown in Fig. 2.2 b is depicted that
smaller nanocrystals have a diameter of

2
500 nm and density 1 NCs/μm , while larger

octahedrons are almost 2 μm and density 0.01 NCs/μm2.

2.1.3 X-Ray Diffraction

Structural characterization of the NWs under investigation has been accomplished
using X-Ray Diffraction (XRD). XRD serves for the identification of unknown materials and
determination of the crystal structure. Additionally, it is used to identify different components,
and their proportion, in mixtures. X-ray diffraction measurements were performed by using a
SHIMADZU XRD 6000, X-ray diffractometer. Typical scanning incidence angles had a range
between 10-800 at a rate of angle step between 0.01-0.02ο.
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2.1.4 Steady State Transmission Spectroscopy

Steady state transmission spectroscopy is used for the characterization of optical
properties of materials. This method is attractive due to its simplicity of operation. In a
semiconducting material the transmission spectrum is useful for the determination of its band
gap.
In this work, a Perkins-Elmer 950 UV/VIS/IR spectrometer is used for the steady state
transmission measurements performed. In this spectrometer system, a continuum deuterium
and tungsten halogen lamps are used as light sources in the UV and VIS/IR region,
respectively. The spectrometer is equipped with a double grating monochromator to select a
convenient wavelength for the excitation of the sample. Afterwards, the transmitted signal is
directed onto the detector and the transmission spectrum can be recorded for different
wavelengths between 190 nm and 3300 nm.
The absorption coefficient of a semiconducting material, which is a function of
wavelength, can be extracted from the transmission signal T(λ). When light normally
incidents on a thick sample transmission signal T(λ) is related to absorption coefficient α(λ)
via simple relation as described by equation 2.1,117
T( )

(1 R( )) 2 exp( a( ) d )

(2.1)

where R(λ) is the reflectance signal and d the thickness of the material. Furthermore, near the
high absorption region (α ≥ 104 cm−1), the absorption coefficient has the frequency
dependence shown by equation 2.2, which is used to estimate the optical band gap of the
semiconducting material.

a (v )

(hv E g ) n

(2.2)

A plot of α1/n with respect to hν and extrapolation to a straight line at α1/n = 0,
provides the optical band gap. Generally, n is equal to 2 for an indirect band gap and 1/2 for a
direct band gap semiconductor.
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2.5 Ultrafast Characterization

The characterization of semiconducting NWs using ultrafast spectroscopic techniques
aims to study their fundamental optical and electronic properties, which will reveal the
required information for the potential application of NW-based devices. The experimental
methods used in this work are, the time resolved absorption and time resolved THz
transmission spectroscopy. These techniques are based on a variation of the known pumpprobe configuration. The sources of amplified pulses along with the characteristics of each
beam used in each case are presented. The important optical elements included and processes
that take place in each experimental setup are briefly described.

2.5.1 Time Resolved Absorption Spectroscopy

Transient absorption changes were determined using two different ultrafast amplifier
laser systems in typical supercontinuum non-collinear pump-probe configuration. A
simplified scheme of the experimental configuration for the non-degenerate absorption
change measurements is shown in Fig. 2.3.
The first system consists of a Self Mode-Locked Ti:Sapphire Oscillator (Mira), a
commercially available Coherent system, generating 20 fs IR pulses, having a centre

wavelength at ≈ 790 nm. Pulse energy is approximately ≈ 5 nJ at a repetition rate of 100
MHz. This oscillator is pumped by a continuum frequency doubled Nd:YVO4 laser, (Verdi-V6
manufactured by Coherent), that provides 5 Watt and operates at 532 nm. Additionally, a
Regenerative Amplifier (Legend) is used to amplify the pulses approximately 106 times. Their
energy per pulse reaches ≈ 0.5 mJ with time duration of ≈ 45 fs pulses at a repetition rate of 5
kHz. A solid state Q-switched nanosecond Nd:YLF Laser (Evolution 30 Coherent) is used as
a pump for the regenerative amplifier.
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Figure 2.3. Experimental configuration for non-degenerate time resolved absorption measurements.

As shown in Fig. 2.3, a beam splitter is utilized to divide the output beam produced by
the amplifier system into two components, that eventually produced the pump and the probe
beams. The larger part of the output energy is directed into an Optical Parametric Amplifier
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(OPA), which converts the wavelength of the pump beam through nonlinear processes. The
OPA provide pulses within a wide spectral region ranging from UV (290 nm) to the far IR
region (1800 nm). For the experiments in this research work, OPA was used to generate
excitation pulses in the UV region which is located above band gap for the materials under
investigation. Furthermore, ultrathin reflective filters were utilized for intensity dependent
measurements.
The probe beam at 800 nm, corresponding to a very small part of the fundamental
intensity, is used to generate a supercontinuum white light for transient non-degenerate
absorption measurements.95,96 This was accomplished through a strong focus of the beam on a
1 mm sapphire plate. Two different setups are used in order to broaden the range of selected
probing wavelengths. The first setup is used to generate the continuum white light in the
region between 500 and 1000 nm. The second one produces wavelengths in UV region
between 300 and 500 nm. This is accomplished through the additional second harmonic
crystal that initially converts the probe wavelength to 400 nm and then utilizing this second
harmonic to produce the white light.
The variation of the relative delay time between pump and probe pulses was
accomplished using a computer controlled translation stage with 0.1 μm step resolution,
which was placed in the pathway of the probe beam. Its optical travel range was 25 cm,
proving time resolved measurements upto 1.5 ns following optical excitation. The desired
probing wavelength was selected using band-pass filters. The transmission and reflection
change induced on the probe beam by the incident pump beam were detected by Si
photodiodes. These signals were measured using lock-in amplifiers with reference to an
optical intensity modulator (an optical chopper) of the pump beam, in order to enhance signal
to noise ratio. In this configuration, the lock-in amplifiers measure only the components that
are modulated at the pump modulation frequency, whereas signal from different frequency
components are rejected. The output of the lock-in amplifier is digitally recorded using a
Labview based program that controls various experimental parameters including the
translation stage movement.
A second ultrafast amplifier system uses a similar apparatus to produce excitation
pulses in the visible region at 400 nm with time duration of 100 fs and a repetition rate of 1
kHz. A continuous solid state laser (Millenia Spectra Physics) producing 5 W at 532 nm was
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used to pump a femtosecond mode-locked oscillator (Tsunami Spectra Physics). A continuous
power of 4.5 W is needed to pump the gain medium of the oscillator producing ultrashort
pulses at 800 nm, with pulse energy of 0.7 nJ/pulse, repetition rate of 100 MHz, and time
duration of 100 fs. These pulses are directed onto a regenerative amplifier (Spitfire Spectra
Physics). The regenerative amplifier is pumped by a Q-switched doubled frequency Nd:YLF
laser (Empower Spectra Physics) operating at 527 nm wavelength with 1 kHz repetition rate,
and 15 W of average power. The resultant pulses are amplified up to ~106 times and reach
energy of 1 mJ/pulse at 800 nm, with time duration of 120 fs and repetition rate at 1 kHz. In
this setup, a nonlinear BBO crystal is used in order to double the pump wavelength via second
harmonic generation, while the probe pulses are used to generate continuum white light in the
region between 500-100 nm.

2.5.2 Time Resolved and Time Domain Terahertz Transmission Spectroscopy

A THz spectrometer system based on an optical rectification and free electrooptic
sampling has been designed and developed. The source of excitation was a Ti:Sapphire
ultrafast amplifier producing 120 fs pulses at a repetition rate of 1 KHz and center at 800 nm.
A simplified schematic diagram of the experimental arrangement is shown in Fig. 2.4.
In this experimental configuration, the initial incident beam is separated into three
beams each following a different optical path. Therefore, the apparatus consists of three
different pathways: the optical excitation, the THz generation and the THz detection branches.
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Figure 2.4. A simplified schematic diagram of experimental configuration for the time resolved UVpump terahertz-probe optical setup. The initial incident beam is divided into three components; Pump
beam, THz beam and the Probe beam. Each of the optical paths is controlled by a different motorized
translation stage with sub-micron resolution.

In more detail, the initial beam is directed onto a beam splitter (75:25) to separate the
fundamental beam into two parts. The majority of the intensity is used for the excitation of the
sample and possesses approximately 75% of the initial beam intensity. The residual intensity
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(25%) passes through a second beam splitter (96:4) and is divided into two parts. The beam
with the higher intensity (24%) is used for the generation of picosecond THz pulses, while the
weaker part is responsible for the detection of the THz beam and is called the probe beam.

(a) Optical excitation path

In the optical excitation path, non linear crystals are used to convert the wavelength of
the fundamental beam into of the excitation beam via nonlinear optical effects. For the
investigation of wide band gap semiconductors UV pulses are needed to excite the sample
above the band gap. Therefore, the initial wavelength of near-IR pulses has to be converted
into the UV region using a third harmonic frequency mixing process, which is a two-step
process. Two different nonlinear crystals, namely a second harmonic BBO (β-BaB2O4) crystal
in combination with a third harmonic BBO crystal are used to convert the beam wavelength.
First, a BBO crystal is used to double the incoming IR beam and generate pulses at
400 nm. After the first BBO crystal, the resultant beam consists of 400 nm and the
fundamental IR at 800 nm light, as it is shown in Fig. 2.5. A highly reflective mirror at 800
nm is used to separate the different wavelength components. Following that, a half wave plate
is placed in the path of the visible light (400 nm) to change its polarization. The two resultant
beams follow different pathways and are directed onto a second BBO crystal, which favors
sum frequency mixing between 800 nm and 400 nm, to produce UV pulses at 266 nm. Since
the two different beams have to travel the same distance before they interfere into the second
crystal, two mirrors directing the beam at 800 nm are placed on a small translation stage to
make easier the achievement of temporal and spatial overlap between the two pulses. The UV
generated pulses from this configuration have energy up to 70 μJ/pulse.
Additionally, a focusing lens is used before the beam incidents on the sample to
control the diameter of the pump beam at the excitation point. For TRTS measurements the
diameter of pump beam is adjusted to be between 3-4 mm. This setup offers easy access for
three different pumping wavelengths namely 266 nm, 400 nm and 800 nm ranging from the
UV into IR region.
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Figure 2.5. Experimental configuration of UV pulses generation by using third harmonic frequency
mixing effect.

(b) THz generation path

The main parts of the THz generation path are the terahertz generation crystal and the
900 off-axis parabolic mirrors, as seen in Fig. 2.6. A focusing mirror is placed in front of the
THz generator crystal to reduce the diameter of the optical beam that incidents onto the
crystal to approximately 4 mm. The crystal utilized for the generation of the THz radiation is
a 0.5 mm <110> oriented ZnTe, where difference frequency mixing takes place. The choice
of the crystal orientation is made in order to maximize THz emitted signal.
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Figure 2.6. Experimental configuration of generation, propagation and detection of THz pulses in a
transmission configuration.

The spot size of the beam is significantly larger than that used in optical pump-probe
experiments in order to avoid damaging the ZnTe crystal, that occurs for optical fluences
above 3 mJ/cm2.118 The intensity of the optical beam was measured in front of the ZnTe
crystal and found to be equal to 250 μJ/pulse. Therefore, this energy corresponds to fluence
that incident onto the sample equals to ~ 2 mJ/cm2, which is below the damage threshold of
the crystal. Behind the nonlinear crystal a high density polyethylene is positioned to blocks
any residual fundamental light transmitted through the ZnTe crystal that may damage the
optical elements in the setup.
Alignment of 900 off-axis parabolic mirrors, which are used to direct and focus the
THz beam onto the sample, is quite tricky. To achieve this, a continuous-wave (CW) He-Ne
laser operating at 632 nm was used. Initially, the beam of the CW laser was coincided
spatially with the IR beam, as it is directed onto the ZnTe crystal. Next to the laser, a
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telescope was placed to enlarge the initial beam diameter to make possible the detection of the
THz beam trajectory and the spatial points that will incident onto the off-axis parabolic
mirrors. It is of paramount importance that off-axis parabolic mirrors are correctly oriented
and that THz beam incidents onto the mirror center, in order to be reflected under a 900 angle.
In this way, a tightly focused THz beam will result, with no aberrations that will lead to
widened pulses.
Following the ZnTe generation crystal in a close distance, a 900 Au-coated off-axis
parabolic mirror is used to focus the generated THz radiation. In order to collect efficiently
the THz signal emitted by the ZnTe crystal, the first parabolic mirror must have small focal
length. Then, few 900 Au-coated off-axis parabolic mirrors are used so that THz pulses are
collimated and then focused again onto the sample in a convenient arrangement, as it is seen
in Fig. 2.6.
To achieve a good temporal overlap between excitation and THz pulses and at the
same time excite the sample area uniformly, a small hole was created on the last Au-coated
off-axis parabolic mirror placed before the sample, so that the two beams incident collinearly
onto the sample. Furthermore, previous studies have shown that it is crucial for the pump
beam diameter to be at least twice larger than the diameter of THz beam for uniform
excitation.119 Pump beam is focused to have a diameter between 3-5 mm and the THz beam
diameter between 1-2 mm. Finally, the THz beam transmitted through the sample is
recollimated and focused by a pair of off-axis parabolic mirrors onto a 0.5 mm <110> ZnTe
detector crystal.

(c) THz detection path

The third part of the fundamental beam is used as a gated beam for determining the
electric field of the THz pulse via free-space electro-optic sampling technique. After the
sample, two additional 900 off- axis parabolic mirrors are utilized to focus the THz beam onto
the ZnTe detector crystal. Additional to the THz beam, a probe beam is also focused onto the
crystal through a small hole that was drilled in an off-axis non-parabolic mirror to allow
collinear propagation of the beams. The diameter of the probe beam is adjusted at about ~ 250
μm and its energy is few nJ/pulse. Before the probe beam is directed onto the crystal, it passes
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through a polarizer to ensure the linear polarization of the beam, which is important for good
signal to noise measurements to be carried out.
In order to determine the spatial and temporal overlap between the optical and THz
beams, an intensity autocorrelation technique was used. The ZnTe detector crystal was
replaced by a non-linear BBO crystal, while the polyethylene is removed and a small amount
of optical beam intensity in the THz propagation path is allowed to reach the non-linear
crystal. The probe beam is delayed with respect to the THz beam. When the two beams
temporal coincide, second harmonic effect will take place and a weak signal at twice the
frequency of the optical IR beam is produced. In this way, the spatial and temporal overall
was determined.
Given that the probe beam duration is much shorter than the THz beam, the time
domain of the THz pulse can be scanned by adjusting the optical delay between the two
pulses. Passing through the electro-optic crystal, the linearly vertically polarized probe beam
becomes elliptically polarized. After a quarter-wave plate and a Wollaston prism, the voltages
of the two orthogonal polarized signals are collected by a balanced photo-detector. The
detector is connected with a lock-in amplifier that is phase-locked to an optical chopper,
which modulates either the pump or THz beam, depending on the kind of measurement.
Before a measurement is performed, in the absence of the THz beam, the quarter wave plate is
rotated appropriately to minimize the difference voltage signal of the two photodiodes.
A part of the experimental arrangement can be seen in the Fig. 2.7. It includes the
generation, the propagation and the detection of the THz beam. Blue line corresponds to the
pathway of the THz beam with red line the pathway of the probe beam as it passes through
the last 900 off-axis parabolic mirror, until reaches the detector and with violet line the path of
the pump beam until incidents onto the sample.
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Figure 2.7. A photo of the time resolved THz transmission experimental setup. The parts of
generation, propagation and detection of the THz pulses are evident. Blue line depicts the trajectory of
the THz pulse from the generation crystal to the detection crystal. Violet line follows the pathway of
the pump beam until it reaches the sample and the red line shows the trajectory of the probe beam after
it passes through the off-axis parabolic mirror until it reaches the balanced photo-detector.

In each path, a different computer controlled motorized translation stage is placed to
allow independent and efficient control of relative time delay difference between the pulses
that can be seen in the Fig. 2.8. The mechanical precision of the movement is 0.1 μm and the
maximum measured time delay reaches up to 660 ps.
In order to prevent any effect of the measured signal due to THz absorption by water
vapor found in the atmosphere, the parts of the experimental arrangement including the steps
of THz pulses generation and detection needs to be introduced into a nitrogen dry purged box,
as it is will be evident in the next chapter.
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Figure 2.8. A different photo of the experimental setup. It shows the three different translation stages
responsible to control the time difference between the three pulses.
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Chapter 3

Analysis of Ultrafast Spectroscopy Measurements

The experimental data obtained from the ultrafast spectroscopy measurements need
further manipulation to obtain useful information regarding ultrafast carrier dynamics in the
NWs under investigation in this work.
In the first part of this Chapter, the analysis followed in the time resolved absorption
spectroscopy measurements is presented. The effects of "state filling" and "free carrier
absorption" detected in these experiments and the way that they are related to the carrier
relaxation in semiconducting materials, are discussed. Furthermore, carrier relaxation
dynamics and the differential rate equation used to fit the experimental data for low carrier
densities to obtain the carrier relaxation times and the number of mechanisms that take place,
are described. These experiments are also used to determine the existence of various energy
states and the presence of many body effects.
Next, the mathematical analysis for the experimental data obtained from the time
domain and time resolved THz transmission spectroscopy used to extract the complex
dielectric function, is described. Initially, the time domain and frequency domain data of the
reference THz electric field detected are presented and discussed. Then, the steps followed to
determine the complex refractive index or intrinsic conductivity from time domain THz
transmission spectroscopy, in the case of (a) bulk and also (b) nanostructured materials, are
presented. Moreover, the Drude-Smith model used to explain the experimental data of
complex conductivity is discussed. In the last section of this Chapter, the mathematical
analysis used to obtain photoconductivity from the experimental data is also described.
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3.1 Analysis of Time-Resolved Absorption Change Measurements

Time resolved absorption measurements investigate the response of semiconducting
materials following photoexcitation through the contributions of differential reflectivity and
transmission at different time delays Δt between the pump and probe pulses. These changes
are attributed to modifications in the material dielectric function related to the generation of
photoexcited carriers and their subsequent relaxation.

Figure 3.1. Typical graphs of the temporal evolution of absorption change signal following short pulse
excitation. Green line is attributed to the detection of state filling effects in these experiments, while
the red line denotes the detection of free carrier absorption effects. In addition, the pump pulse that
incidents onto the sample at time delay Δt = 0 ps and the probe beam that reaches the sample with a
time delay Δt induced by a motorized translation stage can be seen in the inset of the figure, where a
simplified configuration of the pump-probe technique is shown.
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The temporal variation in the photo-induced absorption extracted is a direct measure
of the photo-excited carrier dynamics within the probing region. Differential absorption
change ΔA(t) is related to transmission change ΔT(t) and reflectance change ΔR(t) signals at
different delay times between the pulses, as described by the equation 3.1,

(t )
A0

( T (t )

R(t ))
A0

(3.1)

where ΔA(t) is the absorption change induced by the pump beam at time delay Δt = t and Α0 is
the absorption of the sample in the absence of any excitation.
Typical graphs of the evolution of absorption change signal as a function of the delay
time between the two pulses are shown in Fig. 3.1. The pump pulse that incidents onto the
sample at time Δt = 0 ps is also included, along with the probe beam that incidents onto the
sample at a delay time Δt. Absorption change induced on the probe beam is measured at
different delay times Δt before and after photoexcitation of the sample. The time delay Δt
between the two pulses is achieved using a motorized translation stage, as seen in the inset of
the Fig. 3.1. Generally, an initial fast increase or decrease is observed in the differential
absorption signal, which is usually followed by a much longer recovery towards equilibrium.
Positive or negative sign of the absorption change is assigned to "free-carrier absorption" or
"state filling" effects, respectively. In both cases, when many body effects are negligible, the
time evolution of the signal corresponds to the population recovery from the excited states to
the ground states.
A negative change in the photo-induced absorption is the result of the occupation of
energy states by photo-generated carriers in what is known as state filling,120 shown with a
green line in Fig. 3.1. A simplify picture of this effect in a semiconductor material is depicted
in Fig 3.2 at different time delays between the excitation and the probe pulses. In this
schematic picture, the excitation pulse has photon energy larger than the band gap of the
semiconducting material. Therefore with the arrival of the pump pulse carriers will be
generated in the conduction band. At time delay very close to Δt = 0 ps (depending on the
response of the material) most of the carriers will be generated near the excitation region,
conserving energy and momentum. Clearly, selecting the probe beam to have the same
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wavelength as the excitation pulse, it will sense the maximum change in the absorption.
Furthermore, with the appropriate selection of the probe pulse wavelength it is possible to
following the energy relaxation of the photogenerated carriers as they move toward
equilibrium.

( a ) Δt ≈ 0 ps

( b ) Δt > 0 ps

( c ) Δt >> 0 ps

Conduction
Band

Valence
Band

Figure 3.2. Schematic diagram of carrier evolution in a semiconducting material, to explain state
filling effects. (a) At Δt = 0 ps, the pump beam excites a number of electrons into the conduction band
and at the same time the probe pulse incidents at the sample and tries to excite more carriers from the
valence band states. (b) At Δt > 0 ps, a number of carriers leaves the conduction states and thus there
are more available states for carriers to be excited by the probe beam. (c) At times Δt >> 0 ps, only a
small number of carriers still exist in conduction band and evidently a larger number of carriers can be
excited by the probe beam.

At times Δt < 0 ps, the probe beam arrives earlier than the pump beam, because it
follows a shorter path. Given that, no carriers have been excited yet, no change in the
absorption signal has been induced and therefore the differential absorption is zero.
Optical absorption is determined by the transition rate given by the Golden Fermi rule,
seen in equation 3.2. Golden Fermi rule gives the transition rate Wif of an electron to leave its
initial state i, as it absorbs a photon with energy Efi (= Ef - Ei) and be excited to a final state f.
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Wif

2
M 2fi ( E fi )


(3 . 2 )

It is observed that the transition rate Wif depends on the strength of the coupling
between the initial and final states, which is described by the matrix element of interaction Mif

M if

*
f

V

i

d 3r . Furthermore, the transition rate is dependent on the density of the

available states ρ(Εfi) for the transition to occur. Following excitation of carriers, the available
states for transition has been reduced, due to the occupation of the conduction band sates and
consequently the absorption of incident light is smaller.
At times Δt > 0 ps, but close to zero, the probe beam (green line) also arrives and tries
to excite more carriers from the valence band into higher energy states. At this time, there are
fewer available energy states in the conduction band due to occupation of the upper states.
Therefore, the probe beam propagates through the sample suffering less absorption and the
absorption change signal appears to be negative. At times Δt > 0 ps, some photoexcited
carriers will relax into lower states or even recombine into states in the valence band, so fewer
carriers will remain in the probed states as seen in Fig. 3.2 (b). Therefore, a larger number of
states will be available, and more carriers from the valence band will absorb photons from the
probe beam. Consequently, the probe will undergo larger absorption and the final signal will
appear to be less negative. For times Δt >> 0 ps (Fig. 3.2 (c)), only a small fraction of
photogenerated carriers (or no carriers) will exist in the probed state and the observed signal
returns back to zero, since the absorption of the probe pulse is approximately the same as
before excitation.
On the other hand, an observed positive change in the absorption, described with a red
line in Fig. 3.1, is attributed to free-carrier absorption effects, which is a consequence of the
secondary excitation of free carriers by the probe beam from the probed states into higher
energy states.121 The amplitude of this absorption depends on the coupling efficiency between
these energy states and the number of carriers present in the lower coupled energy states. A
similar schematic diagram of that shown for the state filling effect is seen in Fig. 3.3, when
free carrier absorption effects are detected. At time delays Δt > 0 ps but close to zero, a large
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number of carriers will be present in the probed states and will be excited into even higher
states, by absorbing photons from the probe beam, as seen in Fig. 3.3 (a). Therefore,
absorption change appears to be positive. At larger times, a number of carriers leave the
probed states, and the probe beam will suffer less absorption, leading to a less positive signal
(Fig. 3.3 (b)). At Δt >> 0 ps, only few carriers remain into the detected states and the
absorption change becomes almost zero (Fig. 3.3 (c)).

( a ) Δt ≈ 0 ps

( b ) Δt > 0 ps

( c ) Δt >> 0 ps

Conduction
Band

Valence
Band

Figure 3.3. Schematic diagram of carrier evolution in a semiconducting material, which explains free
carrier absorption. (a) At Δt = 0 ps, the pump beam excites a large number of electrons into the
conduction band and at the same time the probe beam causes secondary absorption of carriers at
higher energy states. (b) At Δt > 0 ps, a number of carriers leaves the detected states and therefore
fewer carriers are further excited by the probe beam. (c) At times Δt >> 0 ps, only a small number of
carriers still exist in conduction band states and therefore a small number of carriers or no carriers will
be excited by the probe beam.

Normally, state filling is the dominant contribution when probing above the band
edge, whereas free-carrier absorption is the dominant process when probe photon energy is
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smaller than the band gap. The reason is that there are not available energy states at energy
levels below the band gap (assuming an ideal pure semiconductor). Therefore, absorption of
the probe pulse from the photoexcited carriers to higher energy states becomes significant. In
most cases both effects are present, while the sign is determined by the dominant effect.
Here we should point out that, in most cases the band diagram of a typical
semiconducting material is more complex than that shown in Figs. 3.2 and 3.3. Point or
structural defects induce modifications in the band diagram of the semiconductors and energy
states are likely to be formed within the band gap, as has been referred in the section 1.6.
These additional states affect significantly the recombination mechanisms.
For low carrier densities, when many body effects are negligible, the absorption
change signal corresponds to the carrier density n occupying the probed state. In the case
where the photogenerated carriers relax through a single relaxation mechanism, carrier
density evolution n(t) may be described by the differential rate equation 3.3.

dn
dt

n

1
t1

(3.3)

Therefore, the carrier density evolution n(t) and consequently absorption change may be
described by exponential decay, n(t )

N0e

t / t1

. When fitting the experimental results to an

exponential equation, carrier lifetime t1 is extracted. Usually, more relaxation mechanisms are
involved and carrier evolution can be reproduced by multi-exponential time dependence
decays, as it is described by the generalized equation 3.4,

A
A

m

ni

ci e

t / ti

(3 . 4 )

i 1

where m is the total number of relaxation processes occurring in the sample until it returns
back to equilibrium state and ti is the relaxation time for i mechanism. In the case where the
normalized absorption change signal is used, ci is a weight number, which its square
represents the percentage of carriers that leave the state through i mechanism and should
satisfy the following equation 3.5.
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m

ci

2

1

(3.5)

i 1

As mentioned previously, experiments can be performed for different pump photon
energies; thus carriers can be excited into different energy states. At the same time, different
energy states in the band diagram can be access using different probing wavelengths, thus
providing a more comprehensive picture of the carrier dynamics. A further insight into the
carrier dynamics may be achieved using intensity measurements. These types of experiments
may reveal the presence of many body effects, which are strongly dependent on the photoexcited electron density, such as band gap renormalization122 and Auger effects.

3.2 Analysis of Time Domain Terahertz Transmission Spectroscopy
Measurements

To derive useful information from THz spectroscopy measurements mathematical
analysis is needed to manipulate the experimental data to extract quantitative results for the
investigated materials. The models used to obtain the optical and transport properties from the
TDTS measurements, in the case of bulk materials and NWs are discussed.

3.2.1 Reference THz Electric Field Measurements
Typical measurements of THz electric field waveforms Eref(t) – reference signal –
carried out are shown in Figs. 3.4 and 3.5. These signals are obtained when the pump beam is
blocked and the optical chopper modulates the THz beam. Changing the temporal delay
between the THz and the probe pulses, the time domain of the THz electric field is scanned.
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Figure 3.4. Typical THz electric waveform Eref(t) measured in the presence of atmosphere water.
Pulses are generated in a 0.5 mm <110> ZnTe generator crystal via optical rectification and detected
in another 0.5 mm <110> ZnTe detector crystal via free-space electro-optic sampling technique.
Normalized frequency domain THz spectrum Eref(v) calculated by discrete fourier transform on the
time domain THz signal is seen in the inset of the figure. The arrows denote the water absorption lines.

The THz electric field shown in the Fig. 3.4 is the measured signal taken in
atmosphere, while the THz waveform seen in the Fig. 3.5 has been measured when the THz
system was purged with nitrogen. Comparing the two signals, it is clearly evident that the
presence of atmosphere water causes distortions on the THz pulse waveform and affects its
maximum amplitude. The contribution of water absorption in the THz signal is confirmed in
the resulted frequency domain signals shown in the inset of the Figs. 3.4 and 3.5 that are
further discussed below. It is worth to be mentioned that the oscillatory tail in the time domain
THz electric field in the absence of atmospheric water is a result of the probe beam dispersion
into the non-linear detection crystal123 and phase mismatching between the THz and probe
beams.124
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Figure 3.5. Typical THz electric waveform Eref(t) measured in the presence of nitrogen. In the inset of
the figure, the normalized frequency domain THz spectrum Eref(v) is shown. It is seen that only the
mean absorption peak of water is still evident (1.70 THz), while the absorption peak at 2.20 ΤΗz is
due to the polyethylene.

The measured temporal THz electric field consists of a set of discrete data points En(t),
therefore to obtain the frequency domain data En(ω), discrete Fourier transform has to be
applied to the time domain data. This is defined as follows,

N

E n (t )ei

En ( )

nt

(3 . 6 )

n 1

where N is the total number of data points in the time domain signal. The fourier transform
yields the frequency spectrum of the complex electric field En(ω, φ), including the amplitude
Εn(ω) and the phase φn(ω) (En(ω,φ) = Εn(ω)eiφ(ω)). Analysis of the time domain signal is
achieved with the development of a simple analysis software using "FORTRAN".
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Normalized frequency dependence of amplitude when performing a discrete fourier
transform to the time domain THz signals of Figs 3.4 and 3.5, are shown in the insets of the
Figs. 3.4 and 3.5, respectively. Strong absorption lines observed at frequencies 0.56 THz, 0.77
THz, 1.10 THz, 1.41 THz, 1.67 THz, 1.87 THz and 2.40 THz taken in ambient air are
consistent to water vapor absorption lines in the THz region and agree with the values
reported in literature.125 These absorption lines are attributed to rotational transitions of water
molecules and are denoted by arrows in the normalized frequency domain THz spectrum.
This is expected when the THz pulse travel distances larger than few centimeters in
atmosphere where humidity is present. In these experiments, the distance between the
generation and detection crystals is over 1 m.
Here we should point out that two absorption peaks at 1.7 and 2.20 THz remain in the
THz spectrum, when the system is purged with nitrogen, which can be seen in the inset of the
Fig. 3.5. The peak at the lower frequency is one of the main water absorption peaks and is
attributed to residual atmospheric water in the metallic box. The second peak at 2.20 THz is
an absorption line of the high density polyethylene, which is placed twice in the pathway of
the THz beam, to block the optical and UV beams, due to lattice translational mode of
polyethylene.126 The amplitude shows that the pulse frequency spectrum content is centered
around 1.2 THz and the signal does not diminish for frequencies up to 3 THz. From these
measurements, it is obvious that atmosphere water must be eliminated from the system in
order minimize its contribution into the signal for further measurements to be taken.
To assure that reliable results are obtained when discrete fourier transform is
performed in THz electric field waveform, it is important that a small step Δx in the
movement of the translation stage is chosen. For a selected step there is an upper frequency of
the spectrum that can be detected called Nyquist frequency and is defined as: vf = 1/2Δt,
where Δt = 2Δx/c. This characteristic frequency has to be larger than the expected THz
bandwidth. Otherwise, any signal present at higher frequencies than Nyquist frequency will
be "aliased" to lower frequencies, meaning that the signal obtained for frequencies larger than
vf will be shifted at frequencies below vf . Using a step of Δx = 5 μm, which is the case of the
spectrums shown above, frequencies up to 15 THz can be detected, which is sufficient for the
bandwidth observed in our measurements.
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Furthermore, the spectral resolution Δv of the THz signal is determined by the total
length of the time domain measurement. The following equation quantifies the spectral
resolution,

1/ N t , where N is the total number of data points and Δt (= 2Δx/c) the time

step. For the rest of measurements, the experiments were carried out with a step of Δx = 2 μm,
that corresponds to a time step of 13.3 fs.
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Figure 3.6. Reference THz electric waveform Eref(t) measured in the presence of nitrogen for times up
to 20 ps. Photon echo due to internal reflections of the THz beam in the ZnTe generation crystal is also
observed at larger times. In the inset of the figure, a scheme of internal reflections of the THz beam in
the crystal is shown.

In Fig. 3.6, a measurement of the THz electric field waveform for times up to 20 ps is
shown. It is observed that in addition to the main part of the pulse detected at early times, a
second THz pulse is detected at times about t ≈ 15 ps. This is caused by the reflections of the
THz pulse in the ZnTe generator crystal back and front surfaces and is referred as photon
echo of the pulse. Multiple reflections are expected in this kind of experiments, since the THz
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wavelength is comparable to the crystal size. The second pulse is much weaker and has
almost an identical shape with the main pulse. The photon echo recorded corresponds to the
first reflection of the signal into the crystal with n = 1, as it is shown in the inset of Fig. 3.6.
Given the refractive index of ZnTe and the time difference between the two pulses Δt,
( x

c t / 2n) , the thickness of the crystal can be estimated. In Fig. 3.6, the two signals

have a time difference of Δt = 10.83 ps, corresponding to a thickness equal to d = 0.5 mm,
which agree very well with the manufactured specifications of the crystal.
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Figure 3.7. Frequency-dependent THz amplitude Esam(v) measured without sample in the presence of
nitrogen including the photon echo (red line) and b) when photon echo signal is ignored (blue line).

The amplitudes of the THz signal with and without the photo echo signal are shown in
the Fig. 3.7, with red solid and blue dashed line, respectively. Clearly, the amplitude signal
when photo echo is included, is distorted and periodic oscillations are apparent. These
structures disappear when the data points in the temporal THz signal, due to photon echo are
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padded to zero. This is acceptable because no significant contribution of the main part of the
THz pulse is expected at those times. For very thin crystals (d < 0.1 mm) a more careful
manipulation of the data has to be done, since the signal of the multiple reflections will
overlap with the main part of the pulse.
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Figure 3.8. Amplitude of THz reference pulse after purging the metallic box with nitrogen for (a) 20
min (red line) and (b) 40 min (blue line) using the nitrogen generation system. In the inset of the
figure, the time domain data of the THz electric field are shown.

To improve the THz signal and reduce further the influence of atmosphere water, a
nitrogen gas generation system was used to provide a continuous flow of nitrogen into the
metallic box. For the experimental data shown previously, the system was purged by using a
dry nitrogen pressured gas bottle. Two spectrums of the reference THz signal taken at 20 min
and 40 min after the introduction of nitrogen from the gas generation system, are shown in the
Fig. 3.8. It is observed that in the signal taken at 20 min, the main absorption peaks of water at
1.10 THz and 1.67 THz are still evident. However, the water absorption peaks are almost
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eliminated when the nitrogen runs into the system for 40 min. In addition, for these
experiments the polyethylene films were replaced by thinner ones, so the absorption line at
2.2 THz becomes weaker. The small changes in the frequency spectrum shape as can be seen
when comparing with Figs. 3.8 and 3.5, and their corresponding time domain data, are due to
realignment of the experimental arrangement. A higher peak of the THz peak is achieved at
the second case, as seen in the inset of the Fig. 3.8, but some of the higher frequencies are not
detected. We believe that since the higher frequencies travel at the center of the THz beam, in
accordance with Gaussian beam propagation, some losses are observed through the holes in
the off-axis parabolic mirrors.

3.2.2 Calculation of Intrinsic Complex Optical Constants in Bulk Materials

Time domain THz spectroscopy (TDTS) is a method used to obtain the equilibrium
properties of a sample and investigate its complex optical constants in THz region. This is
possible since the THz pulse electric field is measured and not just its intensity. In this
section, the mathematical analysis used for the calculation of complex optical constants, the
real refractive index n(ω) and the absorption coefficient a(ω) for bulk materials, is developed.
In this method, two different measurements are required. For all measurements, the
pump beam is blocked to prevent sample photo-excitation and the THz beam is chopped, in
order to scan the THz electric field. Initially, a reference measurement of the THz electric
field Eref(t) is taken. A second measurement is required, where the modified THz electric field
transmitted through the sample Esam(t) is obtained.
For the frequency dependent spectrum, discrete Fourier transformation is performed
on the time-domain results to obtain spectral amplitude E(ω) and phase component φ(ω) of
the THz electric field. The ratio between the frequency domain results obtained for both
signals are necessary to interpret correctly the experimental data and to eliminate the
influence the frequency response of the detector D(ω). According to equation 3.7, the ratio of
complex spectra gives the transmission function of the sample T(ω).
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In the case of bulk materials, it is straightforward to calculate the frequency-dependent
complex refractive index n ( ) ( n ( )
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holder- and the electric field after the propagation into the sample Esam(ω) are determined by
equations (3.8a) and (3.8b) respectively,

i d

E ref ( ) e
i

Esam ( )

t air

t

sam sam air

e

c

(3.8a )

E0

nd
2
{rsam

c

air

exp( 2i dn / c)}k E0

(3.8b)

k 0

where d the sample thickness, tij
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are the Fresnel transmission

and reflection functions between i and j mediums, respectively.127 Then, the transmission
function for an air/film system is derived, according to equation 3.9.
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The equation 3.9 consists three terms and is valid for plane parallel samples. The first
term describes the Fresnel losses at the front and back surfaces of the sample in the case of
normal incidence. The second term describes the change in phase as the THz beam propagates
across the sample. The last term describes the contribution of multiple reflections of the THz
pulse in the sample, where m is the number of reflections taken into consideration. Neglecting
absorption losses at the front and back surfaces of the sample, the complex refractive index is
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the first term of the above equation is replaced by the real refractive index. However, in the
case of thick films, signals from the main pulse and photon echoes are well separated in time
and therefore the term of internal reflections is ignored (m=0). Then, the equations that
describe the real part of refractive index and absorption coefficient take the simple form seen
in equations 3.10a and 3.10b, respectively.
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sam

( )

ref

( ))

d
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(3.10a )
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One can then derive the complex dielectric constant and conductivity. The frequency
dependence of the complex dielectric constant ε(ω) (= ε1(ω) +ε2(ω)) is equal to the square of
2
the complex refractive index ( nNW

NW

). Also, the dielectric constant is related to the

complex conductivity as shown in equation 3.11,

( )

i ( )

(3.11)

0

where

is the high frequency dielectric constant and ε0 the permittivity of vacuum.

3.2.3 Calculation of Intrinsic Complex Conductivity in Nanowires

A different process has to be followed to calculate the complex intrinsic conductivity
in the THz region, when considering thin samples. This is attributed to the fact that the THz
signals from multiple reflections of the beam that originates from the sample surfaces are
temporally overlapped. Given the thickness of the NW sample, the calculation of equilibrium
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optical properties for the NWs is accomplished using the procedure followed in the case of
thin films.128,129
Fig. 3.9 schematically shows the two measurements that needs to be carried out, firstly
through the system air/substrate and then through the air/NWs/substrate. In the latter case, a
two layer system has to be handled, since the NWs are placed onto a substrate. In this case the
reference measurement is the THz electric field that propagated through the air/substrate
Eref(ω). The refractive index of the substrate n2 and its thickness d2 are known. Then, the THz
electric field through air/NWs/ substrate Esam(ω) is measured. In this process an assumption is
used, that the NWs form a thin film on the substrate with thickness d1. Further, it is taken into
account that the THz pulse incidents onto the sample at a normal incidence.

Figure 3.9. A schematic diagram of the method used for a time domain THz transmission
measurement of the THz transmission signal through (a) a thick substrate (reference measurement) and
(b) the NW thin film deposited on a thick substrate (sample measurement).
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The complex refractive index of the NWs is nNW = n + ik, where n is the real
refractive index of NWs and k the extinction coefficient. The transmitted reference electric
field Eref(ω) and sample electric field Esam(ω) are determined by equations 3.12a and 3.12b
respectively.
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Fabry-Perot term due to multiple reflections of the THz field in the front and back
surfaces of the substrate, is not included since the main part of the pulse and first echo are
well temporally separated (t > 10 ps) and no signal of the main THz pulse is expected at these

{rNW 2 rNW 1e 2i

times. On the other hand, Fabry-Perot term

d1nNW / c

}

k

has to be

k 0

considered in the case that THz pulse propagates through the NW film, since the small
thickness of the layer ensures that signal from the main part of the pulse and the echoes are
completely overlapped. In this case, the geometrical series is summed up to infinity. Taking
the ratio between the sample and the substrate signal and using the approximation valid for
thin films, nωd/c << 1, the transmission function T(ω) is calculated, as described by equation
3.13.
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Using that the frequency dependence of complex dielectric constant ε(ω)
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real and imaginary parts of the dielectric constant are given by the following equations 3.14a
and 3.14b, respectively.
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Then, the refractive index n(ω) and extinction coefficient k(ω) are found as described
in equations 3.15a and 3.15b, respectively.
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Further, the complex conductivity is calculated by using the equation 3.11, shown in the
previous section.

3.2.4 Model for Conductivity Interpretation – Drude-Smith Model

It is well known that conductivity of semiconductors is determined by the number of
carriers in the conduction band and their mobility. For the interpretation of the derived
complex conductivity data, several models have been used to determine the scattering time
and the mobility of carriers.
The most common approach for electron transport is the Drude model, a classical
model that explains the behavior of free carriers in semiconductors.130 In the Drude model,
electrons are considered free to move into the lattice, meaning that their wavefunction is
delocalized and are elastically scattered with the positive ionic cores. Scattering effects are
considered to randomize the momentum of charge carriers. This model has been extensively
applied to investigate the behavior of free carriers in bulk semiconducting systems. In a
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material with a Drude model response, the real part of conductivity
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2 2
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expected to show a maximum at ω=0 that decreases monotonically for larger frequencies,
whereas the imaginary part

is positive and shows a maximum at ω = τ-1.
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2

In several situations, and especially in the case of nanostructures, Drude model cannot
explain the behavior of electrons, since they cannot be considered as completely free. Thus
modifications have to be taken into consideration to improve the fitting. Therefore, additional
parameters are included to the conventional model which describes semi-free carriers. The
model usually used was proposed by Smith,131 to explain localization of carriers in
nanomaterials. This model incorporates additional terms, which includes non-randomization
of the carrier momentum after a collision. Therefore, an assumption is made that an electron
has a memory of velocity from previous collisions. Then, the probability that an electron will
experience 'n' collisions in a time interval [0, t] is described by Poisson distribution, as given
by equation 3.16,
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where τ is the average time between successive collisions. The current density j(t) is given by
equation 3.17.
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Since the complex conductivity σ(ω) is the Fourier transform of the current density
j (t )e i t dt , conductivity yields to obey the relation 3.18,
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0
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where cn is named persistence of velocity and represents the fraction of the initial velocity
retained after n collisions. In practice, only the term n = 1 is considered, as had been
suggested by Smith. This means that only the last collision influences the velocity after
collision.
Value of persistence of velocity can vary between 0 and -1, giving different responses
to the observed real and imaginary parts of conductivity as seen in Fig. 3.10. In the case that
c1 = 0, Drude model is recovered. Further, it is observed that as c1 increases a suppression of
real part of conductivity is observed. For cn > - 0.5, the real part of conductivity suppresses,
since lower values are observed at low frequencies that increases for higher frequencies. On
the other hand, the imaginary part of conductivity is negative for low frequencies and
becomes positive for higher frequencies. Negative imaginary conductivity is associated with
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Figure 3.10. (a) Real and (b) imaginary parts of conductivity following the Drude-Smith model for
different values of the persistence of velocity between 0 and -1, using a specific scattering time equal
to 50 fs.
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3.3 Analysis of Time Resolved Terahertz Transmission Spectroscopy
Measurements

When TRTS measurements are taken to calculate the photoconductivity spectrum of
the semiconducting NWs in the THz region, a different model has to be applied than that used
usually for the case of thin films. In what follows, the process for obtaining the
photoconductivity in NWs is described.

3.3.1 Calculation of Photoinduced Complex Conductivity in Nanowires

For photoconductivity measurements to be performed, two different measurements
have to be taken. Initially, the modified THz electric field as propagated through an unexcited
NWs/substrate sample is needed. For this measurement the pump beam is blocked and the
chopper modulates the THz beam. Then, the pump beam is used to excite the sample and the
changes induced to the THz electric field have to be detected. For that, the chopper is placed
to modulate the pump beam.
Since the investigated layer is a mixture (composite) of air and NWs, the filling factor
fs, defined as the volume covered with NWs, is introduced to get a more reliable equation to
calculate the photoconductivity in NWs. This procedure has been similarly applied in the case
of extracting photoconductivity in GaAs NWs, although in this process the contribution of
quartz substrate was ignored.112 The ratio between the measured difference THz electric field
ΔΕ in the presence and absence of pump beam and the THz electric field through the
unexcited sample E is defined as,

f s ( ES* ES )
f s ES (1 f s ) Eair

(3.19)
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where E S * ( S ) is the THz electric field after transmission through the photoexcited (nonexcited) sample/substrate and E air is the THz electric field taken in air. By rearranging the
equation shown above, it can be written in the form 3.20.

*
S
S

(1 f s ) Eair
E
1
E
fs
ES

(3.20)

1

It is revealed that one has to calculate the ratio E S* / E S . The term Eair / ES can be
defined by the transmission Fresnel constants using the refractive index of NWs in the THz
region that are determined from the time domain THz spectroscopy measurements.
To develop a model that calculates the optical properties, a system consisted of
air/NWs/quartz substrate is considered. The modifications in the electric field due to the
propagation of the THz pulse into the unexcited and excited sample is defined as described by
equations 3.19a and 3.19b respectively,
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where (*) presents the photoexcited state, d1(2) is the thickness of NW layer (substrate), n1(2) is
the refractive index of the NWs (substrate), respectively. The last term presents the FabryPerot term, due to multiple reflections of the beam into the sample. By substituting the Fresnel
coefficients and rearranging the terms of the above equation, it can be written in the following
form,
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The sample thickness is on the order of nm, therefore it is reasonable to use the
approximation for the thin film limit (nωd1/c << 1). Thus, the exponential can be written in
the form e i

d1n1 / c

1 i d1 n1 / c . Then, the ratio E S* / E S can take the simple form described by

equation 3.23.
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By rearranging the terms in the above equation, the complex refractive index of the
photogenerated NWs can be derived, that it give access to the complex refractive index and
the complex photoconductivity. In this case, the complex conductivity is given by the
equation 3.24,
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the high frequency dielectric constant of the

investigated material.
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Chapter 4

Carrier dynamics in GaN Nanowires

This Chapter is devoted to the study of the carrier dynamics in GaN NWs. Initially, an
overview of the strategies followed for the growth of these NWs is introduced. The optimum
experimental conditions for the synthesis of GaN NWs using APCVD method via nitridation
of metal Ga at elevated temperatures are given. Experimental results revealed that GaN NWs
growth is a catalyst assisted process. The results of the characterization of these NWs via
SEM and XRD methods are also presented.
In the main part of this Chapter, the experimental results obtained from the time
resolved absorption spectroscopy experiments for GaN NWs are presented and discussed. For
these NWs, carrier dynamics have been investigated using ultrashort excitation pulses with
photon energies corresponding to energy levels above and below the energy band gap of GaN.
Measurements were performed for several probing wavelengths from the UV to the IR
spectral region. Time resolved absorption change measurements reveal a large number of
defect states located within the band gap. These transient measurements also reveal the
location of the U valley within the energy diagram of the GaN NW system. Intensity
measurements of transient absorption for different probing wavelengths are also presented.
The results reveal that Auger recombination is important for carriers located in defect states.
We should point out that the relaxation of carriers from shallow donor states and midgap
states in GaN NWs has been resolved and carrier relaxation times from these states have been
estimated. A band diagram for GaN NWs has been suggested for GaN NWs based on our
experimental results.
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4.1 Synthesis of GaN Nanowires

In the following pages, a brief introduction on the synthesis of GaN NWs via CVD
reported by different groups is given. Following that, analysis of the experimental results of
the optimum growth conditions and the characterization of GaN NWs will be presented.

4.1.1 Overview for GaN Nanowires

The fundamental properties of GaN and their intriguing modifications expected to be
observed at the nanometer scale have attracted a great deal of attention on the synthesis and
optimization of GaN NWs. The first reports for GaN NWs growth have been with carbon
nanotubes or porous alumina membrane acting as a template, thus spatially confining the NW
growth.132,133 In 1997, Han et al. have synthesized GaN NWs using carbon nanotubes through
a gas reaction of Ga2O with flowing ammonia (NH3) at 1173 oC. Two years later, Cheng et al.
used the same source materials to fabricate GaN NWs in porous alumina membrane. Since
then, GaN NWs have been synthesized with several diverse methods, such as CVD,22
metalorganic CVD,134 molecular beam epitaxy,135 but also via the arc discharge method,136
pyrolysis137 and pulsed laser ablation.138
The most challenging and frequently used synthesis method is CVD. The first
fabrication of GaN NWs with this method was reported by Tang et al., in 2000.139 In this
process, a mixture of Ga, SiO2 and Fe2O3 was used as a source material. At high temperature,
(T = 950 oC), Ga reacts with SiO2 to form Ga2O that subsequently reacts with NH3 to form
GaN NWs. In this process, iron (Fe) acts as a catalyst and the growth is achieved via the VLS
mechanism. In the following years, various parameters that affect the GaN NWs growth via
CVD and their characteristics have been studied. Such parameters are the growth temperature,
the starting material, the gas flow and the catalyst choice.
The most usual choice for source materials is the metal gallium (Ga), 22,139–141 although
Ga2O3 film142 and mixtures of Ga/GaN powder143 have also been reported. A common issue
when using these precursors is that the synthesis of GaN NWs is achieved at temperatures
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higher than 900 oC. This is attributed to the reduced vapor pressure of Ga at lower
temperatures.144 Additionally, several studies note that the synthesis of GaN NWs is achieved
only for a narrow range of temperatures. Different ways to decrease the growth temperature
have been suggested. Chang and Wu used gallium acetylacetonate as a source material.144
This compound starts to vaporize at a temperature between 130-185 oC and then it reacts in
vapor phase with NH3 to form GaN. In this case the GaN NWs grow via a catalyst assisted
process. More recently, Yu et al. have used a mixture of Ga and calcium fluoride (CaF2), to
synthesize GaN NWs at 650 oC on a Ni-coated Si substrate.145 CaF2 is an inert salt with a high
melting point (1360 oC) and therefore does not chemically react with NH3. However, it acts as
a dispersant. It is known that the vapour pressure of a material at a specific temperature
depends also on the droplet size. Therefore, when Ga is dispersed to CaF2, smaller Ga
droplets are formed, the vapor pressure of the metal increases and the NW formation is
observed at a lower temperature.
In most cases, synthesis of GaN NWs is achieved via the VLS mechanism. A plethora
of metals have been successfully used as catalysts.22 Transition metals such as Fe,22 indium
(In),22,146 cobalt (Co)22 and especially nickel (Ni)140, 144,145 are suitable. However, controversial
studies exist when Au is used. Zhang and Zhang have reported that Au is inappropriate for the
synthesis of GaN NWs.141 They assumed that responsible for this is the low solubility of
nitrogen in Au nanoparticles. Few years later, Cai et al. have synthesized GaN NWs in high
yield using direct nitridation of Ga with NH3 at 950 oC on an Au-coated Si substrate.140 After
that, several groups have used this metal for the growth of GaN NWs.147,148
There is a drawback when using transition metals as catalysts for GaN NWs.
Transition metals have a low defect formation energy that results in the contamination of
metallic elements into the NW. A computational study has reported that for the formation
energy of Ni substitution is ~ 1.2 eV in GaN, whereas Au substitution requires higher defect
formation energy ~ 4 eV.149 This significantly affects the optical and electronic properties of
the resulted NWs, since defects can form several energy states below the band gap that act as
trap states and affect the performance of the material into the electronic devices.
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4.1.2 Optimum Growth Conditions

Taking into account the experimental conditions followed by different groups for the
GaN NW growth, a sequence of experiments was carried out with the main objective been a
high yield of GaN NWs with desirable characteristics. Experimental conditions were carefully
adjusted in different growth experiments, including growth temperature, ramp rate, use of
catalyst and flow rates of gases until a high yield of straight GaN NWs was obtained.
Considering the experimental results on the synthesis of GaN NWs, the optimum
conditions for growth of GaN NWs were derived and are referred in detail below. A table
(Table 4.1) is also shown that summarize the growth conditions of GaN NWs. For our optical
experiments, straight GaN NWs were used.

Step

Name

Gas flow

Temperature

Duration

(sccm)

(oC)

(min)

1

System Purging

500 Ar

25

10

2

Rise of Temperature

100 Ar

25  950

61

3

Growth Process

75 Ar,

950

60

950  25

60

25NH3
4

System Cooling

75 Ar
25NH3

Table 4.1. Summary of growth conditions for GaN NWs using APCVD.

GaN NWs were grown, initially, on n type Si (111) and then on sapphire (Al2O3) and
quartz (SiO2) via APCVD through direct nitridation of metal Ga with NH3. Initially, a thin
film of Au with thickness of ≈ 0.5 nm was deposited on Si (111) or Al2O3 via sputtering at a
slow rate 5 Å s using an Ar ion plasma under a pressure 10 2 mBar . Before the deposition of
Au film, the substrates were cleaned in hydrogen fluoride (HF), rinsed in ionized water, and
dried with nitrogen. The Au-coated substrate was placed in an alumina boat and then 0.3 g of
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pure metal Ga (Aldrich 99.99%) was carefully positioned in the boat < 5 mm upstream from
the sample.
The boat was then loaded at the center of the 25 mm quartz tube directly above the
thermocouple used to measure the heater temperature. Initially, the tube was flushed with 500
sccm of Ar and 500 sccm of N2/5% H2, for 10 min in order to eliminate residual oxygen and
moisture contained in the reactor. Afterwards, the temperature of the furnace was increased to
950 °C with a ramp rate of 15 oC min, under a steady flow of 100 sccm of N2:5%H2.
Subsequently, the temperature was maintained at 950 °C for 1 h and NH3 was allowed to flow
at 25 sccm using a reduced flow of 75 sccm of N2:5%H2. At the end of the growth period, the
reactor was allowed to cool down to room temperature in flows of 25 sccm of NH3 and 75
sccm of N2:5%H2 for 1h. Upon removal from the reactor the Si or Al2O3 substrates were
covered with a white-blue colored layer.
Based on the above experimental results, growth of GaN NWs is critically dependent
on the vapour pressure of the Ga that depends not only on the temperature, but also by the
flow rate of NH3 since it affects the evaporation rate of Ga during the process. In agreement
with previous investigations on GaN NWs, high growth temperatures > 900 °C are necessary
for the growth of GaN NWs by direct nitridation of metal Ga with NH3. NWs were also
obtained at 900 °C, but their density was higher at 950 °C. We also found that the addition of
H2 to the gas flow, during the temperature ramp and growth step, is crucial to prevent the
oxidation of Ga from residual O2 in the reactor. In addition, when NH3 was included during
the temperature ramp it leads to the nitridation of the Ga upstream, which in turn reduced the
Ga vapor pressure at the growth temperature.
No GaN NWs were obtained on silicon or sapphire alone confirming that the GaN
NWs is a catalyst assisted process. VLS mechanism is usually referred as the responsible
mechanism for the synthesis of GaN NWs, although modifications to this model have been
also proposed when Au is used as a catalyst. Kuo et al. proposed that an Au-Ga alloy is
formed, instead of an Au-Ga-N alloy, due to the low solubility of nitrogen into the Au.148
They suggest that the reaction between Ga and N occurs at the liquid/solid interface between
Au:Ga droplet and the GaN. Recently, Zervos and Othonos suggested that when H2 gas was
used during the growth process, the hydrogen not only eliminates oxygen from the Ga droplet
surface and increase vapor pressure of Ga to promote the GaN NWs growth, but also reacts
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with Ga to form GaH2, which has low formation energy and is a gas at the growth
temperature.150 Due to this the formation of an amorphous GaN layer is avoided onto the
substrate.

4.1.3 Characterization of GaN Nanowires

Following the synthesis of GaN NWs, SEM and XRD measurements were performed
and the results are shown below.

Figure 4.1. SEM image of the GaN NWs on Au Al2O3 substrate.

Typical SEM images of the high density GaN NWs grown on 0.5 nm Au/Al2O3 are shown in
Figs. 4.1 and 4.2. From SEM image shown in the Fig 4.1, the diameter and the length of GaN
NWs are evident. Straight wires with uniform diameters of 100 nm and lengths up to a few
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microns are observed. A second SEM image (Fig. 4.2) reveals the dense and uniform
coverage on the substrate.

Figure 4.2. SEM image of the GaN NWs on Au Al2O3 substrate.

Fig. 4.3 shows the XRD pattern of the GaN NWs grown on sapphire where the peaks
correspond to the (100), (002), (101), (110), and (112) crystallographic planes of the
hexagonal wurtzite structure of GaN with lattice constants a = 0.318 nm and c = 0.518 nm.139
No diffraction peaks of other phases or other materials, such as Ga2O3 or elements, such as Ga
were identified.
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Figure 4.3. XRD pattern of GaN NWs on sapphire. The peaks shown are attributed to crystallographic
planes of GaN NWs, except those that originate from the sample holder and are identified in the
pattern.

4.2 Carrier Dynamics in GaN Nanowires

In bulk GaN, point and structural defects have a crucial role in the optical properties
and carriers relaxation. For example, photoluminescence spectrum exhibits usually a broad
yellow band, which suppresses the band edge emission in the UV region. The origin of the
yellow luminescence has been extensively investigated by several groups and is believed that
it originates from shallow donor or conduction band states to deep acceptor states.151–155
Given the potential impact that GaN NWs may have in optoelectronic applications, it is of
great importance to understand not only the fundamental behaviour of photogenerated carriers
upon excitation and their subsequent relaxation, but also the dominant relaxation mechanisms
in this nanostructured material.
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Previous studies on the optical properties of GaN NWs have focused on steady-state
photoluminescence (PL) measurements in most cases taken at low temperatures.22,156,157 From
room temperature PL measurements reported by Chen et al. for Fe-catalyzed GaN NWs, band
edge emission as well as yellow emission are observed. Cai et al. observed only UV band
emission for straight GaN NWs, while yellow luminescence was dominant for corrugated
GaN NWs, as referred previously.158
While the dynamic carrier behaviour has been extensively investigated for bulk
GaN,159–161 carrier dynamics in GaN NWs and, in particular, the role of defect-related states
within the band gap on carrier relaxation have not been investigated. Specifically only time
resolved PL measurements that investigate the radiative relaxation mechanisms in GaN NWs
with picosecond resolution have been reported.162,163 In this work, transient absorption
measurements were performed in GaN NWs using a non-degenerate pump-probe technique
with above and below band gap excitation. Femtosecond laser pulse excitation provides the
required temporal resolution for investigating carrier dynamics on an ultrafast time scale and
so time resolved absorption spectroscopy provides an important insight into relaxation of the
photogenerated carriers into energy states located above and below the conduction band edge.

4.2.1 Non-Degenerate Absorption Change Measurements for Above Band Gap
Excitation

Non-degenerate time resolved absorption change measurements were performed in
GaN NWs using ultrashort pulses from an amplifier laser system. Since GaN is a wide band
gap semiconductor with a direct band gap at approximately Eg = 3.4 eV (λ = 365 nm) at room
temperature, the pump pulses are generated from the OPA providing tenability over the
excitation wavelength. Following UV excitation pulses, carriers are directly excited from the
valence band states into the Γ-valley conduction band states. A white light supercontinuum in
the UV region was utilized to investigate conduction band states and shallow donor states,
while a white light supercontinuum in the visible region was used to monitor defect states
located at energies within the band gap. These two optical setups for white light continuum
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generation utilized to optically investigate the GaN NWs, are described in detail in Chapter 3.
In all measurements, time evolutions of transmission and reflection changes were taken
simultaneously to allow the estimation of the differential absorption by using the equation 3.1.

4.2.1.1 Probing Wavelength Dependent Measurements

Initially, above band gap UV pulses were used to excite the valence band electrons
into the conduction band states. Measurements were performed for a variety of probing
wavelengths between UV and IR region. The different probing wavelengths provide
information for energy relaxation of the photogenerated carriers at different energy states of
the NW system.
Fig. 4.4 shows the time evolution of absorption change for excitation pulses at 320 nm
(Ephoton = 3.87 eV) and different probing wavelengths ranging in the region between 340-980
nm (corresponding to photon energies: 3.64 – 1.26 eV) for times up to 50 ps for clarification
purposes. In the inset of the Fig. 4.4, the measurements for time delays up to 500 ps are
shown. The absorbed pump fluence for these data was estimated to be ~ 0.5 mJ/cm2. For
comparison purposes, the normalized absorption change data are shown in Fig. 4.5 for
probing wavelengths between 370-980 nm. Also, seen as an inset in Fig. 4.5, is the state
filling minimum signal, which is plotted as a function of probing wavelength. No signal from
the sapphire substrate contributes to the overall signal due to its large band gap (Eg = 9.1 eV)
and its high crystallinity.
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Figure 4.4. Nondegenerate, time resolved, transient absorption measurements of the GaN NWs using
ultrafast excitation pulses at 320 nm and probing pulses in the range 340–980 nm. In the inset of the
figure, the results for times up to 500 ps are shown.

Clearly evident from the data in Fig. 4.4 is the different temporal behavior of the
induced absorption for probing wavelengths corresponding to photon energy above and below
the band edge of the GaN NWs. The measured signal appears to be negative over the entire
range of wavelengths with energy below the band gap. What appears to be common in all the
curves is a fast initial response reaching a minimum or maximum depending on the probing
wavelength, which is then followed by a slower recovery toward equilibrium. It is well known
that above band gap excitation of a semiconductor material will result in the generation of
carriers that will occupy the available energy states near the excitation region. As a
consequence of this occupation of states, a negative change in absorption is expected, known
as state filling. However, in addition to state filling, free carriers may undergo secondary
excitation by the probe laser pulse resulting in what is known as "free-carrier absorption".
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This is a positive contribution to the induced absorption and it usually competes with state
filling, which is negative.
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Figure 4.5. Time evolution of normalized differential absorption change for probing pulses in the
range between 370-980 nm. In the inset of the figure, state filling minimum is shown vs probing
wavelength for above band gap excitation at 320 nm.

It is interesting to point out that in the CVD-grown GaN NWs when probing at 340
nm, which is above the band edge, we notice a positive signal suggesting that free-carrier
absorption is the dominant contribution. Although this is not expected, since state filling
should be present for these states, we believe that as a consequence of strong coupling
between the photogenerated carriers and energetically higher states with an energy difference
corresponding to the probing wavelength, free-carrier absorption prevails.
A more complex behavior is observed when probing at 350 nm. State filling is initially
observed, but with increasing delay time the signal becomes positive before it returns to
equilibrium. Furthermore, strong state filling effects are observed for all probing wavelengths
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between 370 and 980 nm. This result suggests that defect-related states are located within the
entire band gap of the GaN NWs. This is clearly seen in the inset of Fig. 4.5 where state
filling minimum versus wavelength is shown and which to a first approximation reflects the
density of states at the probing wavelength.
The temporal evolution of the absorption change for different probing wavelengths
can be categorized into the two different groups as evident from the normalized absorption
plots in the Fig. 4.5. It appears that signal in energy states between 450-750 nm show
approximately the same temporal evolution.
Different time evolution is observed for the larger probing wavelengths between 850 980 nm. The observed differences in relaxation times obtained when probing at 850 nm and
980 nm, we believe are associated with the simultaneous contributions of free carrier
absorption and state filling effects. This is more pronounced for 980 nm, evident from the
small positive signal observed for delay times near t = 0 ps.
Further, to be able to calculate the carrier relaxation times from the different states we
have to assure that no many body effects, such as Auger recombination take place. Therefore,
more measurements are needed to extract further conclusions and will be discussed in the
following sections.

4.2.1.2 Pump-Fluence Dependent Measurements for Conduction Band States
– Detection of U valley

The unusual behavior observed in the experimental data shown in the previous section
at the probing wavelengths 340 nm and 350 nm has to be further investigated. Therefore,
intensity measurements have been carried out for pump UV pulses at 320 nm and the probing
wavelength of 350 nm (Ephoton = 3.54 eV), as seen in Fig. 4.6. Measurements were performed
for pump fluences between 110-975 μJ/cm2.
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Figure 4.6. Nondegenerate, time resolved, transient absorption measurements of the GaN NWs using
ultrafast excitation pulses at 320 nm and probing pulses at 350 nm for different pump fluences
between 110-975 μJ/cm2.

Clearly evident is the initial negative state filling, which is intensity dependent. As
pump fluence increases state filling becomes more significant and larger times are needed for
the signal to change sign. This observed state filling is associated with the occupation of states
located near the band edge, so we need to consider the possibility that the observed positive
signal in the temporal profiles of the measurements could be due to band gap renormalization,
as has already been reported in degenerated pump-probe measurements for bulk GaN.164
The band gap renormalization describes the change in the energy band diagram, which
may become evident when a large number of carriers are photoexcited into the conduction
band states, Band gap renormalization is an intensity dependent effect originating by the
coulombic interaction of free carriers generated into the conduction band states. As a result of
a high density of carriers, shrinkage of the band gap occurs. Therefore when probing close to
the band edge, for times close to t = 0 ps the band gap varies and probe beam detects energy
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states with different densities of states, which influence the observed temporal evolution of
the signal. Nevertheless, in our non-degenerate transient absorption measurements, band gap
renormalization would be expected to be observed first as a positive signal, since states with
larger densities of states are detected and band filling is weak. For larger times, state filling
would be observed as the carriers reach the probing state.
Furthermore, the maximum positive signal and its temporal behavior do not exhibit
any dependence on the incident fluence and thus on the photogenerated carrier density, as
seen in the inset of Fig. 4.6. In view of the above, it is believed that the positive signal in Fig.
4.6 is not associated with band gap renormalization, but rather with free-carrier absorption. In
what follows we will explain in more detail the observed free-carrier absorption at 350 nm. It
is important to point out that the different temporal behavior observed for state filling and
free-carrier absorption suggests that these contributions are related to different energy states.
In this case, state filling signal appears to increase linearly with increasing pump fluence. This
observation is consistent with the fact that higher pump fluences lead to larger occupation of
states in the conduction band by the photogenerated carriers. It is worthy to mention that with
increasing pump fluence, state filling appears to take longer, suggesting that Auger
recombination is negligible for states in the conduction band located around 3.5 eV, even for
the highest fluences (~1 mJ/cm2) used in this work.
For longer delay times free-carrier absorption appears to dominate. Furthermore, the
relaxation of this positive signal appears to be almost identical for all pump fluences, as can
be clearly seen in the inset of the Fig. 4.6. This suggests that the two competitive effects are
not influenced in the same way by the increment in pump energy, despite that both effects are
carrier density dependent. The observations above suggest that the saturation of free-carrier
absorption occurs even for the lowest pump energy used in these experiments. We should also
note that in the measurements of Fig. 4.4, no free-carrier absorption is observed for probing
wavelengths larger than 350 nm, setting a minimum limit for the energy difference between
the coupled states where free-carrier transitions take place. Given the above observations, it is
believed that free-carrier transitions take place between a defect-related state located inside
the band gap, which becomes fully occupied by carriers, and the indirect satellite valley of the
conduction band. The possibility that free-carrier transitions may occur between states in the
conduction band is ruled out given the intensity dependent measurements of Fig. 4.6. In such
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case, as pump fluence increases is expected that due to the larger number of carriers generated
into the conduction states, higher maximum absorption signal would be observed.

Figure 4.7. A simplified band diagram of GaN NWs, where the energetic positions of deep acceptor
states and the U valley are shown.

In interpreting our experimental results we took into consideration a theoretical model
for the distribution of defect states in GaN proposed by Shalish et al..154 According to this
model, deep acceptor states correlated with the yellow luminescence observed for bulk GaN
are attributed to Ga vacancies, which are centered at ~ 1.2 eV from the top of the valence
band. Taking into consideration the minimum energy difference between the energy states for
the observation of free-carrier absorption (~ 3.54 eV), we conclude that the energy difference
between the indirect valley and valence band is ~ 4.7 eV. This transition is seen in a
simplified band diagram shown in the Fig. 4.7, where the energy levels of the deep acceptor
states and the U valley are shown.
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Our experimental results is in very good agreement with the minimum energy of the
U-valley (~ 4.73 eV) for the bulk wurtzite GaN reported by Sun et al..160 In this study, nondegenerate transmission change experiments were performed using below band gap IR
excitation pulses and UV probe pulses on Si-doped bulk GaN. In this way, the relaxation of
conduction band electrons is resolved, while carriers from the valence band are not disturbed.
It is expected that the response of the signal will change, when the pump energy is higher than
the intervalley threshold and an additional contribution to the signal from the intervalley
scattered electrons is evident, that allows the determination of the energy for the U valley. It
should be pointed out that no changes in the energy states are expected due to quantum
confinement effects, since the diameter of the wires is much larger than the exciton Bohr
radius for this material (~ 11 nm).165

4.2.1.3 Pump-Fluence Dependent Measurements for Shallow Donor States

To further improve our understanding on the carrier dynamics in the GaN NWs
intensity measurements have also been carried out using 320 nm pump pulses and probe
pulses at 370 nm, thus probing energy states placed just below the direct band edge. The
intensity measurements of absorption change are normalized for comparison purposes and are
shown in Fig. 4.8. The observed state filling is attributed to the occupation of shallow donor
energy states due to nitrogen vacancies and oxygen impurities by the photogenerated
carriers.155
Clearly evident from the normalized data is that carrier relaxation becomes faster with
increasing pump fluence indicating that is strongly affected by the non-radiative Auger
recombination. Given that Auger recombination was negligible for the carriers within the
conduction band energy states (Fig. 4.6), we conclude that the observed Auger effects must
arise from interactions of carriers within the defect-related states.
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Figure 4.8. Normalized transient absorption change in the GaN NWs using ultrafast excitation pulses
at 320 nm and a probing wavelength at 370 nm for different pump fluences.

Relaxation times can be found for the lowest pump energy of 11 μJ/cm2, where Auger
recombination is expected to be negligible. Therefore, the experimental data are fitted using
multiple exponential decays, as the one shown in the equation 3.4. Best fitting was obtained
using a biexponential decay ( N (t )

N1 exp( t / t1 ) N 2 exp( t / t2 )) corresponding to two

relaxation mechanisms that contribute to the signal. The first mechanism with a time constant
50 ps (30 %) is attributed to relaxation of carriers from shallow donor states that originate
from native defects, or due to the surface of the NWs and relaxing to the midgap states. The
second mechanism with a time constant of

655 ps (70 %) is believed to be associated with

carriers relaxing to the deep acceptor states inside the band gap. Here we should point out that
the latter mechanism may be responsible for the observed yellow luminescence (~ 2.30 eV) in
GaN.166 However, we cannot rule out the possibility that carriers may relax to lower shallow
acceptor states or recombine.
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4.2.2 Non-Degenerate Absorption Change Measurements With Excitation
Below Band Gap

In this section, we investigate the excitation of carriers to energy states within the band
gap. Second harmonic generation of ultrafast amplified pulses at 800 nm was used to excite
carriers from the valence band to bang gap states. Probing of these photogenerated carriers
has been accomplished utilizing white light continuum in the visible part of the spectrum.
Transient differential absorption measurements reveal the carrier dynamics through the defect
states in GaN NWs following below band gap excitation at 400 nm.

4.2.2.1 Probing Wavelength Dependent Measurements

In a defect free semiconductor material, following ultrafast excitation at moderate
fluence where nonlinear effects such as photon absorption are negligible, below band gap
excitation will result in negligible generation of carriers and therefore no change in
absorption. However, as a result of the existence of point and structural defects energetically
located within the gap, absorption of photons from the excitation pulse, will result in the
generation of non-equilibrium carriers in these defect states.
Thus to investigate the carrier dynamics within the defect-related states that are
energetically located inside the band gap, non-degenerate time resolved absorption
measurements have been performed using excitation at 400 nm (Ephoton = 3.1 eV). The
differential absorption measurements for probing wavelengths between 500 – 980 nm are
shown in Fig. 4.9. The estimated absorbed pump fluence in these measurements was
approximately ~ 10 μJ/cm2.
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Figure 4.9. Nondegenerate transient absorption measurements of the GaN NWs using ultrafast
excitation pulses at 400 nm and probing pulses in the range 500–980 nm.

The induced absorption change when probing below the band edge reveals a large
density of defect states. Here, we should also point out that no signal was detected when the
excitation wavelength was set to 650 nm (Ephoton = 1.9 eV), even for pump energies ten times
higher than the energy used at 400 nm, setting an upper bound to the density of defect states
in this region. Clearly evident from Fig. 4.9 is the dominant state filling, which prevails over
free-carrier absorption for all probing wavelengths in the region between 500 and 980 nm.
This behavior is in agreement with the previous results obtained for above band gap
excitation.
Since Auger recombination seems to be evident when probing the shallow donor
states, it is necessary for intensity measurements to be carried out before extract any
conclusions about the relaxation mechanisms and times.
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4.2.2.2 Pump-Fluence Dependent Measurements for Midgap States

In this section, we investigate the intensity effect for excitation pulses at 400 nm and
probing wavelength at 550 nm. The absorption pump fluences in this experiment range
between 1 and 21 μJ/cm2. These measurements were repeated at λprobe = 500 nm with similar
results.
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Figure 4.10. Nondegenerate transient absorption measurements of the GaN NWs using ultrafast
excitation pulses at 400 nm and probing pulses at 550 nm for different pump absorbed fluences.

Normalized intensity differential absorption measurements are shown in Fig. 4.10 for
comparison purposes. Multi-exponential curves were used to fit the experimental data and
best fits were obtained for double exponential decay curves. The fast relaxation component as
seen in the inset of Fig. 4.10 becomes slightly slower, i.e., increased from 6.5 to 12 ps (60 %),
as the pump fluence increased from 1 to 11 μJ/cm2. This is due to the larger number of
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carriers that occupy the defect-related states, and as a result these carriers need longer times to
leave the probing region. It is believed that the fast relaxation time is the required time for
probed carriers to relax to energetically close states. The slow relaxation component is
estimated to be ~ 350 ps (40 %) and is probably associated with nonradiative transitions to the
lower acceptor states. For fluence higher than 11 μJ/cm2, a change in the temporal behavior of
the induced absorption is observed. It appears that carrier relaxation becomes faster at 21
μJ/cm2, indicating that Auger recombination maybe present for the midgap states, when a
threshold in carrier density is exceeded.

4.2.3 Band Diagram of GaN Nanowires

To help the reader obtain a clear picture of the dynamics in GaN NWs, we have
included a schematic band diagram model (Fig. 4.11) showing the different defect states and
the relaxation mechanisms obtained from the interpretation of our experimental data. The
excitation of the sample with an UV laser pulse is indicated with a purple arrow that results in
the generation of free carriers into the conduction states. The main relaxation mechanisms
within the band gap are identified with capital letters "A–D". The transitions discussed above,
between deep acceptor states (~ 1.2 eV) and states within the U-valley (~ 4.7 eV) observed
when the probing energy is larger than 3.5 eV are also shown with a red arrow.
As discussed previously, our results indicate the existence of energy states throughout
the band diagram. Further, for the shallow donor states, carriers relax to lower states via two
different mechanisms. From the fast relaxation time (~ 50 ps) the carriers relax to lower
midgap states as identified by mechanism A. Although the majority of carriers leave these
states via a much slower relaxation process into deep acceptor states (~ 655 ps), i.e.
mechanism B, or even recombine. Additionally, carriers from the midgap states relax into
lower states via a fast relaxation time associated with mechanism C to lower midgap states, or
via a slower relaxation time (~ 350 ps) to deep acceptor states, which is identified as
mechanism D.
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Figure 4.11. Schematic energy band diagram of GaN NWs. The excitation at 320 nm generating
carriers within the conduction band is depicted as a vertical arrow. Relaxation mechanisms within the
band gap are identified as A–D. Free-carrier absorption from the deep acceptor states to the U-valley
(ΔE = 3.5 eV) is also shown in the diagram.
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4.3 Conclusions

In chapter 4, the growth process followed for the synthesis of GaN NWs via APCVD
is presented. GaN NWs have grown by APCVD, via direct nitridation of Ga with NH3 at 950
°C. It has been shown that the presence of hydrogen flow during the synthesis experiment, it
is essential for the growth of GaN NWs. Further, the characteristics of these NWs were
examined via SEM method. GaN NWs have a diameter of ≈ 100 nm and diameter up to few
microns. Additionally, their wurtzite structure was determined via XRD method.
Furthermore, we presented our detailed studies of the time evolution of photoexcited
carriers when using above band gap excitation (UV pump pulses) and different probing
wavelengths from the UV to the IR region of the spectrum.
The relaxation dynamics of the photogenerated carriers suggest three distinct regions
of energy states below the band edge identified as shallow donor states, midgap states, and
deep acceptor states. The effects on carrier relaxation of defect-related states inherit in CVD
grown GaN NWs have been studied in detail. Transient absorption measurements reveal a
large number of defect states located below the band edge. These states are placed throughout
the entire band gap, and their presences were confirmed via state filling effects observed for
all probing wavelengths below the band edge. A simplified band gap model, which
incorporates three distinct regions of states, namely, shallow donor, midgap and deep acceptor
states located below the band edge, has been utilized to explain the carrier dynamics
following femtosecond pulse excitation.
Furthermore, it appears that Auger recombination is not a contributing factor in the
carrier relaxation of carriers located within the conduction band even for the highest fluence
used in this work. On the contrary, Auger recombination has been observed when probing the
shallow donor states just below the band edge for fluences as low as 36 μJ /cm2.
Measurements at the lowest fluence reveal a biexponential relaxation related to the donor
states with the fast component corresponding to the relaxation carriers into the midgap states
and the slow component of 0.65 ns associated with the relaxation into the deep acceptor
states. Differential absorption measurements when probing above the band gap reveal freecarrier absorption contribution corresponding to coupling between the deep acceptor states
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located at 1.2 eV from the valence band and the indirect U-valley. The observed threshold
limit of 3.5 eV to the coupling between these states suggests that the U-valley is located
approximately 4.7 eV from the valence band in the GaN NWs.
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Chapter 5

Carrier Dynamics in In2O3 Nanowires

The study of carrier dynamics in In2O3 NWs is the main focus in this chapter. The
chapter begins with an overview of the synthesis of In2O3 NWs. The optimum experimental
conditions for the synthesis of the In2O3 NWs using APCVD are described. The
characteristics of these NWs determined by SEM, XRD and steady state transmission
spectroscopy methods are presented.
Following the successful optimization of In2O3 NWs, time resolved absorption
spectroscopy experiments in these NWs have been investigated in detail. Ultrafast laser pulses
with photon energy larger than the band gap energy have been used to generate nonequilibrium carrier density in the conduction band of the NW system. The evolution of the
photogenerated carriers has been investigated using transient differential absorption
spectroscopy with probing photon energies having a wavelength range between UV and IR
region of the spectrum. These experiments reveal the presence of shallow donor and midgap
states within the band gap of this NW system. From the differential reflection signal longlived periodic oscillations were evident due to the generation and propagation of coherent
longitudinal acoustic phonons in these In2O3 NWs. Pump fluence dependent measurements
for the different kind of states revealed that Auger recombination contributes in the carrier
evolution for high pump fluences. Furthermore, the use of multiexponential decay curves to
fit the experimental data provided information on the carrier relaxation processes. A
schematic band diagram for the In2O3 NWs that also includes the relaxation mechanisms
detected in our experiments, is presented.
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5.1 Synthesis of In2O3 Nanowires

In what follows, a short overview of synthesis methods approached by many groups
for the growth of In2O3 NWs is given. The synthesis method and the optimum conditions of
In2O3 NWs used in this work are presented. Characterization using SEM, XRD and steady
state transmission are presented for the optimized grown NWs.

5.1.1 Overview for In2O3 Nanowires
Similarly, as for GaN NWs a lot of effort has been given in the past decade for
determining the synthesis conditions of In2O3 NWs. In2O3 NWs have been synthesized by a
variety of methods. Many studies can be found in the literature that report different
experimental conditions for In2O3 NWs growth via CVD. They have also been synthesized by
other methods such as laser ablation167 and electrodeposition.168
Different synthesis methods fall into two categories depending on whether a catalyst is
used during NWs growth. Several groups have reported that the vapor-solid mechanism is
responsible for the NW growth. In this mechanism, structural defects, such as screw
dislocations serve as the nucleation sites for the NW growth. In this process, the evaporation
of the source material occurs at high temperatures, while the NWs are collected at a lower
temperature. This is in agreement with Wu et al. where they used carbothermal reduction of
In2O3 powder at temperatures above > 980 oC to synthesize In2O3 NWs.169,170 A different
approach has been reported by Cai et al. where they utilized In spheres and water. At 850 oC a
gas reaction between the evaporated source material and vapor water occurs and In2O3 NWs
grow via vapor-solid process.171
Metal In has also been used as a source material. In2O3 NWs have been synthesized by
direct oxidation of In at high temperatures (1200-1300 oC) using a continuum flow of a
mixture of O2 and Ar.172,173 Although in this case, it is reported that the responsible
mechanism for the NW growth is the self-catalysis mechanism, in other words In has the role
of a catalyst.
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The metal that had been used mostly for the synthesis of In2O3 NWs via VLS
mechanism, as a catalyst is Au. Liang et al. were the first to report the synthesis of In2O3 NWs
by heating an InP substrate coated with a thin Au layer at 1080 oC under Ar/O2 atmosphere.174
Few years later from Liang’s study, Kar et al. have reported the synthesis of In2O3 NWs by
thermal evaporation of In metal when using continuum O2 flow at 1000 oC.175 Similar process
has been used also by Yan et al., although O2 flow was introduced into the system only before
the entire experiment process.176 Alternately, a different method has been followed by Wang’s
group that has grown In2O3 NWs at a lower temperature. They used In thin films that were
coated with a few nm of Au onto a Si substrate. In a two-step process, the films were first
annealed at 130 oC for 20 min in Ar atmosphere and then the temperature elevated at 400 oC
for 10 min. Thin In2O3 NWs have been obtained when they used films of few hundreds of nm.
Next, they reported NWs with improved characteristics such as higher yield, when In films
that contain an amount of oxygen were used.177 Another way to achieve growth of In2O3 NWs
via VLS mechanism is through direct hydrogen reduction of In2O3 as suggested by Zhang et
al.. They have synthesize In2O3 NWs at 700-750 oC and using Ag nanoparticles as a
catalyst.178,179

5.1.2 Optimum Growth Conditions

Following a careful analysis of previous reports by other groups on synthesis of In2O3
NWs via APCVD, a sequence of experiments were performed to investigate the affect that
different experimental conditions have on the morphology of the resultant products onto the
substrate. In this section, the optimum conditions for the growth of In2O3 NWs using APCVD
are discussed in detail. The different steps of the recipe for the In2O3 NW synthesis are shown
in table 5.1.
High purity In powder (Aldrich, Mesh -100, 99.99%) was used and about ≈ 0.2 g was
weighed and loaded into a quartz boat. In2O3 NWs were grown on n+ Si (111) substrates that
were coated with 0.5 nm of Au, which was deposited on Si (111) via sputtering at a slow rate
using an Ar plasma under a pressure < 10−4 mbar. After loading the In powder and Au/Si
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(111) samples into the quartz boat, it was inserted into the reactor and positioned directly
above the thermocouple. Initially, oxygen was admitted into the reactor at a flow of 50 sccm
for 10 min at room temperature. Following this, the O2 flow was terminated and Ar was
introduced at 500 sccm for 10 min after which the temperature was increased up to 700 °C,
using a ramp rate of 30 °C/min. During growth the temperature and flow of Ar were
maintained constant at 700 °C and 100 sccm, respectively, for 90 min. Finally, upon cooling
down the flow of Ar was maintained at 100 sccm and the sample was removed from the
reactor only after cooling down to room temperature. Upon visual inspection, the surface of
the sample had a light-blue color, while the In powder, which melts at 157 °C always formed
a gray-like, spherical drop with metallic appearance. For the purpose of ultrafast
spectroscopy, In2O3 NWs were grown directly on quartz which was also coated with ≈ 0.5 nm
of Au. SEM images and XRD pattern did not show any significant differences as compared to
the case that when Si was used as a substrate.

Step

1

Name

Gas flow

Temperature

Duration

(sccm)

(oC)

(min)

System Purge (a)

50 O2

25

10

(b)

500 Ar

25

10

2

Rise of Temperature

100 Ar

25700

22

3

Growth Process

100 Ar

700

90

4

System Cooling

100 Ar

70023

60

Table 5.1. Growth parameters of In2O3 NWs using APCVD technique.

No NWs were obtained on plain Si (111), suggesting that the In2O3 NWs grow via the
VLS mechanism as has been also reported by other groups.175,179,180 Although Au-In alloy
starts to occur at temperatures above 450 oC, no deposition occurred for temperatures lower
than TG = 700 oC due to the formation of an oxide shell around the molten indium upstream,
which reduces the vapor pressure of indium inside the reactor, even though O2 was always
admitted at the very beginning of the process and room temperature. This is also consistent
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with the fact that no In2O3 NWs were obtained for T < 900 °C under a flow of O2 during
growth, which leads to the formation of an even thicker oxide shell surrounding the molten In
upstream. For T > 900 °C, the expanding In melt is known to break open the oxide shell,
releasing In which then reacts directly with O2 and leads to the formation of a large density of
octahedral In2O3 nanocrystals with an average diameter of 500 nm.181 Consequently,
oxidation of In under a flow of O2 during growth does not lead to the formation of In2O3 NWs
and so it is essential that the O2 level is maintained low which is consistent with the use of 5%
H2 in the growth of In2O3 NWs by Yan et al.. 176

5.1.3 Characterization of In2O3 Nanowires
Typical SEM images of the In2O3 NWs, grown at 700 °C directly on the Au-coated
quartz substrate, are shown in Figs. 5.1 (a) and 5.1 (b). A high density of In2O3 NWs is clearly
apparent and the NWs have an average diameter of ≈ 100 + 20 nm and lengths up to few
micrometers, as can be seen from Fig. 5.1 (a).
Fig. 5.1 (b) reveals the large density and uniformity of the substrate. It should be also
pointed out that the diameter of the NWs is not uniform along their length and they are
tapered at their edges. This effect is attributed to the fact that source materials are not only
absorbed by the Au nanoparticles, but are also incorporated onto the side plane of the NWs,
which leads to the radial growth of the In2O3 NWs. Similar observations have been observed
by other groups in the case of In2O3 NWs.176,177 However, we cannot exclude the possibility
that the size of the catalyst droplet reduces during growth process due to incorporation of Au
atoms into the NW, that changes progressively the size of In2O3 NWs.182
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Figure 5.1. SEM images of the In2O3 NWs grown at 700 °C on 0.5 nm Au/quartz substrate.

In order to examine the crystal structure of the material, XRD measurements were
performed and the results are shown in the Fig. 5.2. After identifying the peaks caused by the
silicon substrate and the aluminum sample holder, the In2O3 NWs grown at TG = 700 °C on
silicon are characterized by intense reflection peaks corresponding to the (2 1 1), (2 2 2),
(4 1 1), (4 0 0), (4 4 0), and (6 2 2) crystallographic planes of In2O3 having the cubic bixbyite
structure, also called C type rare earth oxide structure with a lattice constant a =10.11 Å.179
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Figure 5.2. X-ray diffraction pattern of the In2O3 NWs grown on quartz. The peaks shown are
attributed to crystallographic planes of In2O3 NWs, except those that originate from the sample holder
and Si (111) and are identified in the pattern.

Steady state transmission measurements were carried out following the growth of the
In2O3 NWs on quartz at wavelengths between 250-800 nm. The experimental data are shown
in Fig. 5.3, indicating that transmission signal is high for wavelengths above 400 nm. A small
reduction of transmission signal in the region between 500-600 nm is attributed to the
presence of surface plasmon resonance due to Au nanoparticles and that will be further
discussed in the Appendix A. The absorption coefficient of In2O3 NWs can be extracted using
the equation 2.1 as seen in the inset of the Fig. 5.3.
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Figure 5.3. Optical transmission spectrum of In2O3 NWs on quartz. The inset shows the absorption
coefficient of In2O3 NWs versus the photon energy.

The energy of the band gap of a direct semiconductor can be determined from the
absorption spectrum. Absorption coefficient in a direct band gap semiconductor is directly
related to the band gap following the equation 2.2. The band gap can be estimated by
extrapolating the graph between the square of absorption versus photon energy. Fig. 5.4 is a
plot of the absorption coefficient squared versus the photon energy providing an estimate of
the energy gap of the In2O3 NWs, which is Eg = 3.5 eV (λ = 354 nm). This result is in good
agreement with the literature reported values.183 Modification of the band structure caused by
quantum confinement effects are not expected to be significant in this case, due to the large
diameter of NWs used in this study in comparison with the exciton Bohr radius, which is
equal to 2.4 nm in the case of In2O3.184
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Figure 5.4. Square of absorption coefficient vs the photon energy which provides an estimation for the
bandgap of the In2O3 NWs.

5.2 Carrier Dynamics in In2O3 Nanowires for Above Band Gap Excitation
Previous investigations of photoluminescence in nonintentionally doped In2O3 NWs
have revealed peaks with energies below the band gap, which are associated with oxygen
defect states, such as vacancies and antisites.172,173,175,184 However, there has been no detailed
investigation using ultrafast time resolved absorption spectroscopy which can provide a more
detailed understanding on the energy levels of the electronic states in In2O3 NWs and other
important physical properties. To study carrier dynamics in the In2O3 NWs, time resolved
absorption measurements were performed using an amplified laser system to generate
ultrashort pulses whereas an OPA was utilized to convert the pump wavelength into the UV
region of the spectrum. UV excitation pulses with photon energy larger than 3.5 eV (λ = 350
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nm), are necessary to generate carriers into the conduction band of In2O3 NWs. White light
continuum from UV to IR region was also necessary to probe states above and below the band
gap when using non-degenerate time resolved absorption spectroscopy. Differential
transmission and reflection signals were used to calculate the evolution of the absorption
change signal using the equation (3.1).

5.2.1 Probing Wavelength Dependent Measurements

Time resolved absorption change measurements using optical excitation at 320 nm
(Ephoton = 3.87 eV) and different probing wavelengths between 340-980 nm, corresponding to
energies from 1.27 eV up to 3.17 eV were carried out and shown in Fig. 5.5. The estimated
absorbed pump fluence was approximately 575 μJ/cm2. In the investigated spectrum region,
no contribution of the quartz substrate is expected, due to its large band gap (Eg = 8.4 eV).
Looking at the experimental data, we notice a positive or negative change in the
absorption depending on the probing wavelength. Generally, an initial fast increase, or
decrease, is observed in the absorption that is followed by a much longer recovery. A negative
change in absorption is observed for probing wavelengths below 410 nm and within the
spectral region of 520–550 nm. The observed negative change in the absorption is attributed
to state filling, which is due to the occupation of energy states by photogenerated carriers. On
the other hand, a positive change is recorded between 430–500 nm and 600–980 nm. This
positive change in the photo-induced absorption is a result of carrier re-excitation to higher
energy states by the probing pulses. As mentioned previously, in most cases both effects are
present, while the sign is determined by the dominant effect and the temporal evolution
reflects carrier relaxation out of the probing states. We should point out that the recovery of
absorption is quite different between the two regions; specifically in the visible probing
region, the recovery is much faster than the respective recovery in the UV probing region. The
different temporal evolution of the signal in the two regions is indicative that different kinds
of states are detected.

116

Chapter 5: Carrier Dynamics in In2O3 Nanowires
0.02
550nm
600nm
650nm

0.01

750nm
900nm
980nm

-0.01
-0.02

3
-3

Absorption Change (x10 )

Absorption Change

0.00

-0.03
-0.04
340nm
350nm
370nm
390nm
410nm

-0.05
-0.06

2
1
0
-1
-2
-3
-4

430nm
520nm

0

5

-0.07
0

20

40

60

10
15
Optical Delay (ps)

20

80

25

100

Time Delay (ps)
Figure 5.5. Non-degenerate, time-resolved, transient absorption measurements of the In2O3 NWs
using ultrafast excitation pulses at 320 nm and probing pulses in the range of 340–980 nm.

Above band gap excitation (λ = 320 nm) will result in the generation of electrons in
the conduction band. These photo-generated carriers will initially occupy the conduction
states resulting in state filling. This effect is expected to be the dominant effect for probing
wavelengths corresponding to energies larger than the band gap. Therefore, strong state filling
is observed for probing wavelengths smaller than 350 nm. The same behaviour with similar
relaxation times is also observed for probing wavelengths corresponding to energies just
below the band edge in the region between 370 - 410 nm, as it will be evident below. These
observations are attributed to additional energy states that are located below the conduction
band conduction edge and are associated with oxygen defects in the In2O3 NWs. This is in
agreement with previous reports, which suggest that oxygen vacancies are formed due to
incomplete oxidation during growth and act as donors resulting in additional states below the
conduction band edge. 172,173,175,184 In addition, indium interstitials, as detected in the case of
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In2O3 octahedrons, may also be a contributing factor to the presence of energy states within
the band gap.185
As probing wavelength increases in the region between 350-410 nm, the negative
maximum signal at t = 0 ps becomes smaller, since free carrier absorption effects are also
present. This is more evident at 430 nm, when a more complicated behaviour is observed.
Initially, free carrier absorption is observed for times near the zero optical delay, while state
filling becomes evident for longer times, as shown in the inset of Fig. 5.5. This behaviour is
attributed to free carrier absorption from energy states near the excitation region to higher
energy states and results in a positive change in absorption. However, as carriers relax into the
probing states below the band edge, state filling effects become evident and clearly dominate
for longer times.
It is clearly evident from the non-degenerate transient absorption measurements for
In2O3 NWs that free carrier absorption is the dominant effect following ultrafast pulse
excitation when probing in the IR spectral region. A delay in reaching maximum signal is
noted when probing at 600 nm. This is a result of the simultaneous existence of state filling
effect, due to the plasmon resonance from Au nanoparticles and free carrier absorption from
the In2O3 NWs. Here we should point out that a different behaviour is observed in the narrow
probing region of 520–550 nm, where strong state filling is apparent. In order to confirm this,
we repeated the experiment using a sample of a 0.5 nm Au thin film on quartz using similar
experimental conditions that are discussed further in Appendix A. The surface plasmon
resonance of the Au is responsible for the observed signal. No signal from Au nanoparticles
was obtained in different regions.
Apart from this minor difference at 600 nm, it appears that the carrier relaxation is
similar at all longer probing wavelengths suggesting that the same kind of states is probed.
We believe that these probed states are not states in the conduction band or states located just
below the conduction band edge due to the different temporal behaviours between the two
regions, at the specified pump fluence. This conclusion is further supported by intensity
measurements that are discussed in detail below, supporting that the probed states are midgap
states.
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5.2.2 Observation of Acoustic Phonons in In2O3 Nanowires
A closer look at the transient reflection measurements for probing wavelengths greater
than 390 nm depicts an interesting oscillatory behaviour, as shown in Figs. 5.6 and 5.7.
Similar observations were obtained in the transmission change measurements.
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Figure 5.6. Reflection change is shown for times greater than 50 ps using ultrafast excitation pulses at
320 nm and probing wavelengths between 600–700 nm and 390–430 nm, shown in the inset of the
figure.

Long-lived oscillations are superimposed on the differential reflectivity signal
following a few tens of picoseconds from the initial excitation. Measuring the period of
oscillations for each probing wavelength is observed that remains constant within the 300 ps
time window exhibited. On the contrary period of oscillations depends on the probing
wavelength. A plot of the period of oscillations versus the probing wavelength, shown in the
inset of Fig. 5.8, suggests a linear dependence. We believe that the observed oscillations are
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associated with coherent longitudinal acoustic phonons generated at the Au nanoparticles and,
then lunged into the In2O3 NWs.186,187
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Figure 5.7. Reflection change is shown for times greater than 50 ps using ultrafast excitation pulses at
320 nm and probing wavelengths between 490–550 nm.

Various mechanisms have been proposed for the generation of the coherent
longitudinal acoustic phonons including deformation potential leading to electronic stress188
and heat-induced thermal stress.189 The linearity of oscillation period is indicative that
coherent longitudinal acoustic phonons are the origin of the oscillating response. This
behaviour was firstly explained by Thomsen et al.189 and recently extended by Wu et al..190 In
Thomsen model, after excitation of the sample by a femtosecond laser pulse, electron-electron
and electron-phonon thermalization may also result in an increment of the electron and lattice
temperatures at the surface that further induce a transient thermal stress on a subpicosecond
time scale. Wu’s model takes also into consideration that electron excitation can lead to
distortion of lattice equilibrium. By weakening the interatomic bonds, the lattice constants
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increase inducing an electronic stress to the lattice. Electronic/thermal stress generates a
longitudinal acoustic phonon pulse, which propagates onto the sample at a speed of the
material sound velocity and modifies the local dielectric constants, creates a discontinuity,
which eventually changes the refractive index and consequently the optical properties of the
material. In more simplified words, since the surface layer is heated, the lattice expands very
quickly, while the layers below are compressed, creating a strain wave.
45
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Figure 5.8. The period of oscillations is presented as a function of probing wavelength.

In our case, we believe that the observed oscillations are associated with coherent
acoustic phonons generated at the Au nanoparticles and lunged into the In2O3 NWs. This
wave modifies the local dielectric constants and creates a discontinuity. When the time
delayed probe pulse incidents onto the sample, part of the light is reflected from the spatial
discontinuity of the dielectric constant and the rest of the transmitted light reaches the Au
interface where it gets reflected. Therefore as these acoustic phonons travel along the axis of
the NWs the Au surface and the strain wave surface act as an interferometer, giving the
oscillations observed in the reflectivity, and also transmission signal, as a function of time
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delay between the pump and probe beams. Oscillations arise from the fact that the distance
between the two surfaces is constantly changing with time, causing a periodic phase
difference between the two reflected beams. A linear fit of the period of oscillation versus the
probing wavelength was performed based on the equation (5.1),

2n

s

cos

(5.1)

where λ is the probing wavelength, n is the refraction index, which is equal to n = 1.98 at 500
nm in the case of In2O3,191 vs is the sound velocity in the material, and θ is the angle between
probe pulse and the normal to the sample. This linear fit gave an estimate of the sound
velocity in indium oxide to be approximately vs= (4.1 + 0.5) x 105 cm/s.

5.2.3 Pump-Fluence Dependent Measurements for Conduction Band, Donor
and Midgap States

To further improve our understanding of the carrier relaxation mechanisms in In2O3
NWs, transient absorption measurements were performed at several excitation fluences for
different probing wavelengths. The normalized transient absorption measurements at probing
wavelength of 350 nm, which corresponds to states above the band gap for different pump
fluences between 3-635 μJ/cm2 are shown in Fig. 5.9.
Additionally, the dependence of the absorption change signal on the pump beam
intensity for probing wavelengths of 370 nm and 980 nm, corresponding at states below the
band gap have also been studied and are shown in Figs. 5.10 and 5.11, respectively. In all
investigated cases, carrier relaxation becomes faster as the carrier concentration increases,
suggesting that Auger recombination is a contributing factor in the dynamics at the fluences
used in this work. Since the recovery of the absorption signal becomes faster with increasing
pump fluence, the possibility of saturation effect is ruled out.
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Figure 5.9. Τime resolved transient normalized absorption measurements of the In 2O3 NWs on quartz
using ultrafast UV excitation pulses at 320 nm and probing pulses at 350 nm for different absorbed
fluences.

For the smaller probing wavelengths (λ = 350 nm), Auger recombination appears to
also have a significant role in the relaxation of the carriers. This effect diminishes with
decreasing intensity and considered negligible for energies smaller than 3 μJ/cm2. At higher
intensities, relaxation times cannot be calculated due to the simultaneously presence of Auger
effects and relaxation of carriers in lower energy states. When Auger effects are absent, the
temporal profile of the induced absorption change is a direct measure of the relaxation of the
photo-generated carrier out of the probing energy states. Using the normalized experimental
data obtained at the lowest used pump intensity, a single exponential recovery
( A(t )

A0 exp( t / t1 )) is observed with a time constant of t1 = 1.5 ns.
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Figure 5.10. Τime resolved transient normalized absorption measurements of the In2O3 NWs on
quartz using ultrafast UV excitation pulses at 320 nm and probing pulses at 370 nm for different
absorbed fluences.

When probing states just below the band gap (λ = 370 nm), strong influence of Auger
recombination effects are also evident similar to the case of 350 nm (Fig. 5.10). Nevertheless,
at early times a faster component appears at the absorption change signal even for low pump
fluences, which is not present at 350 nm. Estimating relaxation times for the lowest measured
pump fluences, best fitting was achieved when using bi-exponential time dependence,

( A(t )

a1 exp( t / t1 ) a2 exp( t / t2 )) , where ai represents the percentage of carriers which

participate in each mechanism. A fast relaxation time of 15 ps (a1 = 20%) was detected, which
is attributed to carrier relaxation from donor states to lower donor states or even midgap states
via non-radiative processes. Additionally, a much slower time of 1.5 ns (a2 = 80%) is detected
corresponding to recombination of carriers. Here we should point out that intensity
measurements taken at probing wavelengths of 390 nm depict similar temporal behaviour as
that at 370 nm.
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Figure 5.11. Τime resolved transient normalized absorption measurements of the In2O3 NWs on
quartz using ultrafast UV excitation pulses at 320 nm and probing pulses at 980 nm for different
absorbed fluences.

The data in Fig. 5.11 clearly show that free carrier absorption is the main contributing
factor for a probing wavelength equal to 980 nm. Furthermore, the temporal behaviour is
different from that seen when probing above or just below the band gap. This suggests that we
are actually probing within the band gap and most likely the midgap states. This is further
supported by the fact that Auger recombination is less pronounced at the same fluence than
when probing at 350 nm, which is attributed to the distribution of the photogenerated carriers
in the large number of states below the band edge. Measurements at the lowest fluence shown
in Fig. 5.11 depict a fast relaxation time constant of 26 ps (a1 = 40%) which is attributed to
transitions between surface/defect states. In addition, a slow relaxation time is also present
which is of the order of hundreds of picoseconds (~300 ps, a2 = 60%) attributed to nonradiative recombination.
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Table 5.2. Fitting parameters from the experimental data from different kind of states when using the
lowest pump fluence.

The fitting parameters extracted from the experimental data are summarized in the
Table 5.2. The relaxation times for i mechanism as well the percentage of carriers that leave
the detected states through i mechanism are shown. We have attempted to also perform nondegenerate measurements using pump wavelength at 400 nm (Ephoton = 3.1 eV) corresponding
to states located below the band gap but no signal was obtained. This result indicates that a
small number of defect states are located at the region below 3.1 eV, which is also consisted
with the fact that no state filling is observed for wavelengths larger than 430 nm
(Ephoton = 2.9 eV).

5.2.4 Band diagram of In2 O3 Nanowires
To clarify carrier dynamics obtained from time resolved absorption spectroscopy
experiments, a diagram of the band structure of In2O3 NWs and carrier evolution toward
equilibrium is shown in the Fig. 5.12. As it has been found from steady state transmission
spectroscopy experiments, the energy band gap of In2O3 NWs is 3.5 eV.
Under UV ultrashort excitation at 320 nm (Ephoton = 3.87 eV), carriers are generated
into the conduction band states that successively relax into lower energy states. Intensity
measurements performed at 350 nm probing wavelength reveals that carriers from the
conduction band states recombine at times 1.5 ns, probably via nonradiative mechanism, since
no photoluminescence has been observed for In2O3 from the edge of the conduction band.
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Figure 5.12. A schematic band diagram of In2O3 NWs determined by the analysis of time resolved
non-degenerate absorption and steady state transmission measurements.
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This mechanism is indicated as Mechanism A in the band diagram. Furthermore, carriers from
the shallow donor states (band-tail states), relax via two mechanisms. A fast relaxation time at
15 ps is attributed to non-radiative recombination of carriers into lower states, such as donor
states or even midgap states, mentioned as Mechanism B. Additionally, carriers in these states
recombine with states in the valence band with similar times as the relaxation of carriers in
the conduction band states – Mechanism C. Furthermore, midgap states are located in the
region below 2.9 eV, are also detected. From midgap states, carriers move to lower midgap
states with times 26 ps, associated with mechanism C. Carriers in these states are shown to
recombine probably non-radiatively with times of ~ 300 ps – Mechanism D.

5.3 Conclusions

In summary, In2O3 NWs are grown via APCVD and thermal evaporation of In at
700 oC in Ar atmosphere. In this process, it was found that introduction of a small amount of
O2 into the system promotes NWs growth. NWs with an average diameter of 100 + 20 nm and
length up to few micrometers are obtained. VLS mechanism is responsible for the In2O3 NWs
growth and Au is an appropriate choice of a catalyst. Steady state transmission measurements
provided an estimate of the energy gap of these NWs to be 3.5 eV.
Ultrafast carrier dynamics in In2O3 NWs following excitation above the direct band
gap was investigated in detail. Transient absorption measurements revealed that state filling is
the dominant effect for states above the conduction band edge, as well as for states residing
below the conduction band edge demonstrating the importance of shallow traps -associated
with defect states- in the relaxation of photogenerated carriers.
Furthermore, time resolved intensity measurements revealed the important role that
Auger recombination plays in the relaxation of ultrafast photogenerated carriers and provided
the maximum fluence (3 μJ/cm2) where Auger recombination may be considered negligible.
Transient measurements in this low-fluence regime for carriers above the band gap revealed
single exponential recovery of the order of 1.5 ns associated with recombination of the
photogenerated carriers. Similar behavior has also been observed for the photogenerated
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carriers distributed within the shallow traps just below the band edge. Furthermore,
measurements at longer probing wavelengths provided an estimate of the nonradiative
relaxation of carriers (~ 300 ps) which are distributed among the midgap states.
Furthermore, time-resolved measurements revealed an oscillatory behavior in the
reflection signal for probing wavelengths longer than 390 nm. This behavior is attributed to
acoustic phonons which provided an estimate of the sound velocity in In2O3 NWs to be
vs = (4.1 + 0.5) x 105 cm/s.
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Chapter 6

Carrier Dynamics and Transport Properties in SnO2
Nanowires

In this Chapter, the experimental results for SnO2 NWs are presented. Initially, a brief
overview on the work that has been carried in the past on the SnO2 NWs synthesis is given.
Then, the optimum growth conditions of these SnO2 NWs via APCVD, as well as low
pressure CVD are described. The characterization of SnO2 NWs has been done using SEM,
XRD, steady state absorption spectroscopy and PL spectroscopy measurements.
The main focus in this Chapter is ultrafast characterization of SnO2 NWs that has been
performed using the time resolved absorption spectroscopy, as well as TDTS and TRTS
experiments. Carrier dynamics have been investigated utilizing both techniques taking
advantage of their complementary information. The results reveal the important role of
shallow donor and deep defect states in the relaxation of photogenerated carriers. Transient
absorption and THz intensity measurements reveal that Auger recombination plays an
important role here. Based on ultrafast carrier dynamic characterization a schematic of a band
diagram representation for SnO2 NWs is presented. Furthermore, TDTS has been used to
derive the complex optical constants and intrinsic conductivity spectrums in SnO2 NWs in the
THz region. Moreover, TRTS were performed using different pump fluences to calculate the
complex photoconductivity spectrum using UV excitation pulses. The conductivity data are
explained using the Drude-Smith model and conclusions about the transport properties of
carriers in SnO2 NWs are extracted.
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6.1 Synthesis of SnO2 Nanowires

In this section, a brief overview for the growth of SnO2 NWs is given. Then, the
optimum conditions of the SnO2 NWs synthesis via APCVD and low pressure CVD
techniques are discussed. In addition, the characteristics of SnO2 NWs determined via SEM,
XRD, steady state transmission and PL measurements are presented and discussed. For TRTS
measurements, a smaller fraction of SnO2 NWs had to be transferred onto a quartz substrate
by drop casting after being harvested from the parent substrate by sonication.

6.1.1 Overview of SnO2 Nanowires

1-D SnO2 nanostructures, and especially NWs, have been synthesized by a variety of
techniques, including CVD,192–197 laser ablation of pure tin in an oxidizing Ar/O2
atmosphere,75 oxidation of electrodeposited Sn wires198 and solvothermal synthesis.199 High
quality SnO2 NWs have been obtained using electrodeposition, where NWs have grown in
porous alumina membrane in an oxidizing atmosphere .200 A drawback of this process is that
it involves long growth times.
Different methods have been reported on the synthesis of SnO2 NWs via CVD
technique. Several studies report the growth of SnO2 NWs via carbothermal reduction of
SnO2 powder.192–194 Different kinds of carbon have been utilized including activated carbon,
graphite and carbon nanotubes. Synthesis has also been achieved via oxidation of Sn vapor
under continuum flow of oxygen at elevated temperatures (800-100 oC) at low pressure (10-2
Torr)195 or thermal evaporation of Sn at 900 oC at atmospheric pressure.196,197
In most cases, the synthesis of SnO2 NWs is achieved in the presence of Au catalyst
nanoparticles via the VLS mechanism, however, self catalysis VLS mechanism has also been
reported in the case of SnO2 NWs by Li et al. via direct evaporation of SnO nanoparticles as
starting material at 1550 oC.201
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6.1.2 Optimum Growth Conditions

In our case, SnO2 NWs were initially grown using APCVD. The growth conditions are
given in detail below and are also summarized in the Table 6.1. Pure Sn powder was used as a
source material and Au as a catalyst.
Firstly, 0.2 g of Sn powder (Aldrich, Mesh 100, < 150 μm 99.5 %) was weight. Then,
the source material was placed into a quartz boat next to a Si (001) or quartz substrate, which
is coated with 0.5 nm thin film of Au. To purge the system, Ar was introduced for 10 min
under a flow of 500 sccm. Then, the temperature increased up to 800 oC using a ramp rate of
30 oC/min under 100 sccm Ar flow. During the growth process, the temperature of the reactor
and Ar flow were maintained at 800 oC and 100 sccm, respectively for 60 min. For these
NWs, no oxygen had to be introduced into the system during the growth process, as has been
observed in the case of In2O3 NWs. In the last step of the experiment, the sample was cooled
down under a 100 sccm Ar low rate for 45 min, while the sample was removed from the
reactor after cooling down to room temperature.

Step

Name

Gas flow

Temperature

Duration

(sccm)

(oC)

(min)

1

System Purge

500 Ar

25

10

2

Rise of Temperature

100 Ar

25800

26

3

Growth Process

100 Ar

800

60

4

System Cooling

100 Ar

80025

45

Table 6.1. Growth parameters of SnO2 NWs using APCVD technique.

SnO2 NWs were also observed at temperatures as low as 700 oC, but at a lower yield.
Optimum temperature to obtain high yield of SnO2 NWs and a uniform coverage of the
substrate is 800 oC. Our observations are in agreement with the optimum conditions reported
by Johnson et al.196 and Mazeina et al.197 that have synthesized SnO2 NWs without any use of
oxygen during the growth process at 900 oC. In addition, no growth was observed in the
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absence of Au catalyst from the substrate, suggesting that VLS mechanism is responsible for
the SnO2 NWs growth, in agreement with other reports with similar experimental
conditions.196,197
Step

Name

Gas flow

Temperature

Duration

(sccm)

(oC)

(min)

1

System Purge

500 Ar

25

10

2

Rise of Temperature

100 Ar

25800

26

3

Growth Process

600 Ar

800

60

80025

45

10 O2
4

System Cooling

100 Ar

Table 6.2. Growth parameters of SnO2 NWs grown using LPCVD technique.

SnO2 NWs have also been grown using a slightly different process namely low
pressure CVD (LPCVD). Prior to growth, the tube was evacuated to a pressure of
1x10-3 mbar. SnO2 NWs were grown on 1 nm Au/Si (001) via thermal oxidation of Sn powder
at 800 oC under a flow of 600 sccm Ar : 10 sccm O2 for 1 hr. The growth conditions are
summarized in Table 6.2. These growth conditions are similar to that used by Yang et al..195
When low pressure is used, the residual oxygen from the system is eliminated. This results in
the increment of the In vapour pressure during the step that the temperature of the reactor
rises.

6.1.3 Characterization of SnO2 Nanowires
Steady state transmission, PL, SEM and XRD where utilized to characterize the NWs.
SEM images of the investigated samples are shown in Fig. 6.1. From the images, we estimate
the SnO2 NWs have diameters of 50-100 nm lengths up to micrometer scale.
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Figure 6.1. Typical SEM images of SnO2 NWs; (a), (b) SEM images of APCVD-grown SnO2 NWs on
Si substrate; and (c) SEM image of LPCVD-grown SnO2 NWs on Si substrate.

Furthermore, the diameter of the SnO2 NWs was found to be uniform along their
length. The high density of the NWs and the uniform deposition on the substrate are evident
in the SEM image (Fig. 6.1 (b)). It is also revealed that the APCVD-grown SnO2 NWs have
lengths up to few micrometers (< 5 μm).
A SEM image of the SnO2 NWs grown via LPCVD is shown in the Fig. 6.1 (c). The
main difference observed between the SnO2 NWs synthesized via LPCVD is their longer
length exceeding the 10 μm. Similar results have been obtained for SnO2 NWs grown on
quartz substrate.
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Figure 6.2. XRD spectrum of the SnO2 NWs grown at 800 oC on 0.5 nm Au/quartz. The peaks shown
are attributed to crystallographic planes of SnO2 NWs, except those that originate from the sample
holder and are identified in the pattern.

In order to examine the crystal structure of the grown material, XRD measurements
were performed on the as-synthesized samples. Fig. 6.2 shows the diffractogram of a sample
grown on quartz substrate. The SnO2 NWs grown at the optimum temperature i.e. TG = 800 C
on quartz are characterized by the (1 1 0), (1 0 1), (2 1 1), (2 2 0 ), ( 3 1 0 ) , (3 0 1 ), (3 2 1)
peaks in X-ray diffraction spectra. After subtracting the peaks caused by the aluminum
sample holder, the remaining diffraction peaks can be indexed to the tetragonal rutile structure
of SnO2, with lattice constants of a = 4.734 Å and c = 3.185 Å.202
In Fig. 6.3 the absorption coefficient spectrum of SnO2 NWs on quartz substrate is
shown as a function of photon energy in the region between 1.5 and 5 eV. The absorption
spectrum has been calculated from the measured transmitted signal, as in the case of In2O3
NWs. In the inset of the Fig. 6.3, the square of absorption spectrum is given, which is used for
the estimation of the energy band gap of the SnO2 NWs. In this case, by extrapolating the
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linear region of square of absorption coefficient (α2) versus photon energy plots to α2 = 0, the
band gap of the direct semiconductor SnO2 NWs is found to be 3.77 eV.
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Figure 6.3. Steady state transmission measurements carried out on SnO2 NWs using a UV/VIS/IR
spectrometer. The upper corner inset shows a plot of the square of the absorption vs. incident photon
energy, providing us with an estimate of the bandgap energy 3.77 eV. There are two broad absorption
bands below the bandgap; D.D.S – deep defect states and S.D.S. – shallow donor states.

An interesting behavior is the two broad absorption bands that are evident for energies
below the band gap of SnO2 NWs in the region between 1.8 - 3.7 eV. These states are usually
attributed to defects generated into the SnO2 NWs during the growth process. The first band is
located just below the band gap of the SnO2 NWs due to shallow defect states. The second
band is observed at lower energies due to deep defect states. The role of these states in carrier
relaxation will be studied using time resolved absorption measurements, which are
extensively discussed in the following sections. An absorption peak in the region between 2.1
- 2.4 eV, is attributed to the surface plasmon resonance of Au nanoparticles.
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Figure 6.4 PL spectrum of as-grown SnO2 NWs at room temperature using excitation at 266 nm.

Furthermore, PL measurements were performed at room temperature to give
information for the radiative recombination mechanisms that take place in the SnO2 NWs.
The excitation source, was an ultrafast Ti:Sapphire amplifier centered at 800 nm, with time
duration of 75 fs and a repetition rate of 250 kHz. In order to photoexcite carriers into the
conduction band states the fundamental wavelength was converted into the UV region via
nonlinear mixing. Specifically, third harmonic frequency mixing of the 800 nm ultrafast
pulses resulted into 266 nm. The energy per pulse incident on the sample was 0.08 pJ over a
spot of 2 mm in diameter.
The PL spectrum of the as-grown SnO2 NWs on Si substrate is shown in the Fig. 6.4.
A broad peak centered at ~ 573 nm (~ 2.2 eV) is detected, which is attributed mainly to
oxygen defect states located within the band gap. Our results are consistent with several other
works on these NWs.197,201,203–206 From these studies, no band edge emission UV
luminescence has been observed for SnO2 NWs.
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6.1.4 Nanowire Transfer

Following SnO2 NWs synthesis, part of the NWs had to be transferred onto a different
substrate for the fabrication of lower density SnO2 NWs samples. The most straightforward
process is achieved via sonicating the NW sample in a solvent. In our case, isopropyl alcohol
(IPA) is an appropriate choice.

Figure 6.5. SEM images of (a) as-grown SnO2 NWs before any processing of the sample, (b) the same
sample after 5 min of sonication using IPA as a solvent and (c) a sample of transferred SnO2 NWs.
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The process of transferring the NWs is as follows: initially, the as-grown SnO2 NWs
sample is submerged into a small amount of IPA solvent (usually ~1 ml), where the NWs are
suspended via sonication. For this process, a Cole-Parmer 8892 ultrasonic cleaner is used and
the sample is sonicated for few minutes (≈ 5 min). Then by using a pipette, few drops of the
liquid are transferred from the solution onto a new silicon or quartz substrate.
Fig. 6.5 shows SEM images of (a) as-grown SnO2 NWs and (b) the same sample after
5 min of sonication in IPA. These SEM images confirm that a large fraction of NWs is
transferred into the solution. A SEM image of the transferred SnO2 NWs onto a different
substrate is shown in the Fig 6.5 (c). The only difference observed between as-grown and
transferred SnO2 NWs is that few NWs break into shorter fragments. Longer times of
sonication intensify this effect and more NWs with shorter length are observed.
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Figure 6.6 PL spectrum of (a) as-grown SnO2 NWs (black line), (b) transferred SnO2 NWs using IPA
as a solvent (red line) and (c) previous sample after heated at 100 oC for 2 hours (blue line).
Additionally, in the inset of the figure, PL spectrum of IPA is included. All different samples were
excited with ultrashort pulses at 266 nm.
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To verify that no changes have been induced on the surface of the NWs due to the
transport of SnO2 NWs onto a different substrate, PL measurements were taken at room
temperature. PL measurements performed on as-grown SnO2 NWs (black line) and
transferred SnO2 NWs when IPA is used as a solvent (red line) using excitation at 266 nm, are
seen in the Fig.6.6. In both cases, SnO2 NWs were transferred on Si substrate. For clarity, in
the inset of the Fig. 6.6 the PL spectrum of pure IPA is presented.
For the as-grown SnO2 NWs, a broad band between 400-800 nm is seen. In addition
with the peak related to the SnO2 NWs, an extra broad peak is evident in the PL spectrum of
the transferred SnO2 NWs, which is located in the region between 290-500 nm. This peak is
related to the remaining amount of IPA onto the substrate, as it is clearly evident from the PL
spectrum of the IPA solvent shown in the inset of the Fig. 6.6. However, it is clear that no
significant change is caused to the PL peak originating from the SnO2 NWs. To eliminate the
contribution of the solvent, the substrates were placed onto a hot-plate at an elevated
temperature larger than the solvent boiling point (82.5 oC) to evaporate the solvent prior to
further investigation. Therefore, the transferred SnO2 NWs were heated at 120 oC for 2 hours.
Afterwards, PL measurements were repeated as seen with a blue line in the Fig. 6.6 and it is
obvious that the contribution of the additional peak is eliminated.

6.2 Carrier Dynamics in SnO2 Nanowires

Until now, the optical properties of SnO2 NWs have only been investigated using
conventional steady state techniques. However, no ultrafast characterization has been
performed on this NW system. In the following sections, we present an investigation of the
carrier dynamics in photoexcited SnO2 NWs using different ultrafast spectroscopic
techniques. First, degenerate and non-degenerate absorption change measurements using time
resolved absorption spectroscopy are presented and discussed. Following this, the
experimental results of carrier dynamics using time resolved THz transmission spectroscopy
are given and discussed. Similarly to the case of GaN and In2O3 NWs, a schematic
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representation of a band diagram of the SnO2 NWs based on our experimental results is
proposed.

6.2.1 Carrier Dynamics in SnO2 Nanowires Using Time Resolved Absorption
Spectroscopy for Above Band Gap Excitation

Time resolved absorption spectroscopy was performed using an ultrafast amplifier
system. The ultrashort pump pulses wavelength was converted via the OPA to 310 nm (E =
4.00 eV). This excitation will generate carriers into the conduction band states of SnO2 NWs.
Both white light generation setups were used to extend the available probing wavelengths in
the spectral region between UV and IR. Measurements of reflection and transmission change
have been carried out for each case to calculate the absorption change using the equation
(3.1).

6.2.1.1 Probing Wavelength Dependent Measurements

The experimental results of differential absorption in SnO2 NWs using excitation
pulses at 310 nm (Ephoton = 4.00 eV) and probing wavelengths between 310-750 nm,
corresponding to energies from 4.00 eV to 1.65 eV, are shown in the Fig. 6.7. Measurements
are shown for time delays up to 500 ps. The pump fluence used for all measurements was
constant at 500 μJ/cm2.
Excitation of SnO2 NWs with ultrashort laser pulses with photon energy larger than
the band gap energy, results in the generation of electron–hole pairs into the conduction band
states. At short times, carriers undergo several stages of energy relaxation and spatial
redistribution and conduction states below the initial excitation states are occupied with
carriers, similarly with energy states below the band gap.

141

Absorption Change ( x10

-3

)

Chapter 6: Carrier Dynamics and Transport Properties in SnO2 Nanowires

0

-5
310 nm
350 nm
370 nm
400 nm
450 nm
500 nm
750 nm

-10

-15
0

100

200

300

400

500

Time Delay (ps)

Figure 6.7. Non-degenerate, time-resolved, transient absorption measurements of the SnO2 NWs
using ultrafast excitation pulses at 310 nm and probing pulses in the range of 310–750 nm.

Fig. 6.7 depicts the temporal behavior over a series of probe wavelengths
corresponding to probing states with energies above and below the band gap of the SnO2
NWs. It is clearly evident that the behavior of the absorption change is different for the
various probing wavelengths used, due to detection of different kind of energy states. What is
common in the different absorption change measurements is the sharp increase or decrease of
the induced absorption at times close to zero that is followed by a long recovery toward
equilibrium. For probing wavelengths into the UV region (λ = 310-370 nm), strong negative
signal is detected, which its maximum becomes progressively less negative as the probing
wavelength increases. For probing wavelengths between 450-500 nm, a small contribution of
a positive signal is also detected at times near zero, but very quickly the signal changes sign
and becomes negative. Additionally, the overall absorption change becomes positive for
probing wavelength at 750 nm.
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Negative or positive absorption change observed at different probing regions is
attributed to the different effects detected in each case, namely state filling or free carrier
absorption. The change of sign referred above for probing wavelengths between 450- 500 nm,
is a consequence of the presence of both effects, while the sign is determined by the dominant
effect in different time delays. These observations suggest that while the state filling effect is
the dominant effect at probing wavelengths close to the excitation region, the free carrier
absorption effects are also present for probing wavelength larger than 350 nm, and these
effects become stronger as the wavelength increase. The presence of the free carrier
absorption effects are also supported by the "dip" observed at probing wavelengths between
350-370 nm at time delays near zero.
Additionally, the observation of negative signal for probing wavelengths smaller than
500 nm is indicative of the existence of defect states at the corresponding energies. This is
further supported by steady state transmission measurements in these SnO2 NWs. These
defects states are the shallow donor states located just below the band gap.
Measurements for probing wavelengths in the region between 520-600 nm are not
shown here, since the observed signal is attributed to the surface plasmon resonance of the Au
nanoparticles required for the growth of SnO2 NWs, similar to the results obtained for In2O3
NWs.

6.2.1.2 Pump-Fluence Dependent Measurements for Conduction Band and
Shallow Donor States

To further investigate the relaxation dynamics in the SnO2 NWs from the conduction
band states, we have performed degenerated time-resolved differential absorption
measurements at 310 nm for different pump fluences. Fig. 6.8 shows the degenerated transient
normalized differential absorption for excitation fluences covering a range between 50 to 500
μJ/cm2 and time delays up to 500 ps.

143

Chapter 6: Carrier Dynamics and Transport Properties in SnO2 Nanowires
500 J/cm2
250 J/cm2
100 J/cm2

-0.2

50 J/cm2
-0.4
-0.6

Absorption Change( x10-3)

Normalized Absorption Change

0.0

-0.8
-1.0
-1.2

0
-2
-4
-6
-8
-10
-12
-14
0

100

200

300

400

500

Time Delay (ps)

-1.4
0

100

200

300

400

500

Time Delay (ps)
Figure 6.8. Time resolved transient normalized absorption measurements of the SnO2 NWs on quartz
substrate using ultrafast both pumping and probing pulses at 310 nm for different pump fluences
between 50-500 μJ/cm2. In the inset, the experimental data of absorption change are shown (points) in
addition to the best fits (solid lines) obtained using a simple model that includes multiexponential
decays and Auger recombination.

In degenerate pump-probe experiments where the probing and excitation beams have
the same wavelength, one expects to see negative change in absorption. This is consisted with
the results obtained from our experiments. Since the excitation wavelength corresponds to
energies above the band gap, conduction band states are populated with carriers and strong
negative signal due to state filling effects are observed. The temporal evolution of the
normalized absorption change indicates that the decays are carrier density dependent for the
range of fluences used in this study. Specifically, it is evident that the signal recovery
becomes faster on the long time scale as the pump fluence increases. This suggests that Auger
recombination maybe a contributing factor to the carrier dynamics in SnO2 NWs.
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Given that Auger recombination is considered negligible at the lowest pump fluence
(= 50 μJ/cm2). One may use simple multi-exponential fit to the experimental data. A three
exponential decay function is necessary to sufficiently fit the data. The first component
corresponds to a fast relaxation time of t1 = 2.4 ps (18%), which we believe is attributed to
carriers moving out from the conduction band states into shallow donor states. The two other
components have slower relaxation namely t2 = 68 ps (22%) and t3 = 2.3 ns (60%). Taking
into account that no luminescence is observed for SnO2 NWs from the band edge near 3.77
eV and the fact that the lowest band to band transitions are symmetry forbidden,207 the slow
relaxation time cannot be assigned to recombination of carriers from the edge of the
conduction band. Therefore, we believe that the slow relaxation time is associated with the
times needed for the carriers to recombine from the shallow donor and deep defect states. Due
to the large number of photogenerated carriers in these experiments, saturation of the defect
states seems to occur. As a consequence the carriers cannot leave the conduction states and
remain there for large times until they can relax to the lower defect states. Therefore, the long
relaxation times of carriers from the defect states are being effectively seen when probing
above the band gap. We believe that the second time constant (t2 = 68 ps) is associated with
relaxation of carriers from the conduction band states to the deep defect states. Moreover, due
to saturation of defect states, this relaxation time might be the required time for carriers from
the shallow donor defect states to relax into the deep defect states.
Following the estimation of relaxation times in SnO2 NWs from the results for the
lowest pump fluence, it was possible to obtain fits at higher pump fluences. Moreover, to
verify validity that the faster times are a consequence of the Auger effects presence, we use a
simple model that incorporates the three exponential mechanisms along with the Auger
recombination. As seen in the inset of the Fig. 6.8, where the experimental data (points) and
the fits from the model (solid lines) at the highest and the lowest used pump fluence are
shown, relative good fits were obtained using an Auger coefficient of (7.5 + 2.5) x 10-31 cm6/s.
Furthermore, pump fluence dependent non-degenerate measurements were performed
upon photoexcitation of SnO2 NWs at 310 nm and probing pulses at 350 nm. This probing
wavelength corresponds to photon energy 3.54 eV, which is lower than the band gap energy
of SnO2 NWs. The experimental data of the time resolved normalized absorption change for
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different pump fluences in the region between 50-500 μJ/cm2 and for times up to 500 ps, are
shown in the Fig. 6.9.
0.4
0.0
-0.2

Normalized Absorption Change

0.2

-0.4

0.0

-0.6
-0.8

-0.2

-1.0
0

-0.4

100

200

300

400

500

-0.6
2

500 J/cm
2
250 J/cm
2
100 J/cm
2
50 J/cm

-0.8
-1.0
0

100

200

300

400

500

Time Delay (ps)
Figure 6.9. Τime resolved transient normalized absorption measurements of the SnO2 NWs on quartz
substrate using ultrafast using excitation pulses at 310 nm and probing pulses at 350 nm for different
pump fluences between 50-500 μJ/cm2. In the inset, the normalized absorption change data along with
the fit obtained from double exponential decay are shown.

The observation of the negative signal, attributing to state filling effects is indicative
that shallow donor states exist below the band gap of the SnO2 NWs. From the experimental
data is evident that Auger recombination also influences the evolution of the signal. Similarly
to the process followed for the results from degenerate measurements, using the data for the
lowest pump fluence, where Auger effects are considered negligible, we have derived the
carrier relaxation times. Double exponential decay curves are needed to fit sufficiently the
experimental data, shown in the inset of the Fig. 6.9. Therefore, two relaxation times are
obtained, a fast time of 72 ps (27%) and a slow one of 2.08 ns (73%). We believe that the fast
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relaxation time is associated with carriers moving from these shallow donor states to the
lower deep defect states. This result supports also our suggestion that saturation of defect
states exist, since this fast relaxation time is similar with the second relaxation time t2 detected
from the measurements for the conduction band states. The slow relaxation time is attributed
to recombination of carriers from the shallow donor states. These measurements have also
been carried out for other probing wavelengths corresponding to shallow donor states and
similar results were obtained.

6.2.2 Carrier Dynamics in SnO2 Nanowires Using Time Resolved THz
Transmission Spectroscopy

TRTS is an alternative method that can be used to obtain information about the
temporal behavior of carriers after photoexcitation of the SnO2 NWs. The experimental setup
used for these experiments is described in section 2.2.1 which uses the output pulses from the
Tsunami mode-locked oscillator and the Spitfire regenerative amplifier.
From TRTS measurements, the carrier dynamics of the SnO2 NWs were studied, when
monitoring the transmitted THz pulse peak amplitude and scanning the delay between the
optical excitation and the THz pulses. Due to its low photon energy (~ meV) the secondary
excitations of the photoexcited carriers by the absorption of the THz pulse are attributed to
intraband transitions. UV ultrashort pulses at 266 nm were used to generate carriers in
conduction band states. Measurements were taken for different pump fluences corresponding
to different excitation carrier densities between 5×1018 cm-3 and 5.6×1019 cm-3. Fig. 6.10
shows the negative THz pulse transmission change for different carrier densities within a time
window of 400 ps.
As observed in the case of time resolved absorption spectroscopy measurements, for
all cases a sharp decrease in the transmission change signal is initially observed that is
followed by a much slower recovery back to equilibrium value. By comparing the normalized
pump fluence-dependent transmission traces shown in the inset of the Fig. 6.10, it is obvious
that carrier relaxation becomes progressively faster as the photogenerated carrier density
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increases. Such behaviour is expected when Auger recombination contributes to the carrier
relaxation.
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Figure 6.10. Time evolution of the maximum THz electric field amplitude change excited at 266 nm
using different pump fluences to inject a different number of carriers in SnO2 NWs for carrier densities
between 0.5-5.6 1018 carriers/cm3, as labeled in the figure. For comparison purposes in the inset, the
normalized transmission change signal is presented.

To verify the validity of this assertion, a differential rate equation model is used to
explain the evolution of photogenerated carriers back to equilibrium. In this model, described
by equation 6.1, the recombination time is described by the first term of the differential
equation whereas Auger recombination is described by the second term.116

dN
dt

N (t )

N 3 (t )

(6.1)
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where N(t) corresponds to carrier density, τ is the recombination time and γ the Auger
coefficient of SnO2. This differential equation has an exact solution. The recombination time τ
of the system was determined at the lowest pump fluence, where the Auger recombination is
considered to be negligible. Best fits were obtained when using a single exponential decay
with a recombination time of τ = 2.5 ns. This time is probably attributed to transitions from
defect states, deep defect states or even from shallow donor states as has been detected from
time resolved absorption spectroscopy and PL measurements. By using the carrier density and
the estimated recombination time, we find that the suggested model fits well the experimental
data for all pump fluences used here, as seen by the solid lines in Fig. 6.10, supporting our
interpretation that Auger recombination is responsible for the faster relaxation times. The
Auger coefficient γ in SnO2 NWs, which is the fitting parameter in this process, is determined
to be equal to γ = (7.2 + 2.0)×10-31 cm6/s, which is in agreement with values reported from the
time resolved absorption measurements in SnO2 NWs.

6.2.3 Band Diagram of SnO2 Nanowires

A schematic representation of a band diagram for the SnO2 NWs based on our
experimental results from the steady state and time resolved measurements, is shown in the
Fig. 6.11. Steady state transmission measurements, suggest a direct gap at 3.77 eV for SnO2
NWs.
Upon UV photoexcitation with photon energies larger than the energy gap, the
conduction band states are populated by carriers. The existence of defect states, the shallow
donor states and the deep donor states has been detected and are located below the conduction
band.
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Figure 6.11. A schematic band diagram of SnO2 NWs, as it has determined by the analysis of time
resolved absorption change, time resolved THz transmission change, steady state transmission and PL
measurements.

Intensity dependent absorption measurements show that carriers relax from conduction
band states to the shallow donor states with a fast relaxation time constant of 2.4 ps, which is
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depicted with Mechanism A in the Fig. 6.11. In addition, carriers from the conduction band
states might relax to deep defect state with a slower relaxation time constant of 68 ps –
Mechanism B. However, since saturation of states occurs, this recombination time might be
attributed to the transitions from shallow donor states to the deep defect states, which is also
supported by the intensity measurements for shallow donor states. This transition is indicated
as Mechanism C. Moreover, carriers recombine from shallow donor states and deep defect
states via a slow relaxation time, mentioned as Mechanism D and Mechanism E, respectively.

6.3 Investigation of Optical Properties in SnO2 Nanowires in THz Region

TDTS measurements were performed to determine the optical properties and the
intrinsic conductivity of SnO2 NWs in the THz region. In these measurements, transmission
of the THz electric field through the SnO2 NWs has been determined with the help of the
transmission through the reference quartz substrate.

6.3.1 Complex Refractive Index of Quartz Substrate in THz Region

In this section, TDTS measurements were performed to determine the optical
properties of the quartz substrate. In order to calculate the refractive index and absorption
coefficient of the quartz substrate, the complex frequency spectrum for THz electric field
through an empty sample holder -reference signal- and the modified THz signal after
propagating through a quartz substrate have to be measured. The data analysis used to
determine the complex refractive index described in the section 3.2.2, is used.
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Figure 6.12. Temporal profile of the THz electric field propagating through an empty sample holder –
the reference signal - (black line) and quartz substrate (red line), measured with TDTS.

The time domain data of the reference THz electric field (black line) and that through the
quartz substrate (red line) were measured and are shown in Fig. 6.12. The time domain data
are taken for times up to 13 ps. The thickness of the quartz substrate (d = 1 mm) is large
enough to ensure a large time difference between the main part of the pulse and the first
reflected pulse. Therefore, no contribution of the first echo is observed in the THz electric
field for the measured time window.
The temporal delay between the reference pulse and the pulse through the quartz
results from the different refractive index that the pulse experiences as it propagates along the
quartz substrate, while the weaker maximum signal is due to attenuation of the THz pulse of
its absorption from the quartz. The temporal delay between the maxima reference THz
electric field and that obtained when propagating through the quartz substrate (Δt = 3.38 ps)
can be used to make a rough estimation of real refractive index of quartz. Knowing the sample
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thickness and using the relation, n

t c

1

d

, the refractive index of quartz is estimated to

be n = 2.01.
The phase and amplitude spectra of the THz electric fields for reference signal and
THz signal through quartz substrate corresponding to the temporal signals shown in Fig. 6.12,
are plotted in Figs. 6.13 (a) and 6.13 (b), respectively. The difference observed in the phase
between the two signals is a result of the different refractive index, while the weaker
amplitude of the amplitude after propagates through quartz is due to absorption of THz
radiation from the quartz. Then, to derive information about the optical properties of the

Phase (radians)

quartz, the equations 3.10a and 3.10b are used.
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Figure 6.13. Frequency domain (a) phase and (b) amplitude of both reference (black line) and 1 mm
quartz substrate (red line).

The frequency dependence of the refractive index and absorption coefficient of quartz
substrate are obtained in the region between 0.25 and 2.1 THz and are shown in Figs.6.14 (a)
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and 6.14 (b), respectively. It can be observed that the refractive index does not show any
significant frequency dependence and has a nearly constant value ranging between 2.01-2.02.
Absorption coefficient a(ω) is very small in the THz region and takes values below 5 cm-1 in
the probed region that indicates weak absorption of the THz radiation by the quartz, as
expected. Optical properties calculated here are in agreement with values reported

Refractive Index

elsewhere.208
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Figure 6.14. (a) Refractive index and (b) absorption coefficient of quartz substrate in the THz region
between 0.25-2.1 THz.
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6.3.2 Complex Refractive Index and Intrinsic Conductivity in SnO2 Nanowires
in THz Region

In the following pages, the TDTS measurements that were performed for the
calculation of optical and transport properties for SnO2 NWs on quartz substrate, are
presented and discussed. To obtain quantitative information from non-excited SnO2 NWs, a
thick sample is necessary to cause detectable changes in the THz waveform. Therefore, the
growth process during the SnO2 NWs synthesis lasted for 3 hours, so that more material is
deposited onto the substrate. The thickness of this sample was estimated, as the weight of the
deposited material was measured and assuming that the NWs form a uniform film onto the
substrate. In our case it was found that the thickness is approximately d ≈ 21 μm.
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Figure 6.15. Temporal profile of THz pulse electric field transmitted through SnO2 NWs on quartz
substrate (red line) and only through quartz substrate (black line).
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Then, the measurements of the temporal THz electric field transmitted through the
non-excited as-grown SnO2 NWs sample on quartz substrate and only through quartz, which
is the reference signal in this case, were taken. These measurements for quartz substrate and
the unexcited sample are recorded and shown in Fig. 6.15 with black and red solid lines,
respectively.
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Figure 6.16. (a) Phase and (b) amplitude of SnO2 NWs on quartz substrate (red line) and only quartz
substrate (black) obtained when performing discrete Fourier transform in the temporal signals shown
in the Fig. 6.15.

The Fourier transformed data are used to yield the refractive index and absorption
coefficient of the SnO2 NWs. The Fourier transformed amplitude, as well as the phase of
SnO2 NWs on quartz substrate (red line) and only quartz substrate, are shown in the Figs. 6.15
(a) and 6.15 (b). Since the wavelength of THz pulses is much larger than the dimensions of
the NWs, we can approach the NWs system as a thin film on the substrate. Initially, the
properties of the SnO2 NWs were extracted using the analysis followed in the case of thin
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films that it is described in section 3.2.3. The refractive index of quartz in THz region
calculated previously is used.
The same calculations were repeated to obtain the refractive index and the absorption
coefficient in SnO2 using an effective medium approximation to account the fact that the THz
pulse propagates not only through SnO2 NWs, but through a mixture of SnO2 NWs and air. In
this model, the sample is consisted by SnO2 NWs that cover the substrate with a filling factor
fs, considering the approximation,

eff

( )

fs

eff

( ) (1 f s )

m

( ) , where εeff(m)(ω) is the

dielectric constant of composite (air). Using this model the contribution of the NWs on the
frequency dependent dielectric constant εNW(ω) is calculated. This method has been used
previously for carbon nanotubes209 and InN nanorods.210 No differences in the refractive index
and absorption coefficient spectrums were obtained when this approach is utilized.
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Figure 6.17. (a) Refractive index and (b) absorption coefficient of SnO2 NWs in the region between
0.25-1.6 THz are shown.
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The refractive index (red squares) and absorption coefficient (black squares)
calculated in the region of 0.25-1.6 THz are shown in the inset of Fig. 6.17. The refractive
index changes monotonically from ≈ 2.4 to ≈ 2.1, which is larger than the refractive index of
bulk SnO2 in the visible region, i.e. n ≈ 2.211 On the other hand, the absorption coefficient is
monotonically increasing in the probed region from 110 cm-1 at 0.25 THz up to 300 cm-1 at
1.6 THz.
Optical properties, such as refractive index and absorption coefficient, and complex
conductivity are related to each other, as it is described in section 3.2.3. The real (black
squares) and imaginary (red circles) parts of the frequency dependent intrinsic conductivity
determined from the analysis of the data, are shown in Fig. 6.18.
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Figure 6.18. Real (black squares) and imaginary (red circles) parts of the intrinsic conductivity in
SnO2 NWs are depicted with dots. Solid lines present the results obtained with Drude-Smith model.

It is clearly evident that the signal for frequency-dependent complex conductivity
strongly deviates from the usual Drude like behaviour observed in the case of bulk
semiconducting materials. The real part of the conductivity increases monotonically, while the
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imaginary part of the conductivity is negative. Similar behaviour has also been observed for
Si nanocrystals,212 InN nanorods210 and ZnO NWs113 and is attributed to the localization of
carriers in the nanostructures. Such behavior can be described by the Drude –Smith model.
The equation 3.18 described in section 3.2.1 is fitted to the experimental data of the intrinsic
conductivity. In this equation, we used the bulk SnO2 effective electron mass m* = 0.275 m0,
where m0 is the bare electron mass (m0 = 9.1093897 x 10-31 kg).213 In practice, only the first
term of the summation of equation 3.18 is taken into account.
In an attempt to give a physical meaning to the persistence of velocity Monte Carlo
simulations have been performed by Němec at al. to calculate the conductivity spectrum in
the THz region.214 For simplicity, their calculations were performed for the case for
semiconducting nanoparticles. It is found that the carriers become localized when the
nanostructure dimensions are comparable to the mean free path of the carriers and that similar
observations with that given by the Drude-Smith model can be expected. Additionally, the
persistence of velocity c1 is related to the probability that the carriers backscatter at the
surface of the nanostructure. They have also concluded that the degree of localization also
depends on the probability that upon scattering with the particle boundary a charge carrier is
reflected back into the particle.
Clearly, the Drude-Smith model fits well the experimental data shown in the Fig. 6.18
as denoted by red and black solid lines for real and imaginary part of conductivity,
respectively. The intrinsic carrier concentration in the SnO2 NWs is determined to be
n

(3.3

0.4) x 1016 cm 3 , whereas the scattering time τ equals (75 + 7) fs. Furthermore, the

persistence of velocity is determined to be c1 = - 0.85 + 0.02. Given that the persistence of
velocity is less than -0.5 this indicates suppression of long carrier transport in these NWs due
to the spatial localization of carriers. The estimated value of c1 and scattering time correspond
to a macroscopic dc mobility of

m

2
(1 c1 ) ≈ (72 + 10) cm /Vs, where μm is the respective

bulk mobility.
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6.4 Investigation of Transport Properties in Photoexcited SnO2 Nanowires

To further improve our understanding on the transport properties of the carriers in
these SnO2 NWs, measurements were performed after photoexcitation of the sample. These
measurements are further analyzed to extract the photoconductivity of the SnO2 NWs.
Measurements are performed as a function of excitation intensity to investigate the
dependence of the photoconductivity on the induced carrier density. To determine the
frequency dependence of the photoconductivity spectrum with TRTS, the difference temporal
shape of the THz transmission electric field through the optically excited sample has to be
measured at a fixed time delay between the pump and the THz pulses. In these measurements,
the reference measurement is the static THz electric field measured for the SnO2 NWs in its

Differential THz electric field (a.u.)

equilibrium state, in the absence of any excitation.
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Figure 6.19. Reference THz signal (black lines) taken for the unexcited SnO2 NWs/quartz substrate
and the differential THz electric field propagated through the photoexcited SnO2 NWs/quartz
substrate, when using different pump energies in the region between 20.9-1.8 μJ/pulse corresponding
to carrier densities between (0.5 -5.5) x 1019 carriers/cm3.
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The temporal profile of the differential change of the THz transmitted electric field as
propagates through the optically excited SnO2 NWs sample was measured upon exciting the
sample with different pump fluences. In our measurements, we utilized UV pulses of 100 fs at
266 nm with various pump energies in the range between 20.9-1.8 μJ/pulse that corresponds
to carrier densities between (0.5 -5.5) x 1019 carriers/cm3. Measurements were carried out
with the probe beam delayed at tpump-probe = 5 ps following the excitation pulse, where the THz
signal has reached a maximum plateau, and before significant recombination of carriers could
occur. The experimental data of the differential THz electric fields are shown in the Fig. 6.19
for a time window of ≈ 11 ps. The reference THz electric field for the unexcited SnO2 NWs
on quartz substrate –reference signal- is also included in the Fig. 6.19, depicted with a black
line.
One can observe that the differential THz electric field measured in all cases for SnO2
NWs has an opposite sign from the THz electric field of unexcited SnO2 NWs. The
differential THz electric field is defined as the difference between the THz waveform from
the photoexcited sample and the reference THz waveform. In the case of the photoexcited
sample, the pump pulse induces free carriers into the conduction band states that eventually
increase the sample absorption in the THz region, resulting in smaller amplitude in the
transmitted THz waveform. In principle in this kind of experiments one can measure the
direct shape of both the photoexcited SnO2 NWs and reference THz pulses. Because the
difference in signal intensity between photoexcited and non-photoexcited samples is at least
one order of magnitude smaller than the signal itself, this difference method allows much
more accurate determination of the photoconductivity.
To obtain the photoconductivity of the material, the complex frequency spectrum for
both temporal unexcited and photoexcited signal has to be obtained by performing a discrete
fourier transform at the time domain data. In the case of NWs, a different model than the one
used for thin films has to be applied, to incorporate the fact that THz pulse propagates through
a mixture of NWs/air, in order to obtain reliable values for the measured photoconductivity.
Therefore, it is important to account for the filling factor of the NWs fs on the substrate and
the procedure described in the section 3.3.1 has to be applied to extract the photoconductivity.
Following careful examination of different SEM images for the transferred SnO2 NWs the
filling factor was estimated to be approximately 0.25. For the calculation of
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photoconductivity, the ratio ENW/Eair is needed which is defined by using the Fresnel
transmission coefficient in THz region and the high frequency dielectric constant which in the

3.9 .215

case of SnO2 is equal to
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Figure 6.20. Real part of conductivity spectrum of SnO2 NWs (dot lines) at different photogenerated
carrier densities between (0.5 -5.5) x 1019 carriers/cm3, at tpump-probe = 5 ps after photoexcitation. Solid
lines displayed corresponds to the best fits results given by the Drude-Smith model.

The real and imaginary parts of the photoconductivity for different pump fluences are
shown in Figs. 6.20 and 6.21, respectively in the frequency range between 0.25-2.0 THz. The
frequency dependence of the real part of the photoconductivity is similar to that obtained for
non-excited SnO2 NWs, as seen in Fig. 6.20. On the other hand, the imaginary part of the
photoconductivity shown in Fig. 6.21 is more complex. It appears to be negative at low
frequencies and becomes positive at larger frequencies.
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Figure 6.21. Imaginary part of conductivity spectrum of SnO2 NWs (dot lines) at different
photogenerated carrier densities between (0.5 -5.5) x 1019 carriers/cm3, at tpump-probe = 5 ps after
photoexcitation. Solid lines displayed corresponds to the best fits results given by the Drude-Smith
model.

At first glance such behaviour can be explained by either the Drude–Smith model or
by the surface plasmon resonance model216 as has been proposed for GaAs NWs112 and
nanoporous TiO2.217 The characteristic feature of surface plasmon resonance exhibited in the
visible region for metals, is expected to be observed in THz region for the semiconducting
materials. As discussed by Pitarke et al. for the case of cylindrical structures,216 the plasmon
frequency in NWs ωs which is the characteristic frequency that zero frequency crossing point
in the imaginary part, is related to the bulk plasmon frequency by

P

Ne 2
m*
0

s

2

p

, where

1/ 2

, where N is the carrier density, and ε∞ the high-frequency dielectric

response of the NWs, This is valid when the THz electric field polarization is normal to the

163

Chapter 6: Carrier Dynamics and Transport Properties in SnO2 Nanowires
NW surface. As it can be observed the plasmon frequency is carrier density dependent. For
the SnO2 NWs and carrier densities considered here, a careful estimate of the SnO2 NWs
plasmon frequency indicate that it is out of the frequency range measured here (>14 THz,
when N0 = 0.5×1019 carriers/cm3) thus eliminating the plasmon resonance model.
Moreover the Drude-Smith model can sufficiently describe the experimental data, as
shown by the solid lines in the Figs. 6.20 and 6.21 corresponding to the best fits. Table 6.3
displays the extracted best fitting parameters using the Drude-Smith conductivity for carrier
density N, scattering time τ and persistence of velocity c1 for the different pump energies
utilized in this work.
N0 x 1019

N x 1019

τ

(carriers/cm3)

(carriers/cm3)

(fs)

5.5

4.5 + 0.2

70 + 4

-0.94 + 0.01

3.0

0.9 + 0.1

110 + 5

-0.93 + 0.01

2.3

0.5 + 0.1

119 + 4

-0.91 + 0.01

1.3

0.40 + 0.08

120 + 6

-0.90 + 0.01

0.5

0.15 + 0.05

130 + 6

-0.90 + 0.01

c1

Table 6.3. Parameters of carrier density N, scattering time τ and persistence of velocity c, extracted by
fitting experimental data of Figs. 6.20 and 6.21 to Drude-Smith conductivity model are shown.

From the Table 6.3 it appears that a larger fraction of the initial photogenerated
carriers contribute to the photoconductivity with increasing pump fluence. This is to be
expected given that at tpump-probe = 5 ps after photoexcitation, most of the photogenerated
carriers in the SnO2 NWs, lose their excess energy and relax to the bottom of the conduction
band or move at the shallow states - defect or surface states. For such high pump fluences, we
expect that defect states are saturated by photoexcited carriers in SnO2 NWs, as has been
previously observed by time resolved absorption spectroscopy measurements. In addition to
the fact that no band to band recombination of carriers is expected, a large number of the
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initial carriers that are generated remain in conduction band states. These free charge carriers
are likely to contribute to the photoconductivity. Therefore, in the case of the highest pump
fluence it seems that the majority of photoinduced carriers contribute to the conductivity
signal and the estimated carrier density (≈ 4.5×1019 carriers/cm3) is close to the initial
absorbed carrier density (≈ 5.5×1019 carriers/cm3). The difference is most likely due to the
fact that some of the carriers become immobile as they are trapped into the defect/interface
states. Accordingly, as the pump fluence decreases the number of initial carriers contributing
to the photoconductivity becomes lower, since more carriers are trapped into the
defect/interface states.
Furthermore, the persistence of velocity in this sample is strongly negative even for
the lowest pump fluences used. This behavior suggests a strong localization of carriers in the
SnO2 NWs, since transport of carriers between different SnO2 NWs is inhibited. There are
several ways that carriers may transport into adjacent NWs, such as diffusion through
pathways between connected NWs, tunneling or hopping.218 As a consequence of the low
volume filling factor of the SnO2 NWs on the substrate used here, few interconnections
between adjacent SnO2 NWs exist. In addition, the SnO2 NWs are placed onto the insulating
SiO2 and are surrounded by air, potential barriers at the surface of the NWs are high, so that
tunneling or hopping of carriers into different NWs is mainly prohibited. Furthermore, the
persistence of velocity becomes slightly more negative as the carrier density increases. We
speculate that for such high carrier densities, a large number of carriers remain in the
conduction band and since a limited number of pathways exist for carriers to move into a
different SnO2 NW, carriers become localized. As expected, the scattering time appears to be
also carrier density dependent and becomes larger as the carrier density increases.
Results obtained from TDTS measurements cannot be directly compared to the results
from the TRTS technique, since samples with different filling factor were used. In the case of
the TDTS measurements, properties of SnO2 NWs with a larger filling factor were
investigated in contrast to those transferred. We believe that this is the reason for the slightly
smaller negative value of persistence of velocity.
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6.5 Conclusions
SnO2 NWs are grown via APCVD using thermal evaporation of Sn at 800 oC in Ar
atmosphere. In addition, SnO2 NWs were obtained via direct oxidation of Sn at 800 oC using
APCVD. NWs with a diameter of 50-100 nm and length up to micrometer scale are obtained.
VLS mechanism is responsible for the SnO2 NWs growth and Au is an appropriate choice of a
catalyst.
In conclusion, we have investigated the ultrafast dynamic behavior of SnO2 NWs
using above band gap excitation UV femtosecond pulses. Transmission measurements of the
NWs provide us with an estimate of the band gap at 3.77 eV and reveal broad absorption
bands below the band edge. Furthermore, the results from the PL measurements also support
the crucial role that the defect states play in SnO2 NWs. In addition, these absorption bands
appear to influence the relaxation of the photogenerated carriers in the NWs. Transient
differential absorption measurements reveal the different pathways and time constants
associated with the relaxation of the photogenerated carriers. Measurements suggest that the
photogenerated carriers take a few picoseconds to move into the shallow traps states whereas
it takes ~ 68 ps to move from the shallow to the deep trap states. Furthermore, recombination
of electrons from these traps states with holes in the valence band takes ~ 2 ns. Auger
recombination has a contribution to the carrier dynamics at the highest fluence used in this
study (~500 μJ/cm2), however at fluence of 50 μJ/cm2 Auger recombination appears to be
negligible. Transient absorption intensity measurements provided us with an estimate of the
Auger coefficient for the SnO2 NWs to be approximately (7.5 ± 2.5) × 10-31 cm6/s.
Further investigation of carrier dynamics in SnO2 NWs has been achieved using
TRTS. Intensity dependent measurements of the transmission have been performed and the
time dependence of the photogenerated carriers has been modelled by a rate equation, which
includes Auger recombination. The
γ = (7.2 + 2.0) × 10

-31

Auger coefficient was determined to

be

6

cm /s, which is in agreement with the results obtained from time

resolved absorption spectroscopy measurements. Moreover, a recombination time of 2.5 ns
has been detected, which we believe that it is attributed to the time that carriers need to
recombine from shallow donor states or deep defect states.
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THz spectroscopy has also been applied to investigate the photo-induced and intrinsic
conductivity in SnO2 NWs using the Drude-Smith model.We demonstrate that the intrinsic
conductivity and photo-conductivity is affected by carrier localization in the SnO2 NWs,
which is a result of the diameter and low density of SnO2 NWs on the substrate. From
photoconductivity measurements and carrier densities between 0.5-5.5 ×1019 cm-3, we find
that the scattering time decreases from 140 to 70 fs. The refractive index of the NWs was
found to vary from 2.4 to 2.1 with increasing THz frequency, while the mobility of SnO2
NWs was determined to be (72 + 10) cm2/Vs.
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Chapter 7

Conclusions

Semiconducting NWs are considered one of the best controlled nanoscale building
blocks and have become an intensively studied topic in semiconductor technology. In the last
two decades, the development of the manufacturing methods enabled the fabrication of
structures in nanometer scale, which resulted in an extensive study of their growth conditions.
Nowadays, NWs are grown with well controlled characteristics including chemical
composition, diameter and length.
In a simple semiconductor following optical excitation, the photogenerated carriers
will lose their kinetic energy through optical phonon emission. These carriers will relax to the
bottom (top) of the conduction (valence) band and eventually recombine. However, due to the
spatial confinement in nanostructures, the presence of boundaries, surface and defect states, it
results in more complicated relaxation mechanisms. Energy relaxation and the role of
defects/surface states in semiconducting NWs are of particular importance. Most of these
mechanisms occur on a picosecond or femtosecond time scale. At the same time, the
discovery and use of ultrafast pulses over the past three decades has revolutionize our
understanding of carrier dynamics in semiconducting materials, initially in bulk form and
more recently in nanostructures.
The main objective of this thesis is to provide a detailed understanding of the carrier
dynamics in GaN, In2O3 and SnO2 NWs. In this research work, femtosecond transient
absorption spectroscopy and THz transmission spectroscopy have been utilized to study
carrier dynamics in the above semiconducting NWs. Our interest in GaN, In2O3 and SnO2
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NWs arise from their potential for a plethora of future applications in the areas of electronic,
optoelectronic and sensing devices. Experiments of time resolved absorption spectroscopy
have been performed as a function of various parameters, including photon energies of
excitation and probing energies corresponding to above and below the band gap and different
fluences of excitation. The carrier dynamics and the band structure details in these NWs
revealed by our time resolved measurements have been described in detail. Furthermore, to
study the fundamental properties of SnO2 NWs, an experimental setup for time resolved THz
spectroscopy has been designed and constructed providing subpicosecond temporal
resolution. Recombination mechanisms, intrinsic conductivity, as well as photoconductivity
have been investigated using this technique. These properties have remained poorly
understood in this class of materials despite of their technological importance, mainly due to
the difficulties in measurements.
The initial objective of this work was the synthesis of GaN, In2O3 and SnO2 NWs and
the determination of their characteristics. The different species of the semiconducting NWs
have been prepared via APCVD method. Various techniques including SEM, XRD and steady
state transmission spectroscopy have been applied to investigate the morphology, the crystal
structure and the optical properties for the optimization of these NWs.
The GaN NWs have been grown via direct nitridation of metal Ga at 950 oC in the
presence of a small amount of hydrogen flow. Straight GaN NWs with a uniform diameter of
100 nm along their length and lengths up to few microns were observed.
The synthesis of In2O3 NWs has been accomplished via thermal evaporation of In
powder at 700 oC in the absence of continuum flow of oxygen. However, a small amount of
oxygen had to be introduced into the system before the growth experiment to obtain In2O3
NWs with sufficient length. From the characterization of In2O3 NWs, it was revealed that
tapered NWs with a diameter of 100 + 20 nm were obtained and length up to few microns.
Also, the band gap of this direct band semiconductor has been estimated and found to be
equal to 3.5 eV.
Finally, SnO2 NWs have been grown via thermal evaporation of Sn powder at 800 oC
in Ar atmosphere. These NWs have a uniform diameter between 50-100 nm and length of few
microns. Moreover, SnO2 NWs have also been synthesized via LPCVD at 800 oC under a
flow of 600 sccms Ar: 10 sccms O2 at 1x10-3 mbar. The different lengths between the
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APCVD-grown SnO2 NWs and LPCVD-grown SnO2 NWs are the only difference obtained.
LPCVD-grown SnO2 NWs have lengths larger than 10 microns. The energy band gap in SnO2
NWs has been found to be 3.77 eV.
The main objective of this thesis is the in-depth investigation of the carrier dynamics
of the NWs using femtosecond time resolved absorption spectroscopy. Non-degenerate time
resolved differential absorption measurements were performed for GaN NWs using above and
below band gap excitation. The use of a variety of probing wavelengths in the range between
UV and IR region enable the detection of different kind of states in these GaN NWs. Strong
state filling detected for all probing wavelengths in the spectral range between 370 nm and
980 nm (1.26 - 3.35 eV) corresponding to energies below the energy gap of GaN, indicates
the existence of high density of defect states for these energy levels. Detection of U valley has
been observed for photoexcitation of GaN NWs above the band gap and probing wavelength
smaller than 350 nm. From our analysis is shown that for these experimental conditions,
strong coupling between the deep acceptor states at ~ 1.2 eV and U valley takes place and the
energy difference of the U valley and the valence band could be determined to be 4.7 eV.
From the pump fluence dependent measurements at probing wavelengths of 370 nm and 550
nm is shown that Auger recombination is present when probing shallow donor states and
midgap states. On the other hand, Auger effects are not present when probing the conduction
band states even for the highest pump fluence used here (~ 1 mJ/cm2). From shallow donor
states, carriers relax to lower midgap states with a time constant of ~ 50 ps, while the majority
of carriers that populate these states relax to shallow acceptor states or even recombine with a
slower relaxation time of 655 ps. Measurements for the midgap states show that the carriers
relax to lower midgap states with a time between 6.5-12 ps, as the pump fluence increases
from 1-11 μJ/cm2, or to deep acceptor states via a slower relaxation time of ~ 350 ps.
Similar measurements have been performed in the case of In2O3 NWs. Above band
gap excitation revealed complex relaxation paths from the conduction band states to shallow
donor sates and midgap defect states. State filling effects observed for probing wavelengths
smaller than 430 nm show that defect states exist at these energy levels. Moreover,
differential absorption obtained for these probing wavelengths have similar temporal
evolution and therefore we conclude that the same kind of states are detected, named the
shallow donor states. From the differential reflection data, long lived oscillations are evident
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for times up to 300 ps, as a result of the generation and propagation of coherent acoustic
phonons in In2O3 NWs. The presence of coherent longitudinal acoustic phonons is supported
by the linear dependence of the oscillation period on the probing wavelength. Also, the sound
velocity in In2O3 NWs was found to be equal to vs= (4.1 + 0.5) x 105 cm/s. Moreover, the
pump fluence dependent measurements were performed for the different kind of states
detected. From the experimental data is obvious that Auger recombination is present in all
cases. Carriers move out the conduction band states at times of ~ 1.5 ns. Furthermore, a
similar slow relaxation time has been observed for shallow donor states from where they
probably recombine. In addition, a fast relaxation time ~ 15 ps has been observed associated
with carriers from shallow donor states relaxing to lower donor states or even midgap states.
Different relaxation times have been obtained for carriers detected in the midgap states. The
carriers from these states relax to lower states with a time constant of 26 ps or recombine
nonradiative with a time of several hundreds of picoseconds (~ 300 ps). No signal was
observed when using excitation pulses below the band gap, evident that a much lower density
of defects exist in In2O3 NWs in comparison to GaN NWs. A schematic of a band diagram for
In2O3 NWs following carrier dynamic measurements has been proposed.
Carrier dynamics of SnO2 NWs have been investigated using time resolved absorption
spectroscopy and TRTS. From these measurements, the influence of the defect states on
carrier dynamics is shown. Two distinct regions of states have been observed the shallow
donor states and the deep defect states. These results are also supported from steady state
transmission and PL measurements. Saturation of defect states is observed. As a consequence
the relaxation of carriers obtained from degenerate absorption change measurements reflects
the required time for carriers to move out from the defect states. Carriers from the shallow
defect states relax to the lower deep level states with a time constant of 68 ps, which is very
close to the relaxation time detected from the non-degenerate measurements directly for these
states. Furthermore, it is noted that carriers recombine from shallow donor states with time
2.08 ps. A slow relaxation time ~ 2.3 ns, was also observed from degenerate measurements,
which are attributed to recombination of carriers either from shallow donor states or even
deep level states. These times are in agreement with the recombination time obtained from
TRTS measurements. Auger recombination appears to be a contributing factor in the
dynamics of this system. The Auger coefficient in SnO2 NWs was estimated using a simple

171

Conclusions
model and fitting the experimental data. The coefficient is determined to be equal to
γ = (7.5 + 2.5) x 10-31 cm6/s when time resolved absorption measurements were used whereas
γ = (7.2 + 2.0) × 10-31 cm6/s from the TRTS measurements.
Furthermore, TDTS and TRTS were utilized to investigate the complex refractive
index, intrinsic conductivity and photoconductivity in SnO2 NWs. The refractive index of
SnO2 NWs in the region between 0.2-1.6 THz was found to decrease from 2.4 to 2.1, while
the absorption coefficient increases from 100 cm-1 to 350 cm-1. Intrinsic conductivity, but also
photoconductivity spectrums of SnO2 NWs reveal suppression of long transport of carriers
attributed to spatial confinement of carriers. The experimental data are interpreted via a
modified Drude model proposed by Smith that incorporates the localization of carriers into
the nanostructures.131 The important characteristic constants, including scattering time and
carrier density that contribute to photoconductivity have been obtained. From intrinsic
conductivity spectrum the carrier density in SnO2 NWs is determined to be
n = (3.3 + 0.4)×1016 cm-3, the scattering time τ equals (75 + 7) fs and the persistence of
velocity c1 = - 0.85 + 0.02, indicating suppression of long carrier transport in these NWs.
Also, the macroscopic dc mobility has been calculated to be equal μ ≈ (72 + 10) cm2/Vs.
Moreover, the analysis of the photoconductivity measurements based on the Drude-Smith
model revealed that the scattering time decreases from 140 to 70 fs as the carrier density
increases from 0.5 x 1019 cm-3 to 5.5 x 1019 cm-3. Evident from the analysis is a strong
localization of carriers.
Although, a great deal of research has already been done out on semiconducting NWs
using ultrafast techniques, many questions remained unanswered. For example, it is necessary
to understand how the modifications in NW diameter or doping influence the electronic
properties and relaxation mechanisms in NWs. In addition, it would be interesting to examine
the cases where radically heterostructred core-shell NWs are synthesized and investigate the
passivation of surface states in these NWs and the way that relaxation processes and
relaxation times change. It has been found that passivation of surface states by the shell, can
lead to longer relaxation times.
To conclude, the carrier dynamics of GaN, In2O3 and SnO2 NWs were investigated
using ultrafast characterization techniques. These measurements provided a detailed
understanding of various effects and relaxation mechanisms of photogenerated carriers. In
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addition, the role of defects in these NWs and the manner that they influence their electronic
and optical properties is resolved. It is also shown that Auger recombination plays a
significant role in the carrier dynamics for high pump fluences in these quasi-1-D
nanostructures. Moreover, we have shown that important results for the electronic and also
transport properties can be extracted for the NWs from the TRTS experiments and that spatial
localization of carriers in NWs affects strongly the conductivity spectrums obtained from
these measurements.
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Appendix A

Surface Plasmon Resonances of Au Nanoparticles
From time resolved absorption measurements, a different behaviour is observed in the
narrow probing region of 520–550 nm, where strong state filling is apparent. The surface
plasmon resonance of the Au is responsible for the observed signal. This behavior has been
observred for In2O3 NWs and SnO2 NWs. In order to confirm this, we repeated the experiment
using a sample of a 0.5 nm Au thin film on quartz using similar experimental conditions pump wavelength, probe wavelength and pump fluence- to observe the carrier evolution in the
region between 520 and 600 nm, as shown in Fig. A.1. The intensity of the pump beam was
about 490 μJ/cm2. Measurements were taken for times up to 600 ps, but since significant
changes are observed for small times, data for times up to 70 ps are shown here. No signal
was detected in other spectral regions due to Au.
The presence of the surface plasmon resonance in this region is also supported by the
steady state transmission measurements, shown in the Fig. 5.8. This effect induces an extra
reduction in the transmission signal, and subsequently increment in the absorption coefficient,
as observed in the region between 520 and 600 nm. In time resolved absorption change the
fast negative rise of the signal is followed by a slower decay towards equilibrium in all
probing wavelengths. The maximum state filling signal is observed at 550 nm in agreement
with the maximum signal of the absorption in steady state measurements and coincides with
the minimum at the steady state transmission spectrum of In2O3 NWs due to the formation of
Au nanoparticles.
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Figure A.1. Non-degenerate, time-resolved, transient absorption measurements of the Au
nanoparticles as resulted by a 0.5 nm Au thin film using ultrafast excitation pulses at 320 nm and
probing pulses in the range of 520-600 nm. In the inset of the figure. intensity measurements are
shown for probing wavelength at 550 nm, where maximum signal was observed.

The appearance of surface plasmon resonance is a characteristic feature exhibited in
the visible spectral region by metal nanostructures, such as nanoparticles or even in a planar
surface between a metal-dielectric interface, due to the coupled oscillations of the electron
density interacting with the applied electromagnetic field.216 Qualitatively, in the case of
metal nanoparticles, which are much smaller than the wavelength of the incident
electromagnetic field; the electrons inside the particle feel a uniform electric field, which
shifts the conduction electrons collectively onto the surface of the nanoparticles. Then, the
interaction of electrons with the lattice ions leads to a restoring force leading to oscillations of
the electron density. If the frequency of the probe beam is an eigenfrequency of this
oscillation leads to a strong modification of the absorption coefficient, which is detectable in
our time resolved absorption measurements. The resonance frequency depends on the
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polarizability of the medium around the nanoparticles and the particle size. It is worth to
mention that the signal due to surface plasmons is so strong that the contribution of carriers
generated in the NWs into the total signal is not apparent.
After excitation of the Au thin films with UV pump pulses both interband and
intraband absorption processes take place in Au and electrons are excited to higher energy
states. In Au the lonesome electron of the external shell participates in intraband transitions
associated with transitions between different s-p states changing the distribution of electrons
near the Fermi level. Furthermore, interband processes can take place that involve electron
transitions between d-band states and s-p states, since the threshold of interband transitions in
Au requires energy above 2.4 eV.219 As the pump pulse excites the sample, a number of
electrons from their initial states will be excited into states above the Fermi level, changing
the electron distribution into the metal. The excited electrons do not oscillate at the same
frequency as the unexcited electrons. Therefore, the number of carriers into the initial –
unexcited- states, that are responsible for the plasmon resonance band in the steady state
transmission signal, is reduced. As a consequence, absorption from the carriers in the
unexcited states is reduced and absorption change signal after ultrafast excitation (ΔA= A-A0)
appears to be negative.
Afterwards, carriers relax towards equilibrium via several non-radiative processes,
which lead to the temporal evolution of the observed signal. Initially, a non-Fermi distribution
of electrons is formed which are thermalized among themselves via electron-electron
interactions220 and then lose their excess energy via electron-phonon interactions resulting in
an equilibrium of electrons and lattice temperature.221 Because of the large electron
population, electron-electron scattering takes place on a time scale shorter than the laser pulse
duration, which is usually on the order of 10 fs and is not detectable in these measurements.130
To provide more information, intensity measurements were also performed for probing
wavelength at 550 nm of the 0.5 nm Au thin film on quartz substrate, as seen in the inset of
the Fig. A.1. By normalizing the experimental data and then fitting the results with multiexponential curves, it is concluded that one relaxation mechanism is present and that
relaxation time increases ranging between 1.4-2.3 ps, as pump fluence increases. Relaxation
time is attributed to the required time for thermalization of carriers through electron-phonon
coupling. As the intensity of the beam increases, a larger number of carriers is excited and
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therefore they need more time to return back to equilibrium. For the highest pump beam
intensity (= 490 μJ/cm2) used a contribution of a much slower component is apparent and the
relaxation is found to be biexponential. A slower relaxation time of about ~ 100 ps is
detected. This behaviour was even more profound in the measurements obtained for In2O3
NWs were the pump intensity used was even larger, as can be observed in Fig. 5.10. The
reason is that as the electrons cool, the lattice is heated and the observed slow time is the
lifetime of lattice phonons. Our results are in agreement with time resolved absorption
measurements reported by Ahmadi et al, for Au nanoparticles with a radius of approximately
15 nm, were a maximum plasmon surface resonance was obtained at 530 nm.222
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